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Abstract
On the Real-World Interactivity Potential of Minimalistic Knitted Sensors at the Intersection of
Artificial Intelligence and User Experience
Denisa Qori McDonald
Ali Shokoufandeh, PhD and Genevieve Dion

Recent work has demonstrated the feasibility of producing knitted capacitive touch sensors
through digital fabrication, which rely on a single conductive yarn and two external connections.
This technique increases these sensors’ robustness and usability, while shifting the complexity of
enabling interactivity from the hardware to computational models. The application of algorithmic
and artificial intelligence models to these novel pervasive technologies is key to unfolding their po-
tential, particularly when real-world and user experience considerations are also included. To bring
this technology closer to real-world use, this dissertation goes beyond previous work on coarse touch
discrimination, to enable fine, accurate touch localization and complex gesture recognition on these
low-profile knitted sensors. Deep learning and algorithmic models are presented to analyze noisy
time—series signal data, which are able to capture the temporal behavior of the sensors and ex-
tract relevant local features. Furthermore, several user studies are conducted to train these models,
demonstrate their generalizability with new users, and investigate their robustness when exposed to
everyday use events. To start shaping the future of touch-sensitive fabric technology according to
user expectations and everyday use scenarios, through a formative focus group study, users’ views
of these fabrics are also explored in different contexts. The contributions of this work set the foun-
dations for creating pervasive interactive systems powered by artificial intelligence models that use

minimalistically-designed knitted sensors as an input medium.






Chapter 1: Introduction

1.1 Overview and Motivation

The emergence and increasing relevance of machine learning unfolds previously inaccessible op-
portunities for real-world ubiquitous technologies. As computing advances toward becoming more
human—centered and intuitive to use, interactive devices have evolved. Devices that are smaller in
size, contain fewer hard electronic elements, and are seamlessly integrated into our environments
have emerged. These advancements allow us humans to keep our perception of the world coherent,
while enabling novel interactions. Weiser famously claimed: “The most profound technologies are
those that disappear. They weave themselves into the fabric of everyday life until they are indis-
tinguishable from it.” [140]. Computing conceptualized this way aims to psychologically free the
user from dedicating active attention to its working, to focus on further goals [43]. However, the
increased usability potential, many times, comes at the expense of reducing information obtainable
from such devices, due to their minimalistic designs. Additionally, the relevant information needs
to be extracted from the noise, which has multiple, and sometimes not directly identifiable sources
in the real world, where this technology needs to operate. Therefore, it is necessary to use more
complex computational models in order to interpret the signals received as a response to human
interaction with such minimalistic devices.

Neural networks, which are machine learning algorithms whose construction is inspired by the
connections between neurons in our brain, aim to detect complex relationships in large datasets.
They have been successfully used in many applications, especially in the fields of computer vision
and natural language processing. Their applicability also extends, although to a smaller extent, to
sensor—generated signals, part of which are minimalistic devices used for enabling HCI interactions.
Much of the complexity and unexpected aspects of signals encountered during everyday use of
small, lightweight devices, can be reduced in favor of more focused outcomes with the help of neural

networks.



One of the main obstacles to effective adaptation of neural networks in the field is the fact
that it is difficult and time—consuming to collect physiological data from users, resulting in smaller
datasets, specific to conditions investigated for each experiment. Additionally, in the data collection
process for creating interactive systems, the experimental design aspect is essential. So is ensuring
the validity of the collected data, as well as any necessary pre—processing steps to represent the
data in ways that are meaningful, before using it as an input to learning algorithms. Many times,
depending on the study, it is also not possible to directly use external machine learning libraries
on all the collected data, since it is necessary to account for the variation among subjects, or the
similarity of the data from the same subject. Moreover, the unpredictability of real environments as
reflected in the data should also be considered in this process, as should users’ views and perceptions
of novel technologies.

These considerations and others are part of the process of creating machine learning models
that work with real datasets in this context. In order to successfully build real-time interactive
systems that use signals generated by users’ activity as an input, an interdisciplinary approach would
be necessary, drawing information from multiple fields, such as machine learning, combinatorial
algorithms, signal processing, experimental design, usability studies, software engineering, electrical

engineering and more.

1.2 Focus Area

This work focuses on building computational models for interactive, minimally—designed, real-time
systems, while also considering users’ views and everyday use conditions. The aim of the algorithms
and neural network architectures designed is to capture and interpret the relevant aspects of signals
output from these systems, which would make them suitable for use by humans in the real world.
This theoretical construct finds realization in the domain of functional fabrics. As a use case, one
particular subclass of smart textiles is studied: knitted sensors relying on one conductive carbon—
coated yarn and only 2 or 4 external electrical connections to receive user input on a 2-dimensional

surface area. These previously introduced sensors [133], are produced by combining conductive yarn
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with regular, non—conductive yarns using digital knitting (fig. 1.1). The number of connections
from the fabric to outside hardware is kept to a minimum in order to enhance sensor usability and
robustness, as well as simplify its construction for manufacturing ease.
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Figure 1.1: Weft—knitted touch sensor design and construction. Figure produced at CFF [3]. (a):
Tllustration of the layering formed by digital flatbed weft knitting with conductive carbon—coated nylon
yarn, and non—conductive polyester and high-bulk nylon yarns. (b): Image of the top layer of a
completed sensor. A and B denote the yarn endpoints, where external electrodes can be connected.
Touch areas are shown in black. (c¢): Image of the bottom layer of a completed sensor. There are no
sensing elements on this layer. (d): Illustration of the serpentine pathway of the carbon—suffused nylon
created during the knitting process.

While this work focuses on a few selected sensor patterns to evaluate the potential that machine
learning and algorithms unfold, those are not the only designs that can benefit from their power.
In fact, the whole ecosystem of similarly produced sensors can. The sensor design process allows,
among other aspects, the production of related patterns of different sizes, ensuring design scalability;
flexibility in the number of connections to external hardware; rapid prototyping to test novel design
patterns; and manufacturing—friendly production, since wiring is kept to a minimum and the design
is repeatable. While such sensors are produced in an application—agnostic way and offer many
possibilities, their full realization is thwarted without accurate localization abilities and real-world
usability considerations. The application of machine learning unlocks their potential, by allowing
interaction and fashion designers to decide on the best pattern for a particular sensor, only depending
on the application needs, usability concerns, and machine knitting technicalities, unencumbered and
unlimited by the location identification or gesture recognition accuracy of the signal that a particular

pattern outputs. Therefore, this platform of knitted sensors provides a comprehensive environment

for evaluating the effect of designing and applying novel neural network architectures and algorithms
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to obtain information from the state or behavior of devices designed with few output channels.

The signal processing approach of these existing knitted sensors relies on differential capacitive
sensing [133], which is compatible with the yarn routing pathway of the knitting machines. However,
that approach alone does not disambiguate the location of touch accurately: it provides only coarse
touch localization. The reduced information output from the system due to few connections requires
more complex computational models to extract touch location information, the relevant signal from
an HCI perspective. This provides an opportunity to use and develop more refined methods of rep-
resenting the signals output from these minimalistic, easy—to—use, knitted sensors to detect location
of touch and gestures.

My hypothesis is that it is possible to build ubiquitous, interactive systems using
minimalistic knitted sensors as an input medium, and recognize through deterministic
and stochastic models, human interaction events, such as location of touch and complex
gestures. This solution would enable the creation of real-time systems that are designed with
lightweight hardware and minimal wiring, in order to adapt to intuitive and comfortable real-world
use by humans, without sacrificing accuracy and expressive power.

The central complexity of this work is designing novel computational models to represent the
signals output form the system, such that location and gesture identification information is extracted.
These models primarily rely on long—short term memory (LSTM) networks and convolutional neural
networks (CNN). The former ones are designed to capture temporal dependencies in sequential
data, signals in this case, and the latter focuses on spatial dependencies in data. The process of
creating such systems relies mainly on machine learning and algorithmic developments, but also on
quantitative and qualitative user studies, and signal processing techniques. Next, the challenges of

this investigation are explored more thoroughly.

1.3 Challenges for Real-World Interactivity

The central computational problem related to this knitted sensor technology is the reduced amount

of information that is output from the system. To make the sensor design more usable, the man-
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ufacturing more streamlined through digital machines with minimal human intervention, and the
integration with other sensors or devices easier, the external wiring is kept to a minimum. This
contrasts a lot of existing textile sensors that require connecting many thin wires to the fabric
components, or which have several layers of electrodes. This hardware design choice transfers the
responsibility for accurate touch location and gesture recognition to computational models, as the
lightly processed signal response the circuit outputs [134] is relatively vague regarding these funda-
mental functionalities, which would serve as the basis for building any interactive applications. The
effect of this problem is amplified by the challenges of textile behaviour. In order for a textile sensor
to be truly functional, it has to retain the traits of flexibility, stretchability and dynamic motion [40]
without interfering with the application accuracy.

Another challenge related to signal interpretation, is data variability, which is prevalent in phys-
iological signal data. This technology relies on users touching on the interactive areas of the knitted
sensors, creating a capacitor between the human skin and the conductive knitted component. There
are several factors potentially affecting the signal, such as the variability in users’ skin conductance,
different finger placements, different body poses, performing gestures while in motion, and many
more. For these sensors to intuitively work in the real world, the signal interpretation should be
user—independent, not relying on individual calibration. Moreover, physiological data is not straight-
forward to process, and often requires designing specialized data processing, analysis, and storage
tools. Related to the issue above is that of the data shortage regarding this specific technology,
especially problematic when using deep learning models, which typically rely on a large amount of
data to produce accurate results. While recent years have seen a massive increase in the availability
of image and textual data, for custom technologies, user data needs to be collected through struc-
tured user studies. This is a time—consuming process, which needs to rely on carefully—designed
experimental protocols, and many users performing specific tasks with the sensors. Additionally,
noise sources in the real world as reflected in the data need to be considered, which include different
weather conditions, everyday use scenarios, proximity to other electronic devices. In such scenarios,

the signal needs to be extracted from noise, but it can be difficult to model or even immediately
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recognize all its potential sources. As part of the process, after the data is collected and before it is
used for learning, signal pre—processing and feature construction should be performed.

Since the broader focus of this work is using such methods to enable user—centric devices, other
considerations are also relevant. One aspect is the creation of interactive systems for real-world use,
which means that the existing knitted sensor and the artificial intelligence component would need to
interact seamlessly in real-time. For this reason, along the process, the necessary deployment hard-
ware needs to be considered. Before creating applications for integration into our everyday clothes
or environments, it is important to include the end users’ views as well, and its ease of integration
with existing hardware or in our everyday environments. Such studies can start by investigating
more generally users’ desired applications, expectations, and hesitations, to later continue to usabil-
ity studies regarding each application or interaction. The section below discusses ways to address
these challenges, constituting the contribution of this dissertation at the intersection of artificial

intelligence and user experience.

1.4 Intellectual Contribution

This work builds the foundations for creating real-time, interactive systems that use minimalistic
knitted sensors as an input medium. These systems are composed of lightweight and portable
hardware, on which computational models can be deployed for high—accuracy recognition, serving
as the bedrock for a multitude of future applications.

First, this work introduces algorithmic and deep learning-based recognition models for detecting
location of touch and gestures on the sensors described here. The time-series data acquired through
the few connections of the knitted sensor needs to be processed to map to a location of touch
or a specific gesture, according to applications’ needs. The classification algorithm should take
advantage of the continuity of sampled frequencies over time, in order to be able to properly model
the signal from few connections. Moreover, due to variability in the data, such as different users,
conditions, finger placement and more, key presses of the same location should be represented in

terms of essential patterns within them. To those ends, I utilize CNNs and LSTMs, which have found
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application for many classification tasks: LSTM for sequence analysis, and CNN for capturing local
features.

This process, in addition to algorithm and neural network architecture design, includes signal
processing, feature extraction, data collection experiments, and software components for data pro-
cessing. The use of machine learning aims to enable systems that adapt to the unobserved variations
introduced by real-world environments. Subsequently, the real-world integration needs are inves-
tigated more in depth, with the purpose of understanding the conditions that could interfere with
the adoption of this technology, including everyday use scenarios, such as sensor stretching, washing
and drying. In addition, to investigate the potential of this technology from the end users’ view-
point, I also designed, ran, and analyzed a formative focus group study. More specifically, these

contributions are detailed below:

— Designed Mixed—Source Description (MSD), an algorithm to detect invariances in the scale-
space of multi—channel signals, and represent the signal in terms of its salient features and

most important aspects.

— Designed Euclidean Levenshtein Distance (ELD), a generalizable distance metric which mea-
sures the similarity between two tensors of varying lengths, compatible with multi-dimensional

time series data.

— Created a recognition model to identify precise location of touch on a single-yarn knitted
sensor circuit, achieving 66% accuracy on a 36-button sensor without subject—specific calibra-
tion, while chance accuracy is 3%. This model relies on a statistical, frequency—based feature

construction component and an LSTM neural network classifier.

— Designed and analyzed three user studies to move towards real-time, real-world knitted sen-
sors. The studies enable the creation of a robust location sensing model; demonstrate its
generalizability with new users; and show robustness under conditions of exposure to electro-

magnetic radiation and stretching of the sensor.

— Designed, ran, and analyzed a formative study with 32 participants structured as 8 focus
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groups, to understand users’ perceptions and the potential of this knitted sensor technology.

— Ran experiments to test the robustness of knitted sensors under everyday use conditions, such

as stretching, and washing and drying.

— Created the foundations for an interactive gesture recognition system using a novel 4-connection
knitted sensor design as an input medium, and a trained model for classification, deployed on

an NVIDIA® Jetson Xavier™ NX system—on—module.

— Designed and analyzed three user studies using the 4-connection sensor for data collection. The
data from these studies was used to create a CNN-LSTM gesture recognition model capable of
classifying 12 complex gestures with 90% accuracy; demonstrate its generalizability with new

users; and investigate its robustness with data collected while the sensor was being worn.

1.5 Document Organization

These considerations are jointly explored in several parts of this work, with each informing the next
steps of the other. First, in chapter 2, background is provided on the sensor design process, the dif-
ferent design forms, and this technology is contextualized as part of ubiquitous computing. Chapter 3
discusses the algorithms and artificial intelligence components upon which the proposed computa-
tional models are based, as well as some other textile sensors that have applied machine learning to
detect user touch events. The detailed description of this work’s contributions starts by exploring
the feasibility of building an accurate algorithmic computational model to represent the signals out-
put from the sensor in chapter 4. Subsequently, chapter 5 introduces a touch location recognition
model, a real-time signal generation component, and experiments that expose the sensor to real—
world conditions. In chapter 6, the real-world integration aspects are explored more extensively,
including a qualitative user study, more everyday use experiments, and preliminary experiments
regarding the potential for gesture recognition. Chapter 7 finalizes the contribution of this work
by introducing the basic building blocks of potential interactive systems: a new, four—connection

sensor design form produced using the same technology as the other sensors discussed, but with
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more information output from the system, and a deep learning model to recognize complex gestures,
deployed on an NVIDIA® Jetson Xavier NX, a small, lightweight, and powerful embedded system—
on—module. Chapter 8 concludes with a summary and discussion of future work. The explorations of
this work range from enabling accurate interaction to usability considerations in the real world, and
bring us closer to Al-powered, ubiquitous, real-time systems that enhance user experiences through

touch—sensitive knitted fabrics.
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Chapter 2: Context

Advancements in several areas of technology have enabled human-centered electronic devices to be-
come smaller in size, less invasive, and more intuitive to use. Among others, examples of such sensors
include brain—computer interfaces, activity tracking bands, augmented and virtual reality (AR/VR)
devices, and textile sensors. They are designed to be harmoniously integrated into interactive envi-
ronments and complement or inform human activity. The knitted capacitive sensors on which this
work focuses follow similar principles. They are designed with reduced wiring and hard electronic
components, and can be manufactured at scale, creating many possibilities for novel applications in
textile sensors, and showing great potential toward becoming truly pervasive technology.

Section 2.1 provides background on ubiquitous computing and its impact, part of which are
textile sensors, and particularly the knitted sensors which this work uses. These touch—sensitive
fabrics are described in section 2.1.2; starting with an explanation of their design manufacturing
techniques, and followed by illustrations of several existing prototypes. Subsequently, section 2.2
draws parallels between them and the stages of development of mobile computing, a cornerstone of
ubiquitous technology. Next, some background on the signal processing method that is used with

these types of knitted sensors is presented in section 2.3.

2.1 Ubiquitous Computing

Ubiquitous computing is the concept and associated field of study in computer science describing
computers moving away from static desktop—centered settings and becoming immersed into everyday
environments [135]. As a research discipline, it started with Mark Weiser in the mid-1980s, who
criticized the concept of computers becoming users’ objects of interest in themselves and proposed
the opposite paradigm: that they should become “invisible” [140]. The embodiment of this design
philosophy would free users from having to learn the interface of any new technology and allow them

to look beyond it toward any new visions or goals. This means that computing would be seamlessly
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integrated into our everyday lives, facilitating intuitive interactions.

When computers became small enough to allow portability, mobile computing emerged, with
mobile devices being one of the first truly pervasive interactive devices [122, 57]. From an initial
focus on minimizing the hardware and emphasizing the technical aspects, nowadays, the device design
considerations have expanded to include usability, user experience, and interaction design. Cell
phones, earphones, smart watches and other handheld and wearable computing technologies have
become integrated into our lives to a considerable degree, with great potential for novel interaction
designs remaining. Currently, the state of pervasive computing is such that we are surrounded by
more computational devices than people [122], moving us closer toward Weiser’s vision [140].

The history of mobile computing can be divided into several major periods of development [122]:
(1) portability, focusing on reducing hardware size to ensure mobility; (2) miniaturization, to create
new, significantly smaller form factors for personal use; (3) connectivity, for connecting multiple
devices and users through wireless networks; (/) convergence, by integrating several functionalities
such as mobile phones, music players, cameras and more into the same device; (5) divergence,
consisting of designing mobile devices of special functionalities, which is the opposite practice of the
previous phase; (6) apps, the period in which we currently are, focusing on creating content and
designing a myriad of interactions with which users can engage, as well as intuitive ways to access
the technology; (7) digital ecosystems, the emerging wave of considering the associated network of
pervasive devices more holistically. As a result, the challenges of mobile interaction have evolved
over time, starting with physical design, reducing device size while optimizing the screen display and
keypads, and later moving to add—on features in the period of convergence, such as cameras, games,
music players. Currently, the hardware remains mostly static, and the challenges have shifted to
software applications and interaction design [122]. This development context is also relevant as a
reference to consider that of related emerging technologies, such as wearable computing.

Wearable computing may be worn over or in clothing, directly on the human body, or may them-
selves be clothes [122]. Another important concept is that of body—borne computing, which includes

wearables, portable devices like smartphones, and more generally any technology that is on or in
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the body, for example implantable devices. An important difference between wearable computers
or body—borne computers and portable computing, such as handheld and laptop computers, is that
wearable computing by design contextualizes the computer so that the human and computer are
intertwined, by placing the human in the feedback loop of the computational process. This process
tends toward Mann’s Humanistic Intelligence concept [92]. One of its main features is constancy of
interaction, i.e., there is no need to turn the device on prior to engaging it, and another is the ability
to multi—task. It is not necessary for a person to interrupt their activity to use a wearable computer,
since it should always be running in the background, expanding, mediating the human’s interac-
tions, or passively waiting for input [122]. Examples include augmented, virtual, and mediated
reality. Another prominent and emerging area of wearable computing with considerable potential

for everyday life interactive, constant interaction is that of smart textiles, discussed below.

2.1.1 Touch—Sensitive Fabric

Textiles are among humankind’s first inventions and have since evolved beyond uses for comfort and
protection. Advances in materials, manufacturing, sensing, and computing have given way to novel
interactive systems supported by textile touch sensors. The ubiquity of textiles, as well as their soft
and flexible nature, makes them an appealing medium for tangible embedded interactions.
Fabric-based touch sensors have been investigated for over two decades in the field of human—
computer interaction (HCI). In addition to fabric construction, they incorporate concepts from
circuit design, signal processing, material properties, and recently machine learning. Textile touch
sensors have been created through various manufacturing techniques, such as weaving [29, 55, 127,
7, 108, 143], embroidery [107, 42, 52, 53, 9, 94], and knitting [114, 141, 106, 30, 133] to investigate
their potential as flexible, pervasive interfaces. The interaction potential of textile sensors has been
demonstrated through the introduction of various application prototypes and use cases [101, 142, 53,
108]. However, for textile—based touch sensors to conform to users’ expectations and have real-world
viability, there are many practical considerations that must be addressed. One important aspect
is designing toward scalable manufacturing to create textile devices that take advantage of mass—

production techniques and that use commercially—available materials. Another is recognizing that
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the physical demands regularly placed on textiles must not interfere with the device’s performance.
In particular, textile touch sensors must maintain integrity and sensitivity, while easily flexing,
folding, stretching, and dynamically conforming to the human body in motion [40].

The wide variety of smart textiles that have been explored rely on different sensing and construc-
tion strategies. Many of them, especially woven smart textiles [108], use layers of knitted electrical
traces sewn together as a grid, emulating hard electronics, which provides good touch localization
ability. Other sensors have been produced using layers of fabric combined with thin layers of elec-
tronic components [114]. However, the multitude of wires or relatively complex, connected layers to
sense input of some of these strategies may reduce durability and leave these sensors susceptible to
damage from bending, especially at fabric—to—wire connection points. To address durability, con-
nectorization, and production at scale, the textiles which I use in this work [133] rely on digital weft
knitting, which enables the fabrication of a textile circuit with a single, electrically continuous trace.
Carbon—suffused nylon yarn is used as the conductor, and it is combined with non—conductive yarns
throughout the fabric structure. More details regarding their construction process and the various

form factors possible are provided in the section below.

2.1.2 Minimalistic Knitted Sensors

This section describes the sensors on which this work focuses, starting with their construction process,
to help elucidate some choices and challenges in creating knitted sensors and extracting information
from them. Next, several design form factors producible through the same manufacturing process
are described. The design philosophy of this technology tends toward hardware minimalism and
flexibility of design. It is not oriented toward a particular application but aims to develop a plat-
form for manufacturing and integrating touch—sensitive fabric into existing everyday environments.
Given that fabric is so prevalent in our lives, applications based on this technology can rely on the

knowledge users have in interacting with fabric, while experiencing added functionality.
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Constructing Knitted Sensors with a Single Conductive Yarn

These fabric sensors are produced through digital knitting and rely on one conductive yarn and two
external connections for sensing [133]. Digital weft knitting is a manufacturing solution that produces
textiles using an array of continuous, intermeshed yarns. To produce touch-sensitive textiles, one
of the yarns used in this process is conductive, which is knitted along a serpentine pattern. This
simplifies the physical construction of the sensor, since the fabric circuit design is directly compatible
with the weft knitting process and does not require any post—assembly. The carbon—coated yarn is
combined in this process with regular, non—conductive yarn. To ensure reproducibility, and support
production within a manufacturing ecosystem, commercially available materials are used to construct
these textile sensors: carbon—suffused nylon [68] for the conductive yarn, and polyester for the non—
conductive yarn. There are only two electrical connections per sensor—one at each end of the knitted
electrical pathway—which simplifies the connection to sensing hardware and affords greater textile
flexibility and connection durability. Different knitted design forms can be constructed using one

continuous sensing yarn and two external connections.

a\uation \oteg ratio,)

Figure 2.1: Knitted touch sensor design workflow. Figure produced at CFF [3]: 1) Textile designers
conceptualize sensor layouts while considering knitted circuit design guidelines. 2) The textile layouts
are programmed using Knit Paint in the Shima Seiki SDS-ONE APEXS3 software suite, and compiled
for the desired weft knitting machine. 3) The compiled programs are transferred to the configured
knitting machine for assembly. 4) The completed sensors undergo testing and evaluation to assess
performance. 5) The textile circuits are directly integrated into devices with no human intervention
needed after assembly.

Figure 2.1 provides some insight into the textile production process. The design process for these

sensors includes programming a specific design pattern, and then uploading it to the weft—knitting

machine, which produces each sensor according to that pattern. The program Knit Paint is used in

the Shima Seiki SDS-ONE APFEXS3 knitting design software suite to program the loop structure for
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each design. These sensors are produced using Shima Seiki SWG041N and SSG122SV computerized
flatbed weft—knitting machines [6], which can produce small to medium-sized textiles, such as shirts
or gloves. Digital weft knitting is a versatile, end—to—end textile manufacturing process that lends
itself well to rapid prototyping. Textile designers can create finished pieces without the need for
additional assembly using robust programmed instructions standardized across many digital knitting
platforms. Weft knitting, unlike weaving, uses comparatively few yarns that do not separate at the

fabric’s edge and are continuous throughout the textile.

Figure 2.2: Examples of the knitted capacitive touch sensor created through digital weft knitting [3]:
(a) A planar knitted fabric touchpad made from polyester and carbon—suffused nylon connected to
small, lightweight hardware through only two electrodes at the yarn endpoints. (b) Small, interactive
knitted components and sensing circuit integrated into a sleeve. (d) Knitted computer keyboard.

Design Form Factors

Through the same manufacturing process described above, a variety of knitted patterns can be
produced, with some previously—constructed design geometries [133] presented in this section. The
knitted samples descried below vary in patterns and dimensions, and each can be used as a standalone
knitted controller or connected in a system of knitted components to create interactive devices. They
include designs with finely—defined touch locations (fig. 2.2), three game controllers (fig. 2.3) which
provide user input to different applications, and three media control sensors (fig. 2.4), which can be
used individually or together to control an application. These components can also be produced in a
variety of sizes, colors, and materials of non—conductive yarn. They illustrate examples of patterns
that have uniform sensitive areas, and others with non—uniform ones.

Although the yarn routing of each pattern differs, each circuit maintains only two connections to

external sensing hardware. The embedded hardware is interchangeable between knitted sensors. The
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touch location decoupling method used in these proof—of—concept designs relies on the previously
introduced method of differential capacitive sensing [133], described in section 2.3.2. These touch
patterns are designed to explore the ability to recognize discrete position, amount of pressure applied,
or continuous swipes based on their construction. The properties and design intentions behind each

component are described below.

()

Figure 2.3: Design patterns and applications [3]: (a): The Single-Button Game Controller sensor
controlling the Flappy Bird game application (b): The Multi-Button Game Controller prototype used
for the Whack—A-Mole game; (c): Slider Game Controller controlling the paddle position within the
Brickbreaker game.

— Knitted Touchpad: Figure 2.2(a) demonstrates a knitted touch sensor, and is the main design
which I investigate in terms of location identification. The button-like touch points are formed
by exposing yarn on the fabric surface during knitting and are spaced approximately 1/2 inches
apart. The touch points are knitted along a serpentine path. Two alligator clips connect the
yarn endpoints to the sensing controller. This sensor geometry resembles typical keypads. The
design can be scaled by increasing the length or width of the pattern within the Knit Paint
program, to produce sensors of different sizes. Besides being used as a standalone sensor, this
form factor can be incorporated into other fabric, for example sewn into a slip—cover, with

wiring hidden inside the upholstery.

— Sensing Sleeve: Figure 2.2(b) illustrates a sensor knitted within a sleeve. The sleeve is created
with the conductive yarn fully—integrated, without needing to sew the knitted components
separately. A pocket on the inside of the sleeve can host any low—profile electronics necessary

for interactivity. The sensing hardware attaches to the sleeve by fabric snaps and can easily
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detach to allow the shirt to be laundered. The sleeve maintains flexibility and can fold and

roll without damage to the fabric or wiring.

— Knitted Keyboard: Knitted sensors can be constructed with the conductive yarn structured
in different patterns, according to the purpose of each application. The carbon fiber yarn is
knitted to form an alphanumeric computer keyboard, illustrated in fig. 2.2(c). The touch points
are knitted in the same serpentine structure as those in the touchpad, though the placement
is staggered to mimic a standard keyboard. The buttons are again spaced approximately 1/2
inches apart to maintain the spacing of a full-sized computer keyboard. A textile keyboard
can be made lighter, thinner, and more durable than a conventional keyboard. The keyboard

could be integrated into a laptop sleeve or tablet cover.

— Single-Button Controller: This prototype, illustrated in fig. 2.3(a), has a large circular sensing
area in the middle. It can be used as a controller for games that rely on pressing a button,
as well as controlling pressure [133]. Pressure sensitivity can be a desirable quality for a game
controller, that can possibly enable applications current hardware controllers might not. Its
functionality can be demonstrated by using it as a controller for the Flappy Bird game, which
prompts the user to guide a shape through gaps in a wall, with the shape rising or falling

depending on the user’s applied pressure.

— Multi-Button Controller: This design, as seen in fig. 2.3(b), is composed of several square—
shape sensing areas. The primary interaction modality for this pattern is pressing one of the
large sensing locations. This prototype was designed as a controller for a Whack—a—Mole—style
game. Touching a button when prompted by the application (flashing red) triggers an in—game
hit. Such sensors can be incorporated on different surfaces for a variety of functionalities and

applications.

— Slider Controller: This pattern, illustrated in fig. 2.3(c) is intended to capture continuous
input, such as swiping motion. This controller can be used for games that rely on a continuous

sliding input, such as Brickbreaker, during which the user controls a horizontally-moving slate,
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aiming to catch a bouncing ball.

— Piano Keyboard: This prototype, demonstrated in fig. 2.4(a), is a 25-button touch—pad knitted
to emulate a 2-octave piano instrument. The design and spacing of its keys follow those of a
regular piano keyboard. It is intended to be a familiar and intuitive interface, with the added
flexibility and light weight allowed by the fabric material. This prototype is an example of
a knitted sensor with irregular size and spacing of buttons. The piano keyboard is used as a

MIDI controller for the GarageBand application.

— Volume Slider: A 22-row slider, illustrated in fig. 2.4(b), was knitted to control the volume
in GarageBand. 1t relies on a swiping gesture for continuous input control, similarly to the
Slider Game Controller described above, but its proportions are smaller. Both its form and
the sliding mode of engagement aim to be intuitive and conform to users’ expectations of a
volume controller. Rows are knitted approximately 1/8 inch apart, to maintain contact with

the user’s finger as it slides along the pad.

— Media Control Buttons: The button pad depicted in fig. 2.4(c) contains three buttons serving
as discrete inputs to the same application, while graphically showing their functionalities in

familiar forms: rewind, pause/play, and fast—forward.

(a) (b) (c)

Figure 2.4: Intuitive design for knitted components that work together to control the same applica-
tion [3]. (a): The Piano Keyboard. (b): The Volume Slider. (¢): The Media Control Buttons. (d):
The piano keyboard, volume slider, and media control button touchpad connected in a system. The
sensing hardware is networked via 12C, with a single sensing controller directing communication among
all three devices. The master 12C device connects to a MacBook Air via USB MIDI to interface with
GarageBand.

After the description of the fabric component manufacturing, and the illustration of the process

versatility through several form factors, the next section contextualizes the development cycle of
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minimalistic knitted sensors as part of the larger ubiquitous computing ecosystem.

2.2 Minimalistic Knitted Sensors as Ubiquitous Technology

The knitted sensors described in section 2.1.2 have the potential to embody the principles of ubiqui-
tous computing, briefly discussed in section 2.1, envisioning computing harmoniously integrated into
our everyday life, inviting effortless and intuitive human interaction. This technology was designed
with those underlying principles at its core, and its developmental stages can be paralleled with
those of mobile computing, even though some concepts are expressed in different forms.

Many of the phases of mobile computing happened linearly in time, while knitted sensors and
smart textiles in general, attempted to incorporate the principles of ubiquitous computing earlier
in their design stage, most probably since the pervasive computing field was more mature at that
point, compared to the emergence of mobile computing, which is considered as one of the first truly
pervasive technologies [122]. Additionally, today, some of the developments are happening in a more
circular fashion, based on rapid prototyping. Here, I revisit the main stages of the emergence of
mobile computing, each of which was based on a fundamental quality of ubiquitous computing, but

they are discussed in the light of the knitted sensors technology upon which this dissertation is built.

(c)

Figure 2.5: Exploring the parallelism to mobile computing regarding convergence (a and b) and
divergence (c) in knitted sensors [3]: (a): The Slider Controller used to control the Flappy Bird game.
(b): The same knitted sensor as in a, used to control the Brickbreaker game. (c): Knitted fabric
prototypes of varying patterns easily producible through the same process for specific functionalities.

— Portability: Fabric has the inherent quality of portability, and knitted sensors can be designed
to have a small form factor, if desired. The few connections to external hardware and the

fact that the sensor design does not rely on several layers of fabric and electrodes also help
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portability. Additionally, the size of the attached processing hardware for the existing circuits
is already small, as can be seen from fig. 2.2(a). It is necessary to ensure any new components

added still comply with this requirement.

— Miniaturization: In mobile computing, this principle was expressed by introducing smaller
form factors for personal use. In this case, in addition to the previously discussed aspects that
make the knitted sensor technology portable, the patterns of interaction can become minimal as
well. Some of the design forms factors, such as the touchpad on which I focus (fig. 2.2(a)), are
fine and compact. Moreover, a small number of its interactive components can be integrated

into clothing, such as the sleeve illustrated in fig. 2.2(b).

— Connectivity: This stage in mobile computing focused on connecting multiple devices and
users through wireless networks. That technology is already in place, and knitted sensors
can be easily integrated into existing networks. They can be envisioned to connect to mobile
phones, laptops, and other electronic devices, in addition to other knitted sensors connected

in a system, depicted in fig. 2.4(d).

— Conwvergence: At this point in the mobile computing development, several functionalities were
integrated into the same device. There is no direct parallel between this functionality and
textile sensors, but the principle can be approximately translated to designing the same rather
generic sensor with interactive patterns and enabling different applications by mapping differ-

ent meanings to the same physical design (fig. 2.5(a) and fig. 2.5(b)).

— Divergence: This principle is essentially the opposite of convergence, since in mobile computing,
it involved producing devices with specific functionalities. Rapid prototyping in manufacturing
these sensors enables the creation of different design patterns, which can be specialized in their

features, as seen in fig. 2.4(d) and fig. 2.5(c).

— Apps: Mobile computing has been seen as currently focused on the stage of content creation,
primarily through mobile applications [122]. Analogously, this work aims to enable the cre-

ation of various applications using minimalistic knitted sensors with which users can engage
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intuitively, with some prototypes illustrated in fig. 2.5(a) and fig. 2.5(b). In order for this
concept to become a reality, however there are several challenges to be overcome, primarily re-
lated to the computational models necessary to interpret the signal generated from the contact

between the user and the sensors’ interactive components.

— Digital ecosystems: This emerging stage in the development of the filed of ubiquitous computing
aims to consider the associated network of pervasive devices more holistically. In addition to
future considerations of knitted sensors as part of such devices, this smart textile technology
is itself a platform for producing related sensors (fig. 2.5(c)), part of the larger area of textile
touch sensors. Therefore, considerations regarding constructions within this smaller ecosystem
are useful, and have been considered from a manufacturing standpoint. Computationally, it
is necessary to examine that aspect, but it should more fundamentally be the focus of future

work, especially once the current stage of enabling content is finalized.

Similarly to the challenges of mobile interaction, which started with physical designs, continuing
with reducing device sizes, and currently having evolved to emphasize software applications, the next
phase in developing ubiquitous, minimalistic, knitted sensors is application and interaction design.
However, in order to arrive to content creation, first, the underlying computational technology of
this smart textile manufacturing platform needs to be constructed and solidified, with capabilities
such as touch location and gesture recognition. In addition, user perceptions and desires regarding
such potential applications need to be explored, as well as the sensor performance in conditions
closer to the real world.

Section 2.1.2 presented some existing prototypes, which rely on the circuit design and signal
processing methods that will be described in the next section. Even though high—accuracy touch
location identification and gesture recognition is not possible using such techniques, they offer ap-

proximate touch localization.
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2.3 Circuit Design and Signal Processing

The sensor construction described section 2.1.2 is incompatible with the circuit layout used for
conventional sensing matrices, which require isolated traces. Therefore, in order to sense distributed
touch across a knitted fabric, input needs to be measured across a continuous yarn integrated within
the textile. Electronics are connected at the two yarn endpoints to complete the circuit. The fabric
circuit, consideration related to knitting, and the sensing method, each described in more detail
in the following subsections, were developed by Vallett [134] to be specifically compatible with the

above-mentioned manufacturing method.

2.3.1 Sensor Knitting Considerations

Touch location on the sensor is inferred based on the resistance of the conductive pathway. Con-
trolling its resistance is crucial to ensuring separable touch data, tuning external current-limiting
resistors, and predicting signal behavior. The capacitance induced by human touch varies within the
range of pico-Farads. Accurately measuring small values of capacitance and fine changes in current
across the conductive pathway requires a high yarn resistance. The overall resistance of the pathway
is set through modifying the yarn density (denier) or through modifying properties of the knitted
pattern. Yarn denier, which is the mass or density of a given length of spun yarn, can be altered
to produce an appropriate cumulative resistance. In the case of the carbon fiber trace, the yarn
may be represented as a wire of homogeneous composition having a linear resistance, R. The wire
resistance is a function of the resistivity, p, an intrinsic material property, its length, [, and fiber
cross—sectional area, A. The resistivity is set during manufacturing and varies by production lot.
The yarn resistance is proportional to its length, and inversely proportional to its cross—sectional
area. In practice, significantly decreasing the denier proves difficult to knit due to the fragility of the
single-strand monofilament yarn. Combining a lower denier monofilament with a non-conductive
yarn improves knitting but sacrifices homogeneity and complicates yarn interconnections.
Specifying the overall sensor resistance through loop formation is not as straightforward as spec-

ifying the fiber resistance through length or thickness. The loops formed during the knitting process
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create a complex, interconnected mesh of resistors [150]. Understanding the interactions between
the loops is crucial to better predicting the touch sensor resistance during the design process. Spec-
ifying the width and height of the touch points alters the resistance intuitively. Widening the trace
decreases the resistance by increasing its cross—sectional area, while lengthening the trace increases
the resistance. The fabric circuit and its sensing method, discussed below, needed to account for

these manufacturing-related considerations.

2.3.2 Differential Capacitive Sensing (DSC)

As described in section 2.1.2 and section 2.3.1, the digital weft knitting process can produce complex
textiles by integrating conductive and non—conductive yarns. All touch locations along the surface
of the fabric can be mapped to a linear arrangement of points on the sensing yarn, which can be part
of an electrical circuit connected with other hardware. At the two endpoints of the carbon—coated
yarn, two electrodes can be connected. Differential capacitive sensing (DCS) [133, 134] has been

previously introduced to indicate an approximate position of touch, and is summarized below.

(a) (b)

Figure 2.6: (a) Circuit diagram of the fabric capacitive touch sensor and sensing circuit: The knitted
resistor, Rx forms two series—connected resistors at the contact point. (b) An overlaid image showing
a real knitted touchpad and connections to sensing hardware [134, 3]
Figure 2.6(a) depicts current flow from either endpoint to a touch location on the fabric. A syn-
chronized voltage waveform is input at either end of the fabric using a Digital-to—Analog Converter
(DAC) at points DAC4 and DACp and passed through two equivalent current limiting resistors,

R4 and Rp. The current output at points A and B branch both into the knitted circuit and towards

the voltage measurement circuit. The parasitic capacitance of the measurement circuit contributes
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to the response recorded by two Analog—to-Digital Converters (ADCs) at points ADC'4 and ADCp.

Figure 2.7 shows example input and output voltage waveforms recorded by an oscilloscope.
Figure 2.7(a) depicts the resting state of the voltage signals when no touch is present. Figure 2.7(b)
shows the attenuation caused by touch occurring near the left (A) electrode. The capacitance
induced by touch decreases the peak—to—peak amplitudes of both outputs and produces a greater
phase shift. The electrode closer to the point of touch exhibits a more pronounced attenuation
and phase shift. If the touch event occurred closer to the right (B) electrode, we would expect a
response analogous to that in fig. 2.7(b), but with the right electrode having greater attenuation.
In the case of contact occurring in the center of the circuit, the response would look similar to that
shown in fig. 2.7(a), since the attenuation from both electrodes would be approximately equivalent.
Figure 2.7(c) shows the effects of electro-magnetic interference (EMI) in addition to contact. The
difference in peak—to—peak amplitude is present to signify touch but obscured by high—frequency

distortion. EMI is a common source of noise in electrical circuits.

No Touch Left Touch Left Touch Distortion

Greater attenuation
at left electrode

High-frequency
distortion

Baseline

0 om 3/2,-, 2n 0 1/211 3/2T, 2n 0 om 3/2n 2

m
Phase (rad)

m m
Phase (rad) Phase (rad)

(a) (b) (c)
Figure 2.7: Example input and output voltage waveforms: (a) Input and output without touch. (b)
Touch occurring near the left (A) electrode. (¢) Left touch distorted by a nearby EMI source [134, 3].
Conventional capacitive sensors that measure attenuation or phase shift do so by directly tracking
the voltage envelope or measuring the time difference between crossing voltage thresholds. Measuring
phase offset with minimal distortion yields measurements that are relatively consistent. However,
in the presence of additive interference, the variance of phase increases considerably.
This signal processing method offers some information regarding the location of touch on the

sensor, however its accuracy is limited to identifying approximate regions where touch occurred
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rather than fine locations, such as the buttons on the touchpad. My work focuses on identifying
touch location more accurately, as well as investigating conditions to bring these sensors to the real
world. Additionally, it extends to recognizing gestures on similarly designed sensors. It is worth
noting that the signal as captured through differential capacitive sensing is prone to distortion from
different sources, a few of which are briefly addressed in the next subsection, and Bode analysis,

described subsequently helps address some of them.

Addressing Distortion in Single—wire Touch Localization

Touch sensors that discretize input across continuous conductors by detecting changes in electric field
are susceptible to additive interference [151], which can reduce localization accuracy. The knitted
fabric circuit described above uses a large end—to—end resistance to source and then measure fine
changes in the current differential recorded at each endpoint of the conductive yarn pathway. The
resulting low current is vulnerable to small fluctuations in voltage introduced by nearby external
power sources or from contact by the user. These fluctuations distort measurements of the transient
waveforms. Additive interference originates from both device—centric sources like power supply ripple
and external sources like electromagnetic interference. In measuring touch at a single location
using capacitive sensing, additive interference decreases signal-to—noise ratio and distorts touch
input identification. In this way, otherwise insignificant sources of uncertainty, produce considerable

measurement variance that inhibits practical use.

Bode Analysis

Bode analysis [18] used with differential capacitive sensing can be a potential solution for removing
recorded interference. It is an extension of Fourier analysis, which transforms a measured time—
domain signal into frequency—-domain components. Bode analysis compares both the ratio of a
system’s Fourier transform complex magnitude output to its input, and the phase difference between
output and input. The frequencies present in an input will be present in an output. Given an input
with a known frequency composition, it is possible to reconstruct the output while bypassing additive
frequencies.

This signal processing strategy described in section 2.3.2 is an important first attempt to char-
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acterize human touch input events, however it offers only approximate touch location identification.
To arrive to content creation, first, the underlying computational technology of this smart textile
manufacturing platform needs to be constructed and solidified. The subsequent chapter on related
work focuses on describing the context of the algorithmic and artificial intelligence components of
the computational models introduced in this work, and some real-world considerations of smart

textile implementations.
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Chapter 3: Related Work

This chapter provides some related work to contextualize the innovations of different aspects of this
work, since its main contribution is unlocking the power of minimalistically designed knitted sensors
to enable interactive applications in the real world. Artificial intelligence has had a considerable
impact on the world around us, transforming many areas of society, including healthcare, finance,
robotics. It has the power to also transform the future of the knitted sensors on which this work
focuses. Their design strategy includes reduced hardware and external wiring in favor of usability
and ease of integration; however, this means that they need more refined computational models to
interpret human input. Algorithmic and artificial intelligence approaches are necessary to model the
variability of the external world. Moreover, for applications with touch—sensitive knitted fabric to
become realistic, users’ perspectives should also be considered, as well as these sensors’ exposure to
everyday life conditions. This work is positioned at the intersection of algorithms, machine learning,
quantitative and qualitative user studies, and system design considerations.

Section 3.1 describes some relevant algorithms upon which the computational aspects of this work
are based, starting with algorithms representing a signal in terms of its scale-space, and continuing
with several distance metrics used with times—series data. Subsequently, section 3.2, provides a brief
overview of the most relevant developments in artificial intelligence, primarily focusing on the neural
network architectures that are used for the recognition models which this work contributes, followed
by applications of machine learning algorithms in different fabric-based sensors. Additionally, some
studies related to other fabric sensors in as they relate to everyday life conditions and user preferences

are also discussed.

3.1 Relevant Algorithms

This section describes some existing algorithms, based on which this work introduces new ones for

compatibility with multi-signal sensing, detailed in chapter 4. These algorithms are then applied to
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signals generated from human touch on knitted capacitive sensors. Scale—Invariant Feature Trans-
form (SIFT), described in section 3.1.1, serves to represent images in terms of their most salient
and invariant features. Section 3.1.2, discusses several distance measures, which are used to compare

sequences, especially focusing on the ones designed for time—series data.

3.1.1 Scale-Invariant Feature Transform (SIFT) Algorithm

Scale-invariant feature transform [89, 90] is a feature extraction algorithm, originally emerging
from the computer vision community, which aims to detect and describe local features in images.
Underlying its working is the concept of scale-space. Scale—space is a framework for multi—scale
signal representation, which handles structures in signals, such as images for example, at different
scales. The scale-space representation is a family of objects generated by varying one parameter of
the original: the size of the smoothing kernel, which serves to suppress fine details of the object in
each smoothed representation [74, 87, 111]. The scale parameter ¢, indicates that image structures
of spatial size smaller than about v/t have been blurred. This process is analogous to viewing an
image at different distances: further away, the most noticeable aspects are the general shapes of
bigger components, while the closer one gets, the more noticeable smaller details become. Gaussian
scale—space is the most widely used type of scale-space. It allows for scale invariance in visual
operations to account for size differences in image data, since real-world objects could have a variety

of sizes, and may be captured through a camera from different distances [86, 88].

Figure 3.1: This figure, obtained from the original SIFT paper [89], illustrates how applying this
algorithm could enable object detection from a complex scene by focusing on the most salient aspects
of signals, the images on the left.
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In order to perform object recognition on an image, the most salient points of the object can
be extracted to characterize it. This is what SIFT was designed to do. This object description
can then be used to find a match of that object in images containing other objects as well, some
including clutter and partial occlusion, since the SIFT descriptors are invariant to uniform scaling,
orientation, illumination changes, and partially invariant to affine distortion [89, 91]. These qualities
are essential to the algorithm’s robustness with real-world data. SIFT starts with generating an
image’s scale-space representation, continuing to extract salient aspects of the image relying on its
the Gaussian—blurred representation. The second stage is computing Difference of Gaussian (DoG)
on the smoothed images, and then extracting key locations, which are the points with minimum or
maximum values in their surroundings. Subsequently, orientations are assigned to each key location,
which enables rotation invariance. Then, each key location is described in terms of its surrounding
points, to produce features that are distinctive, descriptive, and to some extent, invariant to illumi-
nation, viewpoint, and other aspects. An example of the usefulness of this algorithm in an object
detection task is illustrated in fig. 3.1.

SIFT has found many applications, such as in robot visualization and mapping [118, 34, 35], 3D
modeling, recognition, and tracking [37, 46], human activity recognition [37, 117, 77], and human
brain Magnetic Resonance Images analysis [129]. Tadapt SIFT to time—series signal data output from
knitted sensors due to human activity by creating the Mized—Source Descriptors (MSD) algorithm,

detailed in section 4.4.

3.1.2 Distance Measure Algorithms

Many applications require determining the similarity between sequences, and similarity measures
have been used, among other areas, in early speech recognition [95, 113], object tracking [24], fi-
nancial data analysis [8, 36], genetic sequencing [83], character matching and recognition [32, 128],
and unsupervised learning on time-series data [98, 51, 15, 70, 33]. Some of these measures rely on
symbolic representation of sequences, such as the Levenshtein distance [82], and its variations. For
time series data similarity, pioneering work from Agrawal et al. [8] used Euclidean distance. The

FEuclidean distance is a metric, which is a desirable quality, especially for indexing databases. Eu-

CHAPTER 3: RELATED WORK 3.1 RELEVANT ALGORITHMS



30

clidean distance, however, is sensitive to noise and does not handle local time shifting. In addition,
the research on the similarity of one-dimensional time-series signals [8, 73, 147] does not directly
translate to multi-dimensional sensor signals produced from human activity. These signals may have
varying lengths, outliers due to noise and disturbances, or similar patterns may appear in different
parts of them [24].

Several distance measures have been proposed that address some of these issues. For example,
Dynamic Time Warping (DTW) [17] represents a time series signal as a "stretched” or ”compressed”
version of another; it does not require the sequences to be of the same length; and it handles local
time shifting. Longest Common Subsequence (LCSS) [138], and Edit Distance on Real Sequence
(EDR) [24] also address time shifting and different sequence lengths, however, similarly to DTW,
they are not distance metrics, since they violate the triangle inequality condition. EDR is designed
to be more resistive to outliers, since it quantizes differences between sequence elements to 0 or
1. Edit Distance with Real Penalty (ERP) [23] is a distance metric in addition to handling local
time shifting and different sequence lengths, but it might be sensitive to noise relative to measures
like EDR [24]. Both EDR and ERP are time-series adaptations of the original string edit distance,

which is described below. Subsequently, a brief overview of DTW is provided, due to its popularity.

Levenshtein Distance

The Levenshtein Distance [82], frequently called the edit distance, is a general dynamic programming
sequence distance metric [23], typically used for string comparison. In that scenario, it refers to
the number of edits necessary to convert one string into another, where an insertion, deletion, or
conversion to another character has the same cost of 1 edit. Two strings a,, and b, are compared
character by character in a matrix. If two characters a; and b; are the same, the cost of that action
is 0; if an edit is necessary, the cost of that particular change becomes 1. The cost of converting
the string characters up to and including a; to b; is calculated by taking the minimum cost of the
conversion before reaching one character before the current, and adding the cost of the last step, if
any. An example is illustrated in section 3.1.2.

This distance metric has been used in several HCI applications [109, 27], in optical character
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Figure 3.2: An example of the Levenshtein distance algorithm used for string comparison. Two strings
are compared character by character to calculate the minimum number of edits necessary to transform
one into the other. This image was obtained from [130].

recognition and string correction [58, 116], and linguistic analysis [67]. However, it returns only
values of 1 or 0, and it does not compare arbitrary vectors or tensors, only the number of edits as
the difference between two strings. In the case of time—series tensors, they would have to be identical
for the Levenshtein Distance to be 0, which is incongruent with the nature of signals from sensors or
their representations. Alternatively, one could define a threshold over their difference to output a 0
or a 1. However, I define the Fuclidean Levenshtein Distance in section 4.5, which aims to preserve

additional information related to the difference between tensors.

Dynamic Time Warping

Dynamic Time Warping (DWT) [17] is another well-known algorithm which measures the similarity
between two sequences, potentially unequal in length. DTW has effectively been used in time—
series analysis since it is capable of capturing similarities even when the two compared sequences
are shifted or distorted in time [120]. A warping path W maps the elements of the two sequences
to each-other to minimize the distance between them. It calculates this optimal match, under the
following restrictions: 1) boundary condition: the first and last elements in each sequence need to
map to each other respectively; 2) monotonicity condition: the ordering of elements in each sequence

is preserved, with the mapping of the indices from either sequence to indices from the other needing
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to be monotonically increasing; 3) continuity condition: the path transitions must be limited to
adjacent points in time.

This technique is particularly useful when one of the sequences is a non—linearly transformed
version of the other in time. DTW is a distance-like quality, and not a distance metric, since it
does not guarantee the property of triangle inequality to hold. In DTW, each point in one sequence
matches one or several corresponding points in the other, making the algorithm more resilient to
varying sampling rates.

The algorithms described here are the foundations for important components of the computa-
tional models subsequently built in this work, designed to analyze and represent the signals generated
from the textile sensors. However, these algorithms are also deterministic, while the behaviour of
these sensors as they interact with various users and real-world environments is a stochastic process.
Therefore, these algorithms alone would not be capable of capturing all the information necessary
to model the sensors’ functioning in everyday life, where they would need to be integrated for this
technology to be truly ubiquitous. For this reason, it is necessary to introduce stochastic elements
through machine learning (ML), a sub—field of artificial intelligence (AI), both of which are discussed

in the section below.

3.2 Artificial Intelligence

Artificial intelligence is flourishing, both as a fundamental research field and with its many appli-
cations in areas such as medicine, robotics, and science [45]. In its beginnings, it emerged as a
discipline capable of solving problems that are typically difficult for humans, but relatively easy for
computers, problems that can be described formally and mathematically. However, it seems that
its true challenge lies in performing tasks that are automatic or intuitive for most humans, but rel-
atively difficult to formalize, such as vision or language recognition. Such functionalities in humans
rely on the exposure to and the synthesis of large amounts of knowledge about the real world, which
cannot be solved through hard-coded statements and formal definitions alone [45].

Machine learning emerged to bridge that gap by enabling computers to learn from experience

through data from the real world. Machine learning is the sub-field of artificial intelligence focusing
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on building algorithms, which rely on real-world examples of the phenomenon they aim to describe,
to produce useful results. Such examples can directly come from the outside world, or the raw
data can be subsequently processed by humans or other algorithms [20]. Ultimately, a successful
learning algorithm would be able to generalize to samples not introduced in the original example
dataset, making decisions that might appear subjective [45]. However, the performance of machine
learning algorithms will be affected by the data representation. An example regarding signal data
is representing it in time domain versus frequency domain, with different aspects of the signal
becoming prominent in each representation. Many problems can be solved by using machine learning
algorithms coupled with domain knowledge, which can translate into the right data representation.
However, there are other problems where the relationships among different aspects of the data are
too complex or unknown, thus making it difficult or even impossible to identify the features for an

effective and comprehensive representation.

Deep learning Example:

1
Shallow Example: Example:

Logistic
regression bases

Example: autoencoders
MLPs

Representation learning

Machine learning

Figure 3.3: This diagram shows how the concepts described here are nested within each—other.
Artificial intelligence is the broader field, and deep learning, its narrowest sub—field. This image was
obtained from [45].
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Representation learning, which is the strategy of using machine learning to learn the data repre-
sentation itself, rather than only the mapping from the data to the output, could be used to tackle
this issue. This solution allows artificial intelligence systems to adapt to new tasks with little human
intervention, and typically leads to better results than hand—crafted features. When learning fea-
tures, one goal is also to distinguish among and extract the different factors of variation, or aspects
that influence the data as it is captured in the real world. Such factors may not be directly observable
in the real world, but many times can be forces, concepts or abstractions that help disambiguate
the complex data variability. Examples in images are time of the day which can affect direction of
sunlight, camera lens, position of the observed object and many more. Several applications need
these factors of variation disentangled, many times to discard noise or those irrelevant to the task.
Nevertheless, it might also be difficult to extract such abstract concepts from the data, that would
require human-level understanding of it, thus leading back to the problem representation learning
aimed to solve [45].

Deep Learning emerges as a solution to this essential representation learning problem by creating
a hierarchical structure of conceptual representations where more complex concepts are expressed
in terms of simpler ones, with levels of abstraction increasing with complexity. The relationship
between Al and its sub—fields is illustrated in fig. 3.3. An example of this representation is detecting
an object in an image by first capturing lines, then corners, and subsequently more complicated
shapes, shown in fig. 3.4. The simplest and most famous example of a deep learning is the multilayer
perceptron (MLP) network, which can be considered a function produced by the composition of
simpler functions, and after the application of each function in this sequence, a new representation
of the initial data is produced. Through representing the complexity of the real world as nested
hierarchies of concepts, deep learning offers great potential into integrating computers into everyday
environments through a multitude of applications, enhancing the abilities of computing systems
to adapt to our needs. Over the years, deep learning has acquired and adapted information from
several fields, such as neuroscience, statistics, and applied mathematics. Recently, it has shown

a stupendous growth in popularity, interest, and investment, since advancements toward enabling
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Figure 3.4: This image, reproduced from [149, 45], illustrates how more abstract concepts are built
using as a foundation simpler ones in a deep learning model. The visible layer represents the raw input
data, while hidden layers are the inner layers of the network which build the complexity and abstraction
of the model, until the output layer is reached, which maps the data to a category.

powerful computers, the increased data availability, and the emergence of better algorithms to train
deep networks fast, have made it more viable to be implemented in real-world applications [45].
Below, I describe two types of deep learning architectures that have had a great impact into solving
real-world problems and which can be used to capture and meaningfully represent time—series signal

data.

3.2.1 Convolutional Neural Networks

A convolutional neural network (CNN) [38, 79, 80], as described by GoodFellow et al. [45] is a specific
kind of neural network, especially useful in processing data that has a well-structured topology,

similar to a grid. Examples include images, which can be considered 2D grids of pixels, or time series

data, structured as a 1D grid of regularly sampled instances. CNNs use convolution instead of general
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matrix multiplication in at least one of their layers, an operation which is used to automatically
extract features from the data. By using CNNs, there is a considerable reduction in the number of
parameters of a deep neural network without much loss in the quality of the model [20].

When the input layer is convolved with the kernel, the feature map is produced. This is a
convenient aspect of convolutional neural networks, because of the reduced reliance on domain
knowledge. Together with the relatively low processing time and space requirement, and high ac-
curacies achieved, this property has contributed to the popularity of CNNs. In CNNs, convolution
is discrete, and can be viewed as a multiplication of the input image by a matrix. This matrix is
constrained to have some entities equal to others, and is usually very sparse, because the kernel is
typically much smaller than the input image. Convolution of the image with the kernel produces
small, meaningful features, therefore fewer parameters need to be stored. This decreases memory
requirements, and improves the model’s efficiency. In CNNs, frequently, several of the parameters
used in the model are shared among more than one function, unlike in traditional neural networks
where each weight is used exactly once during the computation of the output layer. Therefore, CNNs
learn the same set of parameters in different locations, which further decreases storage needs of the
model. In time series, convolution is usually applied by shifting the kernel on the input data points
by one measurement at a time, which enables the creation of a timeline showing where the feature
captured by the kernel happened in the input.

The typical convolutional network, demonstrated in fig. 3.6, works by first performing convolu-
tions in parallel to create a set of feature maps (fig. 3.5), then by running each of those maps through
a nonlinear activation function, and lastly by running each output of the previous layer through a
pooling function. A pooling function determines the output of each individual location on the feature
map to be a number that summarizes nearby outputs. Typical pooling functions include reporting
the maximum, or the average of the set of outputs. One of the main effects of pooling is invariance
to small translations. This can be a desirable property of a model if we are more concerned with the
existence of a feature rather than its exact location, and we care about improving the computational

efficiency of the network. However, some tasks might require the precision that pooling reduces, in
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Figure 3.5: This image [66] illustrates the convolution operation on a two—dimensional image. The
filter is convolved with the image using a sliding window strategy, producing the values in the output
array.

which case using a pooling function would increase the error rate. Another important functionality
of pooling is enabling the network to handle multiple sizes of inputs, since the pooling function can
adapt and no matter what the size of the data it receives is, it can give the output layer a fix sized
object [45]. After pooling, a fully—connected layer maps to the output.

Convolutional networks are the epitome of artificial intelligence inspired by the brain, since their
design principles were drawn from the visual system. This process started with the investigations
in the mammalian brain of Hubel and Wiesel [62, 60, 61], and the CNN design focuses on the
primary visual cortex, capturing three main properties of it: the spatial arrangement with the two—
dimensional structure; the simple cells, whose behaviour can be approximated by linear functions;
and the complex cells which, in addition to the functionalities of the simple cells, are also invariant to
feature positional shifts, a functionality which pooling aims to capture. These visual system guiding
principles, nevertheless, are very far from the biological system itself. Moreover, neuroscience offers
no guidance on how training should happen. That and other aspects are addressed by integrating
mathematics and algorithms into the construction of CNN models. Many versions of such systems

have been proposed and implemented, each focusing on specific applications or aiming to improve
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Figure 3.6: This image [10] shows the layers of a convolutional neural network, starting with the
convolution layer, followed by the ReLLU nonliear activation function, the pooling layer and the fully—
connected layer which outputs the image class.

particular aspects, with deep learning overall moving away from its initial goal of modeling the
human brain.

The potential of CNNs to be used with images, speech, and time series data has been recognized
since 1997 [78]. CNNs have been successfully used in multiple tasks, more notably in computer
vision and subsequently natural language processing. CNNs were some of the first models that
showed high accuracy for practical and commercial applications, giving more credibility to deep
learning. More recent applications of CNNs include high efficiency, flexible networks [26], large—
scale video classification models [71], and classification of multi-channel time series data obtained
from human activity [146]. However, CNNs have had the largest impact on two—dimensional image
data. For one-dimensional, sequence data, part of which are time—series signal data, another neural

network framework has been most prominent: recurrent neural networks, described next [45].

3.2.2 Recurrent Neural Networks
Recurrent Neural Networks (RNN) [112], as summarized by Goodfellow [45], are a set of neural

networks used to process sequential data, including time series data. Most of the algorithms in this

family can scale easily and handle input of variable sizes. Similarly to CNNs, RNNs use parameter
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Figure 3.7: This illustration [45] shows the computational graph of a recurrent neural network, with
the figure on the right representing the unfolded version of the network on the left over time, or over the
sequence steps. The first layer, z, is the input, continuing with several recurrent hidden layers h, then
with the output layer o. The subsequent layer L calculates the error between o and the corresponding
training target v.

sharing to generalize ideas and decouple parameters from their positions in the sequence. Time
series 1D convolution relies on the same parameter sharing property, by applying the same kernel
to each time step, but it is shallow and does not have memory. In RNNs, each output node is a
function of a previous one, produced using the same update rule, applied to the previous outputs.
RNNs are applied to a sequence, with the time step not necessarily indicating time in the real
world, but the position of the value in the sequence. RNNs may also be applied to 2D data. RNNs
include cycles which allow one variable in the present to influence its own value in the future. This
is accomplished by, for each step, allowing previous outputs to be utilized as inputs in addition
to hidden states of traditional MLPs. Additionally, RNNs allow an output of variable length, also
enabling sequence—to—sequence conversions, particularly useful for tasks like machine translation or
time series forecasting. A typical RNN architecture is illustrated in fig. 3.7.

This flexibility makes these architectures ideal for classification of input of any length, while

maintaining limits on model size, taking into account historical information, and sharing weights
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across time. A known drawback of RNN models is their difficulty in capturing long—term depen-
dencies due to multiplicative gradient. The error of such models can be exponentially decreasing or
increasing with respect to the number of layers. The Gated Recurrent Unit (GRU) [25] and their
generalizations, such as Long Short—Term Memory units (LSTM) [41], address to some extent the
vanishing gradient problem encountered by traditional RNNs. I use LSTMs to model the temporal
dependencies in the sensor data.

An LSTM is part of
4 output a sub—group of RNN algo-

rithms, called gated RNNs.

The fundamental idea be-

hind this group is cre-
ating paths through time
to maintain a gradient
that neither vanishes, which
would mean losing relevant

information from previous

states, nor explodes, which

would cause that previous
Figure 3.8: Long-Short Term Memory Network Cell [45].

information to be given too
much importance. This is implemented in gated RNNs through weights that connect nodes which
are dynamic and may change during each time step. This features enables the network not only
to accumulate information over time, but also forget an old state when no longer necessary. The

network learns to decide when to let go of the old state [45].
Figure 3.8 above shows one LSTM network cell. Each cell is recurrently connected to other ones,
replacing regular hidden cells of neural networks. In this case, the input value can be incorporated

into the state if the input gate allows it. The state unit has a self-loop with a weight adjusted by

the forget gate. The output of this cell’s computation can be suppressed by the output gate. LSTM
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networks are not all identical, and several modifications to this cell have been used. LSTM networks
have been demonstrated to be more capable of learning long—term dependencies than simple RNNs.

One of the defining characteristics of LSTM model was the addition of self-loops which allow the
gradient to flow and be used for long durations [59], to be followed by making the weights associated
with this gradient context—dependent rather than fixed and enabling forgetting [41]. This way, the
time scale of integration changes based on the input sequence since the constants are produced by
the program itself. LSTM has been very successful in many applications, such as speech recognition
[48, 50], handwriting recognition [49] and generation [47], machine translation [126], and image
captioning [145].

The algorithms and neural network architectures detailed in this chapter are integral to con-
structing computational models that enable accurate working of the textile sensors designed with
one conductive yarn. The application of such models to these novel pervasive technologies is key to
unfolding their potential, particularly when real-world and user experience considerations are also

included, an aspect upon which the subsequent section starts to expand.

3.3 Smart Textiles in the Real World

Real-world integration of minimalistically—designed kitted sensors is an important aspect which this
work addresses. This section starts by briefly discussing qualitative studies involving smart textiles,
followed by a description of how machine learning has been used to enhance other fabric-based
applications. These are both areas of interest to this work, which aims to enable interactivity in

knitted sensors at the intersection of artificial intelligence and user experience.

3.3.1 Qualitative Studies with Smart Textiles

To properly explore the interaction space of smart textiles, end users’ views should also be considered:
their overall perceptions, hesitations, and desired applications. Qualitative studies in previous work
have started addressing some of these questions but have mainly revolved around specific aspects of a
technology or particular applications. The work in [69] has used participatory design methodology to

develop applications with toolkits. Other research has explored user preferences for finger gestures on

CHAPTER 3: RELATED WORK 3.3 SMART TEXTILES IN THE REAL WORLD



42

smartwatches [115], wrist gestures for in-vehicle application control [97], and force input on steering
wheels [63].

Participatory design methodologies [123] have been conducted to develop specific applications
for new technologies in various fields, such as education [81], medical fields involving experts and
physicians [148, 121, 31], and to understand the needs of special groups [131]. These methodologies
have also been adopted for e-textiles and fabric—based sensors [96, 69]. One example is the work from
Devendorf et al [30], which, through user studies, examines dynamic textile displays in relation to
personal style, which is typically associated with complex personal and socio-cultural significance [56,
44]. That work is based on Gaver et al’s [39] original descriptions of ambiguity as a resource in
design. Other work from Davis et al. [28] explored the emotional impact of textiles’ textures and
materials on users. These studies, however, did not explicitly focus on users’ desired application space
for touch-sensitive textiles, or their concerns for everyday interaction. The work in this dissertation
aims to utilize user perspectives to guide design aspects of future interactions based on touch—sensing
fabrics in general, and more particularly, those applications that would rely on fabrics knitted with
one conductive yarn and minimal external connections. The study protocol aimed to allow diverse

input on key interface aspects of look and feel, accessibility, and intuitiveness [124].

3.3.2 Machine Learning Applications for Fabric—based Touch Sensing

Given the power and wide areas of applicability of machine learning, several smart textiles, broadly
discussed in section 2.1.1, have also benefited from it. While textile touch sensors can provide basic
touch location, machine learning algorithms have been used to enable higher—level, accurate input
recognition. Project Jacquard [108] introduces a platform to produce interactive woven sensors. In
its user evaluation study, gestures such as swipe left, swipe right, and hold were recognized under
three different condition: sitting, standing, and walking. The work from Hughes et al. [64, 65]
describes the construction of an RF-based e—textile and its ability to distinguish among gestures of
tap, up swipe, and down swipe based on a CNN model. SmartSleeve [103], a deformable, pressure—
sensing textile sensor recognizes in real time both surface and deformation gestures. It relies on an

algorithm which, after converting the data in image form, uses an SVM—trained model together with

CHAPTER 3: RELATED WORK 3.3 SMART TEXTILES IN THE REAL WORLD



43

heuristics to detect the gesture type. GestureSleeve [114] is a touch—sensing textile sleeve, able to
detect stroke—based gestures or taps through the $P algorithm [136]. Smart-mat [125] uses a kNN
classifier on features built using time series statistical information. RES? [101], a resistive, touch
sensing interface uses SVM classification to detect basic gestures such as single, double and triple
taps, as well as swipes in the four directions. More recent work [99] furthers cord-based interfaces
by enabling continuous control, as well as recognizing casual discrete gestures.

Part of the contribution of this work is detecting various gestures, some of which, mainly de-
scribed in chapter 7, that are relatively complex compared to most of these examples. Additionally,
all the sensors described above, primarily focused on gesture recognition, differ from this work in
construction and sensing strategy. In many of these cases and other similar sensors, much of the
complexity lies on the hardware design. In the sensors on which this work focuses however, the
construction is kept simple and streamlined, while shifting the burden of complexity to computa-
tional models, which includes building algorithmic and deep learning recognition models. The next
chapter starts tackling that complexity by introducing algorithms to represent the signals generated
from these sensors in terms of their most important aspects, and to calculate the similarity between

time-series signals.
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Chapter 4: Signal Representation

4.1 Introduction

This chapter focuses on signal representation methods to prepare for subsequent work in accu-
rately detecting touch location and gestures on minimalistic knitted sensors. The knitted capacitive
sensors [133] described in section 2.1.2, rely on one conductive yarn and only two fabric-to-wire
connections at yarn endpoints (fig. 4.1(a)). This design simplifies connection to sensing electronics
and improves wearability by making the textile more flexible and durable. However, sensing tech-
niques in [133], which were extensively described in section 2.3.2, only approximate general areas of
touch. Therefore, in order to enable the detection of fine touch location, some signal processing and

algorithmic contributions are necessary.

(b)

Figure 4.1: Examples of the knitted capacitive touch sensor [3]: (a) A planar knitted fabric touch-
pad made from polyester and carbon-suffused nylon connected to two electrodes through button snap
fasteners. (b) Oscilloscope visualization of the voltage input and output from the fabric circuit.
First, the use of Bode analysis [18] with differential capacitive sensing [133] is introduced to im-
prove the precision of measured data (fig. 4.1(b)). Bode analysis is a system identification approach,
used to characterize the behavior of an unknown system given controlled inputs, briefly summarized

in section 2.3.2. Furthermore, I introduce MSD, an algorithm to extract invariant features from

time-series signals, which sparsely represents the captured signal in a more meaningful way regard-
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ing touch location identification. MSD is based on the scale-space of a signal and on SIF'T, outlined
in section 3.1.1. This method is not used to classify location of touch at this point. Rather, both
MSD and the application of Bode analysis aim to improve touch location representation while main-
taining compatibility with existing knitted textile sensors. A 13-subject user study was conducted
to evaluate these methods. In order to determine the level of similarity between different samples
of touch signal representation, I introduce the ELD algorithm. This generalizable distance metric
measures the similarity between two tensors of varying lengths.

Section 4.2 discusses the application of Bode analysis to differential capacitive sensing, which is
followed by a description of the signal acquisition pipeline in section 4.3. Section 4.4 describes MSD,
an algorithm to represent touch input events in terms of sparse, invariant features. Section 4.5
focuses on ELD, an algorithm to compute similarity between pairs of sequential data describing
touch events. FLD is generalizable to tensors of variable lengths, making this algorithm compatible
with the representations generated by MSD are not uniform in size. Subsequently, the experimental
procedure and user study are discussed in section 4.6, followed by results in section 4.7 and conclusion

in section 4.8.

4.2 Bode Analysis with DCS

The sensor used in this work [133], illustrated in fig. 4.2(c), is a 4 inch x 8 inch touchpad with 36
points of contact, or ‘buttons”, and a cross—knitted resistance of 550 k2. The buttons in this design
are spaced approximately 2/3 inches apart. The inter—button resistance is approximately linear at
15 kQ between button center—points.

As discussed above, in addition to the knitted component, prior work [133] describes a knitted
capacitive touch circuit that is sensitive to touch across the continuous conductive yarn. A current
differential is measured using conventional capacitive sensing techniques that are susceptible to
distortion, which limits the overall location resolution. The contributions of signal processing to this
work improve the precision and separability of measured data.

Improving the performance of the knitted touch sensor requires resolving fine changes in capac-

itance in real time. The measurement strategies used by conventional capacitive sensing controllers
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Figure 4.2: Weft knitted touch sensor design [133]. Figure produced at CFF [3].: (a) Illustration of
the serpentine pathway formed by the yarn during weft knitting. () Illustration of the conductive yarn
pathway knitted during touch sensor construction. (¢) Image of a complete knitted touch sensor.

do not account for distortion while capturing the voltage waveform. Instead, distortions present
within the time—series output are processed using a windowed moving average or convolution to
remove high—frequency variations and improve touch threshold detection. Filtering measured data
does not improve the overall quality of the data captured and, in the case of measuring the strength of
capacitance, distortion within measured data decreases the effective resolution of touch localization.

As an example, we observe the waveforms recorded from input at adjacent touch locations on
the yarn separated by approximately 30 k2. A 10 kHz sine wave with a peak—to—peak voltage of
5V is input through both current limiting resistors. Voltage is sampled at approximately 8.14 MHz
and 815 points per frame for 250 frames. Figure 4.3(a) and fig. 4.3(b) plot the distribution of data
measured through phase analysis. Figure 4.3(a) shows data measured with negligible interference,
while fig. 4.3(b) shows the effects of measurement distortion from a nearby fluorescent light bulb
outputting interference above 40 kHz. The distortion in the time measurements contributes to the
larger variance between fig. 4.3(a) and fig. 4.3(b). As we can see, however the touch location data
for different touch positions overlaps in both cases, especially under higher—interference conditions.

By applying Bode analysis toward differential capacitive sensing, the goal is to remove the vari-
ance present in data measured by conventional capacitive sensing. Fine changes in capacitance are
measured by sampling the continuous voltage waveform over time, performing a Fourier transform

and extracting the gain ratio from the measurements at the input frequency bin. This process allows
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Figure 4.3: Comparison of phase and Bode analysis. Figure produced in collaboration with CFF [3].
(a) Phase analysis without EMI distortion. (b) Phase analysis with EMI distortion. (c¢) Bode analysis
without EMI distortion. (d) Bode analysis with EMI distortion.

selectively discarding all other frequencies that are not present within the input. In this example, a
single frequency is input. Measuring one full period of the voltage signal yields information at the
first frequency bin at 10 kHz. Figure 4.3(c) shows the clustering of processed data without induced
noise, while fig. 4.3(d) is produced in the presence of EMI as in the case of fig. 4.3(b). Table 4.1

summarizes these results by calculating the standard deviation among the points for each condition.

Table 4.1: Signal analysis strategy comparison.

Phase w/o EMI  Phase w/ EMI ~ Bode w/o EMI  Bode w/ EMI

Standard Deviation 1.24 3.28 0.053 0.056

The clusters of points are easily separable in fig. 4.3(c), and that separability is still retained even
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in the presence of noise, since the clusters do not overlap. However, the data still has some spread
and not completely accurate localization ability. Section 4.4 describes a sparse, invariant signal
representation algorithm, to further move toward accurate localization. The section below provides

more details about the capacitive signal acquisition process and its post—processing techniques.

4.3 Signal Acquisition

The signal processing pipeline, illustrated in fig. 4.4, describes the process of generating an excitation
waveform, measuring the direct output from the textile sensor and converting sensed data into

amplitude gains for the chosen frequency.
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Figure 4.4: Pipeline for waveform analysis. Figure produced at CFF [3]. The input and output
waveforms are recorded in segments which are individually processed. The spectrogram of the record
window is computed to find the single—sided amplitude of the input and outputs. The ratio of input to
output is computed as the output gain.

4.3.1 Waveform Capturing

The voltage waveform data is recorded using a Keysight MSOX-3024A 4—channel mixed—signal

oscilloscope. Channel 1 measures the input voltage waveform. Channels 2 and 3 measure the A and

CHAPTER 4: SIGNAL REPRESENTATION 4.3 SIGNAL ACQUISITION



49

B voltage outputs. Channel 4 measures the sample trigger. A Keysight 33622A function generator
is used to generate both the voltage input and the sample trigger. A 20 KHz sine wave is input at
both fabric endpoints. The measurement window spans 400 ps with 1 ms between sample window
triggering. Each window captures 8 periods of the input and output waveforms at approximately
4.06 MHz (1627 points per waveform). During each touch event, 250 sample windows are recorded

over the duration of 2 seconds.

4.3.2 Post—Processing

Fourier analysis of each sample window is conducted during the second phase of the pipeline to
determine the voltage magnitude present at the given input frequency. Because an exact integer
number of periods (8 periods) is sampled within the window, the output of the Fourier transform
will the be present at the 8*" frequency bin. In embedded applications, this detail simplifies analysis
of the waveform by placing all of the relevant data at an exact bin location.

The magnitude values of the input and two outputs are used to compute the normalized voltage
gain of outputs A and B in the third phase of the pipeline. Gaing and Gaing are computed as
Output o /Input and Outputp/Input. The plot in the third phase shows the attenuation during a
press—and-release event on the left side of the sensor. The dip in gain is much greater towards the
sensing electrode at A than at B.

While it is possible to use analytical heuristics to decouple the touch pressure and touch position,
I propose a more robust decoupling methods, detailed below, which is then compared to the signal

data processed only as described in this section.

4.4 Invariant Feature Construction

As described above, two independent waveforms are recorded from the sensor—one at each end of the
conductive yarn. Features are then built based on the gains of the voltages levels from each signal
measured over time. The voltage gains are rendered using Bode analysis and saved as a 250 x 2
matrix of time-series data. My proposed approach, Mized—Source Description, produces a sparse

representation of binary signal time-series data, aiming to capture the relevant information and
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discard noise. MSD is based on Bag—of-Temporal-SIFT-Words (BoTSW), which detects invari-
ances in the scale-space of each signal, and is adapted to incorporate a joint description of the two
waveforms.

The scale-space is a multi-scale representation of a signal. Scale- -space enables the detection of
structures at different scales, where a new scaled version of the signal is achieved by smoothing the
original one. At each scale, its salient features are extracted as key-points and then locally described.
The BoTSW adapts SIFT to 1-dimensional time series signals instead of 2—-dimensional images, for
which SIFT was originally developed, while also incorporating the concept of Bag—of-Words from
natural language processing. MSD does not use that concept in its representation. An overview of

SIFT is provided in section 3.1.1.

4.4.1 MSD Algorithm Steps

All the steps of this approach are further explained below. The algorithm workflow is illustrated
in fig. 4.5 and fig. 4.6. The key-point detection step in fig. 4.5 includes one of the main differences
between MSD and BoTSW: if a key—point is detected in one of the signals, its associated point in
the other signal is assigned as a key-point as well. Figure 4.6 illustrates another difference with
BoTSW, with descriptors for each key—point being normalized, to be subsequently concatenated.
Both SIFT and BoTSW, and as a result MSD, rely on some relatively well-known concepts such
as Gaussian scale-space and Difference of Gaussian. A brief overview of these concepts is provided
in section 4.4.1 for clarity and completeness. For more details on the existing algorithms, please

refer to [90] and [16].

Gaussian Blurring

Each of the two 1D signals present in one key—press were blurred separately in five different scales
(0) using a Gaussian kernel G(t, o) [87, 84, 14] of size 250 and standard deviation o, corresponding
to the size of the original signal interval. Blurring refers to the operation of performing convolution

of the original time series signal interval S(¢) with the Gaussian operator, to produce L(t,0) as
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shown in equation (4.1).

L(t,0) = G(t,0) = S(t) (4.1)

The scales selected for our experiments follow the suggestions of the original SIFT algorithm [90]

and differ from each-other by a factor of k = v/2, starting with o = 0.5.

Difference of Gaussian

In order to find the areas of rapid change in the signal, the Laplacian, which is the second order
derivative of the functions, needs to be computed on the blurred signal. Since the Laplacian is
sensitive to noise, smoothing the signal through blurring helps stabilize its representation. In order

2. Computing the

to preserve scale-invariance, the Laplacian of Gaussian needs to be scaled by o
Laplacian is expensive-however, it can be closely approximated by the Difference of Gaussian (DoG)

operation [85, 90]. The DoG at a particular scale can be computed by subtracting blurred signals

of subsequent scales from each—other, as shown in (4.2).

D(t,0) = L(t, ks.0) — L(t, 0). (4.2)

A signal filtered with a Gaussian of the scale of DoG being computed is subtracted from that same
signal filtered with a scale k. times greater, which is the next scale up, as shown in fig. 4.5 (b). Since
we blur the signal in five different scales, there are four DoG signals produced for each time—series

measurement.

Key-point Extraction

Key-points are discovered from the DoG representations at a particular scale . Specifically, a key—
point is defined as an extremum, which means that that point is the maximum or the minimum of
the points in its neighbourhood. A point’s neighbourhood is comprised of points in its own scaled
DoG representation, D(t,ks.0), as well as points in the DoG representations of one scale below
D(t, ksc—10) and one above D(t, ksc110).

For each 250-instance interval corresponding to a key—press, every point in the scale-space of

CHAPTER 4: SIGNAL REPRESENTATION 4.4 INVARIANT FEATURE CONSTRUCTION



52

Gaussian Blurring Difference of Gaussian Keypoint Detection Keypoint Extraction
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Figure 4.5: Invariant feature construction process for each interval of two signals. Figure produced
in collaboration with CFF [3]. (a) : Gaussian blurring-individual kernel application to each sensor
data to produce filtered signals in different scales (b) : Difference of Gaussian—computed by subtracting
pairs of consecutive filtered signal data (¢;) : Key-point detection—checking the DoG signals for points
that are local maximums or minimums (¢;;): Key—point extraction-Finding the key-point according
to its co-ordinates of position ¢, and scale ¢ in the filtered signal pair, where the point of the same
co—ordinates in the other signal is considered a key—point as well, and extracted.

each of its 1D signals is compared to its neighbourhood. If the point in the DoG representation
is detected to be a key—point, its position ¢ and scale o are retained. The neighbourhood of each
point is composed of one point before and one point after itself in its own scale, as well as the three
corresponding points to the previously mentioned ones in the scale above, and the scale below. In
total, each point of every DoG is compared to eight other points. The touch location dataset is
composed of two signals measured simultaneously, and each signal interval’s DoG is searched for
key-points separately, as in BoTSW. If a key-point is discovered in one, the corresponding position
t and scale ks.0 are retained to be subsequently described.

Descriptors

After key—points are detected, each is used as a coordinate of position ¢ and scale k.0 to a point in
the filtered signal representation L(¢, ks.0). That point located in the filtered signal is then described
in terms of a fixed number of other points that surround it in that scale space.

Blocks are defined by grouping some of these points together. For the key-point descriptors, I
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Mixed-Source Description (MSD)
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Figure 4.6: Construction of MSD descriptors. Figure produced in collaboration with CFF [3].

use a total of 4 blocks of 4 points each, with two blocks sequentially before the key-point and two
blocks after. For a 1D signal, the neighbourhood consists of a total of 17 points: 2 blocks of 4 points
each before the point, the point itself, and 2 blocks of 4 points after the point. Next, gradients are
computed for every point of the 17 x 1 vector, to produce another vector of the same size. Within
each block of the gradient interval, positive gradients are summed together, as are negative ones.
These two values, the sum of its positive gradients and the sum of its negative ones, are used to
describe one block. A point is represented by the descriptors of all its blocks, resulting in a feature

vector whose size is double the number of blocks: 8 in this case.

MSD Descriptors

BoTSW uses one time series signal over which it extracts key—points and computes descriptors
as described above. I apply the same principle and, additionally, use the fact that there are two
simultaneous signals for each key—press to capture inter—dependencies between them. If a key—point
is discovered in one of the signal’s filtered representations, L., the corresponding point is locally

described within that 1D signal. In the MSD algorithm, additionally, the point of same position
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t and scale o in the other signal is considered a key—point by association, even if it has not been
detected as an extremum. That key—point is also described the same way within its own signal
column. Next, the descriptors of these associated key-points of the same ¢ and o, but different
capacitive sensor sources, are each individually normalized using L2-normalization to increase the
stability and robustness of representation. They are then concatenated to create a 16D feature
vector. The computing of MSD descriptors is shown in Figure 4.6. In BoTSW [16], each key—point
is described only within its neighbourhood—since there is no other coupled signal from which to
define an associated key—point, and it is not normalized.

The reason for joint description in MSD is the fact that the two signals are related, since they
are produced by the same touch input measured at either end of the conductive yarn. Therefore, if
an invariance is detected in one of these signals, the state of the other at that point in time becomes
important as well. The produced descriptor in our case contains cumulative information from two
different waveforms, but this method is extensible to signals from multiple sources related in time.

As a result of MSD computation, a key—press is represented by a sequence of descriptors. The
size of each descriptor is fixed for every key—press, and it is greater than the size of any single
sample from the original key—press by a factor of 8. The number of descriptors per key—press
varies, since it depends on the number of detected key—points for that key—press. In any case, the
MSD representation of a key—press is sparser than that of the original signal, resulting in a shorter

sequence.

Codebook Generation

BoTSW contains the extra step of codebook generation in feature construction, which is omitted
in MSD, so the quality of generated descriptors can be better analyzed. Codebook generation
consists of first clustering all key—point descriptors of the data set using the K-Means algorithm,
then calculating for each interval the distribution of its key—points over the clusters. This distribution
would constitute the feature vector of each interval. Thus, a matrix of dimension 250 x 2 would be
represented by one vector of size equal to the number of clusters selected for clustering. While

this approach would still give insight into the data-set, the number of samples to analyze would be
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considerably reduced. Moreover, as is the case with K-Means clustering, the number of clusters
would need to be selected experimentally, without any particular reason applicable to this type of
problem. This would obscure the answer to the primary question of whether key—points described

in terms of their neighborhood are a good choice for feature construction.

4.4.2 Algorithm Summary

The purpose of the MSD algorithm is to represent a two—channel signal in a way that is meaningful in
terms of its most salient features. It is based on the concept of scale—space, which enables capturing
relevant changes in a signal’s behavior over different scales. Subsequently, each change is described
in terms of its context, the surrounding neighbourhood of points, and the signal itself is represented
as a sequence of such descriptors. In section 4.6, the signal representation of MSD is compared to
that of the raw signal in terms of their abilities to distinguish between key-press events of the same
key, and key-press events of different keys. However, before doing that, in section 4.5, I introduce
ELD, a distance metric to compute the similarity of pairs of key—presses, generalizable to computing
distances of tensors of varying lengths. The experiments in section 4.6 show that the proposed sensing
method, described in section 4.2 and section 4.3 results in high—fidelity signals. Furthermore, the
sparse representation of key—presses produced by MSD significantly increases separability between

different touch locations.

4.5 FEuclidean Levenshtein Distance (ELD)

In order to determine the representation power of this sensing method and signal representation
algorithm, I designed an experiment where key—press data from different users was collected and
compared. A favorable outcome would mean that key—presses of the same location, independent of
the user, would be similar to each—other and different from key—presses originating from different
touch locations. To that end, in addition, the distance metric introduced below is used to compute
the similarity of two key—press events. Key—presses are a multi-dimensional time—series signals of
potentially varying lengths, especially if they are represented as key—point descriptors, according to

the MSD algorithm, described in section 4.4.
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In order to measure the similarity between representations of key—presses, I modified the Leven-
shtein Distance [82], a similarity metric used to measure the difference between two strings. In this
work, it is used to investigate how different key—presses that belong to the same button, which is a
position along the sensing yarn on the knitted pad, relate to each—other and to key—presses of other

buttons.

4.5.1 Definition

This modified version of Levenshtein Distance uses a similar concept to the original in that it
performs a pairwise comparison of two sequences, in this case, consisting of key—point descriptors in
a key—press. Within a key—press, the discovered key—points, whose order is preserved, are temporally
related. Therefore, the list of descriptors on these key—points can be treated as a sequence, since
the voltage discharge during a touch event is a process with a relatively pre—defined trajectory. This
makes the discovered key—points, and by association, their descriptors, a good fit to be matched
to each—other, similarly to characters in a string. In strings, two sequences of varying lengths are
aligned to become identical with the smallest number of added, deleted, or transformed characters.
Similarly to ERP [23, 22], ELD borrows the concept of the gap from the Levenshtein Distance. A
gap character in one string represents the deletion of a character in the other string, in the process
of aligning both strings. In the case of ELD, the gap character is represented by the zero vector 0,
enabling the handling of local time shifting by using the L2 norm as penalty.

Instead of using a binary 0 or 1 cost to denote a match or mismatch, as in the Levenshtein Distance
with string characters, the Euclidean distance is computed between two key—point descriptors—each
belonging to one of the key—presses in the pairwise comparison. The total cost of converting a key—
press K up to its descriptor k_;, to the other key—press L up to its descriptor l;, is computed by
adding the distance between k_; and l;, or the vanishing costs of k_; or l; to the minimum value of the
previous step, according to equation 4.4. At every step of the algorithm, according to equation 4.3
either one of the two key—points is kept and the other is discarded, or one is transformed to the
other—whichever action has the minimum cost. This process is analogous to deletion, insertion, or

character conversion when comparing two strings.
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||I<?;H2 if l; is vanished

disteia(ki, lj) = ||l;||2 if k; is vanished (4.3)

| — l;||2 if either k; or Z; is converted to the other

max([£i |2, 115]12) if min(i, j) = 0
ELD(Rest(K), L) + distca(ki, gap)
ELD(K,L) = (4.4)

—

min ¢ grp(K, Rest(L)) + distea(lj, gap) otherwise.

ELD(Rest(K), Rest(L)) + dista(ks, 1;)

In the minimum clause of equation 4.4, from K to L, the first case corresponds to deletion of the
current key—point k::v, the second to insertion, and the third to conversion from k: to l;. If two key—
presses are compared sample—by—sample, the resulting Euclidean Levenshtein Distance is a measure
of similarity between them. A smaller distance indicates higher levels of similarity, since converting
one key-press into the other would cost less. While this algorithm was specifically designed to
measure the distance of two key—presses, each represented as a sequence of key—points, its uses are
not limited to this particular application and can be extended to any problem that aims to measure
the minimum cost of converting one tensor to another, particularly useful for multi-dimensional
time-series signal analysis. For clarity, section 4.5.3 illustrates a full example of computing the
distance between two tensors. First, however a brief proof that ELD is a distance metric is provided

below.

4.5.2 Proof of Distance Metric

The required conditions necessary for a function to be a metric are provided in definition 4.5.1.
The Levenshtein Distance has been proven to be a metric distance function [139, 22]. However,

other distance measures, which are closely related to it, but have been adapted for time—series data,
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such as LCSS [138], DTW [17], and EDR [24], are not metric functions, since they violate triangle
inequality [22].

The proof that EFLD satisfies triangle inequality is similar to the proof of ERP by Chen et
al. [23, 22|, and relies on lemma 4.5.1. Tt should be noted that all operations have non-negative

lengths since disteiq(as, b;) is defined in terms of the L2 norm, which is a metric.

Definition 4.5.1. A metric on a set X is a function d such that d : X x X — [0,00). In order for

d to be a metric on X, Vz,y, z € X, the following axioms need to be true:
1. identity of indiscernibles: d(z,y) =0< z =1y
2. symmetry: d(z,y) = d(y, )

3. triangle inequality: d(z,y) < d(z, z) + d(z,vy)

—

Lemma 4.5.1. For any three vectors a;, b;, and ¢, each part of a distinct time series sequence,

the triangle inequality needs to hold: disteld(d;,b;) < disteq(dy, ¢i) + distea(cr, b;)

Proof. According to eq. (4.3), the distance function in all three clauses is defined based on the L2
norm of an element of the sequence. The triangle inequality in this lemma holds, since the L2 norm,

which determines a metric, satisfies triangle inequality. O

Theorem 4.5.2. Assuming K, L, and M are distinct time—series sequences of varying lengths, the

following equation needs to be true: ELD(K,L) < ELD(K,M)+ ELD(M,L).

Proof. As in the case of Chen et al. [23, 22], proving this theorem relies on results from the proof
by Waterman et al. [139] regarding the Levenshtein distance, and lemma 4.5.1. The Waterman
proof demonstrated that the triangle inequality is preserved when defining the distance between two
strings based on their best alignment, as long as the triangle inequality also holds for the underlying

distance function, which was proved by lemma 4.5.1. O

4.5.3 Example

Let us assume we have two tensors, A and B, represented as matrices, and we want to calculate

their FLD. We can consider each as sequences of their rows, where each row has the same number
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of elements—in this case 4. We will refer to each element of these sequences as a, and b, .

1 3 0 2
2 1 5 12
4 11 2 3
Am,y: Bz,w: 3 4 9 1
7 1 10 O
19 7 2 6
5 2 6 8

We then define matrix M, which is originally an all zero matrix, and will progressively be
populated based on the values of the sequences'elements according to equation 4.4. The size of
this matrix depends on the number of elements of the two sequences being compared, and in this

example is 4 = 3.

0 0 O

0 0 O
Mi,j =

0 0 0

0 0 O

In order to compute M, we need to rely on the Lo norms of a, and b, and in certain instances,
the norm of these two vectors'difference. Starting step—by—step:

When ¢ =0,5=0:

My,0 = max(|lao||, [[bo||) = maz(3.74,13.19) = 13.19

When i =0,j =1

Mo 1 = mazx(||agl, ||b1]]) = max(3.74,10.34) = 10.34

When:=0,5 =2

My,2 = mazx(|lag||, |[b2|) = maz(3.74,21.21) = 13.75
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At this point, the state of M is the following:

13.19 10.34 21.21
0 0 0
M@j =
0 0 0
0 0 0

Whent=1,5=0:

M, o = mazx(||ai|], |[bol|) = maz(12.25,13.19) = 13.19

Wheni=1,7=1:

up = Miflyj + Ha1|| = M071 + Ha1|| =10.34 + 12.25 = 22.59

left = M; ;1 + ||bJ|| =M+ ||b1|| =13.19 + 10.34 = 23.53

diag = Mi717j71 + Hal — b]H = MO,O + Ha1 — b1|| =13.19+10.15 = 23.34

M, ; = min(left,up, diag) = 22.59

Wheni=1,7=2:

up = Mi—l,j + Hal|| = M072 + Ha1|| =21.21 + 12.25 = 3346

left =M, ;_1 +|bj| = My 1 + ||ba|| = 22.59 + 21.21 = 43.80

diag = Mifl}jfl + Hai - bJH =My, + ||al — —b2|| =10.34 + 15.81 = 26.15

M, 5 = min(left,up, diag) = 26.15
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At this point, the state of M is the following:

13.19 10.34 21.21
13.19 22,59 26.15

0 0 0

0 0 0

When¢t=2,5=0:

Ms o = mazx(||az||, |[bol|) = maz(12.25,13.19) = 13.19

When i =2,5=1:

up = Miflyj + Ha1|| = M171 -+ Ha2|| = 2259 +12.25 = 34.84

left = M; ;1 + ||bJ|| =My + ||b1|| =13.19 + 10.34 = 23.53

diag = M;_1 j_1 + la; — ij =M;j o+ ||az — by|| = 13.19 4 5.20 = 18.39

Ms 1 = min(left,up, diag) = 18.39

Wheni=2,7=2:

up =M;_1 + ||la;]| = Mo + ||lag]| = 26.15 + 12.25 = 38.40

left =M, ;_1 +|bj| = Mo, + ||ba|| = 18.39 + 21.21 = 39.60

diag = Mifl’jfl + ||a2 — b]H = Ml,l + Ha2 — b2|| = 2259 +16.73 = 39.32

Ms 5 = min(left, up, diag) = 38.40
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At this point, the state of M is the following:

13.19 10.34 21.21
13.19 22,59 26.15

13.19 18.39 38.40

0 0 0

Whent=3,5=0:

M3 o = mazx(||as||, |[bol|) = maz(11.36,13.19) = 13.19

When i =3,j=1:

up = Miflyj + Ha1|| = M271 + Ha3|| =18.39 + 11.36 = 29.75

left = M; ;1 + ||bJ|| =M; + ||b1|| =13.19 + 10.34 = 23.53

diag = M,_1 ;1 + ||a; — bj|| = Mg + [|]az — by || = 13.19 + 8.12 = 21.31

Ms; 1 = min(left,up, diag) = 21.31

When¢t=3,5 =2

up = M;_1 ; + Haz|| = M272 + Ha3|| = 38.40 + 11.36 = 49.76

left =M, _1 +|bj| = Ms1 + [|ba|| = 21.31 + 21.21 = 42.53

diag = Mifl’jfl + Haz - b]H =My + Ha3 — b2|| = 18.39 + 15.52 = 33.91

Ms; 5 = min(left, up, diag) = 31.91
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Finally, the state of M is:

13.19 10.34 21.21

13.19 22,59 26.15

13.19 18.39 38.40

13.19 21.31 33.91

As a result, ELD(A,B) = 33.91.

4.6 Experimental Evaluation

This experiment was conducted to test the validity of the capacitive sensing and signal representation
methods. In a user study, 13 participants briefly pressed each of the 36 discrete touch locations on
the knitted capacitive sensor pad. The contiguity of touch positions along the conductive yarn
pathway poses challenges to accurately localizing discrete touch events. The added difficulty of this
task is that time—series signals, especially those that are prone to noise, are difficult to represent in

a meaningful way.

4.6.1 Experimental Questions

The aim of the methods described in this chapter is to capture a signal from the sensor which is
representative of a particular touch location. Furthermore, it would be beneficial to reduce some of
the complexity of the problem by retaining information from that signal which encodes meaningful
underlying changes between touch positions and disregards similarities. The approach introduced
in this work is not intended to substitute automatic feature extraction, but rather to enhance it
as a pre—processing step to a more advanced neural network which can further learn to distinguish
between different positions—but from a more informed starting point.

The focus of these experiments is to test whether:

1. The data obtained from the differential capacitive sensing strategy used with Bode analysis

provides statistically significant separability between locations of key—presses.
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2. The proposed representation, produced by MSD, increases intra—class similarity and decreases

inter—class similarity, compared to that of the raw signal data.

ELD, described in section 4.5, is used as a distance metric in both cases, since this algorithm

computes distances between multi-dimensional time—series sequences of varying lengths.

4.6.2 Experimental Procedure

A 36-button touchpad with the same design as the one illustrated in fig. 4.2(c) was used for ex-
periments. A group of 13 participants was selected to conduct data collection. The participants’
ages ranged from 19 to 45 with an average age of 26. All participants were of good health and
exhibited no skin-related medical conditions. Fach of the 13 subjects conducted between 10 to 20
independent trials. A trial consists of one subject individually pressing and releasing each of 36
touch points over a duration of two seconds. The data was collected during one or more sittings
per subject in a laboratory environment and processed as described in section 4.3. Additionally, a
baseline (no-touch) measurement was recorded at the beginning of each trial.

A press on these touch positions, or buttons, was similar in duration to a key—press on a keyboard,
allowing enough time to capture the onset of press, pressure saturation, release and return to baseline.
In order to investigate the inherent behavior of the sensor, the data was collected under ambient
environmental conditions without adding further variability to it, such as altering humidity, body
poses, etc. Particularly, data collected during these trials was not subjected to interference from
fluorescent light or other intense EMI sources. Some subjects did use different fingers when pressing
touch positions, however that was not a controlled condition.

A total of 210 key—presses per button were collected from this study. Each key—press is expressed
as a matrix of 250 x 2 gain samples, after being processed as described section 4.3. This matrix
representation of key—press data contains ‘raw” signal data, serving as the baseline model. It is used
to investigate experimental question (1), posed above. In order to explore experimental question (2),
the raw signal data was subsequently processed using MSD, the algorithm introduced in section 4.4
and illustrated in fig. 4.5 and fig. 4.6. A processed data set of 7560 key—presses was produced, with

each key—press containing a variable number of descriptors, depending on the number of key—points
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discovered in it. The dimensionality of the MSD descriptors is 16.

In order to measure the similarity relationship of different key—presses belonging to the same
position, as compared to key—presses that belong to different positions, I compute the pairwise
Euclidean Levenshtein Distance for every key—press pair in the data set, as described in section 4.5.1.
This generates a 36 x 36 matrix, where both rows and columns indicate the number of the touch
location on the pad, which is the label of each key—press. Each key—press is associated with its label,
and when two key—presses are compared to each other, a scalar value that represents their ELD is
produced. That value is added to the matrix in position (m,n), where m and n denote the label of

the first and second key—presses being compared, respectively.

4.7 Results and Discussion
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(a) Raw signal data. (b) MSD signal representation.
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Figure 4.7: Heatmaps indicating touch position distances, computed using the sum of FEuclidean
Levenshtein Distance of all key—presses’ pairwise comparisons. Each heatmap has a size of 36 x 36,
where each cell in either direction corresponds to a touch position. The key—press representations upon
which these values were computed was obtained from the raw signal data in (a) and the MSD algorithm
in (b). Each element of the heatmaps’ diagonals is composed of the sum of such distances of key—presses
of the same class, while the rest of the elements result from sums of distances of key—presses of different
classes.

The key—press data set is represented in two different ways: using the raw signal data and the
MSD algorithm. Heatmaps, shown in fig. 4.7, were created over the two 36 x 36 matrices resulting
from each of these methods to visualize the distances of key—press comparisons from all classes. The
first heatmap, in fig. 4.7(a) is the result of the raw signal representation, while fig. 4.7(b) depicts the

results of applying the MSD algorithm to the raw signal data to compute key—point descriptors. As
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can be seen from both heatmaps, the diagonal, which reflects distances of key—presses of the same
class, is composed of lower—valued results compared to distances of key—presses from different classes.
Intuitively, this demonstrates that both representations show invariances in their signal description.
There is less similarity among different—class key—presses and more for key—presses belonging to the

same class. The MSD representation visibly improves separability between classes.

4.7.1 Statistical Measures on Class Distances

For each method, I compute some statistical measures on the resulting distance matrix to gain more

insight into what the data means. Two groups are investigated:

1. The distances between same—class key—presses, encoded in the heatmap diagonal.

2. The distances between key—presses of different classes, encoded in the rest of the heatmap.

The f-statistic and its associated p—value, py, resulting from a one—way ANOVA were recorded,
as well as the z—score, and its associated p—value, p,. These inferential statistical tests measure
separability of groups. The lower each p-value is, the more significant are the group differences
considered. A p—value < 0.05 is generally accepted to mean that the difference between the groups

in the data is statistically significant.
Table 4.2: Statistical significance of heatmap results.

f-stat Df z-score D

Raw Data 58.26 0.00 ~7.63 0.00
MSD Representation  2279.20 0.00 -47.74  0.00

The first experimental question paraphrased was: Does the data obtained from differential ca-
pacitive sensing indicate some separability between location of key—presses? Results in table 4.2
show that both p,; and p, are equal to 0.00, which means that there is an estimated 0% probabil-
ity of the differences between the two groups having occurred by chance. Inspecting the heatmap
in fig. 4.7(a), we can see that the values along the diagonal are low compared to the rest of its values.
These observations suggest that the construction of this sensing strategy is viable for touch location

identification. However, we can see from fig. 4.7(a) that the raw signal representation, in addition
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to having low values for distances between same—class key—presses, also reports low values for other
nearby locations. Such results seem reasonable when we consider the design of the sensor relying on
one conductive yarn, where buttons, or defined key—press locations, are determined along its length.
Buttons with label numbers that are numerically—close, are located one after the other along the
yarn, explaining the low distances among those key—presses as seen in the heatmap. These findings
are also compatible with those from [133], where general areas of touch were able to be localized,
but not precise locations of key—presses.

In order to determine greater precision in touch location identification, it seems more complex
and refined signal representation strategies are necessary. The second experimental question was:
Does the representation produced by MSD increase intra—class similarity and decrease inter—class
stmilarity, compared to the raw signal data? Results in table 4.2, again, show that both p; and
p. are equal to 0.00, indicating high statistical significance of differences between same—class key—
presses and key—presses of different classes. Furthermore, the reported f—stat and z—score values for
the MSD signal representation are considerably larger than those measures for the raw signal data
representation, suggesting greater group differences. The corresponding heatmap in fig. 4.7(b) as
well, shows how distances between same—class key—presses are much lower than differences between
key—presses of different classes. Compared to the heatmap in fig. 4.7(a), the differences between
classes that are numerically—close have also been significantly reduced. It can be inferred from these
results that the MSD representation of the signal does indeed increase the potential for fine location
identification. While classification of button labels, or key—press locations, is beyond the scope of
this study, these results strongly suggest that it is possible to implement touch location classification

and construct interactive systems that rely on it.

4.7.2 Resources and Performance

The computation whose speed will be discussed here is that of the heatmap matrix using the data
of only one subject, a subset of the whole dataset. It relies on computing the ELD of every pair
of 180 key—presses, resulting into 32220 total comparisons. The complexity of the FLD algorithm,

as currently implemented is quadratic. Computing the distance matrix is not a task that would
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necessarily need to be repeated for key—press classification, or any application that relies on it.
However, since this algorithm has relatively high complexity, it can serve as an indicator of the time
each representation of the key—presses might need to be processed depending on the application.
The heatmap matrix for each representation, implemented in Python, was computed on an
Ubuntu 18.04 machine with 128 GB of RAM, and an Intel® Xeon® CPU E5-2650 v2 @ 2.60GHz.
The CPU has 32 cores, with 2 threads/core, and each heatmap was computed in parallel using 64
processes. The time necessary to compute the heatmap in fig. 4.7(a), where key—presses were rep-
resented by raw signal data, was approximately 17 hours, while the time to compute the heatmap
in fig. 4.7(b), where key—press representation were produced using the MSD algorithm, was approxi-
mately 20 minutes. The considerable improvement in processing time is a direct result of the sparse
representation of the signal through MSD, which is another benefit of using it, in addition to better

class separability.

4.8 Conclusion

The work presented in this chapter advances the technical capabilities of knitted capacitive touch
sensors through the introduction of two novel algorithms, and the application of Bode analysis
to existing signal acquisition techniques. Differential capacitive sensing used with Bode analysis
increases separability of touch location along a conductive yarn and reduces noise. MSD, the feature
representation algorithm I introduce, further moves toward accurate sensing by capturing invariant
aspects of the signal behaviour that indicate position of touch. Experiments show that the distances
between key—presses of the same position are lower than distances between key—presses of different
positions. Moreover, the signal representation produced by the MSD algorithm outperforms the
baseline raw signal data, processed only through Bode analysis and differential capacitive sensing.
In order compare the similarity among different key—presses, ELD, a distance metric applicable
to multi-dimensional time—series data, was used. Supervised learning with respect to positions of
touch along the sensing yarn is the next step toward building a variety of accurate interactive touch

applications, and will be explored in the next chapter.
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Chapter 5: Exploring Real-World Sensing

5.1 Introduction

This chapter introduces techniques used to create interactive systems based on knitted sensors
by incorporating machine learning models. Early work showed, through an initial proof-of-concept
system, that coarse locations could be differentiated on minimalistic knitted sensors, but highlighted
the challenge of precise touch localization [133]. Chapter 4 of this work introduced techniques
for high—fidelity and invariant signal representation with respect to touch location, but location
identification was not performed, and signal processing was performed offline. Those algorithms
serve to characterize the signal obtained from human interaction with minimalistic knitted sensors,
however stochastic models are necessary to capture the variability introduced by real-world processes
and interactions. Moreover, in order for a user interface to be natural and usable, the requirement
of user—specific calibration should be avoided, especially in cases when the same sensor is expected
to be used by multiple people.

The work introduced in this chapter enables touch location recognition on the fabric—based ca-
pacitive touch sensor [133] for which signal representation was explored in chapter 4. A classification
model that accurately localizes touch along the yarn is presented, together with a real-time sensing

component, which create the foundation for a future real-time system. This work brings us closer

(b) (d)

Figure 5.1: Knitted sensor designs and applications [3]. (a): Rectangular touchpads of varying size,
knitted with carbon—coated nylon and polyester yarn. (b): The real-time sensing controller connected
to a knitted touchpad through electrodes at the yarn endpoints. (¢): Data collection performed with
the 36-button knitted touchpad. (d): Three knitted fabric prototypes of varying patterns composed of
the same carbon—coated nylon yarn, and polyester yarn.
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to real-world, real-time, and scalable textile sensing by making the following contributions:

e A recognition model to identify precise location of touch on an existing knitted sensor circuit
relying on one conductive yarn, without subject—specific calibration. This model uses a statis-
tical, frequency—based feature construction component and an LSTM neural network classifier,
addressing the challenges of minimal information output from the single-yarn system, as well

as noise in the signal.

o A real-time sensing and signal processing circuit which obtains input from the knitted sensor.
It uses Bode analysis to reject the frequencies most prone to electromagnetic interference

(EMI).

e Results from a series of user studies to move toward real-time, real-world knitted sensors. The
studies enable the creation of a robust location sensing model; demonstrate its generalizability

with new users; and start to investigate its robustness under real-world conditions.

5.2 System Description

(1) Textile Touchpad (2) Real-time Data Collection (3) Feature Construction (4) Neural Network
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Figure 5.2: Diagram of the end—to—end system components, produced in collaboration with CFF [3]:
(1) The knitted touchpad is pressed at one of the pre-defined touch locations; (2) voltage is sourced
and measured at endpoints A and B and transformed within the embedded sensing microprocessor to
yield the output—to—input gain ratio per frequency; (3) features are constructed based on statistics of
the frequency response of measured touch data; (4) the feature representation is used as an input to a
neural network to predict the discretized touch location.

To ensure the usability of knitted sensors in the real world, a recognition model enabling precise,
real-time touch localization is necessary. The system architecture relies on two main components:

the recognition model to determine the position of touch on the knitted sensor, and the real-time
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signal acquisition and processing system from which the recognition system receives data. The
model, once trained for high—accuracy recognition, can, in the future, be embedded into a dedicated
microprocessor or handheld device, and connect to the signal acquisition and processing controller
to identify location of touch in real time. Figure 5.2 provides an overview of the components involved
in this process.

The knitted component used with the real-time system and recognition model is the same sensor
introduced previously (fig. 5.1(b)), which consists of one conductive yarn as a sensing element and
36 touch locations. As discussed, all locations across a 2-D space are defined along a continuous 1-D
yarn pathway, and only voltage readings at each endpoint of the yarn are used as information from
the system. Additionally, the signal data obtained is subject to considerable noise. These properties
make it relatively difficult to accurately resolve location of touch, compared to other possible designs.
It is, therefore, necessary to address the effects of distortion through signal processing and machine
learning to ease the constraints placed on the physical textile design and allow for a larger variety
of design forms. In addition to these aspects that make high—accuracy location identification a
challenging task, preferably, the sensor would be used without user-specific calibration, for a more
intuitive and user—friendly interaction.

The results from the previous chapter demonstrated the technical feasibility of constructing an
unsupervised system that can differentiate between touch locations on the knitted sensors with one
sensing yarn. That work is extended by constructing a real-time signal processing component,
using a swept—frequency excitation signal to perform Bode analysis, instead of a single—frequency
signal, and adding a learned model to identify touch locations. First, features are constructed over
the signal, and then the model is trained using a multi-layer Long Short—Term Memory (LSTM)
network architecture, designed to capture the temporal dependencies within the input signals and
classify touch location. This section describes the components of the real-time signal processing
system, and those of the recognition model for location identification.

The recognition model aims to distinguish between touching each of the 36 sensing locations,

and it is trained specifically for this sensor design. For initial evaluation, contact is limited to
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single—touch. Other sensor forms could be easily swapped with the existing one, however, the neural
network would need to be trained for each sensor form individually, since the interactive components
(the carbon fiber touch areas) of the sensor would change depending on the design and needs of the

application.

5.2.1 Embedded Sensing Microprocessor

The sensing hardware uses an NXP Kinetis® MK66 ARM® Cortex®M4F 180 MHz microprocessor
(PJRC Teensy 3.6 development board), shown in the second part of fig. 5.2. Two connections lead
the fabric circuit to the sensing hardware, which can connect to a computer via USB and transfer

processed data at approximately 4.3 Mbaud, and 125 Hz to a Processing [110] application for data

visualization.
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Figure 5.3: Data processing within the microprocessor. Figure produced at CFF [3]. (a) A swept—
frequency cosine wave is passed through current—limiting resistors and input at both endpoints of the

sensing pathway (red). The voltage outputs (green, blue) are measured at the endpoints. (b) The
magnitude of all three waveforms is computed via FFT. (¢) The output gain is computed as a function
of frequency.

This system analysis considers the contributions of attenuation across multiple frequencies through

Bode analysis, while the analysis described in the previous chapter relied on a single frequency at-

tenuation. This strategy provides a greater amount of information to describe touch, and accounts

for variance in any single frequency bin through consensus. In order to control the frequency com-
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position of the input waveform, a linear swept—frequency cosine wave is generated, which is stored
in memory and then output by the microprocessor’s internal 12-bit, 0 V to 3.3 V digital-to—analog
converter (DAC).

Figure 5.3 illustrates data flow within the microprocessor. Two 16-bit analog—to—digital con-
verters (ADCs) synchronized with the DAC sample the output waveform at approximately 256k
samples—per—second in 1024—point increments. Fast—Fourier Transforms of the samples are pro-
cessed using the ARM CMSIS DSP library complex FFT function [72]. Ninety six frequencies be-
tween fyo = 2,000 Hz and f; = 26,000 Hz were input for a duration of ¢ty = 0 seconds to t; = 0.004
seconds. The waveform uses the full range of the ADC’s voltage output, between 0 V and 3.3 VDC,
thus the amplitude, A, and bias, b, are 1.65 V and 1.65 V respectively. To characterize the system
response during data analysis, the gain values of all recorded frequencies are used, for a total of 192
values per record window.

The swept—frequency range is chosen based on the locations of frequencies affected by additive
distortion (fig. 5.3e). The two significant sources of distortion are power supply ripple, contributed by
the microprocessor’s DC power source, and electromagnetic interference (EMI), induced by external
power sources in proximity. Power supplies that transform AC to DC voltage often induce a small
amount of ripple into the rectified output. Ripple is a small fluctuation in the device’s operating
voltage, measured at approximately 200 mV at 60 Hz in ambient conditions. Background on these
phenomena is provided in section 2.3.2.

Human touch contributes to measured distortion, increasing the ripple amplitude to approxi-
mately 1 V. Because capacitive sensors rely on a voltage difference to charge and discharge a ca-
pacitor in contact with the sensor, and induce a controlled oscillation, this phenomenon contributes
to the induced oscillation to create unexpected voltage shifts in the time domain. Electromagnetic
interference is radiated distortion produced by circuits transmitting power. The severity to which
the EMI affects surrounding electronic devices depends on the quality of EMI shielding. Capaci-
tive sensing relies on exposed, unshielded wiring to measure touch, and thus is more susceptible to

EMI [119]. The distortion shown in fig. 5.3d and fig. 5.3e is generated by a 70 Watt fluorescent
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lamp in close proximity, approximately 18 in., to the fabric sensor. An interference band of 10 kHz
centered at 65 kHz is observed as a resultant of the EMI. The proximity of the lamp affects the
induced distortion.

Once the signal is acquired and Bode analysis is performed, in an interactive system it would need
to be sent to a model capable of interpreting it as a location of touch. The subsections below describe
the recognition model, composed of a feature construction step and the neural network architecture.
Its purpose is to translate the acquired signal data into one of the 36 discrete interactive components

of the knitted touchpad.

5.2.2 Feature Construction
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Figure 5.4: Feature construction over frequency gain values of both signals. Figure produced in
collaboration with CFF [3]: (1) the raw data is composed of 250 time instances and 96 frequency values
per signal, for a total of 192; (2) statistical features are computed over the frequencies per time step;
(3) baseline is subtracted from key—press data.

The system constructs features from the input—to—output voltage gain values of the sensor over
time. A touch event is measured over two seconds. This allows enough time to capture the event
onset, saturation, and offset. Each touch event consists of 250 temporally-related measurements of
the voltage gain values, which are captured as explained in section 5.2.1. This amount of time is
more than enough for the voltage discharge which defines the touch event to occur. Since there are
96 frequency responses recorded from each of the two sensor endpoint signals, one touch sample is
represented as a 250 x 192 matrix before feature construction, associated with its respective touch
location or button number as a label. Statistical features are constructed over all the captured

frequency responses for each signal for each of the 250 measurements in the sample, and the results
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are concatenated to form the features. The mean, standard deviation, and sum are calculated over
all gain values for each signal and each time step. Additionally, a line is fitted to those frequency
response values and the slope, intercept, p—value, r—squared, and standard error are included as
features for each signal, representing each touch sample as a 250 x 16 matrix. The standard error
is the average distance of all samples from the fitted regression line. R-squared is the percentage of
the dependant variable variation that is explained by the linear model. The p—value is a measure of
how changes in the independent variable affect the dependent variable, with a low p—value indicating
that the independent variable is a meaningful addition to the linear regression model. This way,
for every time step, the system is represented in terms of its frequency gain statistics to increase
stability compared to the raw frequency gains.

Ultimately, each touch event is characterized as the difference between the captured touch sample
represented in terms of the statistical information of its frequency gains, and the same statistical
features computed over a baseline measurement where no touch occurs. The baseline is meant to
capture the conditions of the surroundings, and remove their representation from the touch event
characterization, so that the information that remains is more indicative of the properties of touch

position. Figure 5.4 visualizes the feature extraction process.

5.2.3 Neural Network Model

Data processed as described above is used as an input to a neural network, which relies on three
recurrent layers, followed by one fully—connected layer of 100 nodes, and an output layer of 36 nodes,
as illustrated in fig. 5.5. The network’s three recurrent layers are based on LSTM cells. LSTMs have
been widely used for sequential data analysis, including time—series signal data, since they capture
temporal dependencies. Section 3.2.2 provides an overview of LSTMs and their benefits.

The sequence of the frequency gain statistics captured from each electrode signal is used to
construct the input to the network. Each input consists of one key—press on the touch location,
represented as a sequence of 8 different statistical measures computed over values of all frequencies
from each of the two electrodes. The captured sequence is 250 time steps long, with 16 values per time

step. Therefore, the input layer of the neural network architecture has a size of 16. The frequency
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LogSoftmax
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Figure 5.5: LSTM Neural Network model. Figure produced in collaboration with CFF [3]. The
network is composed of 3 subsequent layers of LSTM capturing the temporal dependencies. The last
layer is linear, which then translates the input to one of the 36 button positions, through a LogSoftmax
activation function.

gain statistics are temporally—related, which the neural network architecture aims to capture. The
size of the output layer is 36: the final linear layer maps each input into a button position on the
knitted touchpad through a LogSoftmax activation function. The above description corresponds to
the architecture of the network, however, to create an accurate model, this network needs to be
trained with user data, so that its weights are adjusted accordingly. Section 5.3 below describes the

training and evaluation process for the recognition model.

5.3 Model Training and Evaluation

To move knitted sensors toward real-world use, three studies of the system described above were
conducted. The first study consisted of collecting user data to create a model of interaction that
would allow accurate location sensing in real-time, provided the hardware infrastructure is in place
for real-time sensing. Then, to test the accuracy and robustness of the system, two more user studies
were conducted: one validation study to evaluate the performance of the model on new data, and
another to test its robustness to everyday use activities. The robustness study consisted of two
conditions: (1) proximity to a fluorescent light lamp, as a source of EMI, which as discussed above,
causes a disturbance in the signal of capacitive circuits, and (2) stretching of the sensor, which alters
its geometry. I evaluated the system’s performance under each of these conditions on the trained

model resulting from the first user study. The accuracy results reported from all three studies are
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subject—independent: no calibration was performed for individual subjects. I discuss these results in a
usability context, as well as compare the proposed recognition model to other benchmark algorithmic

solutions.

5.3.1 Study 1: Model Construction and Cross—Validation

This study was performed using the knitted touchpad illustrated in fig. 5.2. I trained the neural
network described in section 5.2.3 to be able to classify the button that was pressed. The model
created during this study can be used in conjunction with the real-time signal acquisition and

processing system (section 5.2.1) in order to classify location of touch.

Dataset Description:

In order to create a trained neural network model, button—press data from 24 subjects, who were
college students, was collected. Each subject conducted 10-20 trials, with one trial consisting of
pressing each of the 36 touch locations on the knitted pad once. There was a total of 13,896 labelled
key—press data instances: 386 samples of key—presses for each of the 36 touch locations on the

keypad. Each key—press sample had a size of 250 x 16.

Methods and Resources:

Data was collected and saved to a computer running the Processing IDE. A Processing sketch was
used to visualize and save the frequency gain values from each electrode, which were returned by the
Bode analysis in real-time. A Keysight MSOX3024T Oscilloscope was used to visualize the input
and output waveforms in real-time. A more comprehensive data acquisition and signal processing
description can be found in section 5.2.1.

First, features were constructed from these raw data, as described in section 5.2.2. The resulting
representation was then used to train a neural network and tune its parameters through 10—fold
cross—validation. On every iteration, all the data from 2 or 3 subjects was used for validation, while
data from the other subjects was used to train the model. The dataset was balanced for all classes,
since subjects were required to press on every button for each trial. The network weights were

initialized using Xavier initialization [43].
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The model was trained using PyTorch 1.4 [104] with CUDA 10.0, using a learning rate e = 0.001,
a dropout rate = 0.6 and a batch size = 128, over 2000 epochs. The optimizer used was Adam and
the loss function was negative log likelihood. The machine was running Ubuntu 18.04, with an

™

Intel® Core™ 19-9960X CPU @ 3.10GHz, 128 GB RAM, and 2x RTX 2080 Ti Blowers with NVLink

cards.

Results:

To evaluate the trained model, I calculate the accuracy of identifying touch location on the knitted
component. Accuracy is the ratio of correctly predicted key—presses to the total number of key—
presses evaluated. As previously mentioned, there were 36 classes corresponding to 36 buttons or
touch locations, thus, chance accuracy is 2.78%. This model achieved an accuracy of 58.3%, which
was calculated as the average validation accuracy of all 10 folds. For each fold, accuracy was
calculated as the average of the achieved validation accuracies of the last 50 epochs. Table 5.1 shows
accuracy results of all user studies, and fig. 5.6(a), the average classification matrix of this study,
which was computed over the classification matrixes of each of the 10 models of cross—validation.
The macro—precision, macro—F1-score, and macro—recall are also calculated. Precision refers to the
ratio of true positives to the combined number of true and false positives. Recall is the ratio of true
positives to the combined true positives and false negatives. The Fl-score refers to the harmonic
mean of precision and recall: F1 = 2 x (precision * recall)/(precision + recall). Macro—precision,
macro-recall, and macro—F1 refer to the balanced respective scores per class, and those values are

obtained by averaging all respective class scores.

5.3.2 Study 2: Evaluation with New Sensor Touch Data

In order to determine the accuracy of the neural network model, sensor touch data was collected
from 7 other users, whose data had not been previously seen by the trained model, either in the
training or validation set. The purpose of this study was to evaluate the performance of the system
under normal conditions—similarly to the ones when training was conducted. Even though cross—

validation was performed above, several network architectures and parameters were explored to
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Figure 5.6: Classification matrices produced with results from study 1 (a), and study 2 (b). The ma-
trix rows denote the true row categories of the key—presses, while the columns show the ones predicted
during evaluation. Each category is denoted by the respective button number of the knitted touchpad.
A higher—value diagonal, with the rest of the matrix having lower values, would be a desirable combi-
nation indicating a high accuracy. This figure illustrates the challenges of classifying arbitrarily defined
positions on a continuous element—the buttons are sometimes classified as the ones adjacent to them.

increase validation accuracy, which might have introduced bias in this model. A new dataset tested

against the trained model serves to obtain a more objective evaluation of its performance.

Dataset Description:

The subjects of this study were 7 college students, and the experiment set—up was the same as
during the initial study, described in section 5.3.1. Subjects pressed each of the 36 keys of the
rectangular knitted sensor keypad 10 times for this evaluation, for a total of 2,520 key—presses, or
70 per button—the sensor defined area of touch classification. Both the true labels, which were the

button positions on the sensor, and the labels predicted by the model were recorded.

Methods and Resources:

The collected data was used as a testing set towards the neural network models created in sec-
tion 5.3.1. Features were constructed on the key—press signals before they were used as inputs to
the trained model for evaluation. Testing was performed on the same machine as model training,

described in section 5.3.1.
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Results:

An average accuracy of 66% was achieved during this experiment, as recorded in table 5.1. This
accuracy was calculated by testing the new data against each of the 10 training models created
during cross—validation, and subsequently taking the average of the results. Figure 5.6(b) shows the
corresponding classification matrix. Similarly, this classification matrix was generated as the mean of
all classification matrices produced from the data tested against each trained cross—validation model.
Its respective macro—precision, macro-recall, and macro-F1 scores are also reported in table 5.1.
These results, which are even better than the original validation results from study 1, indicate the

robustness of the proposed model.

5.3.3 Study 3: Robustness to Sensor Distortion
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Figure 5.7: Classification matrices representing the accuracy of experiments in study 3 condition
1 (a), and study 3 condition 2 (b). The matrix rows denote the true row categories of the key—
presses, while the columns show the ones predicted during evaluation. Each category is denoted by the
respective button number of the knitted touchpad. Diagonal elements having relatively high values,
and non—diagonal matrix elements having lower values would be a desirable combination, indicating
high accuracy. Similarly to fig. 5.6, sometimes buttons are mistakenly classified as the ones close to
them, due to the continuity of the sensing yarn.

These sensors are intended to work in everyday life, behaving like fabric, and resisting signal
distortions. For this reason, the fabric sample on which the recognition model was trained was

exposed to two different types of sources that could cause signal distortion: (1) electro-magnetic

interference and (2) stretching.
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Dataset Description:

Touch data was recorded from 4 different subjects for condition (1), which consisted of exposing
the sensor to EMI through a fluorescent light bulb, placed 12-18 inches away from the sensor.
Additionally, data from 3 other subjects was recorded for condition (2), with the sensor being
stretched. Each subject pressed the 36 buttons of the sensor 10 times. Similarly to the other two
data—collection user studies, subjects were college students. For condition (1), the dataset consisted

of 1,440 key—press samples; for condition (2), there were 1,080 key—press samples.

Methods and Resources:

The methods used in this study were the same as those of study 2. For each condition, its respective
dataset, after being processed through feature construction, was used to evaluate the model created

in study 1. The same machine was used to run these experiments, as that in studies 1 and 2.
Results:

Table 5.1: Classification results for the three studies. Reported measures include: the average accuracy
of identifying the location of touch on the knitted touchpad across the three user studies; the balanced
F1l-score, which is the harmonic mean of balanced precision and balanced recall; the balanced precision;
the balanced recall.

Study Accuracy  Macro-F1 — Macro—Precision — Macro—Recall
Study 1 0.583 0.516 0.516 0.518
Study 2 0.662 0.662 0.665 0.662
Study 3-1 0.795 0.794 0.796 0.795
Study 3-2 0.372 0.364 0.393 0.372

The results of these experiments, summarized in table 5.1, and fig. 5.7, were computed in the
same way as those of study 2. An accuracy of 80% was reached for condition 1, while the accuracy
for condition 2 was 37%. From these results, we can see that the model retained its robustness even
under conditions of signal and sensor distortion, especially during condition (1), which is promising
toward using it in the real-world. In condition (2) we see that the model does not hold as well

against the structural distortion of stretching.
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5.3.4 Benchmark Comparisons to Existing Techniques

To demonstrate the utility of the proposed recognition model for robust location sensing, I compare
its performance to three other related benchmarks. In particular, the reported results include: using
a single frequency Bode analysis (benchmark 1); using the MSD algorithm for feature construction
(benchmark 2); using a multilayer perceptron (MLP) neural network classifier (benchmark 3). These

three benchmarks are described below, and their results summarized in table 5.2.

Table 5.2: Accuracy results of our recognition model as well as other 3 other benchmark models.

Method Frequency Features Classifier  Study 1 Study 2 Study 3-1  Study 3-2
Benchmark 1 Single Raw LSTM 0.253 0.256 0.313 0.203
Benchmark 2 Single MSD LSTM 0.050 0.057 0.051 0.081
Benchmark 3 Multi section 5.2.2 MLP 0.463 0.435 0.560 0.258
Our model Multi section 5.2.2 LSTM 0.583 0.662 0.795 0.372

In benchmark 1 the same LSTM classifier is used, however the features are different. The purpose
of this comparison is to investigate the effectiveness of using the feature extraction process described
in section 5.2.2, in conjunction with multiple frequency gains obtained from the Bode analysis.
Only one frequency is input into the system, in contrast to 92 different frequencies used in our
introduced method. The frequency gains are measured at each of the two sensor endpoints, as
described in section 4.2. For this benchmark method, no feature construction was used: the features
are composed of the raw frequency values of the two endpoints, therefore each key—press in this case
is represented as a 25022 matrix. The neural network and its settings were the same as the ones
used in the proposed recognition model, described in section 5.2.3 and whose results are summarized
in table 5.1. The work presented in chapter 4 however, did not include classification. The LSTM
step was added in the benchmark method for consistency, in order to make the related aspects of
the two projects comparable.

Benchmark 2 uses the same frequency value as benchmark 1 and an LSTM neural network, but
it applies the MSD algorithm, introduced in section 4.4, as a feature construction step. We can
see from these results that the current recognition model would outperform the work in chapter 4,

even if that work included the same classification step, assuming MSD was applied in this way to
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the singe—frequency data. MSD could potentially be applied to the signal in different ways for high
accuracy, such as a feature construction step to the raw signal data of all 192 frequencies. It can
also be combined with other feature extraction methods in more complex ways, including the one
presented here. Alternatively, it can be integrated into a custom neural network. However, these
explorations are beyond the scope of this work.

Benchmark 3 consists of a model which has the exact feature construction steps as the one
introduced in section 5.2.2, including multiple frequencies. The difference is in the neural network
classifier. Instead of an LSTM, it uses a Multi-Layer Perceptron (MLP) network, which does not
necessarily retain time dependency information. All the 250 processed time instances of the key—
press are concatenated and input into the network, labelled with the button position. As can be
seen from table 5.2, the proposed recognition model outperforms the benchmarks in all experiments.

Below, these results are discussed more in depth.

5.3.5 Results Summary

The recognition model was trained through the cross—validation (study 1) for accurate touch detec-
tion on knitted sensors, and the evaluation study (study 2) confirmed the validity of these results.
However, such sensors are not intended to be used in controlled lab environments, and so the model
performance was explored under conditions that would cause signal distortion (study 3).

The results of the first three studies are summarized in table 5.1, which includes average accuracy,
macro—F1 scores, as well as precision and recall. These measurement values are close to each—other,
showing balance in the constructed model. Additionally, as can be seen from fig. 5.6 and fig. 5.7,
most cases of buttons being classified incorrectly were the ones classified as buttons positioned next
to the ones pressed.

Study 3 shows that the model is mostly consistent, even when exposed to some distortion. Study
2, which included testing new data under regular conditions, shows an increased accuracy compared
to the cross—validation results, which indicates model stability. In study 3, condition 1 of the
experiment reached even higher accuracy results. This indicates no visible or measurable negative

effect of exposing the sensor to EMI radiation on its ability to localize touch, which is a highly
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desirable quality for a sensor. In study 3, condition 2 showed that stretching the sensor decreases
its ability to accurately identify location of touch, primarily because the resistance of the individual
buttons changes. In the future, this aspect can be addressed by designing algorithms with more
robust spatial resolution. However, these results are still encouraging, since they mean that this
sensor can behave like fabric and retain some touch recognition accuracy.

It is worth noting that this model was not trained with data collected under the two distortion
conditions with which it was experimented (EMI and stretching). The expectation is for the accuracy
of these tests to have been higher, had this network been trained on such data. The main reason
for this choice was to investigate the effect of unknown possible distortions. For a finished product
implementation, training should be performed under a much larger variety of conditions, including
the ones mentioned above. Moreover, the accuracy results introduced here are subject—independent
to make the experience of multiple users interacting with the same sensor as intuitive and non—
intrusive as possible. However, if a knitted pattern is designed to be used by a single user, calibration
is likely to increase the location identification accuracy, since it removes variations that are caused
by different users’ physiological states.

Finally, the benchmark studies put the recognition model results in the context of other proposed
methods, to demonstrate its effectiveness and reliability. In the next section, several existing knitted
design forms using the same construction method of one yarn and two connections are discussed in
terms of touch location identification. Any of them would be able to be directly plugged into the
existing system to output location of touch, assuming model training with user data training for

each sensor geometry.

5.4 Design Patterns and Resistance

Section 2.1.2 of this work describes how different sensing patterns can be designed using the same
process as the sensor used in this work so far. Different geometries would translate to different
electronic properties of the circuit, impacting location identification accuracy.

While designing these sensor geometries, it is important to abide by the knitting process spec-

ifications and requirements, since the serpentine routing of the yarn is a function of the knitting

CHAPTER 5: EXPLORING REAL-WORLD SENSING 5.4 DESIGN PATTERNS AND RESISTANCE



85

Figure 5.8: Knitted sensors of different design patterns described in section 2.1.2 [3]: (a): the 36—
button touchpad, which was used in the system pipeline and user study evaluation above. (b): the
multi-button game controller (¢): the 25-button piano keyboard (d): the media control button pad
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Figure 5.9: Comparison of gain measurements towards touch separation for button sensors. Figures
produced at CFF [3]. The top right corner of each plot denotes the baseline, no—touch state. The rest
of the plot shows the signal response to touch on every button location. (a): the 36-button touchpad
sensing area (b): the multi-button game controller sensing area. (c¢): the 25-button piano keyboard
sensing area. (d): the media control buttons sensing area.

machine. When designing with the purpose of connecting a knitted piece to a circuit, patterns
that would cause shorting of the circuit would need to be avoided. Such patterns involve crossing
of conductive elements (e.g. a T—shape). Additionally, it is important to consider the length and
resistance of the yarn pathway between contact points. Resistance of a conductor depends on its
resistivity, cross—sectional area, and length. Resistivity and area of the conductor do not change
throughout each sensor, since the conductive yarn is homogeneous. Resistance increases proportion-
ally with the length of the yarn. This means that in areas where the yarn is knitted more tightly
together, the resistance is higher. A large resistance limits current flow and increases the capacitors’
charge time compared to a more conductive pathway. This improves measurement sensitivity given

the same magnitude of induced capacitance.
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Figure 5.8 shows four different knitted touchpads and fig. 5.9 compares their geometries by illus-
trating their respective touch localization performances. Each touch position is plotted in relation
to two values: the gain to the single—frequency input response from each sensing endpoint cap-
tured through previously—introduced methods [133], without any algorithmic or machine learning
approaches introduced in this work applied. The data was collected from a single subject press-
ing on each defined sensing area one time, and is provided for illustration purposes. It does not
constitute a complete evaluation of these sensors. Some technical and construction details of the
above-mentioned design samples are provided in table 5.3. The cross—touchpoint resistance refers
to the resistance measured between the start and the end of one defined touch location, such as a
button. The inter—touchpoint resistance is measured between the end of one touch location and the
beginning of the other. Only these sensors are illustrated because their primary mode of interaction
is discrete touch location identification, not pressure sensitivity or continuous swiping input usable

for gestures. Those interaction modalities should also be investigated in more depth in the future.

Table 5.3: Detailed technical properties of sensor prototypes.

Design Form Size Overall Resistance  Cross—TP Res. Inter—TP Res.
86—Button Touchpad 4x8 in. 550 k2 8.5 k2 15 kQ
Multi-Button Game Controller 36x3 in. 1.75 MQ 3.68 k2 213 kQ
Piano Keyboard 15x4.75 in. 783 kQ2 5.99 kQ 24.26 kO
Media Control Buttons 7.25%6.25 in. 206 k<2 8.13 k2 47.99 kQ

As can be seen fig. 5.9, the touch location data is easier to separate into clusters even analytically,
when the conductive yarn is knitted in larger areas. Figure 5.9(d) is an example of a relatively
straightforward separation between touch location. The structure illustrated in fig. 5.9(a) poses a
considerably greater challenge to accurate location identification, because the sensing yarn is not
assembled closely together, and its inter—button resistance is low (table 5.3). This chapter explored
techniques to advance the capabilities of a sensor knitted with this yarn pattern, particularly because
it is the most challenging of the patterns introduced here, and it stands to reason that it would be
easier to identify location of touch on the other geometries. However, the trained recognition model

presented here was sensor—specific, as experiments have not been conducted with other patterns. The

CHAPTER 5: EXPLORING REAL-WORLD SENSING 5.4 DESIGN PATTERNS AND RESISTANCE



87

sensor forms presented in this section whose mode of functionality is detecting discrete locations,
illustrated in fig. 5.9, can be plugged in to the hardware system introduced instead of the 36-button
knitted touchpad. The same feature construction step and neural network architecture can also be
used for touch location detection. However, each pattern needs to have its model trained with its
own user data, so the model can implicitly learn the position of touch for that specific geometry.
Future work should explore more generalized algorithmic and machine learning solutions to enable

detecting location of touch on any yarn routing path.

5.5 Discussion and Conclusion

The work introduced in this chapter explored the potential for knitted sensing fabric to be used as a
viable embedded interface, enabling interaction. The main focus was building a recognition model to
identify fine location of touch on a 36-button sensor. Through three user studies, and comparisons
with benchmarks, two key aspects of bringing these sensors to the real world have started being
addressed: increased accuracy, and robustness of the system. I constructed a recognition model
which uses a LSTM neural network to classify the location of touch on the knitted sensor with 36
touch locations. These touch locations were pre—defined from the sensor design, and a touch event
was recorded in real time through a dedicated signal acquisition and processing system. The model
was trained using data from 24 subjects, and achieved an average subject—independent accuracy
of 58% from the different cross validation folds. Subsequently, the model was evaluated using new
user touch data from 7 new users under normal circumstances, achieving an accuracy of 66% on
the 36-button sensor. The same previously-trained model was also evaluated under conditions
of two possible distortions: the effects of electromagnetic interference (80% accuracy), and while
the knitted section was being stretched (37% accuracy). Finally, these results were compared with
several related methods as benchmarks (using only one frequency response with Bode analysis; using
MSD feature construction; and using a different neural network classifier) to further demonstrate
the robustness of the proposed models.

Other sensor designs would need specific training in order to perform that functionality. However,

the same real-time sensing system component, feature construction method, and neural network
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architecture can be used for different sensor geometries. The technical contributions and studies
conducted in this work helped lay the foundation to advancing towards viable and robust interactive
knitted textile touch interfaces. Next, considerations to bringing such sensors to the real world are
explored more in depth, through a formative study to understand users’ views, and some everyday

use experiments.
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Chapter 6: Interaction with Knitted Sensors

6.1 Introduction

The purpose of the work described in this chapter is to start shaping the future of ubiquitous
applications based on minimalistically-designed knitted sensors according to user expectations and
real-world conditions. Chapters 4 and 5 discussed steps to make touch localization more accurate
and take this technology closer to real-world use. In addition, this sensor construction technique
enables the easy production of several different design forms relying on the same design principles
of one conductive yarn and two external connections. These design aspects and advancements show
considerable potential toward transforming such sensors into truly pervasive technology, enabling a
variety of interactions. However, in order to properly explore their application space, the end users’
perspective and everyday use scenarios should also be integrated in the process.

While the focus of this investigation on end—users’ views is touch—sensitive knitted fabrics con-
structed using this particular design strategy, many of the findings could be extended to fabric
sensors of different design and construction methods. Fabric—based touch sensors, created through
various techniques, such as embroidery [107, 42, 52, 53, 9, 94], weaving [29, 55, 127, 7, 108, 143],
and knitting [106, 141, 30, 133, 132, 93], have shown great potential towards enabling interactive
applications through flexible and durable interfaces.

To start understanding users’ perspectives, I conducted a formative study, during which partic-
ipants were shown several of the design samples, and inquired regarding their views and areas of
interest related to this technology. Informed by the focus group study, some technical aspects of the
touch—sensitive fabric design were subsequently explored. These are aspects about which users in the
formative study also inquired, particularly related to everyday usage scenarios. This investigation
fills a gap in existing literature since qualitative user studies from existing work have been narrower
in scope, primarily focusing on specific design aspects. Informed by the focus group study, some

technical aspects of these particular touch—sensitive fabrics are explored. These explorations provide
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(b) (c)

Figure 6.1: Touch-sensitive knitted fabric and example applications [3] used during the formative
focus group study. (a): A large multi-button knitted controller used with the Whack-a-Mole game.
(b): A knitted controller on which the touch-sensitive area is designed to capture sliding motions and
gestures. (c¢): A system of knitted components: a piano keyboard, volume slider, and media control
button touchpad connected, via 12C, with a single sensing controller directing communication among
all three devices. The master 12C device connects to a MacBook Air via USB MIDI to interface with
GarageBand.

insights related to designing interactions and implementing applications relying on these sensors for
user input. As mentioned, some of the findings of this work can be generalized to the broader field
of smart textiles, while other considerations, particularly those related to technical evaluations, are
more specific to the construction of sensors relying on this design process and philosophy. The

contributions of the work in this chapter are the following:

1. A report on a qualitative formative user study with 32 participants, structured as 8 focus
groups is produced. During this study, I introduced users to the touch—sensitive knitted fabric
technology and its basic working principles, presented them with several design samples and
applications prototypes from prior work, and asked questions regarding their opinions and

perceptions.

2. Through thematic analysis of the focus group data, I identify new research directions and create
a basis for later building real-world applications relying on touch—sensitive knitted fabrics
according to users’ views. I also identify specific hesitations and expectations of potential
end users from the formative focus group study. An underlying requirement to developing
the desired applications was the ability to use gestures in addition to simple touch on the
fabric. Furthermore, there were frequently mentioned concerns about safety and everyday use

durability.
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3. Informed by the focus group study, the capability of one of the fabric designs to differentiate
among three different, but related swipe gestures, as well as simulated accidental touch events,
is investigated. A user study with 12 users was conducted, where each user performed each
gesture several times on the sensor, to later compute the similarity between all captured

samples using the Fuclidean Levenshtein Distance (ELD) metric, introduced in section 4.5.

4. The durability and everyday use potential of the touch—sensitive knitted fabric technology is
demonstrated as well. To do this, washing and drying experiments were conducted on three
different touch—enabled knitted fabrics, exploring the effect that this process has on the sensor
resistance. Resistance is an important property of the conductive area, since it affects the
signal output from it. Similarly, the effect of stretching, horizontally and vertically, on the
resistance of the sensors was tested. These experiments are necessary for informing future
high—fidelity computational models to characterize the behavior of knitted sensors of different

designs during everyday use.

6.2 Formative Study: User Insights

In order to investigate the usability potential of touch-sensitive fabric in general, and minimalistically-
designed knitted sensors in particular, I conducted a qualitative formative study in the form of focus
groups. The purpose of this study was to understand users’ perceptions of incorporating interactiv-
ity in their environments and clothes, enabled by touch sensitive knitted fabrics. Participants were
invited to interact with several textile sensors and applications to explore their potential benefits,
as well as envision other possible forms. These sensor examples [133, 3] were introduced in sec-
tion 2.1.2, together with application prototypes, and their properties related to circuit design were
further discussed in section 5.4. Table 6.1 summarizes them. The objectives of this study were the

following:
e To understand users’ views and experiences regarding interaction with this technology
e To explore application areas into which users would want this technology integrated

o To identify potential concerns when engaging with this technology for further study
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o To generate design guidelines for future interactive applications based on touch-sensitive fabrics

(b) (©)

Figure 6.2: Touch sensitive fabrics of varying sizes and designs, knitted with conductive carbon-
coated nylon and regular polyester yarns of different colors [3]. They are all knitted in one piece with
no electronic layers in between. (a): Front of touchpads of varying sizes and colors. The noticeability
of interactive components can vary with the non-conductive yarn choice: the black touchpad has subtle
interactive areas, while the white one prominent ones. (b): Back of touchpads of varying sizes. The
bigger sensor is knitted to be thicker through the same process. (¢): Multi-button controller sensors
with a similar design but different sizes. The knitted components on each sensor are scaled versions of
each-other.

6.2.1 Participants

The study was structured as 8 focus groups of 2-5 participants each, with a total of 32 participants.
Participants were undergraduate and graduate students of a median age of 24 years old, with 20
of them being male, 11 female, and 1 of non-binary gender. Each participant signed an informed

consent form approved by our institutional review board before entering the study.

6.2.2 Procedure

During each focus group discussion, I moderated the discussion, asking a series of pre-defined ques-
tions and other follow-up ones as necessary, to ensure that the users’ expressed ideas were understood.
An observer recorded the conversation and noted important ideas, themes, quotes, impressions, and
body language [76]. Audio recordings were also taken for reference. Participants were first given a
brief introduction to the touch-sensitive knitted fabric that is the focus of the study. In addition, the
design philosophy behind it and its basic working principles were explained. The discussion featured

three main phases, described below.
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Table 6.1: Characteristics of design form factor used in the formative focus group study.

Sensor

Size (in)  Figures

Description

Small Black Touchpad

Small White Touchpad

Large Touchpad

Keyboard

Single Button Controller

Multi-Button Controller

Slider Controller

Volume Slider

Piano Keyboard

Media Control Buttons

8x4

8x4

18z10

1223

36236

36x3

36x3

6x7

1525

Tx6

6.2(a), 6.2(b)

6.2(a), 6.2(b)

6.2(a), 6.2(b)

6.3(b), 6.3(d)

6.7(a)

6.1(a), 6.2(c)

6.1(b)

6.1(c), 6.4

6.1(c)

6.1(c)

A knitted sensor constructed by routing a conductive
yarn through the fabric during the knitting process
to create 36 interactive, button-like points across its
surface [133, 132, 93]. The black carbon-coated yarn
is less visible combined with the black polyester.

A knitted sensor constructed by routing a conductive
yarn through the fabric during the knitting process to
create 36 interactive, button-like points across its sur-
face [133, 93]. The black carbon-coated yarn is more
prominent against the white polyester.

A knitted sensor constructed by routing a conductive
yarn through the fabric during the knitting process
to create 180 interactive, button-like points across its
surface [133, 132, 93].

The touch points of this sensor are knitted in the same
serpentine structure as those in the touchpads, though
the placement is staggered to mimic a alphanumeric
QWERTY keyboard [132].

This prototype has a large circular sensing area in the
middle. It can be used as a controller for applications
that rely on pressing a button, as well as controlling
pressure [93].

This design is composed of several square-shape sens-
ing areas, with the primary interaction modality being
pressing one of the large sensing locations [93].

This 32-row slider pattern is intended to capture con-
tinuous input, such as swiping motion [93].

A 22-row slider, which was knitted to control the vol-
ume in the GarageBand application. It relies on a
swiping gesture used to control continuous input, sim-
ilarly to the Slider Game Controller described above,
but its proportions are smaller [93].

This prototype is a 25-button touch-pad, knitted to
emulate a 2-octave piano instrument. The design and
spacing of its keys follow those of a regular piano
keyboard, and it can be used as a controller for the
GarageBand application [93].

The button pad contains 3 buttons serving as discrete
inputs to the GarageBand application as well, while
graphically showing their functionalities in familiar
forms: rewind, pause/play, and fast-forward [93].
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Phase 1 — Design ideas and perceptions of knitted ‘Touchpad*

During this phase, the design ideas and perceptions related to the most generic sensor forms, the
‘Touchpad’, were explored. Participants were shown three rectangular designs, with a set of evenly
spaced touch-sensitive areas, or buttons: the Small White Touchpad, the Small Black Touchpad, and
the Large Touchpad, whose size and specific characteristics are shown in table 6.1, and fig. 6.2(a)
and fig. 6.2(b). This enabled participants to focus on understanding the potential interaction in a
general sense, without a bias toward particular use cases, such as the Piano Keyboard, or the Volume
Controller (table 6.1), each of which have application-specific forms. The three knitted touchpads
differed only in size, or color of the non-conductive yarn, highlighting the flexibility and scalability of
the production process. Each of the introduced samples was connected through two electrical wires
to a visualization application (fig. 6.3(c)), as described in [132]. After the users interacted with each
of the forms, I asked them to share their thoughts on the technology, and potential uses of similar

sensors relying on those same principles.

Phase 2 — Usability of specialized application prototypes

During this portion of the study, participants interacted with several specialized application pro-
totypes, illustrated in fig. 6.1 and described in table 6.1: the Keyboard (fig. 6.3(b)) together with
an application prototype fig. 6.3(d); the Multi-Button Controller (fig. 6.2(c)), with its associated
Whack-a-Mole-style game application prototype, illustrated in fig. 6.1(a); the Slider Controller and
two game applications that can be controlled with it: Brickbreaker (fig. 6.1(b)) and Flappy Bird; the
knitted MIDI controller system, demonstrated in fig. 6.1(c), and composed of the Piano Keyboard,
the Volume Controller, the Media Control Buttons (table 6.1). These applications were selected as
examples of potential use cases of capacitive knitted sensors, having real-time response, even though
not fine touch location identification, developed in chapter 4 and chapter 5 of this work [132, 93].
They relied on technology introduced in [133] and their purpose was to illustrate the potential of this
technology to enable interactive applications. Participants were asked to assume, while answering,
that for the applications based on these sensors, touch recognition were working with high accu-

racy. As part of the inquiry of this phase of the study, participants were asked to think about the
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advantages and disadvantages of using existing technologies versus products based on the knitted
prototypes. Moreover, they were asked to express whether a product based on these prototypes

would be useful and usable to them and, if so, in what context.

!

I
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)

Figure 6.3: Properties and applications of touch-sensitive knitted fabrics [3]: (a): Stretch-ability. (b):
Being able to roll the fabric. (¢): Visualization application of the approximate location of touch on
a 36-button knitted fabric. (d): An application using a knitted alphanumeric 36-key keyboard as an
input.

Phase 3 — Reflections on technology and suggestions

At this stage, the purpose was to understand the general impression of participants after having
been exposed to different uses of this technology. Another goal was to realize if these interactions
had sparked any new application ideas for touch-sensitive knitted fabrics, and which use cases had
mattered more to participants. Additionally, it was important to understand: whether users would
have any hesitations in interacting with these type of sensors; the aspects they would like to see

improved; any potential changes to the sensors, if they were to design any of them from scratch.

6.2.3 Data Analysis

The recorded focus group audio files were transcribed using Otter.ai [5], a transcription software
that converts speech to text. Following the automated transcription, the files were manually edited
in two rounds for error corrections. Subsequently, the data was coded using Atlas.ti [2], a tool which
helps researchers conduct qualitative analysis of textual, graphical, audio, and video data. Because
analysis is based on these transcripts, in a group context, with identifiable information removed,
quotations were not attributed to a particular study participant below.

Thematic Analysis (TA) [19] was selected to analyze the interview data. This approach provides
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the tools for a rich characterization of qualitative data, while not placing any requirements for
theory development. Its scope was considered appropriate for the purposes of understanding user
response to this technology. Another researcher and I independently coded the data. Through later
discussion, a consolidated and consistent list of codes and code groups was created that reduced
redundancy and standardized the names. We each conducted a final round of analysis using those
codes. A third researcher also reviewed code and data analysis for consistency.

I followed a pre-defined outward thematic structure of reporting findings, corresponding to the
study objectives, with these three categories: the general perceptions, the potential for applications,
and concerns and suggestions. In addition, there were two other major categories that emerged
during the study: design aspects, and system and integration. The grouping of ideas, which was
somewhat related to the three-phase design of the study, was performed this way for clarity of
presentation and to respond to the study objectives more straightforwardly. However, this structure
did not necessarily correspond to the way these insights emerged—for example, ideas mentioned in
phase one, might be described in the section about concerns, if they are a better fit thematically.

While having previously defined major themes to explore might give the impression of a deductive
analysis strategy, I argue that this approach is primarily an inductive one. First, the major categories
were defined by the research objectives and for clarity of presentation, not by existing literature. The
researchers did not have a codebook prior to analysing the data. More importantly, the information
was analyzed using a data-driven approach, assigning themes based on grouping similar concepts
together. The process of determining themes was iterative and flexible. The purpose was creating
a thematic map which accurately reflected the dataset, and themes with internal homogeneity and
external heterogeneity [11, 19, 105]. Not all themes had a similar number of data instances referring
to them—the significance of themes was not necessarily dependent on a quantifiable prevalence
measure, rather on whether each captured aspects of interest related to the research questions and
objectives.

This analysis aims to provide a rich description of the whole dataset, rather than an in-depth

account of one particular aspect, especially given the fact that this area has not been extensively
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explored before, and participant views are less clear [19]. However, ideas of integration or concerns
expressed were followed with questions about details, to better understand them, and to ensure that
participants had a clear mental picture of their suggestions. A realist theoretical approach was em-
ployed, which assumes that language maps to experience and opinion, rather than a constructionist
one, in which context and society typically play a considerable role. Semantic themes were used,
with meaning assigned based on what the participants say, rather than looking beyond that aspect,
and making inferences regarding any underlying ideas or conceptualizations. These choices were
made since the purpose of this study was not to deeply explore the psychology or social context
behind the participants’ response. Instead, the types of technological solutions that participants
would be interested in using were investigated. This way, further research can be more purposely

directed towards areas of interest to users.

6.2.4 Results

This section details the study findings, starting with general perceptions of the technology, mainly
based on data from the first phase of the study, but aiming to provide a holistic view of the users’
sentiments. Subsequently, the desired fields of applications are described, which was the focus of the
second phase of the study. Further, aspects of the knitted sensors’ design as they relate to function-
ality and style are reported, continuing with system design and integration, also considering aspects
such as device size, and interaction modalities. Finally, areas of user concern and improvements for

future iterations of this technology are outlined.

General Perceptions:

- Fabric Texture: Participants were divided regarding their experience of the fabric texture.
Many were pleasantly surprised by the softness of the fabric. One participant said: ‘The fabric
was a bit softer than I was expecting, because I knit a lot. And yarn that I use to knit is
more coarse than that. So I was kind of expecting that type of texture. But this was softer
than what I use. It was much finer than I'd been expecting when you said ’knitted’’. Similarly,

another mentioned: ‘You did mention, right, the threading is made out of carbon fiber, see,
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and I expected it to be a little more sharp, a little more, [...] you know [...] the opposite of
fabric. [...] It’s actually pleasant to see that it’s not too different from the conventional fabric.
So that’s a nice thing’. Other participants however, considered it rougher, with one saying:
“This seems less suitable for clothing to be honest. Because it’s soft, but it’s not as soft as like
something you would wear I think”. This sentiment was more prominent when participants
were interacting with applications that required them to continuously run their fingers across
it, such as using the Slider Controller with the ‘BrickBreaker’ game [93]. Another participant,
while identifying the interaction surface of that same controller as ‘disconcerting’, saw that as a
positive aspect, potentially useful for her autistic son to get exposed to different textures while
playing a game such as ‘BrickBreaker’, which could shift his focus from the uncomfortable

feeling.

- Comfort and Approachability: Overall, the fabric softness, especially in comparison with
typical electronic devices, inspired users to think of applications and environments offering
a relaxed and comforting atmosphere, such as hammocks at resorts, or falling asleep with
your fabric electronics on your lap without risking damage to them. Additionally, it was
mentioned that electronics may sometimes seem intimidating to interact with and understand,
and the fabric form of the sensor might help break down the mental barrier. One participant
commented: ‘For me at least, fabric is just comforting in general, so especially in a hospital
setting, where it’s already an uncomfortable situation, maybe just introducing something to the
patient that’s more comfortable for them to access, would make them more prone to like alert a
nurse if something’s going wrong’ Children were also mentioned in this context, for example,
potentially finding it easier to communicate their feelings by interacting with their toys rather

than articulating them.

- Robustness: Many participants mentioned robustness as a quality of the touch-sensitive
fabrics introduced. ‘I don’t think this is going anywhere. I think this will outlive me,” said
one participant. The sensors’ robustness was also considered an advantage over existing hard

electronics, with one participant saying: ‘But one thing definitely which beats the current
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keyboards is they are very delicate, but they will break [...] like manually. But this won’t
break’. This quality was also particularly mentioned for hard electronic applications related
to children, who are more likely to damage them, or hurt themselves while interacting with
electronics. Additionally, it inspired several participants to think about outdoor applications.
One participant shared: Yeah, so you know, put it down on the beach, and the kids can play

on it, [...] can set up something that actually becomes a screen for.

- Portability: The portability potential of this technology was also a characteristic mentioned
in the study. The fabric can be easily folded and brought to an outdoor gathering, in the form
of a game board, or a knitted musical instrument. Its light weight and flexibility allow it to be
rolled and put into a bag, for example, as a keyboard for one’s phone or tablet. One participant
mentioned that even though a typical iPad keyboard is very lightweight, it is fragile and uses
more space. Another participant said: ‘If you had a business that was in gaming, and you
were doing different shows, [...] this would be quick: roll it up, throw it in the back of the
car, roll it back out. Then you can set up your station, and people can interact’. In outdoor
and traveling contexts, many participants would prefer applications based on these fabrics
instead of existing hard electronic alternatives. For indoor environments, the answers varied
by participant and situation. For example, as can be expected, instrument players would not
choose fabric instruments over existing ones, even though many would use them as travelling
alternatives. One participant said: ‘Also, one thing to consider is that when you have a piano,
it’s super heavy. So it’s nice to have like something that’s really light, portable. [...] you could
use a keyboard, but definitely keyboard and piano are not the same, right?’. Regarding gaming,
while some participants would not replace their existing controllers for indoor use with knitted

alternatives, others were more interested in that idea.

- Affordability: Questions about cost of production were also common. Upon learning that the
touch-sensitive knitted fabrics used in this study cost only a few dollars to manufacture at scale,
many participants suggested several fabric-based applications as substitutes for traditional

electronic ones, in cases where cost was a factor. This became especially relevant for education
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purposes, or for exploring different hobbies. Fabric electronics can be used for training and
learning how to perform different interactive tasks, such as playing the piano. One participant
said: ‘It’s available to everyone. A lot of people can’t afford to buy such a big keyboard and
keep it. So, if youre gonna make something like this, you know, [...] if people have a hobby,
they can learn it. And since this is fabric, it’s going to cost way less than that.” For a fully
functioning system, the cost of the electronic components needs to be considered as well, which

still is substantially lower than most conventional instruments.

Applications

- Wearables: Another major area that was discussed was clothing—in normal circumstances
and specific occupational ones. Interactivity in controlling general functionalities such as
changing music, making a phone call, or tracking physical activity were commonly suggested
uses. A specific scenario that was mentioned in more than one instance was using the sensor
in clothes as an inconspicuous call for help in dangerous circumstances, as expressed by one
subject: ‘..as a way to quick dial 911. Like you press it a certain number of times or in a
certain pattern, because then if you’re in an unsafe situation, you don’t want to be obvious
about something like that. You can do that. Even just [contact] your emergency contacts.’
Other uses included producing special suits for first-responders, astronauts, and athletes, with

functionality added to make their jobs more efficient and comfortable.

- Smart environments: Incorporation of this sensing fabric technology into homes and vehicles
for controlling temperature, lights, and music, was also an important theme. Such sensors
would be able to be integrated into furniture, pillows, blankets, and car seats. One group of
participants, however, expressed preference for voice over fabric for such functionality. Other
similar uses were mentioned for artistic settings, including controlling effects in a theatre set.
Another application area that was frequently mentioned in this context was monitoring with
the purpose of activity recognition. Having a carpet composed of such fabric to detect human
activity was a popular concept, especially related to security. One participant said: ‘Yeah, for

security, maybe if there are places that we do not want people to enter or you know, access. So
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we can just place this fabric over the entire place, so that [...] if there is any sort of reading,
maybe we know that someone who’s not supposed to be there, is over there.” Another mentioned
a similar idea, while adding that such a carpet could replace cameras due to the lower cost.
Another participant saw this as an opportunity to study areas of interest in a store based on
customers’ movements: ‘Another application could be [...] a carpet in stores where you want
to find out the layout, [...] what movement do people move? Like from what aisle to which
aisle’. Another subject suggested passenger position detection in a car: ‘So even [...] if it is in
the car, the car seat might have this part [...] in case of any emergency like a hit or crashing
into something, the airbags come out based on the sensors, [...] where the passengers were
instead of coming out from everywhere’. Environments that rely on user identification were

also considered, for purposes of personalization or security.

- Gaming and Entertainment: This area was of interest as well, with participants suggesting
many uses. Indoor games were mentioned with interactivity integrated into larger areas like
carpets, to enable dance and board games for example. One subject said: ‘I was just thinking
about fun - it could be set up almost like dance steps. Well, Dance Revolution or [...] dance
schools. Brides sometimes will go and learn how to do a waltz or whatever, [...] do it at home’.
Outdoor activities were also mentioned as benefiting from these sensors’ portability, with fabric
versions of board games being a popular choice. Regarding gaming, some participants saw
controllers based on these sensors as more desirable than existing ones, while others preferred
the familiarity and functionality of current controllers, and would use these only for simple
games. One participant observed the fact that upon touch, the pressure was detected as well,
noting that it could be used in game controllers to give more nuance to each key-press. In
addition, VR environments were mentioned, with one participant saying: ‘I'm thinking, [...]
can we do something with VR? So like [...], something [that’s] not controllers. Well with fabric,
it’s [...] easier to put different shapes rather than monitors. And so you can have more control

over environment. And it feels more real.’

- Education: Several participants mentioned potential benefits to education due to several
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qualities of the touch-sensitive fabric. One reason was the low cost of production of these
sensors, compared to some electronic alternatives. They could be used to produce different
electronic tools, such as keyboards, musical instruments, educational games, to be accessible
to children in less affluent areas, or to anyone that wants to learn something new. One user
said: ‘You can have like a very simple piano. So just a quick question on thread itself, I would
imagine it’s not that expensive. So for instance, this thing is definitely a lot less cheaper than
an actual keyboard. So, I would imagine it won’t be that much of a leap to take the signal
from this and turn into an actual interface that detects where your hand is for particular keys,
and then having an application that can actually simulate a piano playing. Yeah. And so
this can then be, you know, for [...] school districts that don’t have a lot of money, but you
still want music lessons’. Moreover, a few participants in one of the groups also considered
these sensors to be more user-friendly than regular electronics, potentially making for more
interesting lessons, and even drawing more people to engage with science and technology. One
user said: ‘Yeah. All in all, it definitely, you know, it’s much more user friendly, and makes
the learning or whatever you going to do more approachable compared to, [...] more technical
devices, [which] are a little bit scary.”. Another agreed with: ‘I think one of the challenges of
science is that everyone just thinks about it, like, oh, how cool or how like, larger life it is. And
I'm like, No, we should find ways to get more approachable, you know, encourage more people

to get into STEM.

- Healthcare and Assistive Technologies: Many groups offered ideas related to this and
related areas. Assistive technologies were mentioned, such as developing a lightweight braille
system. In physical therapy, suggested applications included helping people with disabilities
walk, by using a sensitive insole within shoes or socks to identify gait abnormalities, or similarly,
learning how to properly grip objects. Applications related to posture correction were also
explored, implementable by having sensors on one’s chair which could detect body placement,
and suggests adjustments to the users. Suggestions regarding medical use were also common,

with some participants mentioning monitoring patients’ movements on their hospital bed,
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while taking advantage of the pressure-sensing potential of this technology. One participant
mentioned: ‘But again, this goes back to [...] a patient wearing something like this. So let’s just
say you want to [...] get information on [...] maybe the joints, [...] because maybe the patient
[is] suffering from [...] arthritis [...] or joint issue, right?’ In addition, usability scenarios were
very focused on getting information from patients’ vitals—biorhythm, temperature, galvanic

skin response, blood sugar level.

Design Aspects:

- Unintrusive Design: Participants described the sensor design as ‘simple, predictable [...] in
a good way,” and ‘blending in.”. They appreciated the subtlety of design, which would allow
the sensor to be suitable for different application, including clothing. One participant said:
‘It [...] could detect touching a lot smaller, right, because I'm thinking of using this thread
[-..] inconspicuously on multiple surfaces, and then gather a lot of data there.” Another area
mentioned as benefiting from this quality is medicine, as expressed by one participant: ‘I think,
these days, when it comes to medicine, a lot of people want to focus more on non-invasive,

because it’s less work and also less risk to the patient and the medical practitioners’.

- Design Flexibility: The fact that the yarn can be structured as required by the application
was a point of interest and discussion, which enabled participants to think of different config-
urations for it, being aware of the flexibility of the design process. One participant mentioned:
‘Currently it is [...] said [...] how it is supposed to move, but based on [...] which application
we are using this for, we can change the way it has been designed so that it makes more sense’.
The scalability of the design came across from the ease with which participants would think
of applications that could use a similar design, but have different sizes. Participants inquired
about the distance between the sensing components of the structure. One participant men-
tioned that in confined spaces, such as clothing, he would prefer them to be closer together,
while in larger surfaces, such as furniture or carpets, he would find larger areas of touch more
useful. Participants also inquired about the type and thickness of fabric, differentiating be-

tween use cases. One participant said regarding the ‘Large Touchpad’ ‘I feel like this is more
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like something I would sit on rather than something I would wear.” Personal style was also
mentioned as a factor, with one participant saying: ‘In the black one, I noticed that it’s hard
to see where you’re supposed to be touching versus where the regular fabric is. [...] Yeah, I'd
rather a design where you can see, where it’s kind of like the white and black one, plus my

aesthetic is kind of white and black.’

System and Integration:

- System Minimalism: Overall, participants appreciated the reduced wiring and electronics
associated with the system. One participant saw this system as an alternative to some electron-
ics for soft robotics due to having fewer wires: ‘I was thinking in the lines of soft robotics. |[...]
There we need to [...] conduct the electrical signals, right. And the type of things which we’re
working on, are very soft, like flexible. So, [...] instead of using all these wires [...] we can
use this flexible fiber fabric’. The matching small hardware is also important for portability, in
addition to the fabric component, as mentioned by participants as well. Another participant
suggested adding a few more connection points to increase the touch detection accuracy: ‘So,
potentially having more than just two contacts would be able to improve that resolution, right

and more accurately tell where it is, like, get two more contacts on this side’.

- Integration: An important point that was discussed during the study was how such sensors
could be integrated with existing electronics, such as phones, laptops, Xbox, and PlayStation
devices. One participant commented: ‘You could probably hook that up to a phone easier than
like a hard keyboard. So, if you’re trying to [...] work from your phone, you can have this tiny
fabric keyboard that can roll up easily and [...] write emails, because I know I prefer writing
emails on a keyboard, not my phone’s keyboard’. Another described a use case with phone apps,
which could open up many possibilities: ‘An integration that could be possible with phones like
[...] PokemonGo, as an accessory piece that you can [...] press buttons on, [...] maybe a
bracelet or something that you could attach to your shirt, like cuff links almost, but with this
fabric, to work with apps, so that you don’t have to pull out your phone to [...] navigate on an

app’. In addition, participants were interested in the integration potential of several knitted
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fabrics with different touch-sensitive areas, mainly inspired by the Garage Band controller set.
Smart environments were mentioned, where such sensors would need to be integrated for an

immersive experience.

Concerns and Feasibility

- Touch Detection Accuracy: As expected, it became clear from almost every group that in
order for users to adopt this technology, it had to work accurately and reliably, similarly to
other objects and applications it would emulate. Questions of multi-touch detection were also
raised, and suggestions were made to add more contact points, by adding another yarn. In

addition, multi-touch functionality was mentioned as desired or expected.

- Damage and Safety Concerns: Besides accuracy, safety was a concern in many cases,
including the sensors’ flammability, their electromagnetic field, and generally the participants’
perception of having electronics so closely integrated into clothes. One participant asked: ‘Is
there like a chance, like any remote possibility of an electric shock?’, and similar questions
were not uncommon. Another participant was concerned about such issues caused due to
interaction with water: ‘Well, I worry about the wet. I throw it on the grass and my grass
has dew on it, [...] and somebody’s feet zapped, or their hands zapped. Or is it going to short
out the electronics that it’s connected?” Others worried about maintaining the integrity of
the electronics and any potential fires, with one participant inquiring about ‘melting because
the heat on a polyester material’. Another reason for hesitation was also the potential for
the sensor to easily malfunction, while offering no straightforward ways to troubleshoot, with
one participant commenting: ‘My question would be troubleshooting. [...] So usually [if] my
electronics stop working, I can troubleshoot and kind of try and come down to the solution on
my own [...] I'm not even sure how you would begin troubleshooting. [...] So kind of just like
that idea of if something goes wrong, I don’t know how to fix it’. A few participants were also
concerned about any potential waves emitted from the electronics, and their effects on their
health, with one participant asking: ‘If you are going to use it for clothing, [...] is there any

kind of emissions [...] from the wires inside?’
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- Everyday Use Reliability: ‘What if it gets wet?’ was one of the most frequent questions,
and related inquiries included ‘spillages like coffee or hot water’, and exposure to saltwater,
sweat, and rain. One participant suggested coating the yarn with water-resistant material. A
related concern is that of false positives, with a similar effect to touch, possibly caused by any
conductor in contact with the interactive areas of the sensors. Participants also asked about
the sensor’s capacity to only respond to intentional human touch. They were also interested
to know whether these sensors were robust enough to withstand differing conditions such as
stretching, and laundering, while retaining their properties: ‘Can I throw it in the washing
machine and dryer, if it’s a blanket? Or can I use industrial cleaner on it? If it’s in my car?’,
inquired one participant. Another asked about the limits of their working and their breaking
point: ‘How about long term reliability? I don’t really know that much about like, carbon fiber
and its properties, but for instance, if you were to like fatigue test this and fold it many, many

times, [...] eventually cause problems’.

6.2.5 Summary and Discussion

The results of this formative study indicate considerable interest in furthering this technology, with
participants proposing and being interested in a variety of usability scenarios. Participants’ general
perceptions of touch-sensitive knitted fabric were that this technology is comforting, portable, robust,
and affordable. There were discussions regarding its texture, which was also a point of interest, and
should be considered during application design.

Many applications were mentioned during the discussions, with the most major areas being:
clothing, smart environments, gaming and entertainment, education, and healthcare and assistive
technologies. Prior work has investigated applications of smart textiles in some of these areas, such
as smart homes [152], healthcare [12, 13, 75], wearable devices [144, 153], and accessibility [137, 21].
While users in this study were presented with the basic working principles of this technology, they
were not experts in the field, which led to them occasionally proposing applications that are not
directly possible using this technology in its current state. Examples include medical applications

of gathering information about patients’ vitals, which was an idea suggested by several users. The
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functionality of these sensors is touch detection, and that is dependent on the type of yarn and
circuit design. However, this tendency of the participants is worth noting for future developments,
and for fabric-based sensing that might rely on other technology. Other work in fabric sensors
has investigated such functionalities, such as heart monitoring [12], and joint moments [13] among
others.

Similarly, many applications about monitoring were mentioned, which could be feasible, however
it should be noted that these knitted sensors respond to the proximity of a conductor, which could
be human skin, conductive shoes, or gloves. Another notable aspect of discussions regarding appli-
cations was that many of them would rely on the functionalities of pressure sensitivity and gesture
recognition, among others. Section 6.3 of this work starts exploring this technology’s potential for
gesture recognition. Pressure sensitivity should be investigated in future work, since it also holds
considerable promise for enabling applications.

When asked, users noted several points of hesitation when interacting with this technology. As
expected, touch detection accuracy was one of them, in addition to multi-touch detection. One user
suggested adding more conductive yarn to increase the sensor’s accuracy. In order to accomplish
that however, circuit design compatible with digital knitting, and its current flow without shorting
need to be ensured. Nevertheless, advancements in accurate touch detection and multi-touch are
necessary for the proper functioning of the sensors, and work in previous chapters of this dissertation
has started addressing accurate touch location identification on them. Future work should further
those efforts, and should additionally, investigate multi-touch location identification.

Users also raised sensor damage and safety concerns. Presently, the touch sensing hardware op-
erates at both a low voltage and low current and does not emit significant electromagnetic radiation.
Cursory experiments involving moisture have shown a potential decrease in touch location accuracy,
but no apparent harm when touched, however further experiments should rigorously investigate
those aspects. Additionally, participants discussed everyday usage robustness, such as the sensors’
exposure to water, rain, sweat, or their ability to resist damage from stretching, washing and dry-

ing. These are understandable concerns regarding the real-world scenarios to which such sensors
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would be exposed, if they were integrated in interactive applications. For comprehensive answers to
these questions, specific applications and their needs should be considered as well. The sensors are
expected to behave differently due to exposure to water, especially if it contains electrolytes, such
as in the case of saltwater, sweat, and rainwater. The level of moisture is also expected to impact
the sensor’s conductivity. Electrolyte solutions are conductive, and they can change the current
flow within the circuit, therefore it is important for future work to thoroughly investigating those
aspects. Section 6.4 starts addressing some of everyday use concerns, specifically related to normal

laundering and stretching of the sensors.

6.2.6 Application Design Guidelines

Despite any hesitations or points of discussion, the participants’ enthusiasm to interact with this
technology and desire to use real-world applications based it, opens many opportunities. Based on
these results, I offer some guidelines regarding building interactive applications with touch-sensitive

knitted fabric.

- Participants cared about the texture of the fabric, including the carbon-coated interactive
components, especially when interacting with them to control an application. Some considered
it soft, others not soft enough to use, and there were also views of it not being soft, but
proper for some applications because of that quality. Therefore, when deciding the patterns
of the fabric and related application functionalities, application designers should account for
the sensation that the continuous contact with the interactive components generates. This
consideration should be in accordance with the target user group. In addition, future research
should explore new, softer conductive yarn materials to offer more flexibility in application

design.

- Participants perceived touch-sensitive fabrics as compatible with relaxed environments, or
capable of generating feelings of approachability and comfort. This psychological aspect should
be leveraged when designing applications to add an extra dimension to the user experience.

Since fabric is integrated into everyday objects, such sensors could be useful for creating inviting
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smart environments.

- The flexibility of the design process allows this technology to be suitable for a large variety of
situations and use cases, about which users care. The importance of personal style was noted
in this study, and it has already been established in literature [56, 44, 30]. Therefore, users
should have a variety of choices, at least regarding colors, sizes and patterns to match their
preferences. Such choices can be easily accommodated through the streamlined manufacturing

process that requires little-to-no human intervention.

- Other related considerations for application designers should be the fabric’ size, its thickness,
and the balance between flexibility and sturdiness, as they relate to the applications for which
the sensor is designed. For example, users would probably prefer to wear fabrics that are flexible
and choose sturdier ones for carpets. Similar considerations have also been investigated in prior

work [102, 94].

- These sensors’ low profile and unintrusive design could be an important aspect in applications

that would benefit from discreet interactions.

- In addition to novel applications, or applications that replace existing technology, fabric sensors
can be developed to be used alongside existing technology, but in different contexts. Examples
include fabric musical instruments useful for travelling or practice, and relevant due to qualities

such as portability or affordability, but not replacing those instruments.

- Virtual and augmented reality (VR/AR) applications are a direction which should also be
explored, since touch-sensing knitted fabric can provide more control over the environment
than regular controllers. Such fabrics can be the basis of constructing entire environments,
since the shapes of both objects and their interactive components can be flexible, and easily
modified. Due to the fabric softness compared to hard electronics, such an implementation
could be a safer alternative, since in these settings, especially in VR, users might be less aware

of their real environments.
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- Additionally, children and the elderly could be particularly suitable target groups for interac-
tions relying on this technology. The sensors’ softness and robustness could offer protection
from accidental harm. Previous work, for example, has explored playable surfaces for autistic

children [100, 137, 21].

- These sensors were specifically designed to have the smallest number of connections that could
create a circuit, in order to increase their usability and robustness [133]. Further research
should investigate the necessary number of connections per design pattern and application
type. However, the ability of sensors produced using this technology with minimal wiring and
connections, to easily connect to each-other, as well as external hardware, is an important
feature which could facilitate their adoption. Future applications should keep easy integration

and modularity at the forefront of their design strategies.

- Since damage and safety concerns were raised from the participants, once all have been properly
investigated and addressed, they should also be clearly communicated to the end users. It is
important not only for the technology itself to be safe, but also for users to perceive it as such
and be able to trust it, in order for them to freely interact with it and integrate it as part of

their everyday environments.

6.3 Gesture Representation

One of the main capabilities that this technology has the power to enable is gesture recognition,
which was also mentioned as expected or desired by the users in the formative study above. This
section explores the representation of swipes on the Volume Controller sensor (fig. 6.4), designed to
be intuitive for such gestures. Three related swipe gestures are included, as well as a fourth class
of gestures to represent accidental touch events during everyday use. In order to investigate the
quality of the generated signal, I compute the similarity between different gesture representations
by computing the pairwise distance between all samples, as in section 4.7 [132] above. In order for
this technology to show promise and feasibility, different samples of the same gesture type should

be more similar to each-other than signal samples produced by different gestures. Additionally, the
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Full Swipe Half Swipe Double Swipe
A B A B A B
(a) (b) (c)

Figure 6.4: Experimental setup including the swipe gesture illustrations which participants were
shown, corresponding to the gestures categories: (a): full swipe gesture, (b): half swipe gesture, and
(d): double swipe gesture. An example of the last category, random contact, is shown in (d), together
with the data collecting hardware. Gestures varied for that category, since participants were not shown
a particular motion trajectory, as in (a), (b), and (¢) — some examples were mentioned to them,
and they were informed of the types of situations that might generate accidental touch events. These
illustrations were produced at CFF [3].

signal response of accidental touch events should be different from that of intentional gestures.

6.3.1 Experimental Procedure

To investigate if basic gestures can, in future iterations, be distinguished on this sensor, data from 12
users was collected. The sensing hardware and signal processing method are the same as those de-
scribed in section 5.2.1. The hardware uses an NXP Kinetis® MK66 ARM® Cortex®-M4F180 MHz
microprocessor (PJRC Teensy 3.6 development board). Bode analysis [18], a system identification
approach used to characterize the behavior of an unknown system, given controlled inputs, is also
used for characterization of the signal, as in section 5.2.1. Two 16-bit analog-to-digital converters
(ADCs) synchronized with the DAC sample the output waveform at approximately 256k samples-
per-second in 1024-point increments. Fast-Fourier Transforms of the samples were processed using
the ARM CMSIS DSP library complex FFT function [72]. Ninety six frequencies between fo = 2,000
Hz and f; = 26,000 Hz were input for a duration of ¢ty = 0 seconds to ¢; = 0.004 seconds. To char-
acterize the system response during data analysis, the gain values of all recorded frequencies are
used, for a total of 192 values per record window, which is 250 time-steps long.

Participants were asked to perform four different types of gestures: full swipes, half swipes, double

swipes, and random contact. Each participant was asked to perform 20 repetitions of each of the
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mentioned gesture with a single finger, but with varying speeds (max 4 seconds) and pressure. These
gestures are illustrated in fig. 6.4. For the random contact gesture class, participants were asked to
imagine the sensor integrated into clothes or furniture, and perform gestures to depict accidental
touch while interacting with them in daily life. In this case, multiple location and finger gestures
were collected. Some examples of random contact gestures are: multiple taps, brushing across the
sensor, or resting one’s palm, wrist or elbow on the sensor. A total of 240 samples were collected

for each of the 4 classes from all participants.

(a) Full Swipe (b) Half Swipe (c) Double Swipe (d) Random Contact
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Figure 6.5: The representation of a swipe gesture using voltage gains from two signals over time.
Each plot column contains 20 instances of swiping across the volume controller to perform the same
gesture, obtained from one participant. The top row visualizes the A and B voltage gains over a 4
second duration. The bottom row contains a flattened view of the A and B voltage gains throughout
the duration of each gesture overlaid on a grid depicting the linear location and capacitance mapping,.
These plots illustrate three similar but different swipe gestures and accidental touch events: (a) a
single swipe across the volume controller, (b) a swipe that stops halfway across the controller, (¢) a
double swipe, starting by the swipe in (a) and then continuing in the reverse direction of it, (d) contact
emulating accidental touch events. These plots were produced in collaboration with CFI [3].

6.3.2 Data Analysis

The plots in fig. 6.5 illustrate gesture signals captured as explained above. The data was collected
from one participant performing the four different gesture types, 20 times each, and is meant to

provide an intuitive understanding of the trajectory of the signal expressed as two gain values over
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time. We can see that samples of the same gesture type follow a very similar path, more clearly
shown in the top plots. The bottom plots illustrate how different gestures follow distinct trajectories
from each-other. Even random contact samples, emulating accidental touch events, seem to be more
similar to each-other than to the swipe gestures.

Next, I perform a comprehensive analysis of all the samples in the dataset. In order to measure
the similarity relationship of different gesture samples belonging to the gesture type, as compared to
samples that belong to different gestures, the pairwise distance for every sample pair in the dataset
is computed, similarly to section 4.7. A 4 X 4 matrix is generated, where both rows and columns
indicate the type of gesture: single full swipe, half swipe, double swipe, and random contact. Each
gesture sample is associated with its label, and when two samples are compared to each other, a
scalar value that represents their distance is produced. That value is added to the matrix in position
(m,n), where m and n denote the label of the first and second samples being compared, respectively.
I use the Euclidean Levenenshtein Distance (ELD), introduced in section 4.5, as a distance metric,
in order to calculate the similarity between two gesture samples.

ELD is a distance metric which is a modified version of Levenshtein Distance [82] and uses a
similar concept to it in that it performs a pairwise comparison of two sequences, in this case consisting
of gain values in a gesture sample. Within a gesture sample, the gain values are temporally related
and the voltage discharge during touch is a process with a relatively pre-defined trajectory, therefore
each gesture sample can be considered a sequence. If two gesture samples are compared sample-by-
sample, the resulting ELD is a measure of similarity between them. A smaller distance indicates

higher levels of similarity, since converting one gesture sample into the other would cost less.

6.3.3 Sample Similarity Results

The generated heatmap, illustrated in fig. 6.6, has a size of 4 x 4, where each cell in either direction
corresponds to a gesture type. Each element of the heatmaps’ diagonals is composed of the sum
of such distances of different samples of gestures of the same class, while the rest of the elements
result from sums of distances of gestures of different classes. It can be noted that the diagonal,

which reflects distances of gesture samples of the same type, is composed of lower values compared
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to distances of samples of different swipe gestures. This means that there is less similarity among
different-type gesture samples and more similarity among samples belonging to the same gesture.
Additionally, I compute some statistical measures on the resulting distance matrix to gain more

insight into what the data means. Two groups are investigated:
1. The distances between same-type samples, encoded in the heatmap diagonal.
2. The distances between different-type samples, encoded in the rest of the heatmap.

The f-statistic and its associated p-value, py, resulting from a one-way ANOVA are recorded,
as well as the z-score, and its associated p-value, p,. These inferential statistical tests measure
separability of groups. The lower each p-value is, the more significant are the group differences
considered. A p-value < 0.05 is generally accepted to mean that the difference between the groups
in the data is statistically significant. Results in table 6.2 show that both py and p, are equal to
0.00, which means that there is an estimated 0% probability of the differences between our two
groups having occurred by chance. These values, together with the heatmap in fig. 6.6, suggest that
the gesture representations of the same type are similar to each-other and different from samples

produced by gestures of different types.

. 316000
&
312000
AR
&° 308000 . .. .
Table 6.2: Statistical significance of simi-
larity matrix results. These values suggest
& 30000 that the difference between group (1) and
group (2) comparisons is significant.
300000
e
o 296000 f — stat Df z — score D=

231.81  0.00 -15.23 0.00

Figure 6.6: Heatmap indicating gesture dis-
tances, computed using the sum of Fuclidean Lev-
enshtein Distance of all gesture sample pairwise
comparisons. Gesture samples of the same type
are more similar to each-other than samples from
different gesture types.
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These results are encouraging since it seems, it is not only possible to distinguish among different
types of swipes, which are gestures closely related to each-other, but also accidental touch events.
From fig. 6.6, it can be seen that even gestures in the random touch class have the potential to be
categorized together in future applications. For those gestures, as mentioned, participants were not
specifically directed to trace a particular trajectory, but to emulate accidental touch events on the
sensor. These results hold promise for creating gesture recognizing applications built on the basis of
this technology. However, since these sensors would need to operate in the real world, they should be

able to resist different types of potential distortion. The section below starts to explore this aspect.

6.4 Robustness to Distortions

In addition to creating models for high-accuracy touch location identification, exploring gesture
recognition, and users’ views regarding these sensors, it is also important to understand how robust
they are when exposed to possibly disruptive everyday conditions. Sources of distortion in real-
world environments can be many, however, in this section two are explored: sensor laundering and

stretching. They were selected as intrinsically tied to the nature of fabric and its functionality.

6.4.1 Washing and Drying

Many applications for which these sensors were designed, and many of the ones discussed in the
focus group above are wearable, which means that the fabric component of each sensor would need
to be washed, for appropriate use in real-world settings. The integrity of the sensors after undergoing
normal washing and drying was a concern that participants also mentioned. Several washing and
drying tests were conducted to study any potential changes in resistance of the knitted sensor, which

would affect their properties.

Methods

Three sensors were tested, illustrated in fig. 6.7(a): the Volume Slider, the Single Button Controller,
and the Media Control Buttons. These sensors were selected to provide variety regarding their size
and the structure of their interactive components. They were washed according to the American

Association of Textile Chemists and Colorists (AATCC) Laboratory Procedure 1-2018 Home Laun-
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Figure 6.7: In (a), we can see the samples that underwent 5 cycles of washing and drying. In (b), the
change in resistance values of those sensors across all cycles is shown. The y-axis values are calculated
as the rate between the trial and baseline resistance values. These results demonstrate that there is
only a slight decrease in the resistance values after undergoing washing and drying [3].

dering: Machine Washing protocol [1]. It specifies a 35—minute wash duration with 1.8 kg of laundry
and 66 £ 1 g of detergent, and a standard tumble drying protocol, with a 68 + 6°C temperature.
This protocol was considered appropriate for everyday laundering of clothing.

Five cycles of washing and drying were completed using an industrial On-Premise Laundry (OPL)
Wascomat WUD718cc washer, a Purex liquid detergent, and a Wascomat D735 dryer. It is worth
noting that these sensors had been washed and dried before these experiments, in addition to being
steamed, as part of their manufacturing process. Baseline resistance measurements (b) were recorded
before the testing began. Following this, measurements were taken after each washing and drying
cycle d,, (where n = 1 to 5 cycle number), resulting in 6 measurements in total per sensor. For the
Media Control Buttons sensor, measurements were also taken between components of the sensor,
in order to obtain a better understanding of the internal sensor structure integrity. For each test,
the percent change in resistance between the baseline measurements and measurements after each
washing and drying cycle was calculated as %AR . q,) = (Ra, — Rp)/Rp. In this case, Rq, stands

th washing and drying cycle,

for the resistance value between the endpoints of the sensor after the n~
and Ry for the baseline resistance value between those same endpoints, before any of the washing

and drying cycles recorded. For each measurement, 100 samples were collected using a Keysight
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34465A digital multi-meter, and their mean is reported as the measurement value.

Results

Table 6.3: The percent change in resistance %AR between the baseline b and each test d,, is reported.
The resistance is measured between the two yarn endpoints of each sensor. These results show that the
resistance values after each washing and drying cycle are within 7% of the baseline.

| %AR@ba)  %ARway %ARpay %ARwpay %ARp.s)

Single-Button Controller —0.14% —2.48% —2.42% —3.44% —0.90%
Volume Controller —0.92% -3.15% —2.96% —5.94% —5.93%
Media Control Buttons 1.09% —-2.35% —2.88% —6.88% —4.03%

Results from the washing and drying trials of all three sensors are included in fig. 6.7(b) and ta-
ble 6.3. Figure 6.7(b) shows how the resistance changes from the baseline after each washing and
drying cycle for the three sensors in this test. There is a slight downward trend of the resistance
between the first and last trials. Table 6.3 calculates the percent change in resistance between each
trial and the baseline, with changes ranging from approximately 0% to 7%. More extensive tests
should be run with such sensors to quantify the amount of change in resistance due to launder-
ing, and subsequently those changes need to be incorporated into the models which enable their

fundamental working for later use in interactive systems.

In addition, fig. 6.8 and table 6.4 show the change in re-
sistance between different points in the sensor, calculated be-

tween the baseline, b test and the last washing and drying test,

db. The visible interactive components in the Media Control

Buttons are designed with the conductive yarn knitted closely

Figure 6.8: Sketch of the Me-
dia Control Buttons sensor, annotated
with points along which the resistance
was measured. The red lines show the running within the fabric substrate, which are also part of the

unexposed carbon-coated yarn in the
textile. circuit. Measurements were taken from point A, an endpoint

together, and between the components, there are connections

of the carbon-coated yarn, to every point where the conductive
yarn enters (pl, p3,p5) or exits (p2,p4, p6) an interactive component, until reaching the other yarn

endpoint B. The reported results show a cumulative effect of the resistance of the hidden and visible
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conductive components from A to B. The resistance measures indicate more change in the unex-
posed conductive yarn connections compared to the rest of the components, possibly due to them
being more resistive than the rest of the components, since the current path is not as widely spread
as the bigger interactive components. Knitting a bigger area with conductive material decreases
its resistance, allowing more current to flow through it. Further studies need to investigate these
relationships to predict the sensor’s and its components’ behaviour after several cycles of washing
and drying. Nevertheless, the most prominent changes reported here are still within 6% compared
to the baseline, which is in line with the results from table 6.3.
Table 6.4: The percent change in resistance (%AR) values between the baseline (b) and the last

washing and drying (d5) test. These results are reported for measurements across and between visible
sensor components.

| [Ap1]  [Ap2] [Ap3]  [Apd]  [Ap5]  [A,p6]  [A, B
%ARpas | —5.81% 0.20% —231% —1.66% —5.75% —3.29% —4.03%

Together, these results demonstrate that there are slight changes in the resistance values of the
sensors, due to washing and drying, but these changes are bounded and predictable, indicating sensor
robustness. They should be taken into consideration however, when creating location identification

or gesture recognition models, such that interactive applications can be reliably built upon them.

6.4.2 Sensor Stretching

Stretchability is another inherent property of knitted fabric, therefore its effect needs to be considered
on the knitted sensor circuits. This experiment, similarly to the above, considers the change in
resistance due to a potential distortion, which, in this case is stretching of the sensor. Two cases are
investigated: vertical V', and horizontal H stretching of the sensor. Additionally, a baseline state b

is measured, while the sensor is not being stretched.

Methods

Similarly to the experiment above, for each measurement, 100 samples are recorded using a Keysight
34465A digital multi-meter and their mean is reported as the measurement value. For this experi-

ment, three sensors were used, illustrated in fig. 6.9(a): the Keyboard, the Media Control Buttons,
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Figure 6.9: In (a), we can see the samples that were used for the horizontal and vertical stretch tests.
In (b), the change in resistance values of those sensors over the 100 consecutive collected samples is
shown. The solid lines show the resistance values over time, while the dotted lines, the average for
that sensor’s samples. The y-axis values are calculated as the rate between the sample and baseline
resistance values [3].

and the Slider Controller. For each test case, the sensor was manually stretched in one direction
and allowed to revert back to its natural position. This happened continuously over the 4 seconds
during which the 100 samples were being recorded. Figure 6.9(b) shows the resistance values during
the horizontal and vertical stretch test for the three samples, and table 6.5 summarizes it, by report-
ing the maximum and average change in resistance during stretching as compared to the baseline,

calculated over the 100 sample points per test.

Results

The changes observed depend on the shape of the sensors and the carbon-coated yarn pattern. From
these results, we can see that the changes in the Slider Controller were the most consistently low,
possibly due to the fabric’s large size and thicker, sturdier construction. The two smaller, thinner
samples showed more variability, with the maximum change in resistance being the Keyboard sensor
stretched horizontally, at 27%. While these samples get stretched, the structure of the circuit changes
as air gets in between the yarn loops, affecting current flow across the conductive areas, which could
explain these results. Nevertheless, future work should explore these aspects more. Also, more

rigorous stretch testing, such as incrementally increasing the amount of force applied and measuring
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the change in resistance, would help clarify this phenomenon.

Table 6.5: The percent change in resistance %AR between the baseline and each of the two stretch
tests (horizontal, H and wvertical, V) is reported. Figure 6.9(a) shows the three sensors used for this
experiment. The resistance is measured between the two yarn endpoints of each sensor. The maximum
and average changes in resistance are reported.

| %ARmaz(V)  %ARavg(V)  %ARmaz(H)  %ARavg(H)

Slider Controller 3.61% 2.73% 3.54% 1.77%
Media Control Buttons 11.81% 6.90% 13.12% 7.21%
Keyboard 11.92% 5.04% 27.09% 9.34%

6.5 Conclusion

The work in this chapter focused on exploring user perceptions of touch-sensitive knitted fabrics
in general, and knitted capacitive sensors constructed using one conductive yarn and two external
connections in particular. By conducting a formative study and performing thematic analysis on the
collected data, I summarized users’ sentiments, discussed potential applications and their feasibility,
investigated the relationship between choices in design patterns, system construction, and expected
sensor functionality, and explored user concerns and suggestions. These results indicate that there is
considerable potential for this sensing technology to enable interactive applications and be seamlessly
and organically integrated into users’ lives. Subsequently, based on these findings, I offer several
suggestions for future interaction design based on touch-sensitive knitted fabric. Furthermore, some
salient user concerns related to the sensors’ performance in the real world started to be addressed
through another user study and two experiments.

The ability of the Volume Controller sensor to represent simple swipes with high fidelity was
investigated. Experimental results indicate that it is possible to differentiate among different ges-
tures, as well as accidental touch events, which are common in daily life. They demonstrate that
gestures of the same type are more similar to each other than gestures of different types, indicating
potential in building gesture recognition systems on these sensors. Two more experiments measuring
the sensors’ resistance values were conducted: a washing and drying test, and a stretching test. The
sensor resistance value is related to its circuit design and affects the data that can be output from

the sensor. A stable resistance value is an important factor for building a reliable sensing system.
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Results from both experiments indicate robustness in the resistance measurements.

Several aspects of this technology need to be explored and developed, including accurate multi-
touch and gesture recognition on any sensor design pattern, which is a considerable undertaking.
More experiments need to be conducted while these sensors are being used as intended by different
applications in the real world. Further qualitative user studies need to address more focused aspects
of the design, integration, and their usability potential. Nevertheless, through the user studies and
experiments presented here, we have moved closer to having knitted smart sensors ubiquitously
integrated into everyday environments, similarly to regular fabric. The next chapter finalizes the
contribution of this work by more fundamentally exploring the construction of a high-accuracy

gesture recognition system, upon which many applications can be constructed.
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Chapter 7: Gesture Recognition

7.1 Introduction

Innovation based on fabric sensors has the potential to enable many interactive applications. Through
machine learning, the work in this chapter advances gesture recognition in capacitive knitted sensors,
designed to rely on one conductive yarn and few external connections. The ultimate goal in devel-
oping the underlying technology of these sensors is allowing them to behave like fabric in the real
world [40], while producing accurate real-time outputs that model complex behavior, upon which it
is possible to develop interactive applications.

The recognition model relies on a combination of Convolutional Neural Networks (CNN) and
Long Short-Term Memory (LSTM) neural network architectures to capture the important aspects
of the signal generated from different gestures. CNNs learn local relationships, while LSTMs focus
on the sequential aspect of the time series signal data. This work, in chapter 4 and chapter 5, has
explored accurate touch location identification on a 36-button knitted touchpad, which uses the
same design principles and construction process. However, those systems still do not offer gesture
recognition capabilities. In addition, chapter 6, using the FLD metric, started investigating the
capability of this technology for gesture recognition, and showed that it is possible to differentiate
among gestures of different types on a knitted sensor relying on one conductive yarn. However,
first, the gestures explored were only three different swipe types, in addition to gestures emulating
accidental touch events, and second, they were relatively simple. Moreover, no gesture recognition
was performed in the chapter 6 exploration.

This chapter builds the foundations for creating an interactive gesture recognition system, with
the potential to enable many applications. A sensor pattern is introduced, which is designed through
programmatically routing the carbon-fiber yarn for gesture input, containing one solid sensing area
and 4 electrodes to connect to external hardware. I present a supervised CNN-LSTM neural network

model to classify 12 relatively complex gestures performed on a knitted sensor, which are a subset
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(a)

Figure 7.1: Knitted sensors for gesture recognition, constructed with carbon-coated nylon yarn (darker
rectangular regions) and polyester yarn [3]. (a): A knitted sensor with four electrodes attached cap-
turing gesture information. (b): Components to construct future real-time gesture recognition systems:
an NVIDIA® Jetson Xavier™ NX Developer Kit hosting a trained model, a micro-controller for sig-
nal generation and processing, and the knitted sensor for gesture input. The knitted component is a
similarly designed and constructed sensor as in (a), but with three smaller conductive areas. (c¢): The
same knitted sensor shown in (b) being worn.

of the characters of English language. In addition, this chapter introduces and explains results
from three user studies for training, evaluation of the model under normal lab conditions, and
evaluation of the model while the sensor is being worn. Finally, to get closer to real-world use,
results from an experiment investigating the effect of washing and drying on the sensor’s resistance
are presented. The resistance of a sensor is an important property related to its circuit design
and ultimately trained machine learning model. These advancements demonstrate the viability of
low-profile, flexible knitted sensors for real-world use, through a gesture recognition model offering
90% subject-independent accuracy, while chance is 8.3%, and lightweight, portable hardware for
deployment. Through empirical evaluation, this system shows robustness under some potential
sources of distortion.

In the section below, the gesture recognition system is introduced, composed of the knitted
component, signal measurement circuit, signal processing pipeline, the gesture recognition model,
and the deployment hardware. The user studies, in the successive section, serve to collect data for
training the model, and to evaluate its stability with new data. Next, the applicability of this work
in the real world is explored, by furthering its technical evaluations and discussing the necessary
processes and components to build applications relying on the gesture recognition capabilities of such

a system. Following these explorations, the remaining sections provide more context, limitations,
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and future directions.

7.2 System Design

This section describes the gesture recognition system, composed of a few main components: the knit-
ted fabric containing conductive and non-conductive yarn, the measurement hardware and circuit,
the algorithmic components which produce a trained machine learning model, and ultimately the
NVIDIA® Jetson Xavier™ NX, a powerful embedded system-on-module (SoM) on which the model
is deployed. Currently, signal generation, acquisition, and processing occur offline through the use
of an arbitrary waveform generator and digital oscilloscope. After the data from multiple users is
collected, I train a classification model to distinguish among 12 different gestures. Subsequently, the
model is deployed on the embedded CPU and its ability to recognize a gesture event in real-time is
tested. In the future, signal generation, acquisition, and pre-processing should be performed on a
standalone embedded micro-processor, capable of communicating with the embedded CPU, which
would allow this system to be fully portable, while providing real-time interaction.

The selected gestures are the alphanumeric characters: °3°, ’5°, ’I', °J°, °L°) "M’, ’O°, ’S’, 'V’
"W, °Z’, with the addition of character '?”. All of these gestures can be performed in one motion
and have a distinct onset and offset. Some are more basic, such as ’I’, others more complex,
such as "%’ and some gestures are more similar to each other, such as ’5” and ’S’, which could
cause incorrect classification. This character subset contains the basic motions upon which other
alphanumeric characters can be built. This choice of several alphanumeric characters serves to
strike a balance between prototyping this system, and the complexity it has the potential to offer.
Instead of testing its recognition ability with more basic gestures, such as taps and directional
swipes, a more comprehensive set was selected, including gestures with curvatures, to explore the
limits of its capabilities. On the other hand, including the whole alphanumeric character set of
the English language would increase its complexity even more, requiring more training data. It is
worth noting that the focus of this work is not the specific application, but the gesture-enabling
technology illustrated through some examples. Ultimately, a recognition model capable of detecting

numbers and the letters of the alphabet could be built, which could serve as a communication system.
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This system is a first step in that direction, but more generally, it unlocks the potential of gesture
recognition on knitted sensors with many possible applications. Below its components are described

in more detail.

4™ =Conductive: = >
Cmmmmmm=,

< = ~Conductives = o
Non-conductive™ g
LE T TR ]

/4

‘-------.
.-------‘
- prEEEEEae

amEEEE g

Figure 7.2: Diagrams of the knitted touchpad designs, produced at CFF [3]. (a): A single-wire
touchpad created using conductive and non-conductive yarns that serpentine across the textile surface.
The points A and B connect to external sensing hardware. (b): A touchpad created as a planar
conductive area with four connections points, A, B, C and D.

7.2.1 Knitted Sensor

The knitted sensor design introduced is a continuous conductive rectangular sensing area, con-
structed using one conductive yarn and four electrode connections points, illustrated in fig. 7.2(b).
The yarn used is outwardly conductive, since it is composed of carbon-suffused nylon, and forms
a resistive mesh when knitted. The inter-row yarn loop connections form an approximate uniform
resistance gradient across the planar surface. This property is beneficial to measuring touch gesture
as the resistance gradient is uniform in all directions. Touch location and capacitance magnitude
are inferred through voltage measurements recorded at the corner locations. Capacitive touch draws
current from the current sources attached at the corners, which affect the differential charge of the
circuit (fig. 7.3(a)).

Patterns which have been used in this work so far, developed in previous work, and described
in section 2.1.2, as seen in fig. 7.2(a), utilize a single linear conductive pathway that covers a planar
area while following the serpentine pathway of weft knitting. In those sensors, location is inferred as
a linear distance along the pathway mapped along a 2-dimensional surface. Their circuit requires two

connections at the endpoints of the pathway (A and B). This design strategy reduces the dimension of
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the measured voltage outputs to what is required to decouple linear touch location and capacitance,
and improves the simplicity of connecting the textile to measurement hardware. This strategy
could be helpful for inferring static touch location or simple swipe gestures, but it is non-ideal for
inferring complex gesture pathways across the surface of the sensor. The measured output response
is non-uniform between geometrically adjacent touch-points which complicates precise localization.
Additionally, touch-points are spaced apart into a sparse sensitive area to prevent shunting when two
or more touch-points are contacted. This spacing induces loss of contact when touch is transferred
to another location, thus breaking the gesture’s continuity.

Arbitrary Waveform Digital Oscilloscope Measured Planar Gesture Gain Data
Generator Sample Number
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Figure 7.3: Illustrations of the measurement circuit and example recorded gesture data, produced
at CFF [3]. (a): Illustration of the measurement circuit and resistor-capacitor network circuit formed
during touch. (b): Plot of example measured data showing the changes in gain measurement during
onset, gesture, and offset.

7.2.2 Measurement Circuit

The capacitive touch circuit formed by the planar conductive area is modeled as a mesh resistor-
capacitor ladder network. Figure 7.3(a) illustrates the circuit diagrams of the resistances formed
between the location of touch and the sensing points (A4, B, C, D), represented as a star graph. The
values of the resistances vary depending on touch location. The value C; represents the magnitude

of capacitance induced by touch, which is used as a pseudo-pressure. The voltage measurement
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Cpp,) which affect the
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voltages at the measurement locations. The excitation waveform passes through current-limiting
resistors (Ra, Rp, Rc, Rp) that reduce the current entering and exiting the fabric, which allows
voltage measurements to be discerned.

An example gesture and processed measurement are shown in fig. 7.3(b). Figure 7.4 further
explains the waveform processing steps. All measured gestures consist of a distinct touch onset,
gesture action, and touch offset. During onset, the measured waveform gains decrease due to the
increase in touch capacitance. The gain at each measurement point attenuates as a function of
touch location, where attenuation increases as touch proximity increases. This phenomenon can be
seen during the gesture action, where the motion trajectory and gain attenuation pf each sensing
point correlate. Once the gesture is complete, the offset action returns the gain measurements to a
baseline.

Waveform generation and acquisition are performed using a Keysight 33622A arbitrary waveform
generator and a Keysight MSO-X-3024T oscilloscope. The waveform generator produces a 2 MHz
sine wave used as input to the circuit (output 1) and 250 Hz square wave used to trigger oscilloscope
sampling (output 2). The sine wave passes through current-limiting resistors attached to the four
corners of the fabric circuit. The resistance values are approximately equal to the touchpad resistance
of 4 kOhm/sq. A parasitic capacitance of approximately 60 pF is observed at each measurement
point. Gesture data is collected over the span of 1 second at a rate of 250 frames per second. Each
frame window consists of approximately 4000 samples collected at 625 MSamples/s. The frames
are processed using Bode analysis to return the magnitude ratio (gain) of the input and measured
waveforms. The output data is of dimension 250 x 4 corresponding to the 250 measurement frames

and 4 measurement channels.

7.2.3 Signal Filtering

After the data is captured by the four electrodes as changes of gain values over time, a baseline
event is subtracted, captured while no gesture was being performed on the knitted touchpad. The
purpose of baseline subtraction is to remove any elements of the representation that stay the same

across different measurements, therefore highlighting the differences between gestures, which makes
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classification easier.
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Figure 7.4: Diagram of the data processing pipeline, produced at CFF [3]: The waveform data is
sampled in segmented record windows over the duration of the gesture. The FFT of the window is
processed and the magnitude of the bin at the input frequency is used to determine the window gain.
The measured baseline gain is subtracted from the gesture gain data and a wavelet transform is applied
to smooth high-frequency changes.

Subsequently, in order to further reduce noise from the signal, I filter it using wavelet transform,
a powerful and flexible analytic tool which allows us to obtain signal information from both its time
and frequency domains. It does not only indicate which frequencies are present in the signal, like
Fourier Transform, but also when those frequencies occur in time. Wavelet Transform achieves this
by calculated compromises: by low frequencies having a high resolution in the frequency domain,
and low resolution in the time domain; and high frequencies having a low resolution in the frequency
domain, and high resolution in the time domain. Wavelet Transform analyses the signal in different
scales: first, working with larger windows of the signal for elements stretched in time, like low
frequencies. Then, after that information is acquired, we can progressively make the window of
interest smaller to look for information in those scales. As we shrink the window, we lose the ability

to capture low frequencies, however, that information should have been obtained in the previous
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step. Ultimately, we are able to use the collected information from different scales to reconstruct
the signal.

In order to filter the signal, the signal is first deconstructed through a Symlet mother wavelet with
4 vanishing moments. After having obtained all the elements necessary for reconstruction through
analysis at different levels, the signal is reconstructed using only a subset of them. Typically, the
higher frequencies correspond to noise, so they are removed. For this analysis, only the first 4 levels
of components are retained. These settings were selected such that noise is removed, but the filtered
signal follows the original closely. Figure 7.4 illustrates an example of the original signal after the
baseline has been subtracted, as explained above, together with its filtered version through wavelet

reconstruction.

7.2.4 Neural Network Architecture

The neural network architecture used to build the recognition model relies on a combination of
CNNs and LSTMs. Deep learning is chosen over traditional machine learning techniques based
on the strengths that both CNNs and LSTMs have shown in representing time-series signal data.
Additionally, these networks automatically capture the important aspects of the data without need-
ing feature construction, typically required by most non-neural network algorithms to represent a
time-series signal.

The neural network takes as an input the data after being processed as described above. The
architecture, illustrated in fig. 7.5, starts with a one-dimensional convolution layer with a rectified
linear unit (ReLU) activation function, followed by a batch normalization layer and a dropout layer
for regularization purposes. It continues with another one-dimensional convolution layer, again
with an ReLLU activation function, followed by a max-pooling layer. The function of convolution is
capturing local features at different scales in the signal. Subsequently, three layers of LSTM cells
follow, each with a hidden size of 100. LSTMs have been widely used for sequential data analysis,
including time-series signal data, since they capture the signal’s temporal dependencies. Among
recurrent layer variants, they are chosen since they are capable of handling long-term dependencies

in sequential data [50, 126].
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Figure 7.5: CNN-LSTM neural network architecture: the four-signal representation of a gesture
event is used as an input after filtering, and the output is a predicted gesture category. The CNN
component captures spatial relationships in the signal pattern, while the LSTM component models
time-dependency. Figure produced in collaboration with CFF [3].

Each input to the system consists of one gesture event as captured by the four electrodes con-
nected to the sensor, and after being transformed to filtered frequency gain values. The sequence
is 250 time steps long, and there are 4 values per time step, corresponding to an input layer of size
4 to the neural network. The temporally-related frequency gain values are transformed to one of
12 possible gesture classes through a 12-output linear layer at the end of the network. In order for
the network to predict a correct gesture, it needs to be trained with user data, an aspect discussed

in section 7.3 and section 7.4, together with the training hyper-parameter choices.

7.2.5 Model Deployment

For an interactive system, after the above architecture is used for training, the resulting model needs
to be deployed to lightweight hardware. A NVIDIA® Jetson Xavier™ NX Developer Kit (fig. 7.6),

running Ubuntu 18.04 with 8GB of RAM, a 6-core NVIDIA Carmel ARM CPU, and a NVIDIA
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Volta GPU, is used for gesture classification (table 7.1). The NVIDIA board’s ability to do fast
parallel math is important, as it allows running pre-trained models. In addition, its form factor is
relatively compact, an important feature for many of the potential applications of the sensor.

Currently, the data used as the model input is a .csv file containing one user-captured touchpad
gesture. First, the baseline readings are subtracted and waveform filtering is performed to prepare
the data for evaluation. Subsequently, the resulting waveform is input to the model for classification.
The model then returns its prediction as an output, which is one of the 12 gesture classes.

In the future, the model deployment should be adapted to handle continuous or real-time sig-
nal classification, as opposed to only pre-recorded discrete signals. A barrier to real-time signal
classification is the practical lack of hardware that can perform the signal generation, acquisition,
and filtering at the speeds necessary to continuously supply the system with new inputs. Custom
hardware would be able to stream the acquired signal to the NVIDIA Jetson board for classifica-
tion. Once the Jetson board would acquire the signal, it would need to parse it to isolate individual
gesture windows, since the model would have been trained on inputs containing only a single ges-
ture. An additional model may be necessary to accurately distinguish gestures. The main gesture

classification model could then take gestures as inputs as they are returned from the parser.

Table 7.1: Hardware Specifications

GPU | NVIDIA Volta Architecture with 384 CUDA

cores and 48 Tensor cores

CPU | 6-core NVIDIA Carmel ARM Processor

RAM | 8GB LPDDR4x
Figure 7.6: NVIDIA Jetson Xavier
NX Developer Kit [4]

Size 70 mm x 45 mm

7.3 Experiments

In order to train the neural network models, user data is required, which was collected using the
circuit described in section 7.2.2. A touchpad sensor like the one shown in fig. 7.7(a) was used,

connected to a Keysight 66322A Series Waveform Generator and a Keysight InfiniiVision MSO-X
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3024T mixed signal Oscilloscope, for signal generation and acquisition respectively. A group of 8
total college-age subjects participated in data collection. All participants were in good health. For
a single trial, participants drew one of the 12 gestures included in the study onto the touchpad
sensor, as the oscilloscope was capturing the resulting waveform. The gesture pathways captured
are illustrated in fig. 7.7(b). For each gesture, a baseline reading was also captured without any
input to the touchpad, to be further used for data processing as described in section 7.2.3. A few
of the subjects completed trials over different sittings. In those cases, a baseline measurement was
taken for each sitting to account for outside conditions.

Training was accomplished using leave-one-out cross validation for each of 5 subjects. Addition-
ally, I evaluated the performance of the trained models, by testing their accuracies against data from
3 new subjects, to further investigate the robustness and reliability of the results. Each participant
performed at least 20 trials for each of the 12 gestures included in the experiment, with an average
of 45 samples. A total of 2700 samples were collected for cross-validation, with an average of 225
samples per class. The evaluation set was composed of a total of 720 samples, or 60 per class, with
each subject performing 20 trials per gesture type. I investigate whether the gesture recognition
model is capable of accurately distinguishing among 12 different language character gestures. The
collected and processed data is used as an input into the CNN-LSTM gesture recognition network,
which outputs one of the 12 possible gestures. Accuracy, precision, recall, and Fl-score are used to
determine its performance. More details about the process of training and evaluation are provided

in the section below.

3

(a)

Figure 7.7: Pathways of the collected gestures. (a): The knitted component of the sensor on which
the gestures were performed; (b): All the gesture pathways that were collected and analysed [3].
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7.4 Methods and Results

Data from 5 subjects was used for training and cross-validation, while data from 3 other subjects
was used to evaluate the trained models. During cross-validation, at any time, data from 4 subjects
was used for training, and data from the one other subject was used for validation. Therefore, 5
total trained models were produced, each of which was evaluated using evaluation data. Any one of
those models could be deployed for use in a real-time interactive system.

The subject data was acquired as described in section 7.3, and processed as detailed in sec-
tion 7.2.3. Before training, the data was balanced by oversampling within each subject, such that
each class had the same number of samples, helping to achieve model stability. The balanced train-
ing dataset resulted in an average of 277 samples per class, while the evaluation dataset was already
balanced at 60 samples per class. The model, whose architecture was defined in section 7.2.4, was
trained using PyTorch 1.4 [104] with CUDA 10.0, using a learning rate o = 0.001, a dropout rate =
0.6 and a batch size = 128, over 2000 epochs. Adam was used as an optimizer, and a negative log
likelihood loss function. The network weights were initialized using Xavier initialization [43].

These hyper-parameters were the same as the ones in section 5.3, where an LSTM-based neural
network model was used to identify location of touch on a 36-button knitted sensor. In addition
to using the subject data to train our CNN-LSTM gesture recognition model, I also use it to train
an LSTM-based model as a baseline comparison. The only difference between the two methods is
the neural network architecture. The technique used in section 5.2 also involves a statistical feature
construction step over the 92 analyzed frequency gains, which was not possible to apply to the
current data, since, due to hardware constraints, only relies on a single frequency. The results of
using the baseline architecture are included in table 7.2, together with those of the neural network

model.

7.4.1 Cross-Validation and Evaluation Results

The model’s cross-validation accuracy, reported in table 7.2, is 78.6%. This accuracy was calculated

as the average accuracy of the 5 cross-validation folds. This means that the data from one subject at
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a time was tested against the model trained on the data from the other 4 subjects, and subsequently,
the average of the results is reported. The accuracy for each fold was calculated as the average of the
last 50 epochs. The test dataset performance, which aims to capture how generalizable the model
is, shows an even greater accuracy of 88.5%. This accuracy was calculated as the average of testing

the 3 test subject data against the 5 trained models produced during cross-validation.

Table 7.2: Classification results for model cross-validation and evaluation.

‘ Cross-Validation Evaluation
Method ‘ Accuracy  F1-Score  Precision  Recall ‘ Accuracy  F1-Score  Precision  Recall
LSTM 41.7% 22.4% 25.4% 22.0% 52.5% 53.9% 61.6% 52.5%

CNN + LSTM 78.6% 73.5% 73.9% 73.7% 89.8% 89.7% 90.3% 89.8%

Other measures of performance calculated are macro-precision, macro-recall, and macro-F1-
score. Precision refers to the ratio of true positives to the combined number of true and false positives.
Recall is the ratio of true positives to the combined true positives and false negatives. The F1-score
is the harmonic mean of precision and recall: F1 = 2 x (precision x recall)/(precision + recall).
Macro-precision, macro-recall, and macro-F1 refer to the balanced respective scores per class, and
those values are obtained by averaging all respective class scores. In table 7.2, these values are
simply referred to as: precision, recall, and FI-score. These scores give greater insight into how
specific accuracies were achieved. Additionally, the classification matrices of all gestures in fig. 7.8
are provided, for both cross-validation and evaluation of the CNN-LSTM model.

As seen from fig. 7.8, there are gestures that incorrectly get classified as others, with pairs such
as 'S’ and 5’ or 'V’ and "W’ being noticeable. This can be expected as the trajectories between
the two gestures are very similar. It should be noted that these results are not rotation-invariant,
due to the nature of the gestures selected. Otherwise, the users’ intention regarding entering an M
versus a W would be obscured. Overall however, the model accurately identifies gestures performed
on it, and generalizes very well, most probably in part, because the architecture includes batch
normalization and a relatively high dropout rate of 0.6. If we compare the performance of this

model to the baseline, we notice that the CNN-LSTM model significantly out-performs the baseline
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in all measures.
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Figure 7.8: Classification matrices produced with results from cross-validation (a), and evaluation (b).
The matrix rows denote the true row categories of the gestures, while the columns show the ones
predicted during evaluation. Each category is denoted by the respective gesture pathway performed on
the knitted touchpad. A higher-value diagonal, with the rest of the matrix having lower values, would
be a desirable combination indicating a high accuracy. This figure illustrates how most gestures are
correctly classified - if gestures are similar to each-other however, it is easy to incorrectly classify them
as each-other.

The accuracies reported here are subject-independent, even though subject-specific calibration
is expected to increase overall accuracy. If a knitted pattern is designed to be used by a single
user, calibration is likely to increase the gesture detection accuracy, since it removes variations that
are caused by different users’ physiological states, or specific ways of performing gestures. However,
designing a system that does not rely on calibration makes the experience of multiple users interacting
with the same sensor much more intuitive and non-intrusive. Additionally, it would be expected that
provided more data is available, the model’s accuracy would increase, since neural network models
typically require a large amount of data to produce accurate results. Moreover, training under a
variety of conditions, such as different environmental condition and other possible distortions, would
mean that the model would incorporate the signal variations induced, and be more robust when

exposed to them.

7.4.2 Resources and Time Performance

The machine on which our models were trained through cross-validation, and later evaluated was

running Ubuntu 18.04, with an Intel® Core™ i9-9960X CPU @ 3.10GHz, 128 GB RAM, and 2x
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RTX 2080 Ti Blowers with NVLink cards. The trained models were deployed and evaluated on a
NVIDIA Jetson Xavier NX Development Kit, described in section 7.2.5, which was also running
Ubuntu 18.04. The total run-time of 3 different stages of the evaluation process was measured: the
time to convert the input from a NumPy [54] array to a CUDA tensor, the time taken for the loaded
model to evaluate the input tensor, and the total time taken for one trial including the first two

measurements. The results of these measurements are included in table 7.3.

Table 7.3: Timing measurements of model execution

‘ Conversion to CUDA  Sample Evaluation — Total Trial

Bootstrap and First Trial Time 3.7s 3.6s 7.3s
Avg. Trial Time after first 1.9 x 10~ 4s 1.7 x 107325 3.0 x 1072s

The purpose of this evaluation was to determine the feasibility of building a responsive real-
time interactive system given a trained gesture recognition model. From the results in table 7.3,
we can see that the average response time of a typical evaluation is approximately 30 ms, a very
reasonable response time for real-time systems. The first trial’s response time is much greater since
it involves bootstrap and the NVIDIA CUDA® Deep Neural Network library (cuDNN) performing
cache allocations. Typically, that first trial in real-world applications can be substituted with a
sample that is not relevant to the gesture signal evaluation. For a fully-interactive system, the
response time of the signal acquisition and processing controller would need to be added to that
response time. Even though that component is not implemented in this work, chapter 5 of this work
has shown that it is possible to have a responsive micro-controller performing those functionalities.
Such systems could enable many applications, some of which are discussed in the following section,

together with other considerations for real-world interactivity.

7.5 Real-World Applicability

The experimental results in section 7.4 are encouraging for the feasibility of our proposed technology,
however they were performed in a controlled laboratory setting. Specifically, for all those experiments
the sensor pinned in a static position on the table during data acquisition. In order to expand

the experimental set up of CTS gesture pads and evaluate their functionality and accurately in
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a setup resembling the real world, there are many other aspects to be considered. This section
begins discussing and investigating some of these possibilities, even though further explorations are
necessary. First, a new user study is conducted, with subjects wearing the sensor while inputting
gesture data. Next, the effect that washing and drying have on the resistance of the sensor is

evaluated. Finally, the application potential and integration of this system are discussed.

7.5.1 Model Performance While the Sensor is Being Worn

One of the main ways the proposed sensor is expected to be used in the real world is via clothing
integration, which is facilitated by the compact sensing area. The sensor in proximity to the human
body induces capacitance, which is the principle upon which its circuit design relies. When worn near
the skin, there is an additional capacitance induced, greater than the baseline parasitic capacitance.
Ideally, when worn, the skin should not contact the sensor. Shielding the sensor from underside

contact is currently achieved by knitting a back layer on the sensor and routing conductive yarn

only on the top layer.

-
? I 0

30

20

Figure 7.9: User study to test model performance while knitted sensor is being worn. The setup in (a)
shows the knitted sensor fixed on a removable Velcro-strapped pad to be worn on the forearm [3]. Four
electrodes are connected to the corners of the sensing area, similarly to fig. 7.7(a) for data collection.
The heatmap generated in (b) shows the classification results for each gesture pathway. The matrix
rows denote the true row categories of the gestures, while the columns show the ones predicted during
evaluation. There is a clear difference between this figure and the heatmaps in fig. 7.8. However, the
diagonal in the middle is still distinguishable from the rest of the values.
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In order to further examine the robustness of the gesture recognizing model introduced above and
its usefulness in the real world, a new user study with 3 subjects was conducted. The study is similar
in design and analysis to the cross-validation and evaluation studies described in section 7.3 and sec-
tion 7.4, but in this case, the subjects were wearing the sensor on their forearm while performing
the same 12 gestures as in the studies above. The sensor was pinned on another Velcro-strapped
pad as shown in fig. 7.9(a). Subjects were not moving while collecting the data, but some motion
of their arms would be expected. Each subject performed each of the 12 gestures 20 times, with a
total of 720 samples, or 60 per class collected. This dataset was tested against the already trained
models from the cross-validation study. No additional training was performed to account for this

new condition.

Table 7.4: Classification results for gestures performed while the sensor was being worn.

‘Accuracy F1-Score  Precision  Recall

CNN + LSTM | 58.0% 58.2% 61.2%  58.0%

Table 7.4 demonstrates the results computed for the same performance measures as the studies
above, including: accuracy, precision, recall, and F1-score. Figure 7.9(b) illustrates the classification
matrix of the real and predicted gestures. The computed accuracy is 58.0%, which is lower than
both the cross-validation and testing accuracy, however well above chance accuracy (8.3%). Increased
accuracy would be expected with training that includes samples collected while the sensor is being
worn. For a complete system implementation, training should be performed under a large variety of

conditions to ensure robustness to different real-world circumstances.
7.5.2 Effect of Washing and Drying on Sensor Resistance
Another aspect in evaluating the robustness for use of a knitted sensor is the effect of washing and

drying on its conductivity. The resistance of the sensor is an important property in representing

the resulting signal, and subsequently building a gesture-recognizing learning model. Minor changes
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in resistance from activities like folding and stretching are anticipated and can be accounted for
within the sensing and signal processing pipeline. Furthermore, laundering is an essential post-
processing step in the manufacturing process that permanently sets physical yarn properties, such
as expanding heat-bulking Nylon fibers, which in turn alter the baseline electrical conductivity. The
sample tested has been washed and dried before these experiments, in addition to being steamed,
as part of its manufacturing process. In this experiment, first, the baseline resistance across every
pair of connection points illustrated in fig. 7.10 is measured. Then, the sensor is washed and dried

for five cycles, and the resistance is measured across the same pairs of points after each cycle.
Planar conductivity involving multiple connection points is

@ described using the symmetric matrix shown in (section 7.5.2),

which is an extrapolation of Kirchhoff’s Current Law stating
that the sum of the currents entering a node is equivalent to
D) the sum of the currents exiting it. In this application, conduc-

tivity, G, is directly proportional to current, I, and inversely

proportional to resistance, R, such that I ~ G = R~!. The in-

verse of the resistance values indicated in fig. 7.10 comprise the

Figure 7.10: Annotated sketch of
knitted sensor, showing points along
which resistance was measured [3].

non-diagonal elements of the conductivity matrix. The change
in conductivity is assumed to be scalar in that the values of the
conductivity matrix will change proportionally. In practice, these values vary due to local changes
in conductivity. Therefore, the average change in values is used to describe the cumulative change

in conductivity as the matrix G apcp:

-— (GaB+ Gac +Gap) Gas Gac Gap |
Gap —(Gap+Gpc +GBp) Gsc GBp
Gac Gsc —(Gpc + Gac + Gebp) Gep

I Gap Gsp Gep —(Gap+Gsp + GCD)_

Procedure and Results

The sensor was washed according to the American Association of Textile Chemists and Colorists (AATCC)

Laboratory Procedure 1-2018 Home Laundering: Machine Washing protocol [1]. This protocol specifies a
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35—minute wash duration with 1.8 kg of laundry and 66 4+ 1 g of detergent, and a standard tumble drying
protocol with a temperature of 68 + 6°C. This protocol was chosen as appropriate for everyday laundering
of clothing.

For the proposed sensor, 6 resistance values were measured for each of the two conditions: baseline (b),
and washing and drying (d,), where n = 1 to 5 indicates the cycle number. The values were measured
between every pair of corners in the sensor, annotated as A, B,C and D in fig. 7.10, which represent the
connection points to the measurement hardware. To fully characterize the resistance across the conductive
area of the sensor the resistance between each pair of connection points is necessary. For each resistance
measurement, 100 samples were captured using a Keysight 34465A digital multi-meter, which were then
averaged to represent the value of that measurement. The results are included in table 7.5. For each
test, the percent change in resistance between the baseline measurements and measurements after each
washing and drying cycle was calculated as %AR( 4,y = (Ra, — Ry)/Rp. In this case, Rq, stands for

—th

the resistance value between the two points after the n washing and drying cycle (d,), and Ry for the

baseline resistance value between those same points, before any of the washing and drying cycles recorded.
The cumulative change in resistance is calculated from the cumulative average of the element-wise matrix
division of the baseline and drying cycle conductivity matrices formed using the relation in (section 7.5.2),

where %AR(b,dn) = avg (Gb/ (Gdn - Gb))

Table 7.5: The percent change in resistance (%AR) between the baseline (b) and each of the experi-
ments after washing and drying (d) is reported. The resistance values are measured between all pairs
of the sensor’s connection points. The cumulative change in resistance is also reported.

| [A,B]  [AC] [AD] [B,C] [BD] [C,D] | Cumulative

%ARpay | —6.12%  28.09%  8.52%  12.32%  8.93%  1.77% | 8.10%
%ARpa2 | 7.92%  31.48% 29.84% 31.26%  20.52%  15.44% | 22.16%
%ARpas) | 0.77%  8.82%  14.08% 18.42% 17.98%  0.55% | 9.69%
%ARpa | 7.05%  15.36% 17.09% 20.18%  13.20% —2.65% | 11.23%
%ARpas | —2.10% 11.07%  7.42% 11.03% —3.80% —2.21% | 3.19%

The results in table 7.5 show that there is stability in the resistance measurements of the sensor after
washing and drying it. However, there is a change in the cumulative resistance across washing and drying
trials. The fact that the change in overall resistance does not substantially increase from trial to trial is
promising. However, the change in resistance varies from approximately from 1% to 31% for individual
connection point pairs. In addition, values in the second washing and drying trial d2 seem higher compared

to previous and subsequent trials, possibly due to a measurement error. Further testing is necessary to
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investigate the effects of washing and drying more comprehensively, and this observed variability needs to
be incorporated into the model design, so that gestures recognition is stable for any applications depending

on it.

7.5.3 Building Interactive Applications with Gesture-Recognizing Knit-
ted Sensors

The system components described in section 7.2 create the foundation for building an interactive system
that uses a knitted sensing area to accept gesture input and a machine learning model to determine the
gesture performed by the user. In a real-time system, gestures can subsequently be interpreted by the specific
application to trigger different events. This technology enables many kinds of applications, and additionally
offers extensibility. Figure 7.11 shows two related views of the system. On the left, it illustrates how data
can be collected from users to train and evaluate a machine learning model. Gestures can be determined by
the application needs, and the experiments and results in this work show that it is possible to recognize even
relatively complex gestures, such as letters and numbers, with high accuracy. This allows great flexibility
in the choice of gesture sets for training, even on a small-sized sensing area. Training happens offline on
a server and after the cross-validation results achieve the required accuracy, the trained model is further
evaluated, and then deployed on a smaller system, such as the NVIDIA Jetson computer.

On the right side of fig. 7.11, the implementation of an interactive system based on this technology is
illustrated. A user enters a gesture input on the knitted sensing area, connected to an embedded system
for signal acquisition and pre-processing. This system would communicate in real time with the NVIDIA
Jetson board hosting the trained gesture recognition model, capable of interpreting the signal as the gesture
the user intended. The application relying on this technology would then respond to the user based on the
meaning assigned to the particular gesture.

This system configuration is extensible in the types of gestures recognized, since the model can be re-
trained offline and re-deployed on existing hardware, allowing for large-scale production. The developments
introduced in this work hold promise for creating innovative applications. Some potential examples are

broadly described below:

- Character Recognition: The gesture examples used for recognition in this work are a subset of the
character set of the English language. They were used to explore the feasibility of constructing a

character recognition system. Having a system trained on the whole character set would allow written
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Figure 7.11: Processes and component interactions that describe the model creation and the working
of an interactive gesture recognition system. Data collection, training and evaluation happen off-line
and typically require more time and computing power. Once a model is trained to high accuracy, it can
be deployed on lightweight hardware to recognize gestures in real time, supporting different interactive
applications. This diagram was produced in collaboration with CFF [3].

messages captured through fabric sensors to be transmitted. Since letters already have meaning
embedded in them by convention, such an application would be intuitive, easy-to-use, and have great

expressive power.

- Controllers: Another category of applications that can be built using this sensor is that of controllers.
This sensor allows the emulation of existing controller functionality, but with the added flexibility
of fabric. For example, users can control their phone functionalities such as accepting or rejecting a
phone call, changing the music, and more, through knitted interactive areas in their clothes, capable
of recognizing gestures. Home automation is another potential application area, with such sensors
integrated into furniture, pillows, or blankets, giving controllers a softer, more tactile-friendly quality.
Gaming could benefit from application where knitted sensors are used as portable, foldable, and
lightweight alternatives to hard-electronic controllers. Additionally, pressure sensitivity, an aspect of

these sensors only explored in a limited way so far [133, 132, 93], could offer new interactive modalities
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for gaming and other applications.

- Gestures in 8D Space: Gestures do not need to be confined into a 2D plane. Knitted fabric can flex,
fold, stretch, and move dynamically. Instead of only considering those fundamental aspects of fabric
behaviour as qualities to design out, in order to maintain stability of touch or gesture representation,
for certain applications we can also choose to design with these qualities at the center. For example,
stretching could be given a specific meaning in a interactive system, and so can folding the fabric,
twisting, or pinching it. An important aspect that needs to be considered while designing for such use
cases however, is that capacitive sensing, the sensing strategy on which these sensors are designed,
requires the presence of two conductors in proximity. In the typical cases, also explored in this work,

the two conductors are the conductive yarn and human skin.

- Virtual and Augmented Reality (VR/AR) Applications: Knitted sensors with gesture recognition tech-
nology integrated into them can be useful for VR/AR environments. It is easy to imagine objects
that can be designed somewhat generically using knitted fabric with interactive gesture-sensing areas,
with their functionality depending on the specific VR/AR application. This sensor’s construction
process allows for scalable design, resulting in interactive shapes capable of being built in different
sizes. Therefore a whole environment could be composed of soft, knitted interactive objects, which
take a different meaning and functionality, depending on the application and visuals overlayed on
them. Additionally, such applications could be especially useful for kids, since they offer more safety

than potential hard-electronic equivalents.

7.6 Conclusion

This chapter creates the foundations for building an interactive gesture recognition system using an easily
manufactured capacitive weft-knitted sensor, and a classification model that recognizes 12 English language
characters as gestures. Additionally, the model is deployed on NVIDIA® Jetson Xavier™ NX, a small,
lightweight, and powerful embedded system-on-module.

The sensor introduced in this work uses a single carbon-coated conductive yarn to create a continuous
sensing area. That yarn is combined in the knitting process with other regular yarns to produce the final
fabric substrate, similarly to other sensors of varying designs produced using this technology. Four electrodes
are attached to the corners of the rectangular conductive area to measure voltage across it. Different gestures

produce different voltage responses from the four connection points.
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In order to capture those identifying differences, I train and evaluate a CNN-LSTM neural network model
with data from a total of 8 subjects. Leave-one-out cross-validation was used for training on 5 subjects,
achieving a subject-independent accuracy of 78.6%, and the data from the 3 other subjects was used for
further evaluation of the model’s generizability, during which, the model achieved a subject-independent
accuracy of 89.8%. The response time of the trained model was also tested, after the model had been
deployed on the Jetson system. The average response time was 30 ms, which is very encouraging to building
a real-time application. These technical contributions help us advance toward feasible interactive embedded
systems, capable of recognizing gestures on knitted senors.

Additionally, another user study explored the model’s accuracy response with gesture data collected
while the sensor was being worn. A subsequent experiment consisted of measuring the sensor’s resistance
across all connection points, after washing and drying it. These considerations, together with the discussion
of the components and processes necessary to build real-time applications upon this technology, help ad-
vance the capabilities of knitted textiles toward their use in real-world environments. Moreover, the diverse
contributions presented in this dissertation pave the way for future advancements in several areas, some of

which are examined in the next chapter.
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Chapter 8: Summary & Future Directions

The prospect of human-centered designs relying on knitted capacitive touch sensors is fascinating, and its
feasibility is illustrated throughout this work. The advancements introduced here hold promise for building
many interactive application which rely on touch-sensitive fabric as an input medium, even for complex
gestures. This work synthesizes information from a variety of fields, such as machine learning, human-
computer interaction, algorithm design, software design, signal processing, and system design. The section
below summarizes its main contributions, followed by open areas of investigation to further the capabilities

and reach of technology.

8.1 Contributions Summary

I started investigating the feasibility of building an interactive system based on knitted sensors by first
extracting the signal response of human touch on the existing knitted sensor [133]. I designed a 13-subject
user study, during which each subject was asked to press on each of the 36 touch locations on the knitted
sensor several times, and the sensor output signals were recorded for each location. The results from
this study determined it was possible to extract invariant features from the coupled signals output by the
knitted sensor system, information which could help identify location of touch. To that end, I designed
Mized-Source Description (MSD), an algorithm to detect invariances in the scale-space of multi-channel
signals, and represent them in terms of their most important aspects. Additionally, I introduced Fuclidean
Levenshtein Distance (ELD), a generalizable distance metric, which measures the similarity between two
tensors of varying lengths. Its purpose was to compare the similarity of two key-press events on the sensor,
regarding location of touch, so it was possible to evaluate the effectiveness of MSD. During this work, the
signal received from the knitted circuit was processed using Bode analysis, which calculates frequency gains
for a single frequency over each time step. This process is described in detail in chapter 4 [132]. While
a touch location recognition model had not yet been constructed, these results indicated the viability of
building such a system.

The next component of my work involved building the touch location recognition system whose feasibility

was shown, as described above, as well as exposing it to some real-world conditions. I investigated precise



146

touch location identification on the single-yarn knitted sensor circuit without subject-specific calibration.
Obviating the need for calibration makes the sensor more intuitive and inviting to use in the real world, even
though calibration facilitates obtaining higher accuracy in machine learning models, due to the similarity
of data collected from one subject. I proposed a recognition model which relies on a statistical, frequency-
based feature construction component, and a long short-term memory (LSTM) neural network classifier,
addressing the challenges of minimal information output from the single-yarn system, as well as noise in
the signal. In this model, Bode analysis is used as well, but over multiple frequencies, instead of only one.
In order to train and evaluate the recognition model, I designed and analyzed a series of user studies to
move towards real-time, real-world knitted sensors, achieving favorable results, even though some of the
studies were limited in size. These studies were designed to enable the creation of a robust location sensing
model; demonstrate its generalizability with new users; and investigate its robustness under some real-world
conditions. One of the benefits of using digital weft-knitting to construct the fabric sensors on which I
focus is the ability to create different patterns of interactive areas on the 2-dimensional sensor surface. The
recognition infrastructure I proposed, has the potential to be used with other knitted design forms relying
on one yarn and two connections, provided each one uses its own individually trained location identification
model. This process furthers the flexibility offered by the manufacturing method to extend to computational
models as well, enabling a modular end-to-end interactive knitted system framework.

Identifying location of touch on knitted sensors is an important achievement in making knitted sensors
viable for real-world use. However, for these sensors to be intuitively integrated into everyday environments,
the end user perspective is also necessary. The next part of my work focused on understanding user percep-
tions and the potential of this knitted sensor technology to enable a variety of interactions. To accomplish
that, I designed, ran, and analyzed a formative study structured as focus groups, during which users were
presented and interacted with several design forms of knitted sensors. Discussions included general thoughts
about interacting with such sensors, potential applications of interest, as well as areas of concern and sugges-
tions for improvements. Subsequently, I synthesized that information to offer guidelines to application and
interaction designers using minimalistic knitted sensors as an input medium. To further ground this work in
the real world and address some concerns raised in the focus group study, I ran two experiments correspond-
ing to everyday use cases: stretching, and washing and drying of some sensor samples. A significant next
step, capable of unfolding countless opportunities for applications, is gesture recognition, a sentiment also

expressed in the formative study. Through another user study, I started investigating simple swipe gestures,
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as well as touch samples emulating accidental touch events, likely to happen in the real world. After com-
puting the ELD between every gesture sample pair, this experiment demonstrated that samples belonging
to the same gesture are more similar to each-other than samples of different gesture types. Additionally,
samples emulating accidental touch events were also statistically different from the other gesture classes.
After these encouraging results, I explored gesture recognition more deeply, using relatively complex
gestures. The following part of my work builds the foundations for later creating an interactive gesture
recognition system. First, my colleagues and I designed a movel knitted sensor more suitable for performing
gestures. It contains a solid conductive area in the center of non—conductive fabric, and four connection
points to external hardware. Similarly to the 36-button touchpad, the interactive area is composed of carbon-
coated nylon, and the sensor was produced using digital weft-knitting. Next, I designed a neural network
architecture to classify 12 relatively complex gestures performed on the sensor, which are a subset of the
characters of English language. As part of creating an accurate recognition model, I trained and evaluated
the model using data collected from two user studies. This model can, in the future, extend to include
the full character set of English or any other language. In addition, the viability of building a real-time
system was illustrated by loading the trained model on NVIDIA® Jetson Xavier NX, a small, lightweight,
and powerful embedded system-on-module. Moreover, this system was further tested for robustness toward
real-world conditions: the trained recognition model retained accuracy when the test data was collected
while subjects were wearing the sensor, and the resistance of the fabric component showed stability after

several cycles of washing and drying.

8.2 Future Directions

The exploration space which this work unfolds consists of a variety of areas and directions, including algo-
rithms, machine learning, real-world effects, signal processing, interactive systems, interaction and applica-
tion design, and user experience studies. Below, I summarize some aspects that should be investigated in
the future, for Al-powered interactive systems that use minimalistic knitted sensors as an input medium
to reach their full potential and become ubiquitous technology, seamlessly integrated into our everyday

environments, building upon the foundations set in this work.

8.2.1 Recognition Accuracy & Generalizability

Touch localization accuracy should be increased in the recognition models for the touchpad knitted sensor

used in the location identification experiments in chapter 4 and chapter 5. As described, several knitted
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form factors can be designed through the same manufacturing process and can use the same neural network
architecture and signal processing hardware. Currently, however, each recognition model corresponding to
a particular form would need to be trained using user data specifically collected by pressing on the buttons
defined by that sensor’s geometry. Then, the trained model can be used to detect touch in real time. Future
work could include further investigation into the shapes that are possible to construct given the constraints
of knitting, as well as the optimal designs for high accuracy, taking into account considerations discussed
in section 2.1.2. More generalized circuit design and algorithmic solutions could also be explored to capture
the touch location independent of yarn routing and design patterns.

Chapter 6 of this work showed that simple swipe gestures on the knitted sensors produced using a single
conductive yarn and two external connections could be distinguished from each-other and from emulated
accidental touch events. Chapter 7 followed with a more extensive gesture recognition exploration using
the same manufacturing strategy, but a four-connection circuit, which allowed more complex gestures to
be distinguished. This recognition model showed robustness even while being worn in a lab environment.
Gesture recognition accuracy still needs to be increased and more gestures need to be included. Even though
each application might require its custom-defined gestures, in order to extend this system, it is necessary
to ensure its feasibility and robustness with more subjects and more gesture types. Data collected using
different fingers for performing gestures, different finger-placements on the sensing pad, different orientations
of gesture trajectory, as well as subjects of different ages will need to be explored, due to possible changes in
physiology which affect conductivity. In addition, experiments should be run while the sensor is being worn
outside a lab environment, and accidental touch events should be recorded as they happen in the real world.
Another area of interest could be exploring the recognition of gestures in 3D space, taking full advantage of

the fabric form, capable of stretching, flexing, and folding.

8.2.2 Resistance to Real-World Conditions

The sensor laundering and stretching tests described in section 6.4 and section 7.5.2 start to address some
practical questions regarding the sensors’ resistance to potential daily use distortions. In section 5.3, this
work investigated the model stability for touch location identification under conditions of stretching and
exposure to electromagnetic radiation for knitted sensors. However, there are many more factors that need
to be explored, such as the sensor exposure to heat sources, or different weather conditions. In addition, the

sensors’ resistance should be measured while they are wet, while controlling for the level of moisture in the
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knitted component. The resistance is expected to change according to the amount of water in the sensor, and
future work should investigate this aspect more rigorously. Along those lines, the sensors’ resistance should
be investigated while wet with electrolyte solutions. Their conductive properties are expected to interfere
with the current flow within the fabric circuit, causing the output signal to be different from expected.
This use case is especially important for wearable applications since sweat contains electrolytes. Future
work should investigate these aspects further and take into account their results when creating models
and systems based on this technology. In addition to the resistance, in order to fully test the recognition
capability of these sensors, the robustness of the trained models needs to be evaluated under such conditions
of possible distortion.

Another aspect to be considered is sensor performance while being worn, integrated into clothing, even
though the limited study in section 7.5.1 demonstrated its robustness through encouraging results. More
studies are necessary to explore the effect of intense physical activity, especially since such sensors are
expected to find applications in athletics. Additionally, sweat, could possibly interfere with conductivity,
since it contains electrolytes. If it seeps through the sensor, the overall resistance of the sensor will change,
which is expected to affect the quality of acquired gesture data. Moreover, if a user is grounding himself or
herself while touching a location on the sensor, his/her conductivity is increased, which will again affect the
sensor response. False positives could be induced if a conductor came into contact with the sensing areas
of the knitted component. Further studies are needed to fully investigate the extent of the effect of such
conditions.

Along these lines, the physical durability of the sensor should also be more closely examined, since such
sensors need to be able to withstand exposure to different weather and environmental conditions in everyday
life. Experiments are needed to test the ability of the carbon-suffused nylon yarn to resists material aging
and abrasion. Methods of surface enhancement and preservation, such as coating and lamination, should
be investigated as potential solutions, and their effectiveness needs to be quantified. A thorough evaluation
should explore these and other factors, including exposure of the sensors to different environmental conditions
and humidity, and the sensors undergoing repeated washing and drying cycles. For real-world use, these
factors should not lead to loss of their conductive properties, or their ability to correctly detect touch location

on an already trained model.
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8.2.3 Novel Interaction Modalities

Other modalities of interaction enabled by the sensor introduced above, such as pressure sensitivity should
be studied and implemented. For example, soft touch, which would cause a weak applied capacitance, could
potentially pose a problem towards accurate gesture recognition. This limitation should be examined further
when evaluating user actions like swipes, which do not exert heavy pressure on the sensor. On the other
hand, applications can be developed that use pressure differentiation as a feature. In applications where
pressure could be useful, such as gaming for example, soft touch can be interpreted as a less intense action.
Pressure sensitivity needs to be properly investigated, as it can be useful in a number of applications, and
also mentioned as desirable in the formative study in chapter 6.

Additionally, current sensors do not recognize multi-touch, so only one gesture can be performed at a
time on the knitted sensor. From experiments conducted with sensors built using a single conductive yarn
and two connections, it is known that if two locations are touched simultaneously, the signals from both
touch locations are averaged to resolve a single location in between the two [132]. Future work should
involve disambiguation of the number of touch points contacting the sensor, since multi-touch capabilities
are necessary for this technology to reach its full potential.

Another area could be experimentation with conductive yarns of different properties. The resistance of

the yarn affects conductivity, and future models should also account for that quality.

8.2.4 Interaction Design & User Experience

The qualitative study conducted in this work provided us with some user perspective regarding the many
ways touch-sensitive fabrics in general, and these minimalistic scalable knitted fabrics in particular, can be
integrated into everyday environments. However, this was a formative study which focused on general ideas
instead of a usability study of any particular use case, which could provide a more comprehensive view of
its feasibility or adoptability.

The formative study was structured as a focus group, which has many benefits in terms of exploring ideas
from several different perspectives, with opinions and perceptions building on those of other participants.
However, in such a setting, the speaking time of each participant is relatively low, compared to one-on-
one interviews, and in many cases time allocation among participants is disproportionate, since it largely
depends on participants taking the initiative to share their ideas. Additionally, individual participant’s ideas

are typically not explored as in depth or detail as in interviews, due to the faster pace of the process. The
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setting is also more public, which might have prevented users from expressing and developing use cases that
are more personal.

Another limitation of this study is the fact that the 32 participants were graduate or undergraduate
students recruited from one university, a relatively narrow segment of the population. For a more complete
investigation, participants of different ages, cultures, and backgrounds should be included in such studies.
Our participants also mentioned use cases and applications related to accessibility, however, in order to
properly study each of those use cases, participants and researchers that are part of the specific community
should be involved in the process.

Usability studies need to be performed to explore the potential for adaptation of knitted sensors into
end-users’ everyday lives. Some potential applications have been discussed throughout this work. One could
also investigate new areas of possible integration for these sensors that are unique to them, and do not rely
on existing hard electronic prototypes. Future work could focus on further investigating these aspects of this
technology, as well as building specific applications, testing their performance and usability in real-world

scenarios, and getting user feedback about design aspects.

8.3 Conclusion

Textiles evolved with humanity, from serving the function to protect and keep warm, to showing personal
style, and recently to enhance experience by incorporating increased connectivity into our surroundings.
Previous work [133] has shown that sensors relying on minimal hardware can be produced using weft knitting,
an industry-standard manufacturing technique, for easy integration into clothes and other textile surfaces.
The extensible nature of weft knitting allows the sensor to conform to many shapes, and the simplicity of
the structure allows it to be integrated into other textiles. These sensors are typically based on one carbon-
coated conductive yarn, which is combined in the knitting process with other regular yarns to produce
the fabric. The purpose of this design with minimal wiring is to make manufacturing at-scale easier, by
reducing post-processing, and to create user-friendly and robust sensors. Such sensors have the power to
become seamlessly integrated into our everyday environments, since they were designed with usability and
ease of integration as core principles. However, sensing techniques in [133], which were extensively described
in section 2.3.2, only approximate general areas of touch.

This minimalism in wiring and hardware design means that, in order to interpret the signals output

from these devices, more complex computational models are needed. Moreover, for integration into real-
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world environments, everyday use conditions and user needs and perceptions should also become part of the
development process. The contributions of this work, as it is situated at the intersection of artificial intelli-
gence and user experience, have addressed those main areas. First, in the process of enabling high-accuracy
touch location identification and gesture recognition, two algorithms, MSD and ELD, were introduced, and
two deep learning models, one based on an LSTM architecture achieving 66% accuracy in classifying 36
closely-related locations of touch, and the other, using a combined CNN-LSTM architecture to classify 12
complex gestures with 90% accuracy. These models were trained and validated with data collected during
several user studies, which included data collected under some conditions closer to real-world ones, such as
the sensor being exposed to electromagnetic radiation, the sensor being stretched, and data collected while
the sensor was being worn. Additionally, the computational models were deployed on portable hardware,
creating the foundations for real-time interactive systems. Furthermore, through a formative focus group
study, I explored users’ views of these fabrics in different contexts, including potential concerns and applica-
tion areas. Subsequently, steps were taken toward addressing relevant questions. Results from a user study
demonstrate that it is possible to distinguish among intentional swipe gestures and accidental contact with
the sensor. Additional experiments indicate robustness to the effects of stretching and laundering of the
Sensors.

The multi-disciplinary nature of this work required considering several perspectives to bringing this
technology closer to real-world use. It integrated contributions from fields such as artificial intelligence,
algorithms, human-computer interaction, and system design. Now, it has opened up many areas for future
research, such as: designing algorithms and deep learning architectures to enable touch location and gesture
recognition while relying less on sensor geometry, more thoroughly investigating problematic real-world
conditions and potential solutions to them, exploring new interaction modalities through yarns with different
properties and multi-touch detection, creating a variety of applications using knitted sensors and conducting
usability studies with them. The contributions of this work at the intersection of artificial intelligence and
user experience have demonstrated the viability of a future where minimalistically-designed knitted sensors

have become harmoniously integrated into our environments, inspiring a variety of novel interactions.
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