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Abstract

Over the last decades, there has been numerous e�orts in wearable computing research
to enable interactive textiles. Most work focuses, however, on integrating sensors for
planar touch gestures, and thus do not fully take advantage of the �exible, deformable
and tangible material properties of textile. This work introduces SmartSleeve, a de-
formable textile sensor, which can sense both surface gestures and deformation gestures
in real-time. It expands the gesture vocabulary with a range of expressive interaction
techniques, which highlight new unprecedented opportunities of advanced deformation
gestures, such as, Twirl, Twist, Fold, Push and Stretch. The interaction design process,
hardware implementation, and a novel non-rigid connector architecture are explained.
A description is further provided about the hybrid gesture detection pipeline that uses
learning-based algorithms and heuristics to enable real-time gesture detection and track-
ing. This presented modular architecture derives new gestures through the combination
with continuous properties like pressure, location, and direction. Finally, promising re-
sults from multiple evaluations that demonstrate the real-time classi�cation of 9 gestures
with 89.5% accuracy are reported.
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Kurzfassung

In den letzten Jahrzehnten gab es zahlreiche Anstrengungen, um interaktive Textilien für
den Einsatz in tragbaren Computersystemen zu entwickeln. Die meisten Arbeiten kon-
zentrieren sich jedoch auf die Integration von Sensoren zur Erkennung von klassischen
Berührungsgesten und vernachlässigen somit die �exiblen, verformbaren und haptischen
Eigenschaften von Textilien. Diese Arbeit präsentiert SmartSleeve, einen verformbaren,
textil-basierten Sensor, der sowohl klassische Berührungsgesten als auch komplexe De-
formationsgesten in Echtzeit erkennen kann. Dieser Sensor erweitert das herkömmliche
Gestenvokabular um eine Reihe von neuartigen, ausdrucksvollen Interaktionen, welche
durch das Erkennen komplexer Deformationen des Textils, wie zum Beispiel Verdrehen,
Falten, Ziehen oder Strecken, möglich werden. In dieser Arbeit werden das Interaktions-
design, die Implementierung der Ausleseelektronik sowie ein neuartiges Verfahren für
�exible Konnektoren beschrieben. Darüber hinaus wird die hybride Gestenerkennung
vorgestellt, die maschinelle Lernverfahren und Heuristiken nutzt, um das Erkennen von
Gesten in Echtzeit zu ermöglichen. Der modulare Aufbau dieser Gestenerkennung er-
möglicht die Ableitung neuer Gesten durch Kombination von kontinuierlichen Parame-
tern wie Druck, Position oder Richtung. Schlieÿlich werden vielversprechende Ergebnisse
aus mehreren Evaluierungen präsentiert, die die Echtzeit-Klassi�zierung von neun Ges-
ten bei einer Genauigkeit von 89.5% zeigen.
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Chapter 1

Introduction

This work emphasizes the potential of deformation-based gestures for varied forms of
interaction on everyday clothing to enable an expressive connection with the digital
world. Furthermore, this greatly overcomes the input space constraint on current mobile
devices through an eye-free and non-intrusive access.

1.1 Motivation

"Ultimately, computers would vanish into the background, weaving themselves into the
fabric of everyday life until they are indistinguishable from it." Mark Weiser [74]

This quote is re�ective of a vision to create a world where digital technologies are em-
bedded within our real-world environment, thus making interfaces `transparent'. Today,
a growing interest in wearable computing have overcome the key limitations inherent in
traditional bulky equipments, while retaining the functionality and even with the combi-
nation of disparate features. For example, smart glasses, similar to that of Google Glass
can click a picture with the wink of an eye. This evolution brings numerous explorations
with unprecedented opportunities.

In this thesis, we highlight and explore the unique bene�ts wearable computing
a�ords. We have focused on non-intrusive access and reducing the current state of myriad
number of input devices. We close this work by speculating on how the transition to
clothing-based interactions can help escape the user trapped in digital boundaries.

1.2 Research Challenges

With a variety of human-computer interfaces available today that brings input sur-
face closer to the users than ever before � from traditional keyboard or mouse to
miniaturized body-worn devices, including smart watches and head mounted displays.
Furthermore, augmenting everyday objects and spaces (e.g., tabletops, walls, or entire
�oors), as well as the human body itself with interactive capabilities. Despite the ubiq-
uitous presence such systems provide, they impose signi�cant constraints related to size,
precision, speed, and usability. Therefore, providing a single approach for eyes-free con-
trol in order to e�ectively and e�ciently support multi-�delity interaction is still a key
challenge in an era of ubiquitous computing.
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1. Introduction 2

However, following this approach to enable easy-to-access and always-available in-
put leads to the integration of technology into everyday clothing, which employs and
explores new capabilities beyond smart accessories. Within the past decade, several re-
searchers have explored and advanced various techniques on integrating sensors into
textiles [5, 7, 45, 57]. Although with substantial improvements in the hardware, most
of the existing work in the design space of interactive clothing still focuses on surface
gestures limited to only tap and swipe techniques, and thus does not fully take ad-
vantage of the �exible, deformable and tangible material properties of textile. In other
words, these unexplored physical properties of fabric for interaction design space can
o�er tremendous new opportunities to expand and enrich the user experiences.

1.3 Summary of Contributions

1.3.1 Formulating Textile-Based Interactions

The goal of the work described in this thesis is to explore wearable-speci�c interactions,
speci�cally driven by personal and social considerations to support varying contexts
and scenarios. Unlike conventional rigid input surfaces, textiles o�ers an extraordinary
�exibility and strength for expressive interaction techniques. As such, the basic physical
properties of textiles opens a space to consider a set of advanced 2.5D deformation ges-
tures (Twirl, Twist, Fold, Push, Bend, Grasp, Stretch, and Shake). This unique paradigm
of shape deformation can enhance the existing digital interaction experience by `retro-
�tting' with metaphors known from the real world. Therefore, signi�cantly expanding
the design space to go beyond the current state of limited touchscreen emulation using
2D surface gestures (Tap and Swipe).

Another advantageous aspect of deformation-based interactions is to improve us-
ability. It evokes nostalgic memories of vintage products, especially among the elderly
users who mostly struggle to interact with modern interfaces. For instance, `twisting' the
textile a�ords rotational control, the analogy here is to a physical knob in radio which
makes it suitable for actions with clockwise/counterclockwise motion, and can be used
for applications like volume increase/decrease in virtual player. While `stretching' allows
the analogy of elastic input that can control the playback speed. Particularly functional,
combining the pressure information with deformation provides versatile input modality
to enable more degrees of freedom with expressiveness, for example, controlling fast for-
ward speed during video streaming. Currently, such di�erent operations are controlled
by homogeneous actions, often limited to just sliding. In contrast, the proposed method-
ology of 2.5D gestures provides a wide range of ergonomic interactions in congruence
with the end users' mental models.

1.3.2 SmartSleeve Hardware and Hybrid Gesture Detection Algorithm

This work introduces SmartSleeve, a textile-based sensor, which responds to both touches
and deformations with pressure measurements. SmartSleeve is sewn in a sleeve of a shirt
form-factor that is explicitly designed for comfortable �t and can be directly worn on
the skin. It is constructed using a three-layer smart-textile composition which forms
a pressure-sensing matrix. In practice, this enables both isotonic and isometric/elastic
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input, as well as, state-changing interaction with integrated passive haptic feedback.
SmartSleeve can be seen as an generic input sensor which is not limited to only one
speci�c clothing.

To detect the large bandwidth of proposed interaction techniques and their feasibil-
ity, a hybrid gesture detection algorithm is designed and built through a combination of
learning-based algorithm and heuristics. Foremost, this approach alleviates the tedious
problem of training process for each gesture. The algorithm can derive 13 untrained
gestures from 3 trained classes in a real-time environment.

Summarizing, the main contributions of this thesis in each of the three areas related
to wearable-speci�c interactions, sensing and gesture recognition are:

1. A set of novel interaction techniques, which arise from the combination of surface
gestures, deformation gestures, and continuous parameters (pressure, location, and
direction).

2. A �exible, resistive-pressure textile sensor, with a novel non-rigid connector archi-
tecture using hand-sewn connection between the textile sensor and the electronics.

3. A hybrid gesture detection pipeline that uses learning-based algorithms and heuris-
tics to enable real-time gesture detection and tracking for �exible textile sensors.

4. Two user studies that show how we recognize 9 types of gestures with approx.
89.5% recognition rate, at 30 fps.

5. A series of example applications to illustrate the immediate feasibility and poten-
tial of the proposed approach.

1.4 Thesis Organization

This document will �rstly present a brief overview to wearable-based interactions, the
challenges in creating deformable based interactions, and a summary of the contribu-
tions. Chapter 2 describes related work in 5 areas that are crucial: social acceptance,
limited gestures, deformation based input, always-available micro interactions, and ges-
ture recognition techniques. Further, the design rationales for responsive clothing are
explained thoroughly in Chapter 3. The details about the hardware architecture for
SmartSleeve, and the implementation of gesture detection algorithms are mentioned in
Chapters 4 and 5 respectively. A quick overview of the example applications are demon-
strated in Chapter 6. Subsequently, the evaluations are provided in Chapters 7. Chapter
8 describes the discussion and limitations. The thesis concludes with some exciting fu-
ture work, followed by closing remarks in Chapter 9.



Chapter 2

Related Work

This chapter presents an overview that describes existing techniques on wearable in-
terfaces. A comprehensive review that focuses on social acceptance, deformation based
interactions, and techniques for gesture recognition are mentioned.

2.1 Social Acceptance

Social norms play a signi�cant role towards one's willingness to try new things, and
how readily such systems are accepted in the real world situations. Clothing choices
re�ects personal style and in�uences the interpersonal behaviors. Several designers and
researchers have explored the user's perception, cultural factors and social acceptability
towards the position and placement of on-body interfaces [15, 21, 40, 46, 71, 72]. The
results indicate that the forearm is the most preferred region for the interaction on the
arm, due to its ease of use and its comfort as shown in Figure 2.1.

Figure 2.1: Crowdsourced heatmap models for appropriateness in touching and looking
using on-body interfaces [21].

4



2. Literature 5

2.2 Limited Input Gestures on Textiles

Several empirical studies investigated how skin or textiles can serve as gestural input
surfaces.More than touch [72] (Figure 2.2 (a)) reported an elicitation study in a non-
technological environment that shows a set of gestures including touch, grab, pull, press,
scratch, shear, squeeze, and twist are preferably performed on the forearm or the hand.
Lee et al. [32] explores deformation-based user gestures by using various materials like
plastic, paper and elastic cloth. Bending, folding, rolling, crumpling and stretching were
suggested as possible deformations. Troiano et al. [67] investigated how depth and elas-
ticity of a display can be used to simulate deformation and provided a set of gestures
including grabbing, pulling, pushing, twisting, pinching or moving.

Figure 2.2: (a) More Than Touch: input modalities on skin [72]. (b) Pinstripe: pinch
and roll a fold of garment between �ngers [30].

While previous work presented diverse gesture sets appropriate for textile input
spaces, several solutions focused on speci�c input gestures on textiles. Touch sensitive
fabrics were used for a range of gestural input on trousers [25], pockets [54] or sleeves
[61]. Stitch-based solutions detect bends and folds [16, 30] by sensing interconnections
between seams (Figure 2.2 (b)). Grabbing a fold at a speci�c angle is detected similar
by using embroidered pads [19]. GestureSleeve [61] has an interesting approach for
extending the input space of a smart watch to the sleeve, but only support tap and
stroke gestures.

We choose to focus on a rich set of 2D touch and 2.5D deformation-based gestures
on a single sleeve, which tries to combine the recent advances in the empirical studies
with the current technological possibilities. Sleeve-based interfaces extends the Input
Space in contrast to skin-based solutions [22, 72] by having an opening at the wrist,
goes beyond conventional touch-based solutions [25, 54], and has a much large variety
of interactions using the wrist [14, 69].

This work combines directional and pressure sensing that can deliver a wide range
of novel interactions supporting additional degrees of freedom with expressiveness.
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2.3 Facilitating Deformation-Based Input with 2.5D

Pressure-sensitive input has been a topic of interest in the HCI community for several
years now, with research e�orts ranging from explorations of pressure as alternative
input metaphor [26, 37, 64] to the development of pressure-sensitive input devices [8,
37, 39]. To date, pressure has been used for a variety of applications such as zooming,
scrolling, text entry, or widget control [38, 47, 49, 50]. A comprehensive overview of
existing work in the �eld, can be found in [75]. However, these existing solutions are
limited to a rigid form factor. In contrast, research in the domain of bendable inter-
faces (e.g., [17, 31, 62]) has demonstrated novel interaction techniques based on �exible
sensing or input and output capabilities. Addressing this arising potential, SmartSleeve
combines pressure-sensitive input with bending and stretching capabilities into a �ex-
ible input sensor that can form the basis for the design of more scalable, �exible, and
transformable user interfaces [27].

Optical solutions presented the use of overhead cameras such asPhotoelastic Touch
[29] or structured light scanners as fordeForm [12]. While these solutions were able to
sense deformations of a �exible surface or even clay deformations on the surface, they
need space for the optical tracking system. Actuated solutions such asRelief [33] are
constructed of actuators such as electric slide potentiometers and DC motors. These
approaches are more applicable for a stationary contexts instead of using them in a
mobile contexts due to the fact, that these solutions need space. Ferromagnetic input
solutions [56] sense on base of a matrix of sensor coils (copper wire and permanent
magnets). However, the form factor is limited, the sensor coils add some weight and are
more applicable for above-the-surface sensing.

Resistive solutions o�er the potential of sensing deformations with a very thin form
factor. UnMousepad[53] (Figure 2.3 (a)) is constructed of several layers (FSR surface,
resistive layer, conductor, clear substrate).FlexSense[52] (Figure 2.3 (b)) is a thin-�lm
sensing surface based on printed piezoelectric sensors. These solutions are already very
thin by providing the ability of sensing deformations, but have a need for rigid backing.

Figure 2.3: (a) UnMousepad: multi-touch force-sensing input pad [53]. (b) FlexSense:
transparent deformable surface [52].

SmartSleeveis designed to be worn directly on body, and thus needs to be fully
�exible and soft, while having the capability to recognize a wide range of deformations.
This is achieved by its thin textile form factor.
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2.4 Enabling Always-Available Micro-Interactions

In order to help users to perform micro-interactions, which are short-time interruptions
[1], researchers have proposed a variety of ways to enable easy and fast access to mo-
bile devices and overcome the limited interaction space on small form factor devices.
Muscle input tracks the muscle tension to sense gestures [55]. Body-projected interfaces
(Figure 2.4) provide visual output, which is also used for the interaction [20, 23]. Other
approaches enlarge the interaction space by using sticky touch sensors [73], arti�cial
skin [28] or enhancing the interaction space of existing devices [2, 14, 43].While all these
approaches are very diverse, they are all location variant and comes in bulky packaging
of the hardware.

Figure 2.4: Shoulder-worn OmniTouch System [20].

In contrast, SmartSleeve support changes in signal at every point of sleeve, and can
be worn in everyday contexts for interactions without any intrusion.
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2.5 Recognizing Gestures Seamlessly in Real-Time

A number of pressure based sensing have explored sport and activity tracking. Most
closely related to our resistive textile hardware and nature of the signal are [65, 77, 78].
Although these techniques achieve good results, recognizing various types of gestures
in a single classi�er requires large amounts of training which is a laborious task, and
also requires extensive handcrafted features especially for temporal information which
is computationally expensive as well.

The learning based gesture recognition approach only detects the trained gestures.
In this paper, we propose a hybrid algorithm of combining learning-based method with
heuristics that are experimentally derived. This combination enables recognition of wide
variety of untrained classes with high accuracy at low computation cost, which is robust
across di�erent users and sessions. More related is the Pose Recognition mechanism in
GravitySpace [3] that distinguishes �ve body poses on the �oor as seen in Figure 2.5. We
demonstrate how to extend a similar approach on clothing to derive 13 motion gestures
from only three trained classes of static ones.

Figure 2.5: GravitySpace: (a) recognizes users and tracks their location and poses, (b)
using the pressure imprints on the �oor [3].

In this work, the motivation is to embrace the challenge of designing an algorithm
that requires minimum training and can seamlessly run in real-time on the limited
computational resources available in wearables.


	Declaration
	Acknowledgement
	Abstract
	Kurzfassung
	Introduction
	Motivation
	Research Challenges
	Summary of Contributions
	Formulating Textile-Based Interactions
	SmartSleeve Hardware and Hybrid Gesture Detection Algorithm

	Thesis Organization

	Literature
	Social Acceptance
	Limited Input Gestures on Textiles
	Facilitating Deformation-Based Input with 2.5D
	Enabling Always-Available Micro-Interactions
	Recognizing Gestures Seamlessly in Real-Time

	Interaction Techniques
	Taxonomy
	Gesture Design
	Input Space and Modality

	Implementation
	SmartSleeve
	Sensor Design
	Initial Prototype
	Unobtrusive and Robust Sewn-Based Connection
	Driver Electronics


	Gesture Recognition
	Communication between C# and Python
	Strategy 1: ZeroMQ Messaging System
	Strategy 2: Pipe Process

	Machine Learning Models
	Model 1: Sensor Fusion
	Model 2: High-Dimensionality Input
	Model 3: Hybrid Approach


	Example Applications
	Surface Gestures: 2D Finger and Hand motion
	2.5D Deformation Gestures

	Evaluation
	Participants
	Apparatus
	Experiment 1: Position-Invariant Gesture Recognition
	Design
	Results

	Experiment 2: Testing the Heursitics Approach
	Design
	Results

	Technical Evaluation
	Apparatus
	Results


	Discussion and Limitations
	Durability
	Pressure Input
	Three-layer Approach
	Use Inside Clothing
	Tailored Clothing
	Personalized Device

	Conclusions and Future Work
	Study Questionnaire
	DVD Content
	PDF Data
	Video

	References
	Literature


