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Abstract 

Audio editing environments, geared towards touch screens and mobile computing form 

factors, are prevalent, predominant and continue to gain in popularity. However, touch-based 

gestures on mobile devices are typically singlehanded tasks and limited to 2D interaction space, 

which is less intuitive and efficient for music manipulation. Also, with the constraint of limited 

screen assets, a user has to frequently switch between different audio sample contexts while 

editing. 

We present PaperMusic, a novel audio manipulation interface, for enabling simple and 

intuitive audio manipulation for novice musicians. PaperMusic uses multiple flexible displays, 

3D tracking system, bend sensors, and a set of tangible audio interaction techniques, which take 

advantage of Organic User Interface and bimanual interactions, to enable users to tangibly and 

collaboratively create and edit audio. 

PaperMusic draws from both the traditional music editing environment and novel audio 

interfaces. During making our first prototype, we consider the following design goals: (1) Low 

learning Curve; (2) Consistent Metaphor; (3) Lightweight & portability; (4) Spatial awareness; 

(5) Multimodal with richer forms of tactile and visual feedback; (6) Bimanual tasking and multi-

display interaction; (7) Collaborative music editing. Based on this, we have designed and 

explored five interaction techniques: (1) Layering; (2) Collocation; (3) Pointing; (4) 3D spatial 

awareness; (5) Bending & discrete touching. 

 We performed a qualitative user experiment to obtain feedback from participants who 

were amateur musicians. Our user study indicates that, compared with traditional music editing 

software, our tangible prototype had a lower mental demand and facilitates bimanual asymmetric 

tasks. 
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Chapter 1 

Introduction 

1.1 Overview and Motivation 

Audio manipulation is an extremely specialized activity. Sound Engineers and Musicians 

have traditionally used audio mixers, interfaces and synthesizers for editing audio. Currently, 

computer aided digital audio workstations (DAWs) are widely used in music processing, from 

composition, instrumentation, and manipulation to live performance. These tools for audio 

manipulation have been geared towards experienced users or audio professionals. With the 

ubiquity of smartphones and laptops, digital content creation is no longer confined to 

professionals. Amateur musicians and amateur videographers have begun to dabble with audio 

editing tools for sound manipulation. Although these tools are being simplified keeping novice 

users in mind, there is still a large learning curve for them. This might discourage exploratory 

learning of these tools by novice users. 

 Audio editing environments, geared towards touch screens and mobile computing form 

factors, are prevalent, predominant and continue to gain in popularity. DJay [15] and GarageBand 

for iOS [2], and Caustic [13] on the Android platform are good examples of audio workstations 

for mobile devices (Figure 1). Most of these tools involve touch gestures to manipulate audio 

parameters. For instance, DJay is a novel music application that transforms an iPhone or an iPad 

into a full-featured DJ console system. Users can simulate DJ scratching effects, by touching and 

rotating two iconic discs on the screen back and forth. These touch interactions, along with a 

simplified user interface, improve users’ experience on these mobile devices, enabling the users 

to manipulate audio data more directly. Nevertheless, these new tools are limited in their audio 

editing capabilities in comparison to DAWs. Lack of screen real estate also limits the usefulness 

of such software. 
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Compared with physical audio mixers and interfaces, both mouse operations on desktop 

environments and touch-based gestures on mobile devices are typically singlehanded tasks and 

limited to two dimensional (2D) interaction space, which is less intuitive and efficient. During 

music processing or live performance, it is common to control multiple parameters at the same 

time. Meanwhile, in current DAWs, controlling multiple parameters with mouse or touch is not a 

good solution. For example, a sound engineer often needs to move the mouse back and forth to 

adjust timeline, pitch, velocity, duration, fader and one or two effects like reverberation (reverb) 

and delay. Although many modern DAWs design and optimize complex user interfaces (UIs) to 

assist the users preview and manipulate multiple parameters in one view [1], it is still a difficult 

task to control audio parameters within 2D interaction space.  

 

Figure 1. The UI of audio software GarageBand [2] and DJay [15] on mobile phone. 

Much research has been devoted to improving audio manipulation experience and many 

novel music interfaces have been presented to solve the interaction limitation of traditional 

DAWs. For example, reacTable is a tangible tabletop instrument that uses tangible pucks to 
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control the audio parameters or change the sound structure. Among these studies, few have 

investigated making use of large flexible displays, combined with bimanual and multi-view 

operation. Flexible display is a promising medium in audio manipulation. It is thin and foldable, 

simulating the way real paper works. The users can bend the display to zoom in or out waveform, 

collocate two audio clip displays to mix them, and overlap one audio clip display with another 

effect display to apply the effect like reverb to the target audio clip. In comparison to existing 

display technologies, flexible display is lightweight and deformable. Holding and moving 

displays requires less physical demand and make it possible to perform multi-view interaction 

[39]. At last, flexible display equipped with multiple sensors provides both haptic and visual 

feedback in real time to guide the users, which is an important factor to design a good tangible 

interaction. 

 Based on the characteristics for flexible displays, we believe that using the advances of 

physical mixers and ease of use of musical software, we can create a multi-display system for 

manipulating audio in real-time, allowing spatiality, natural bimanual interactions and haptic 

feedback for efficiency and ease of learning for novice users. This can overcome some of the 

limitations of existing audio tools while becoming more accessible to novice users with an 

intuitive user interface that takes advantage of spatial and natural bimanual interactions for audio 

manipulation. In this thesis, we present PaperMusic, a novel audio manipulation interface that 

uses multiple flexible displays and set of tangible audio interaction techniques. We take 

advantage of Organic User Interface (OUI) [42] and bimanual interactions to develop interaction 

techniques for manipulating audio tangibly and collaboratively. The flexible displays, augmented 

with 3D tracking and bend sensors, provide paper-like interactions. Initial user experiment shows 

that PaperMusic has a lower mental demand for novice musicians.  
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1.2 Contribution 

The thesis contributes to the field of Human-Computer Interaction and New Interfaces for 

Musical Expression. Firstly, we present the design and implementation of PaperMusic, a music 

editing environment and set of interaction techniques, which allows users to manipulate audio 

tangibly and collaboratively using multiple flexible displays as the display and input media. Five 

interaction techniques are explored: 1) Layering; 2) Collocation; 3) Pointing; 4) 3D spatial 

awareness; 5) Bending & touching. Secondly, we performed a preliminary user experiment to 

obtain feedback from the participants who are amateur musicians. Our experiment demonstrates 

that compared with traditional music editing software, our tangible prototype has a lower mental 

demand and facilitates the bimanual asymmetric tasking. 

 

1.3 Thesis Outline 

 This thesis is presented in five chapters. The first chapter introduces the topics of tangible 

audio interface with large flexible displays and presents the objective of the work. 

 The second chapter provides a review of related literature in the fields of traditional 

music editing environment; tangible music interfaces; OUI and flexible display interaction 

techniques; bimanual multi-display interaction techniques. 

 The third chapter describes our design rationale and discusses the interaction techniques 

of PaperMusic in detail. 

 The fourth chapter presents the implementation of PaperMusic system, including the 

hardware architecture and software components. The workflow, algorithm, and communication 

protocols in this tangible audio manipulation prototype are also described in this chapter.  

 The fifth chapter discusses the details about our preliminary user experiment, where the 

participants are encouraged to try each feature of PaperMusic and provide their feedback. This 
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chapter includes motivation of the user study, the participants, the experiment apparatus and the 

procedure. A discussion of the users’ feedback is also provided in this chapter.  

 The sixth chapter summarizes the design and implementation of the PaperMusic system 

and provides several design recommendations for future flexible music interfaces. Also, the 

limitations of PaperMusic and future work are described in this chapter. 
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Chapter 2 

Background and Related Work 

 PaperMusic draws from both the traditional music editing environment and novel audio 

interfaces. This system builds upon several areas and techniques of previous research: (1) 

Traditional music editing environment; (2) Tangible music interface; (3) Flexible display 

interaction techniques; (4) Bimanual multi-display interaction techniques. 

2.1 Traditional Music Editing Environment 

 Before the 1980s, due to the relatively weak performance of personal computers, most 

parts of music editing workflow were handled by specific musical hardware, such as samplers 

and synthesizers (synths). At that time, audio software could not process audio signals in real 

time and only acted as an auxiliary tool to hardware. With the dramatic boost of performance of 

personal computer, especially the release of Intel Pentium MMX instruction set [24], audio 

software ran fast enough and gradually replaced hardware to take on heavy duty audio editing in 

the sound engineering industry. Less expensive but powerful soft synths and soft instruments 

began to appear, making digital music production accessible to novices and amateurs. Cakewalk 

[11], a digital performer running on Windows 3.0, was released in 1991 and soon became popular 

among amateur musicians. Cakewalk introduced many modern DAW user-interface elements like 

Piano Roll that appeared in almost every successor DAWs thereafter. 

 Currently there are many mature DAWs in the market, for example, Apple Logic Pro [3], 

Ableton Live [1], Avid Pro Tools [7], Steinberg Cubase [38], etc. Most of them support 

integrated music production workflow from recording, to editing to playback. The UI of these 

DAWs is highly optimized for desktop and laptop. First, they try to provide rich and categorized 

UI elements according to the screen size of personal computer. Second, they involve 
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skeuomorphic design to simulate physical music interface components (e.g., knobs and faders). 

Third, they support many keyboard shortcuts to facilitate the music editing operations. However, 

the learning curve of current software DAWs is still sharp. The reason is that these DAWs 

abstract the music editing workflow to a series of keyboard and mouse operation, which makes 

the interaction less intuitive and less efficient. Amateur musicians find it hard to map and apply 

their traditional music composition knowledge to digital music editing activities [26].  

 With the proliferation of mobile devices, many companies began to migrate desktop 

version of DAWs to mobile form factors (i.e., smartphones and tablets). The mobile version of 

DAWs took advantage of multi-touch techniques and was optimized for limited screen assets. 

Due to the excellent portability and high performance of mobile devices many musicians have 

begun to use mobile DAWs exclusively to create, edit and jam digital music. Atomic Tom 

performed “Take Me Out” on NYC subway using iPhones and iPads, but no other DAWs [6]. 

 While the mobile DAWs are becoming widely popular, we should also identify their 

limitations. Firstly, the small size of the mobile device screen restricts the efficiency of 

interaction. Sound engineers often need to handle multiple sound samples and adjust multiple 

sound parameters at the same time [45]. Current mobile DAWs cannot show all these information 

in one screen. The solution is abstracting each audio sample to a narrow bar object (Figure 2). 

When users touch a specific bar, the corresponding audio clip becomes active, allowing users to 

change the sound parameters or apply effects to it. Such interactions are inefficient, as a user 

constantly needs to switch between different audio sample contexts while editing. PaperMusic 

attempts to solve the problem of limited screen real estate using multiple displays.  Secondly, 

mobile DAWs rely heavily on touch interactions. A touch operation often blocks parts of the 

screen area and causes a fat finger problem, which is a vital problem in live performance. Also 

compared to the tangibility of knobs and buttons on a synthesizer, touch interactions are less 

intuitive and inefficient. Finally, the lack of haptic and visual feedback of 2D flat touch screens 
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limits the accuracy of operation and is not conducive to asymmetric bimanual interaction [25], 

which is common in music manipulation activities. 

 

Figure 2. The GUI comparison between DAW on desktop and DAW on mobile device. With 

more screen assets, the DAW on a desktop is able to provide much more UI elements than 

the one on mobile phone. 

 

2.2 Tangible Music Interface 

 The proliferation of research on new tangible music interfaces provides many solutions to 

overcome the disadvantages of the traditional music interfaces. Among them, we discuss four 

themes in designing tangible music interfaces. 

2.2.1 Novel Tangible Musical Controller with New Input Medium 

 Theremin [41], which was named after the name of its Russian inventor, is one of the 

earliest novel electronic musical instruments (Figure 3). Invented in 1920 by Soviet scientist, 

Professor Leon Theremin, theremin was used in a public performance by a female performer in 

the same year and soon caused a sensation. Even Einstein visited to take a look at it. 

Subsequently, theremin was widely used in the 1950s in Hollywood Sci-Fi movie soundtracks. At 

that time, theremin was seen as a splendid futuristic musical instrument. The most innovative part 

was that its sound was produced electronically, instead of through the physical vibration of string, 

reed or resonant body. 
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Figure 3. Left: Theremin and Professor Leon Theremin; Middle: An Etherwave-Theremin; 

Right: Thereminist playing theremin [41]. 

 The mechanism of theremin is quite simple. The controlling component of the instrument 

consists of two metal antennae controlling the volume and frequency of the audio (Figure 3). The 

antenna and the hand form a capacitor. The capacitance of it depends on the relative distance 

between antenna and hand. When the player moves his/her hands back and forth, the changes of 

capacitance varies the frequency of one of two radio-frequency(RF) oscillators, which then 

modulates the other fixed-frequency RF oscillator and generate beat frequencies in the audio 

range[40]. Then, the audio signal is filtered and amplified. Although theremin was invented to 

emulate the violin, this instrument lacks haptic and visual feedback when the player moves hand 

in air. Theremin requires difficult playing techniques and years of physical practice to learn.   

 The reacTable [25] is a novel musical interface that turns music processing into tangible 

interaction. The system consists of a round translucent tabletop and many acrylic pucks on its 

surface. Each acrylic puck, augmented with computer vision based tracking tags is a building 

block of music which provides one specific functionality like oscillator, audio filter, mixer and 

controller in audio processing system. Users pick proper pucks and arrange them on the table. 

These pucks will connect and interaction with each other based on their topology and proximity, 

thus forming a virtual music processing pipeline (Figure 4). Audio parameters can be controlled 

by rotating the acrylic pucks or touch table surface with the fingers. A projector beneath the 
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tabletop, projects the interactions between different components and parameter values to the 

surface of the table, providing immediate visual feedback to guide user performance. 

 The reacTable borrows ideas from early modular analogue synthesizers, which provide 

high flexibility and customization. However, each block only provides one simple, fixed 

functionality. Thus, in order to implement a simple sequencer or filter, the user needs to use many 

blocks, which can be hard to manage. Also, similar to Max/MSP [14], its learning curve is really 

sharp, due to its high customizability. A lot of blocks (i.e., features) are provided to a user to 

create and manipulate audio. A novice, without deeper knowledge of terminologies and 

mechanisms, is likely to get overwhelmed by these options. 

 

Figure 4. Users interact with reacTable. An audio synthesizer is built using reacTable pucks 

with different functionalities. 

 MagiMusic [26] provides a new approach to extend the interaction space of a mobile 

device from 2D to 3D. Rather than relying solely on touch screens, which have issues of 

occlusion and fat finger, MagiMusic mimics music playing gestures on mobile devices by moving 

a small magnet object in hand around mobile phones equipped with embedded magnetic field 

sensor. It measures the magnetic pattern of the space around the device and maps the deviations 

in the values of X, Y, Z axis to different gestures, thus changing sound characteristics such as 

pitch, velocity, pan, reverb etc. 
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 Hamed et al. [26] provided a detailed analysis and design of guitar, drum-kit, theremin 

and disc jockey applications that employ magnetic field to provide tangible performance 

experience. Several gestures like in-air swing and tap are discussed in their applications. 

However, their gestures design seems inconsistent. Some gestures are less intuitive and hard to 

perform. Gestures have different meanings in different applications, which causes a sharp 

learning curve for users. For example, their prototype changes a traditional two-handed 

performance in theremin to a one-hand operation. Pitch and volume of theremin are set by 

measuring a hand's movement in X and Y axes respectively. This gesture requires more mental 

and physical load than the traditional two-handed gesture. 

2.2.2 Collaborative Musical Interfaces 

 One of the early projects exploring multi-user interactive music system is Jam-O-Drum 

[9]. Jam-O-Drum is a tabletop surface equipped with velocity sensitive pads as input and 

computer graphics imagery as output. Up to six players can participate in collaborative music 

expression simultaneously by hitting the drum pad, embedded in the table, to drive synthesizer 

and generate different sounds. A projection display on the wall provides visual feedback to create 

an immersive musical environment. The system architecture consists of a music and graphics sub-

system, running on two Power Macintosh G3/266 computers. The two computers communicate 

with each other using MIDI, a 7bit serial data musical communication protocol. 

 Each drum pad is augmented with piezoelectric sensors, which can tell how hard a pad is 

hit. A G3 computer runs a customized MAX application, collecting MIDI information from pads, 

controlling playback of audio system, and forwarding this control information to the graphical 

subsystem. The other G3 computer received the control command from audio subsystem, and 

used Macromedia Director 6.0 to show corresponding visual feedback. By taking advantage of 

intuitive interaction gesture (hitting the flat surface), Jam-O-Drum created an experience that 

engaged both the novice and the musically trained participant. PaperMusic has a similar 
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distributed system to that of Jam-O-Drum. In PaperMusic, sensing, musical and graphical 

subsystems run on multiple devices with heterogeneous architectures and communicate with each 

other using Open Sound Control (OSC) [31] protocol, which is the next generation music transfer 

protocol that supports more data types than MIDI.   

 Tooka [17] is a two-person cooperative music interface that creates new forms of music 

expression. The instrument is a hollow flexible tube with a pressure sensor in the center 

measuring the air pressure in the tube. Two players place their mouths over the opposite ends of 

the tube and modulate the pressure in the tube using their tongues and breath (Figure 5). There are 

three buttons on each side to control the properties of sound such as pitch. When two players 

interact with Tooka they begin to anticipate and predict each other's responses. Different from a 

duet performance, which provides intimate connection mainly through acoustic signal, their 

system also connect performers through a physical channel, providing haptic feedback. This 

intimacy enables players to have meaningful and expressive bonds. 

 

Figure 5. Tooka is a cooperative music instrument, which consists of a hollow tube 

augmented with bend sensors and pressure sensors (left). Two musicians are playing Tooka 

(right). [17] 

 

 Another example is TOUCHtr4ck [47], which is a novel tabletop multi-touch controller 

that facilitates democratic collaboration in the music creation and performance process. The 

tabletop prototype consists of multi-touch finger tracking module based on reacTIVision and a 
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projected user interface. The interface displays several circles with different controlling UI-

elements inside each. Each circle represents a task such as recording, playing or mixing, or a 

specific sound filter such as reverb, low-pass filter. The users click the UI elements in audio circle 

to play/pause audio playback, or adjust the volume or pitch modulation and UI elements in effect 

circle to manipulate the parameters of that effect. The system supports multi-user collaboration by 

allowing adjustment of multiple audio or effect circles simultaneously. Note that each effect 

circle controls all the active audio circles and it is applied in sequence to the global output. The 

system does not support applying one effect to one audio clip or extending multiple audio circles 

to one big audio clip, which are very common in current DAWs, due to the limitation of 2D touch 

interaction technique. PaperMusic takes advantage of the thin film flexible E INK displays and 

designs spatial cognitive interaction, like overlap, collocation, and stacking to support a rich set 

of fine-tuned audio/effect manipulation. 

2.2.3 Tangible Music Interface for Novice and Amateur Musicians 

 BeatTable by Engin et al. [10] is a tangible drum machine that helps children to learn the 

concepts of rhythms and ratios in math and music education. The authors discuss that learning to 

follow rhythms and different tempos is a complex problem and a lot of physical practice is 

needed. Also, learning the abstract concept of ratio and proportionality is a difficult task for 

middle school students. Based on the analogous relation between rhythm and proportion, 

BeatTable has physical tables drum machine embedded with tangible plastic units augmented 

with computer vision based marker which can stand for pulse generator, sound tokens, redirector, 

etc. Children choose and put different plastic units on the table. Depending on the proportion of 

the distance of the sound tokens and the pulse manipulator with respect to the pulse generator, the 

system generates corresponding beats. By providing real-time auditory and visual feedback, the 

BeatTable provides a powerful means for learning the concept of math and music discipline. 
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 Merrill et al. [29] proposed Siftables, a tangible user interface consisting of multiple 

interactive tiles. In Siftables, each tile is a 36mm x 36mm x 10mm sized interactive block 

equipped with four IrDA infrared transceivers, 3-axis accelerometer as input and one color LCD 

display as output. Each tile is powered by an embedded rechargeable battery and forms an 

independent node that can communicate with its peers by wireless radio. Siftables has the ability 

to respond to users’ physical manipulation gestures and provide visual feedback to assist users to 

finish a task. 

 Merrill discusses gesture-based interaction language such as grouping and sorting and 

how Siftables responds to these gestures (Figure 6). Siftables illustrates these gestures with a 

music-editing scenario. Each tile can stand for an audio clip, effect or controller. Users collocate 

audio tiles to extend multiple audio clips. A tile containing volume controller is tapped onto an 

audio clip tile. Moving the controller tile up and down then controls the volume of the audio tile. 

While these music-editing interactions are simple and intuitive, the tiles in Siftables are too small 

to show enough information for intensive music manipulating system. For example, users cannot 

see the waveform of the audio clip. Also, having more audio tracks or effects per tile is limited by 

the screen space. This leads to the need for a lot of tiles for complex audio tracks. 

 

Figure 6. Siftables supports physical manipulation gestures like grouping and sorting to 

interact with digital media. This figure shows a physical sorting task with nuts and bolts 

(left), a pile of cards (middle) and Siftables blocks (right)[29].  

 Yinsheng et al. [50] designed and evaluated MOGCLASS, a collaborative multimodal 

system of mobile devices for classroom music education. Conventional classroom music 
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education, to some extent, constrains the development of students’ music skills. It requires years 

of practice of a musical instrument, which may be a barrier for some novices. Also, the limited 

number of available instruments restricts students' music expression. To address this problem, 

Yinsheng et al. proposed a multimodal music education system based on networked mobile form 

factors which are augmented with sound synthesis technologies and embedded sensors. They 

designed the Hitter interface, Tapper interface and Slider interface to simulate a large variety of 

music instruments. Students interact with these interfaces on mobile devices to generate different 

kinds of sound. All the devices are connected via OSC to sync and handle a collaborative 

performance.  

 Yinsheng conducted a two-round iterative user study to evaluate and improve their 

prototypes. The results show MOGCLASS is effective in encouraging students to learn music, 

facilitating collaborative music expression, and helping teachers manage the classroom. 

MOGCLASS system has some limitations. First, the small size of the screen asset restricts the 

interaction experience and visual feedback. For example, it is hard for students to accurately press 

the piano keys on handheld devices (they used iPod Touches for their system). Second, compared 

with conventional instruments, which have rich haptic feedback and tangible interaction 

techniques, their prototype has very little haptic feedback to guide students, and the main 

interaction techniques are restricted to 2D touch screens, which make the operation less intuitive. 

2.2.4 Haptic and Visual Feedback in Tangible Music Interaction 

 Craig Wisneski et al. [45] presented one of the early systems of tangible audio control 

interface that used haptic and visual feedback. They made two prototypes and discussed how to 

use them to simultaneously control multiple parameters by mapping the effect parameters into a 

logical 3D interaction space.  

 Their prototype consists of a ball suspended in a 16’ x 16’ x 16’ cube. The ball is drawn 

by eight wires that connect to motors and sensors. A user can hold the ball with one hand and 
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move it in space along different directions to control different parameters. The system simulates a 

six degrees of freedom (DOF) analogue faders. Movement of the control ball in a specific 

direction changes a specific parameter. Also, for sound spatialization tasks, the location of the 

ball in 3D space indicates the path and source a sound should follow, which provides a natural 

sound manipulation in a better manner than conventional tools. 

 Blind Hero [49] is a Guitar Hero music/rhythm game designed for visually impaired 

people. Guitar Hero is a popular rhythm game combining visual and auditory cues. According to 

the visual stimuli, the player responds to specific beats at the proper time. Blind people, although 

they may have sharp audio perceiving capability, cannot play such rhythm games. Blind Hero 

involves a glove equipped with vibrating motors attached to the tip of each finger that transform 

the visual cues to haptic stimulus. This strategy makes mainstream games accessible to visually 

impaired players.          

2.3 OUI & Flexible Display Interaction Techniques 

 Organic User Interfaces (OUIs) are a type of UI that tightly interweave input and output 

design spaces. OUIs break free from rigid and planar displays currently used, by using 

deformable and non-deformable non-planar displays that may actively or passively change shape 

using analog physical inputs [42]. The physical shapes of the deformable display are mapped to 

their functionalities. The vision of OUI sheds light on future interaction techniques for devices 

that are no longer rigid and static. We are able to not only bend, fold and twist a device to interact 

with digital contents tangibly, but also receive haptic alert or data updates from the shape 

transformation of the device, which is augmented with actuating materials. 
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Figure 7. PaperWindows [23] (left) is a projection based windowing environment that 

simulates actual paper manipulation gestures to digital content. PaperPhone [27] (middle) is 

a flexible cell phone prototype that evaluates the bend gestures on mobile form factors. 

DisplayStacks [20] (right) explores multiple thin flexible displays and asymmetric bimanual 

interactions. 

 Holman et al. [23] created PaperWindows to connect the digital content with physical 

paper artifact via OUI. PaperWindows is a projection-based windowing environment that 

combines the advantage of lightweight, flexibility of real paper with easy querying and updating 

of digital content (Figure 7). In PaperWindows, sheets of paper are tracked in 3D interaction 

space and projected with computer windows for physically interacting with digital information. 

Holman proposed several gestures to manipulate digital data such as collocate, hold, stack, flip, 

etc. We borrow some interaction gestures from PaperWindows. For example, in PaperMusic, the 

user collocates two displays vertically or horizontally to mix or extend two audio clips. 

 Bend gestures are common in musical expression. For example, musicians bend a string 

to create pitch bend on guitar. Bend operations are also important interaction approaches for 

flexible computing form factors that takes advantage of the deformable properties of flexible 

devices.  Bend interaction is recognized as advantageous in cases when users wear gloves or have 

motor skill limitations [27], which inhibits touch operation. Bend interactions have certain 

advantages over touch interactions. The fat-finger problem does not arise when bending, and use 

of edges of display for interaction means that the display surface is not occluded by hand, worn 

out by heavy usage or cluttered by visual UI elements. 
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In BendFlip [44], Wightman designed a bendable electronic book reader prototype and 

evaluated the bend technique on a flexible form factor. BendFlip is an e-Reading apparatus 

combining properties of shape-deformable devices with a rigid lightweight LCD screen. The 

flexible substrate around LCD is augmented with two 8”x7”x1/32” bi-directional thin flexible 

bend sensors. Haptic feedback was provided when users bend the flexible substrate to simulate 

flicking of a book. The bi-directional bend sensor can detect the relative angle of users’ bend 

gestures and trigger flick events. Their research suggested that by providing haptic feedback, 

bend techniques had fewer errors and better physical affordances on thin film deformable display 

compared with button techniques. They also showed that the time required of a bend gesture is 

comparable to that of pressing a button. 

 Due to the limited availability of flexible display technology, most of the prior studies, 

which examined the bend interactions, were simulated using flexible mockups [28], rigid display 

with augmented flexible frame [37] or projection on paper [23]. PaperPhone [27] is the world’s 

first deformable smartphone with a functional flexible E Ink display and integrated bend sensors 

(Figure 7). 

 Lahey et al. [27] performed a user study using PaperPhone to understand user-designed 

bend gestures for common computing actions. There are three sessions in this study. In the first, 

they asked users to design eight bend gestures, considering several characteristics: the location of 

force exerted on the display, the polarity of that force and simplicity of the bend gestures. In the 

second session, they asked users to evaluate the appropriateness of each of those defined gesture 

pairs for one of seven actions pertaining to three applications. They then selected their favorite 

bend gestures pair for each action pair. In the third session, users were asked to perform all 

available actions in each application. 

 They discovered there was a strong agreement among participants to map common 

actions to simple bend gestures, e.g., bending along one axis and bending top right corner 
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up/down were most frequent used. They also found zoom-in action was commonly recognized as 

bending the display in a convex shape in relation to the user and zoom-out vice versa. Based on 

their results, we have designed our system to equip one bend sensor on the top right corner for 

users to perform most common actions like play/pause, previous/next item, and one bend sensor 

laid on the center. Using this bend sensor users can bend display in a convex/concave shape to 

perform zoom-in/zoom-out operations to the waveform. 

 

 Figure 8. DisplayStacks [20]: Physical interaction techniques with stacked thin flexible 

displays. 

2.4 Bimanual Multi-display Interaction Techniques 

 Asymmetric bimanual activities such as dealing cards or playing instruments are very 

common in people’s daily lives [21]. Guiard presented the Kinematic Chain model [21] to 

describe the mechanism of division of labor that decides the variety of human skilled asymmetric 

bimanual actions. The Kinematic Chain theory treats the two hands as two abstract motors and 

the left and right hands form a functional kinematic chain. The non-dominant hand provides the 

context and the dominant hand performs accurate movement. The bimanual interactions of 

PaperMusic are consistent with Guiard’s Kinematic Chain theory. For example, when applying a 

reverb effect to audio clip, the user holds the audio clip with her non-dominant hand, which is 

usually the left hand. The effect display, in the dominant hand, is overlapped onto the audio clip 

to apply that effect. After overlap, the effect display is moved up and down to fine tune the 

parameters of the effect for the audio.   
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 Girouard et al. [20] presented DisplayStacks, a functional prototype that explores 

manipulating digital documents using multiple E Ink displays (Figure 8). Each display represents 

one paper-like document and is augmented with a conductive dot pattern sensor to detect the 

relative position and proximity to the other displays. The extreme thinness and lightweight of 

flexible E INK electronic paper displays not only provide premium reading experience but also 

enable DisplayStacks to physically resemble paper documents, which is beneficial for stacking 

interactions. Audrey designed several most common used paper document interactions techniques 

in DisplayStacks, such as pile, stack, fan, linear overlap and collocation. Compared with current 

virtual window interaction techniques, their prototype supports providing contextual overview, 

quick organizing and sorting, layering information and increasing real estate on the fly, by taking 

advantage of multiple thin flexible displays and asymmetric bimanual interactions. Their initial 

user study indicates the preference for linear overlaps for stacking operations. 

 Tarun et al. [39] presented PaperTab, a paper computer with multiple flexible E Ink 

displays. Each display, augmented with bend sensors and an electromagnetic 3D tracking probe, 

represents one physical and functional computer window. The system can track the 6 DOF 

location and proximity of displays which allows multi-display interaction techniques on the desk. 

Touch and bend sensors on the display allow user to navigate different contents and trigger 

specific actions. Tarun discussed several interaction techniques, including (1) hot, warm, cold 

zone interactions; (2) focus+context interactions [8]; (3) bending interactions. PaperMusic 

inherits the framework of PaperTab and expands the architecture and interaction techniques to 

meet the requirement of real time music manipulation scenario. For example, PaperMusic 

implements a parallel input processing pipeline to process user’s interaction events with low 

latency.  
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Chapter 3 

Design Rationale and Interaction Techniques  

3.1 Design Goal 

 Our design goal for PaperMusic was to design a novel tangible music interface for audio 

editing, supporting intuitive interactions and minimal mental effort for novice and amateur 

musicians. The revolution of digitalization of music interface makes music editing accessible by 

larger number of ordinary people. Today, a laptop with a good sound card can act as an 

inexpensive but powerful digital audio workstation. Amateur musicians are able to compose, edit 

and perform live music on computers with music editing software. However, the mouse, 

keyboard and touch-based interaction sacrifice the advantages of traditional music interfaces, 

such as intuitive operation and rich haptic feedback. To address this problem, more and more 

tangible music interfaces are being explored that combine the rich haptic feedback of traditional 

music interface with the power of digital music interfaces [25, 17, 47, 26, 9]. 

 Current research in deformable interfaces shows that flexible displays are a promising 

technology for future interfaces that favour lightweight and rich interaction modalities [23, 27, 

28, 34]. Thin-film flexible displays simulate the experience of traditional paper. Users can bend, 

stack, and overlap multiple flexible displays with little effort and get rich feedback like real paper 

when they interact with flexible displays. For example, in PaperMusic, when users bend the 

corner of the display to change sound parameters, the force along the normal direction provides 

natural haptic feedback. In PaperMusic, we explored multiple interaction techniques such as 

bending and overlapping with thin film flexible displays to perform audio manipulation tasks. 

Also, we considered some design goals when designing interaction techniques. 
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3.1.1 Low Learning Curve 

 Our first goal is that PaperMusic should be easy to learn and easy to use. Traditional 

DAWs are powerful, but complex, there are many audio parameters to adjust and the steps to 

finish an operation are rigid and difficult to find. Novice and amateur musicians who do not have 

years of education find it a difficult task to work with DAWs, even in common and simple music 

editing tasks [26]. PaperMusic involves many tangible interactions to imitate common gestures 

with everyday objects. Users can apply their existing interaction experiences to PaperMusic 

interaction without much extra effort. To load any audio or effect, the user holds a blank display 

as a pointer, taps a specific audio clip or effect in the library menu to load that audio or effect to 

the blank display. The user collocates two audio displays to extend these two audio clips to a 

bigger one. All these interactions are intuitive and familiar in daily life so the user does not find it 

difficult to learn how to use the system. 

3.1.2 Consistent Metaphor 

 Our second goal is consistent metaphor: through a plurality of scenarios, similar gestures 

stand for similar actions. Good design of consistent metaphors not only reduces the burden on 

user mental load, but also improves the efficiency of interactions. For example, in overlap 

scenario, when a display overlaps another display to apply an effect, the size of exposed area 

maps to the value of that effect parameter. If both displays are audio clips, the size of exposed 

area maps to the volume of overlapped audio clip. If one reverb effect display overlaps an audio 

display, the exposed area stands for the dry/wet ratio of reverb effect. 

3.1.3 Lightweight & Portability 

 In tangible interfaces, a multitude of physical tokens is used for manipulating digital 

information. This requirement brings us to our next goal, that of having lightweight and portable 

physical tokens for manipulating audio. The development of flexible display technology makes it 

possible to produce ultra-thin deformable computers. In PaperMusic, we take advantage of these 
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thin film displays to have multiple physical handles. Imagine a DJ with PaperMusic. She can 

stack multiple A4-sized thin lightweight displays and pack them in a bag, carry them to the place 

where she will give a performance, load the audio clip or effect to these displays, and arrange 

them tangibly on the table to generate different music, just like playing with LEGO blocks. In 

order to maximize flexibility and portability, we chose the commercial thin flexible bend sensors 

and touch points which provide stable and reliable sensor data, and connect different sensors with 

our own custom-designed thin flexible printed circuit. After attaching the sensors and circuits to 

the back of the display, the total thickness of display device is less than 2mm. 

 Currently, due to technical limitations, the CPU and battery are not thin and bendable. 

Each flexible E Ink display is connected to a development board using a long cable to get power 

and data. This design maximizes the simulation of real paper experience and users feel fewer 

physical demands during the interaction process. 

3.1.4 Spatial Awareness 

 While designing the tangible music interface, we plan to explore extending the 

interaction spaces of multi-view displays by using the spatial information of the displays as a 

metaphor. Spatial cognition to arrange multiple objects is one of the most natural abilities of 

human beings [45]. In PaperMusic, many properties and behaviors of the system are decided by 

the topologic status of multiple displays. For example, in the audio mixing scenario in 

PaperMusic, users lay multiple audio clip displays on the table and play them; the playback order 

of these displays depends on their spatial arrangement on the table, and this direct mapping 

provides intuitive visual feedback. 

 Panning adjustment is another common task for sound engineers [45]. Human beings can 

distinguish the source and direction of sound. In the modern audio engineering industry, the main 

way stereo sound works is by setting different volumes of a sound in each channel. For example, 

for a 2.0 sound system, if the sound in the right speaker is louder than in the left speaker, people 
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feel that the sound is coming from the right side. In this situation, we say the audio signal is 

panned to the right channel. In traditional DAW, pan is controlled by a virtual knob which can be 

placed from the 8 o’clock dial position left to the 4 o’clock position right. Such a setting is less 

intuitive because for one specific value on the knob, it is hard for the sound engineer to estimate 

its panning result quickly. The engineer needs to fine tune the knob back and forth until the 

accurate panning is achieved. Using the traditional pan knob, a sound engineer often needs to 

control multiple knobs at one time. In PaperMusic, a user can place an audio display in different 

positions (in 3D space) to set the source of sound to that location. This provides a natural 

mapping of display position to location of audio source. To enable panning mode, user presses 

the Record button. Once user has moved an audio clip to desired location, he/she presses the 

Record button again to lock panning. In a multiple tracks mixing scenario, if the sound engineer 

wants to pan the guitar track to the left side of sound field, and pan the vocal track in the center of 

sound field, he/she just needs to place the audio display, which represents the guitar track, to the 

left part of the working table, and place the audio display, which represents vocal track, to the 

center of the   table. 

3.1.5 Multimodality with Richer Forms of Tactile and Visual Feedback 

 Multiple feedback helps improving the efficiency of interaction. Traditional DAWs, 

which depend heavily on mouse and keyboard input and single screen output, come with limited 

feedback, which are mainly visual feedback. PaperMusic tries to provide richer forms for tactile 

and visual feedback. Each flexible display is augmented with bend sensors to support bending 

interaction, the user can bend different corners of the display to change audio or effect parameters. 

The force exerted in normal direction to the edge of display provides natural tactile feedback and 

the user knows to what degree his/her operation is. PaperMusic also takes advantage of multi-

view interaction to provide proper visual feedback. Each display that represents audio or effect 
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shows detailed parameters of that sound or effect. The parameters information get updated in 

real-time while interacting to guide the users.  

3.1.6 Bimanual Tasking and Multi-display Interaction 

 One of the most important design goals of PaperMusic is to maximize parallelism and 

provide multi-display interaction. As mentioned above, traditional DAWs rely heavily on mouse 

and keyboard interaction, which mainly involves unimanual interaction. The interaction space is 

limited to the 2D screen space. The smaller size display asset and unitary touching gestures of 

mobile devices do not solve the problem but make it worse. Most novices and amateur musicians 

find it challenging to adjust a large amount of sound parameters during the music editing process. 

On the constrained screen of a mobile device this problem is more serious, because the screen 

cannot show all the necessary information and parameters at one time. Users often need to switch 

between different views to satisfactorily adjust audio parameters. 

 To address this problem, PaperMusic uses large lightweight and thin film E Ink displays 

and designs a whole set of bimanual interaction gesture, which follow Guiard’s Kinematic Chain 

model. Take applying an effect to the audio clip for example. Here, the audio clip in question is 

the context to which the selected effect (focus) is applied. User holds the audio clip with her non-

dominant hand, which is usually the left hand. The effect display, in the dominant hand, is 

overlapped onto the audio clip to apply that effect. After overlap, the effect display is moved up 

and down to fine tune the parameters of the effect for the audio.  

3.1.7 Collaborative Music Editing 

The other goal of PaperMusic is to support multiple user to repurpose different displays 

for collaborative music activities. Collaboration is common in musical expression. For example, 

duet built up the collaboration between two performers through acoustic signal or visual feedback. 

Collaboration facilitates the creative music making and increases the level of musical expression 
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capabilities. Also, for amateur musicians, collaboration encourages them to exchange technical 

knowledge and make music easily [12]. 

To enhance collaborative music editing, each physical display in PaperMusic is tracked 

independently and the system does not restrain how each display is being used. If there is more 

than one user, as long as there are enough displays, each user can repurpose a display to hold 

audio clip, effect or palette and democratically manipulate his/her audio tracks. There is one 

playback system that plays all the displays on the table one after another, depending on their 

spatial relations. 

3.2 Interaction Techniques 

 To perform music editing tasks using PaperMusic, users arrange multiple flexible 

displays, with each display representing different roles such as an audio clip or an effect in music 

editing environment on table. They bend, overlap or touch the displays to change the parameters 

of sound. In this thesis, we explored several interaction techniques. 

3.2.1 Layering 

 Layering means overlapping one display with another. This technique provides the 

metaphor that apply or mix the data on the top display to the one on the bottom display. Layering, 

from its literature meaning, also support more than two displays. Stacking multiple displays 

forms a good organization structure [20] and it is quite feasible on lightweight thin-film E Ink 

displays. If the displays are thick (e.g., LCD) it is hard to stack multiple displays, and if the 

displays are heavy, they will increase the physical affordance on the users.  

 PaperMusic takes advantage of a layering metaphor to perform different actions. One 

effect display overlapping another audio display means applying this effect to the audio clip. The 

amount or level of the effect is determined by the exposed screen area of the overlapped display. 

One audio display overlaps another audio display means mixing these two audio tracks. The 

exposed screen area of the overlapped audio display represents the fader or volume of that audio 
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clip. Note that PaperMusic supports multiple displays overlapping with each other to stand for 

complex scenarios. Layering metaphors come from daily life and users are quite familiar with 

such “covering” gestures. 

 In order to support layering interaction, PaperMusic uses Vicon 3D tracking [43] and 

trakSTAR electromagnetic sensing [5] to track location and orientation of each display relative to 

the other displays. In most cases, displays could be easily tracked wirelessly via computer vision 

based Vicon technology, by detecting the reflective markers. Sometimes when one display 

overlaps another, it covers most of the Vicon reflective markers on the overlapped display. In this 

situation, our solution is using wired electromagnetic sensor probes to provide alternative 3D 

location information. We believe such configuration, which involves both computer vision 

tracking and electromagnetic tracking technologies, will provide more stable location data with 

greater resolution.  Based on robust location data, our interaction engine will generate correct 

action and response to users’ gestures.  

3.2.2 Collocation 

Collocation means laying multiple displays next to each other horizontally or vertically 

(Figure 9). Collocation is beneficial to increase the screen real estate dynamically to the exact size 

needed [20]. In a map browsing scenario, the area of the map shown on one display can be 

enlarged to double by collocating one more display to the right. Another example is in enlarging 

the reading area of a document from one-page to two-page by uncovering one display to the right.  
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Figure 9. Collocation gesture in horizontal direction. Two audio clips are combined as a 

bigger clip. 

In conventional music editing environments, collocating two audio clips horizontally 

means extending these clips in one track to form a bigger audio clip; collocating two audio clips 

vertically means putting these clips into different tracks and mixing them according to timeline 

offset. After the multiple audio clips collocated horizontally as a bigger audio clip, these audio 

clips will be played one after another during playback. If multiple audio clips are collocated 

vertically as different tracks, these audio clips will be played independently based on the position 

of the play head.  

 In PaperMusic, collocation gestures are detected by Vicon 3D tracking sensors. The 

Vicon tracking system captures the location of each display in 3D space and calculates the 

distance of any two displays. If the distance equals to the width or height of the display, then 

collocation happened. Unlike overlap, in a collocation scenario the Vicon reflective markers on 

one display will not be blocked by the other displays. The Vicon tracking system is able to 

provide reliable information to determine if collocation happened and the 3D position data from 

trakSTAR electromagnetic sensor probes are only used for verification. 
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3.2.3 Pointing 

 In PaperMusic, the user can use the tip of one display as a cursor and point at the content 

of another display to trigger specific interactions. The display that is pointed at can be an audio 

clip or a control panel. Pointing is a useful gesture when users want to select one item on the 

display or link two displays together. For instance, if a user points a blank display onto another 

display showing available audio clips, the waveform of the selected audio clip is then loaded to 

the blank display (Figure 10). In PaperMusic, the top left corner of a display usually acts as the 

tip of pointing operation.  

 

Figure 10. Pointing gesture in PaperMusic. The user taps on a waveform to load it to a 

blank display. 

 PaperMusic supports pointing gestures by tracking the 3D location data from a trakSTAR 

electromagnetic probe attached to the back of each display. The reason pointing detection does 

not rely on Vicon tracking system is that in pointing scenario the Vicon reflective markers are 

sometimes covered by other displays. Thus, Vicon is not able to capture accurate position 

information all the time. The position data from trakSTAR are then sent to the tracking engine in 
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the central control application. The tracking engine checks the relative spatial relations of any two 

displays. If the tip of one display locates within the screen area of another display, then the 

tracking engine determines a pointing operation happened. The tracking engine can also 

distinguish between tapping and dragging in pointing gestures. Tapping represents a single click 

performed by hitting the surface of a display with the top left corner of another display held as the 

cursor. Dragging is issued by one display tapping the other and moving along the surface of the 

latter display for some distance. 

3.2.4 3D Spatial Cognition 

 The 3D position information of each display in PaperMusic can be mapped to the 

properties and behaviors of the system, which provides an intuitive and efficient interaction. For 

instance, the sound engineer can adjust the volume of an audio clip by moving the audio display 

device along the Z axis in 3D space. Compared with traditional GUI control, 3D spatial cognition 

techniques extend the interaction space from 2D to 3D because it has 6 degrees of freedom. 

Sound engineers often need to control more than 5 faders during audio processing and live 

performance [45]. We believe 3D spatial awareness is useful for sound engineers to control 

multiple parameters at the same time, for example moving up and down to control the volume, 

moving left and right to control the pitch, and moving forward and backward to control the 

velocity. Some operations such as sound spatialization are much more intuitive to be adjusted 

using 3D spatial cognition, the place and locus the user locates the audio clip display in 3D space 

are directly mapped to the source and path of that audio in the sound field (Figure 11). 

 



 

31 

 

 

Figure 11. 3D spatial cognitive panning interaction in PaperMusic. 

3.2.5 Bending & Touching 

 Bending is a promising novel interaction method discussed in many studies [23, 27, 28, 

34]. Compared with touching operation, which is popular on current mobile devices, bending 

neither takes up screen asset nor blocks the screen space during interaction. Wightman shows in 

particular navigation task, bending is as efficient as touching and buttons [44]. To maximize the 

advantages of thin film form factor, we design several bend gestures in tangible music editing 

environment. In PaperMusic, bend gestures can control both discrete variables (e.g., triggering an 

event) and continuous variables (adjusting pitch modulation). When the bend sensor controls the 

discrete variables to act as a trigger, the user bends the corner of the display and the specific 

action is triggered after the bending angle exceeds a certain threshold. For example, in 
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PaperMusic the user can bend the top right corner of the menu display up and down to navigate 

next page or previous page, respectively, through the audio library. When using bend gestures to 

control continuous variables, the range from maximum upward bending angle to maximum 

downward bending angle is directly mapped to the value range of the variable that will be 

adjusted. For instance, in PaperMusic the user modulates the pitch of the audio track by bending 

the top right corner of the audio display. The maximum upward bending angle represents the 

lowest pitch value and the maximum downward bending angle stands for the highest pitch 

(Figure 12).  

 In order to provide richer input channels, each flexible display in PaperMusic is 

augmented with thin flexible discrete touch sensors to detect user’s press operation. These touch 

sensors are attached to the left side of the display frame so that they will not block the screen 

asset. The user presses touch sensors to trigger playing/pausing an audio clip or 

enabling/disabling a sound effect. 

 

Figure 12. Bending gestures in PaperMusic. 
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Chapter 4 

Implementation 

4.1 System Overview 

 Figure 13 shows the PaperMusic system in use. Each flexible display can represent an 

audio clip or sound effect. Users bend the display to change the properties of audio, overlap one 

sound effect display on another audio clip to apply that sound effect, and arrange multiple 

displays tangibly on the table to generate different music, just like playing with LEGO blocks. 

The implementation of our prototype consists of four subsystems, which are: the input managing 

subsystem, the interaction managing subsystem, the output managing subsystem and the audio 

processing subsystem. To keep the system flexible and extensible, these four subsystems are 

loosely coupled and communicate with each other via text commands. The system architecture is 

as shown in Figure 14. 

 

 

Figure 13. The PaperMusic System in Use. (Left) User bends the right top corner of an 

audio display to change its pitch modulation; (Right) User arranges multiple displays on 

table to perform audio mixing task tangibly.   
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PaperMusic’s system architecture builds on top of PaperTab’s architecture [39]. Both 

systems depend on Plastic Logic flexible displays and similar software framework. PaperMusic 

expands this architecture further to meet real-time audio manipulation requirements. For example, 

PaperMusic implements a parallel input processing pipeline to process user’s interaction events 

with low latency. Also PaperMusic combines the wireless computer vision based Vicon tracking 

system and the wired electromagnetic based trakSTAR tracking system to provide robust 3D 

location data.  

The architecture of supporting repurposing different displays for different music elements 

naturally enables the collaborative music manipulation. In PaperMusic, each display is tracked 

independently and the system does not limit the number of total displays. Assuming there are 

enough flexible displays, multiple users can repurpose different displays to hold different audio 

clips, sound effects or palettes and democratically manipulate their audio tracks. There is one 

playback system that plays all the displays of multiple users one after another based on their 

spatial relations on the table.  

4.1.1 Input Managing Subsystem 

 The input managing subsystem is mainly responsible for collecting data from various 

sensors (e.g., Vicon 3D tracking sensors, bend sensors, touch sensors), analyzing sensor data to 

determine whether the corresponding interaction gestures happened and reporting input events to 

the core interaction logic processing subsystem. The input managing subsystem consists of all the 

tracking sensors and their handler classes, an InputManager class, and other utilities classes. Each 

sensor handler class wraps the querying and updating operations to a specific kind of sensor. The 

InputManager class is the core component of input managing subsystem, which takes charge of 

collecting all the sensor data from different sensors’ handler classes, analyzing these data and 

determining what interaction gestures happened (e.g., tapping, overlapping, bending). After that, 

the InputManager reports the interaction events to the input message queue of core interaction 
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logic processing subsystem, which will then process these input events and generate auditory or 

visual feedback. The utilities classes mainly handle math calculations or sensor data decoding.   

 

 

Figure 14. PaperMusic system architecture. 
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The input managing subsystem uses a modular design to facilitate the expansion of new 

sensors or new interaction techniques. Each sensor handler class implements the same interfaces 

to query sensor data. By this means, the core class InputManager has no need to know how many 

sensor handlers are in the current system. It goes through a list, which contains all the registered 

sensor handlers and invokes the same querying method in each loop to grab sensor data from all 

registered handler classes. Adding support to a new type of sensor is very easy and only requires 

two steps. The first step is creating a new sensor handler class, which implements the code to read 

and write sensor data, and exposing standard interface methods for the InputManager to query, 

update and reset the sensor data and status. The second step is registering this new class in the 

InputManager polling list and adding corresponding interaction events that this new sensor 

supports. 

4.1.2 Interaction Managing Subsystem 

 The interaction managing subsystem is the brain of the entire PaperMusic system and 

takes charge of mapping the input events to the corresponding interaction operations (e.g., 

updating the playback status of Ableton Live or providing visual feedback on flexible display). 

The interaction managing subsystem maintains a complex state machine, which is the abstract of 

the whole interaction system. Different statuses of the state machine stand for different modes in 

PaperMusic, such as playback mode and record mode. There is a data set class named 

DisplayStatus in this subsystem which stores the status variables of each flexible display. Some 

status variables are Boolean, for example, whether the display has loaded an audio clip or effect. 

Some status variables are Integer or Double (e.g., the index of the loaded audio clip and the 

current parameter configuration of the effect). 

 The interaction managing subsystem maintains an input message queue which contains 

input event notifications reported by the input managing subsystem. These notifications tell if the 

keyboard is pressed, if the flexible display is loaded as audio or effect, if a flexible touch point is 
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pressed, the bending degree of a specific bend sensor and the position of every display device, 

etc. In each processing loop, the interaction managing subsystem takes one input notification 

from the message queue, checks what kind of event that notification is and determines the 

appropriate interaction depending on the current state of interaction state machine. For example, 

when mixing two audio tracks, when the user collocates two audio displays in vertical direction, 

the input managing subsystem detects this collocation and sends a collocation notification 

containing the collocation type (horizontal or vertical) and the display ID to the interaction 

managing subsystem. The interaction managing subsystem first confirms that the current system 

is in playback mode and the collocation is vertical by checking on the 3D coordinate information 

contained in the input message. The interaction managing subsystem maps the 3D space relations 

of two displays to the temporal relations of two audio clips, which results in an audio mixing 

operation.          

4.1.3 Output Managing Subsystem 

 After the interaction managing subsystem completes processing one input event from the 

user, it sends response actions to the output managing subsystem. The output managing 

subsystem then interprets these commands and control output devices to provide auditory or 

visual feedback. Currently, the output managing subsystem mainly has two modules: one is 

flexible display controller and the other is audio playback controller. The flexible display 

controller forwards the interaction action to a customized Linux program (running on a flexible 

display development kit) via UDP protocol and the kit drives a 10.7” flexible display. The audio 

playback controller forwards the interaction actions as OSC [32] messages to a Max/MSP plugin 

embedded in Ableton Live, which is the audio playback frontend of PaperMusic. Note that both 

flexible display controller and audio playback controller in this subsystem just serve as 

communication agents that distribute the interaction commands. The actual controlling operations 
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of visual and auditory feedback take place in two customized applications running on 

Hummingbird flexible display development kit and the Ableton Live 9 DAW.       

4.1.4 Audio Processing Subsystem 

 The audio processing subsystem interprets the interaction commands from the output 

managing subsystem and controls audio mixing and effects based on the interaction commands. 

The audio processing subsystem consists of an Ableton Live 9 DAW, two Max/MSP applications 

running as plugins in Ableton Live and stereo speakers. One of the Max/MSP application 

processes interaction commands and maintains the playback logics of the whole system. The 

other Max/MSP application implements the sound effects (e.g., reverberation, distortion and low 

pass filter) and audio operation (e.g., pitch modulation, tempo and panning). The final audio 

signals are sent from Max/MSP to Ableton for playback. 

4.2 Hardware 

 PaperMusic involves Vicon and trakSTAR 3D trackers to track the position and 

orientation of multiple displays. Two bend sensors and two discrete touch sensors attached to the 

back of each display detect bending and touching operations of users. The sensors send data to a 

program running on Arduino Mega, which is an open-source electronics prototyping 

microcontroller.  After that, the sensor data are wrapped and formatted as input commands and 

sent to a C# master program running on central control computer via serial port. The master 

program processes input events and generates interaction response commands, which are then 

sent to the Plastic Logic development kit and Ableton Live 9. One Linux program on Plastic 

Logic development kit recognizes the interaction commands from C# master program and drives 

the flexible display to show corresponding visual cues on 10.7” flexible E Ink display. Ableton 

Live 9 receives the interaction commands, updates the parameters of audio clips or effects and 

sends audio signals to a stereo speaker for playback. When designing the display device, in order 

to obtain maximum mobility and flexibility, we chose commercial bend sensor and touch point 
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solutions that are stable, flexible and lightweight. At the same time, we designed and 

manufactured a flexible printed circuit that attaches to the back of flexible E Ink panel and 

connects all sensors.   

4.2.1 E Ink Flexible Display and Hummingbird Development Kit 

 PaperMusic uses 10.7” E Ink flexible screen from Plastic Logic [34] as display media to 

provide visual feedback (Figure 15 and Figure 16). The display has a weight of 83g and 

resolution of 1280x960 pixels. The Plastic Logic Flexible E Ink display simulates the display 

mechanism of paper and provides premium reading experience. There are millions of 

microcapsules in Electronic Ink display. Each microcapsule, about the diameter of human hair, 

contains positively charged white pigment particles and negatively charged black pigment 

particles suspended in transparent liquid. Initially, white pigment particles and black pigment 

particles are mixed together, making the display surface grey. When a positive or negative 

electric field is applied to the bottom electrode, the corresponding black or white pigments moves 

to the top surface of the microcapsule, while others move to the bottom surface of the 

microcapsule. This makes one pixel of E Ink visible to the user as black or white color that looks 

similar to printed paper (Figure 17).       
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Figure 15. Prototype Plastic Logic 10.7” thin-film flexible electrophoretic display (front 

view). 
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Figure 16. Prototype Plastic Logic 10.7” thin-film flexible electrophoretic display with 

flexible printed circuit and sensors (back view). 
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 Compared with another promising display technology, OLED, E Ink has the 

characteristics of high contrast, low power consumption and low radiation. At the same time, 

because of its display mechanism, E Ink has the disadvantage of low refresh rate, usually around 

2 frames per second (fps). Holman and Burstyn have presented FlexKit [22], a fast refresh 

technology that can raise E Ink refresh rate to 5 fps, which is fast enough in most interaction 

scenarios. PaperMusic uses FlexKit as the driver program of flexible displays to achieve the fast 

refresh rate. 

 

 

Figure 17. E Ink microcapsule [16]. (Left) When there is no electric field applied, black 

pigment particles and white pigment particles are mixed together; (Right) When negative 

electric field is applied to the bottom electrode, negatively charged black pigments move to 

the top surface of microcapsule, making the display visible as black at that spot. 
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 The 10.7” flexible E Ink display comes with Hummingbird development kit (Figure 18). 

To drive flexible display, two cables (one source, one gate) are connected between the 

development board and display. The Hummingbird development kit used in PaperMusic is Plastic 

Logic’s third generation development board, which is equipped with an 800MHz ARM Cortex-

A8 CPU, 512MB RAM, two SD slots and two flexible display connection slots. The development 

board runs an embedded version of the Linux operating system, which is burned to an SD card. 

FlexKit, a fast refresh application written by Holman [22], runs on Hummingbird to communicate 

with C# master program on host PC via UDP. FlexKit receives image streams from the master 

program and drives E Ink display to show the decoded images.  

 Due to technology limitations, each display unit in our current prototype is not 

completely wireless. There are several cables connected between display and control board for 

data and power transfer. To improve the user experience, in subsequent versions of PaperMusic 

we plan to remove all the existing cables and alternatively make use of Bluetooth technology for 

wireless communications and thin flexible battery for power supply. 
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Figure 18. Plastic Logic Hummingbird development kit drives a 10.7” flexible display. The 

two cables on the left side of the board are power cable and MicroUSB data cable which 

receives display commands from host PC.  

4.2.2 Vicon 3D Tracking System & Laser Cut Reflective Marker 

 PaperMusic uses the Vicon 3D tracking system to track the position and proximity of 

flexible displays. Vicon is a mature 3D tracking technology, which is often used in Hollywood 

movies. Vicon technology involves an infrared camera array located in different places in 3D 

space. Each infrared camera captures the reflective markers, and the coordinates of the markers in 

3D space are deduced from the data of all the cameras. Figure 19 shows the Vicon 3D tracking 

system hardware setup and Nexus software.   
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Figure 19. Vicon 3D tracking system setup and Vicon Nexus software. 
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 In PaperMusic, eight Vicon T40 cameras are used to track the position and orientation of 

three flexible displays. The system tracking frame rate is 100Hz, with a precision of 3mm after 

calibration. Such delay and error rate is sufficient to meet the requirement of real-time audio 

processing.  

 Multiple 2D images from each Vicon camera are converted to a 3D coordinate by an 

image processor using a triangulation algorithm. Calibration is needed before setup. In the 

calibration process, we first adjust the field view of each Vicon camera to confirm that it covers 

the most of the interaction area. Then, we swing a T-shape calibration wand (Figure 21 right) 

which has 5 ball shaped reflective markers in the 3D space of interaction area. The Vicon Nexus 

software captures the images of each camera, integrates these wand images and calculates the 

correct transform matrix for each camera. After calibration, the coordinate information of a 

marker from all cameras is combined to infer the accurate 3D location by the system.  

 Vicon recognizes the reflective markers arranged in unique shapes to distinguish between 

different objects. Several marker patterns are designed for different displays (Figure 20). We 

mark all the reflective markers as one pattern in Vicon Nexus and connect adjacent markers in 

that pattern to form joints. With joints, the tracking system can tolerate the slight deformation of 

marker pattern when bending occurs. After marking a pattern for a flexible display, this display 

can be recognized and tracked by Vicon Nexus software (Figure 19).  

 

Figure 20: Vicon reflective marker patterns design. 



 

47 

 

 In most movie stunts and scientific research, 3D sphere shaped markers are used (Figure 

21 left). Vicon tracking system captures the sphere shaped marker and calculates its geometric 

center coordinate. A 3D Sphere shaped marker is a reliable candidate for other projects because it 

can be seen from any viewing angle and its geometric center calculation is easy. However, it is 

not suitable for PaperMusic because the 3D sphere shaped marker is rigid and takes over 

considerable space which will affect the flexible and thin features of PaperMusic. Alternatively, 

we designed a 2D thin flexible flat marker with high tracking accuracy. Each reflective marker is 

circle of 1 cm diameter, with a 3M sticker attached on the back. In order to keep high 

manufacturing speed and accuracy, we first design the model of reflective marker in Adobe 

Illustrator. Then the finished sketch is sent to a laser cutting machine, which cuts a large piece of 

3M reflective sheet to many circle sized markers.  

 

 

Figure 21. (Left) Regular sphere shaped Vicon tracking marker and flexible flat marker; 

(Right) Vicon T shaped calibration wand. 

Using the wireless Vicon 3D tracking system, PaperMusic can not only identify flexible 

displays, but also interact with any object in real life. Imagine two drum sticks augmented with 

reflective markers. Vicon can track when and where the drum stick hit the flexible display and 

generate corresponding drum sound. This example shows that by using Vicon technology, it is 

very easy to extend the functionalities of PaperMusic to support new interaction scenarios.   
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4.2.3 Flexible Printed Circuit 

 The back of each PaperMusic flexible display is augmented with a self-designed Flexible 

Printed Circuit (FPC), which connects to two bend sensors, two discrete touch sensors and an 

Arduino microcontroller without greatly increasing the display’s thickness and weight. The 

Pyralux [35] copper sheet is used as the circuit substrate. First we design the circuit layout, then 

we print the layout to the copper sheet using wax ink printer, then etch away the parts which are 

not covered by wax, and then solder the bend sensors and touch sensors to the pins of FPC. 

Figure 22 shows the completed PaperMusic Flexible Printed Circuit.  

 We refer to the etching method in PaperPhone [27] during FPC production process. We 

begin with measuring the exact dimensions of Plastic Logic flexible display and designing the 

circuit wirings and pins layout as a vector image using Adobe Illustrator. Then we send the 

finished design drawing to a wax based printer and print the circuit layout to the copper sheet. 

Waiting until the ink is completely dry, we immerse the copper sheet in a solution with 

hydrochloric and hydrogen peroxide (the ratio of hydrochloric and hydrogen peroxide is 1:2). 

Notice that during this process the operator should operate in a chemistry lab wearing goggles, 

gloves and respirator for safety reasons. After 30 minutes, the copper, which is not protected by 

wax ink, will be corroded by the solution. The resulting chemical reaction formula is as follows: 

Cu + H2O2 + 2HCI = CuCI2 + 2H2O 

 We take copper sheet out from solution and rub its surface with 70% isopropyl alcohol to 

remove the wax protection layer. Then we use a multimeter to test whether all the connections on 

flexible circuit are connected properly. Two bend sensors and two touch sensors are soldered to 

the corresponding pins. We preset a number of contacts at a certain distance when designing the 

circuit so that we can quickly adjust the final placement of the sensor (highlighted in Figure 22). 
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Figure 22. Flexible Printed Circuit substrate after etching. Highlighted: Multiple contact 

points for adjustable sensor placement. 

4.2.4 Bend Sensor, Discrete Touch Sensor & Arduino Mega  

 Each flexible display of PaperMusic is augmented with two bend sensors and two 

discrete touch sensors on the back (Figure 16 and Figure 23). The bend sensor, by Flexpoint [19], 

can sense the forward and reverse bidirectional bending. The maximum bending angle in 

PaperMusic is 60°. Each flexible display contains two bend sensors, respectively, in the upper 

right corner and geometric center of the display which are used to adjust the parameters of audio 

clip and effect. Two flexible discrete touch sensors are fixed at the left edge of display bezel to 

support touch operation. 

 Data from bend sensors and touch sensors are sent to a customized program running on 

Arduino Mega [4] for processing. The Arduino Mega is a popular open source microcontroller 

with an ATmega2560 16 MHZ CPU and 256 KB RAM. The Arduino Mega, with 16 analog input 

ports and 54 digital input/output ports, can drive different analog or digital sensors and peripheral 

devices. In PaperMusic, the reading pin of sensors are connected to the analog pins of Arduino 

Mega. 
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Figure 23. Assembled Flexible Printed Circuit, touch and bend sensors and Arduino Mega. 

4.2.5 TrakSTAR Electromagnetic Tracking System 

 PaperMusic uses a trakSTAR electromagnetic tracking system to assist Vicon to get the 

accurate 3D coordinates of the flexible displays. The trakSTAR tracking system consists of a 

desktop electronics host processor unit, an emitter plate and multiple miniaturized passive probes. 

The passive probes measure and send the level of electromagnetic field of emitter to the processor 

unit. The host processor box preprocesses the 6 DOF location information based on the sensor 

data from the probes (trakSTAR tracks objects with Magnetic DC technology). The trakSTAR 

system supports fast and dynamic tracking, which is 240 to 420 updates per second. Also its 

tracking data is stable. There is no inertial drift and no distortion from non-magnetic metals. 

trakSTAR is widely used in medical research, and PaperMusic explores its implementation in 

tangible music interfaces.  
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 In PaperMusic, wireless computer vision based Vicon tracking system and wired 

electromagnetic based trakSTAR tracking system cooperate seamlessly to provide stable and 

accurate spatial information of displays. In most cases, Vicon is able to track the position and 

proximity of each display by detecting the reflective markers attached to the bezel of the display. 

At this time, the position data from trakSTAR is not used directly by PaperMusic but used to 

verify the Vicon data. Sometimes in scenarios like overlapping or tapping, the reflective markers 

on one display are blocked by the other displays and Vicon is unable to get the accurate 

coordinate information of the display. Given this situation, we involve the electromagnetic probe 

of trakSTAR to provide the stable 3D location of a display.  

 A trakSTAR handler program written in C# runs on the central control computer. This 

program invokes the trakSTAR API to obtain tracking data from trakSTAR host box and notifies 

the input managing application when data is ready. The data querying interfaces of trakSTAR 

handler class are the same as the interfaces of Vicon handler class. So the input managing 

application is able to query 3D data from trakSTAR and Vicon conveniently using the same 

interfaces. After getting data from both trakSTAR and Vicon, the input managing application 

checks the status of location data from Vicon. If it is in track, the data from Vicon is used to 

calculate the position and orientation of the flexible display and the data from trakSTAR is just 

used for verification. If one display is lost by Vicon (e.g., the reflective markers are blocked so 

that Vicon cannot track it), the sensor data from trakSTAR probe is used to deduce the spatial 

information of the display in this situation. This dual-tracking system design makes PaperMusic 

robust in all the interaction scenarios.  

4.2.6 Central Control Computer 

 PaperMusic central control system runs on a Thinkpad W520 portable workstation, which 

is equipped with 2.2GHz 4-core i7 CPU, 16G RAM and Windows 8 operating system. Because 

the central control system communicates with flexible display devices, audio processing/playback 
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system and multiple kinds of sensors, the portable workstation installs and runs Visual Studio 

2012 Professional, Arduino IDE, trakSTAR SDK, Vicon Nexus, Vicon Datastream SDK, 

Max/MSP and Ableton Live 9 (Figure 24). There is 7-port USB hub to connect central control 

computer to 3 Hummingbird development boards, 1 Arduino Mega microprocessor, 1 Vicon 3D 

system, and 1 trakSTAR electromagnetic near-field tracking system. 

 

Figure 24. Central control computer is a 4-core ThinkPad W520 portable workstation 

running Ableton Live, Vicon Nexus and C# PaperMusic application.  

4.3 Software 

 The software system of PaperMusic includes several applications that take charge of 

sensor data collecting and analysis, 3D location tracking, interaction logic processing and audio 

signal processing. These customized applications are written in C, C#, Javascript programming 

languages, and run on Arduino, Central Control Computer and Hummingbird flexible display 

development kit. The overview of PaperMusic software components is as Figure 25. 

  



 

53 

 

 

Figure 25: PaperMusic software components. 
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When designing the software system, one must consider that the system needs to 

maintain a large data set to save the status information of each flexible device (e.g., the current 

status of display, loaded audio clip or effect id, spatial information and bend sensor values). We 

designed a class named DisplayStatus to store these variables. Each instance of class 

DisplayStatus represents a status variable cluster of one flexible display device. The 

DisplayStatus instances are stored in the central control application and can be accessed by other 

modules such as input manager or output manager. With an input event from the user, the 

PaperMusic interaction engine refers to the DisplayStatus and the system state machine to 

determine specific response. Also with response to the user’s interaction gestures, the state 

machine and the DisplayStatus get updated. 

4.3.1 Arduino Sensor Data Collecting Application 

 We wrote an application and uploaded to Arduino Mega board to take the data from bend 

sensors and touch sensors which are attached to the flexible display. Arduino Mega has 16 analog 

pins and 54 digital pins. For each bend sensor or touch sensor, we connect it to an analog pin and 

read sensor data value from that analog pin. Currently, our PaperMusic prototype is configured 

with three displays, each one contains two bend sensors and two touch sensors; thus, 12 analog 

pins are occupied.  Each analog pin, connected to a sensor, detects the voltage change which is 

caused by the bending curvature and touching pressure. Different voltage values stand for 

different levels of bending or pressing. The voltage value is mapped to a value range from 0 to 

1023. Our Arduino application reads the values of all sensors every 20ms, performs noise 

filtering, formats sensor values to a string command and sends the command to InputManager, 

which is an input monitoring module of central control application, via serial port. The format of 

sensor status command is as Figure 26. Note that the ‘*’ at the end of the command is used by 

InputManager to trim multiple input commands. 
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Figure 26: Arduino sensor status command format. 

 Because of the inevitable electromagnetic interference around the equipment, sometimes 

there will be some noise in the data of bend sensors or touch sensors. We leverage the average 

filter algorithm to eliminate noise, which occurs in a shaking pattern, but at the price of high 

RAM usage. Considering the Arduino Mega has 256KB RAM, this shortcoming will not affect 

system performance.  

4.3.2 Vicon 3D Tracking Application 

 Vicon 3D tracking system comes with Vicon Nexus software, which calibrates the Vicon 

infrared cameras and shows the object tracking status in graphical view. We wrote a customized 

application that invokes Vicon DataStream SDK [43] to access the tracking information in real-

time when PaperMusic runs. Music systems have a high demand on real-time processing because 

human beings can perceive an audio delay which is more than 50ms. Considering the spatial data 

of displays that the Vicon tracking system provides are the most fundamental information for the 

whole interaction system, we set the interval of Vicon data querying timer to 5ms. Every 5ms, the 

Vicon tracking handler in PaperMusic queries the 3D data from Vicon and analyzes if any 

interaction gestures happened. Such response time is short enough for tangible music 

manipulations. 
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4.3.3 Central Control Application 

 The Central Control Application (CCA) is the communication hub of PaperMusic. The 

class InputManager in the CCA obtains all the input events from different input sources and 

forwards the messages to class InteractionManager. InteractionManager determines the 

interaction the response to user’s operation with reference of the current system status like the 

position and topology of displays, and the sensor values of bend sensors. Then, 

InteractionManager sends the control commands to the class OutputManager. OutputManager 

distributes the control commands to Hummingbird flexible display development board and 

Max/MSP in Ableton audio playback frontend to provide corresponding visual and haptic 

feedback. CCA is written in C# and contains six input handler classes, three interactive control 

classes, two output control classes and two OSC transmission classes. 

 When PaperMusic starts, CCA is the first launched module on the host computer. It 

initializes Input and Output management subsystem, starts different sensor handler threads, 

acquires data from input sources and forwards control commands to the display and audio control 

system. The core class of CCA is InteractionManager, which maintains a complex state machine 

to determine the specific interaction response to one user input event. The workflow of 

InteractionManager is as Figure 27. 
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Figure 27: InteractionManager workflow. 

  



 

58 

 

4.3.4 Flexible Display Control Software 

 There is a large amount of audio parameter information and visual feedback displayed on 

the 10.7” flexible screen. The entire display process requires the participation of the host 

computer and Hummingbird flexible display development board. The host computer runs three 

WPF applications that map their window user interfaces to three flexible displays. One thread in 

each application captures the screenshot of self-window at the frequency of 20ms and send the 

screenshot image to Hummingbird. Hummingbird runs FlexKit which is a fast E Ink rendering 

program from Holman on Linux platform [22]. FlexKit decodes the image stream from the WPF 

application and updates the 10.7” flexible display at the rate of 5 fps. The WPF application 

communicates with FlexKit using two TCP connections: one connection transfers image stream, 

the other one sends control commands, which indicate the type of refresh (i.e., total refresh or 

partial refresh) and the quality level of refresh. Assuming CCA detects that the user has picked up 

display1 device and taps to load an audio clip, CCA sends a command 

“ initialize#display1#audio#audioIndex” to notify display1’s WPF display control application. 

The WPF application receives the notification and shows the waveforms and sound parameters of 

audioIndex audio clip in its own window. Another thread which runs every 20ms captures the 

updated window UI as bitmap image and sends the image and total refresh control command to 

FlexKit on Hummingbird via two TCP ports. FlexKit program then decodes the image and shows 

on flexible display after a total refresh. The image size of WPF display control application is 

1280x960, which is the same as the resolution of 10.7” flexible display. It is a 1:1 mapping and 

no image distortion or deformation happens.     

4.3.5 Audio Playback System 

 As tangible music interface, the quality of audio processing and playback determines the 

success or failure of the entire system. We choose the powerful and mature Max/MSP 6 as the 

audio processing language and Ableton Live 9 Suite Edition as audio signal playback terminal. 
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Max/MSP is a visual programming language for creating interactive and high quality multimedia 

applications. In Max/MSP, each variable or function is represented as a box. Users arrange boxes 

on a canvas and connect the inlets and outlets of different boxes to make a workflow that finishes 

a specific task. Max/MSP also supports embedded Javascript to handle complex control flow. A 

functional Max/MSP program is called a patcher.   

 In PaperMusic, the audio processing applications are implemented as several patchers 

using Max/MSP, which are then embedded in Ableton Live, as shown in Figure 28. Ableton Live 

is chosen as the playback frontend of PaperMusic because it is a mature commercial DAW that 

provides native support for Max/MSP. Ableton Live treats Max/MSP application as an internal 

plugin instead of an external ReWire device [36], which allows the Max/MSP application to have 

less delay and manipulate more audio variables or properties in Ableton system. We can easily 

build instruments and effects using Max/MSP within Ableton Live.  

There are two main patchers in the audio processing subsystem of PaperMusic. Figure 28 

shows the audio processing patcher, which receives the interaction response commands from 

interaction managing system, updates the audio representation of each flexible display, and 

control the characteristics of output audio signals. Figure 29 demonstrates the patcher that 

implements three sound effects: reverb, distortion and low-pass filter. The audio processing 

patchers contain both graphical style box components and script based Javascript to combine the 

advantage of intuitive visual programming and efficient Javascript code. The visual patchers in 

Max take charge of loading audio files and implementing sound effects, while the Javascript takes 

charge of synchronizing display status with Central Control Application and controlling the audio 

playback.  
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Figure 28. The main PaperMusic Max/MSP patcher runs as a plugin in Ableton Live. The 

patcher communicates interaction responses with C# central control application and 

processes audio signals. 

 After Ableton Live starts, the PaperMusic Max plugin inside it loads all audio clips and 

effects into memory, but does not activate them. At the same time Javascript receives interaction 

command from CCA and update specific audio parameters in Ableton Live. For example, if the 

user picks up a blank display and taps the menu to load an audio clip to that display, CCA will 

send commands to Max/MSP to initialize the display as an audio device. Javascript in 

PaperMusic Max application receives the commands and loads corresponding audio buffer to that 

display. After that if user presses the play button, Javascript receives the playback commands and 

triggers the play/pause operation on that display device. When multiple display devices are 

arranged on the table, Javascript receives the display position information from CCA. It then 

synchronizes the playback of different audio track to make them consistent with current space 

topology of display devices.  

The CCA communicates with the Max/MSP playback control application using OSC. 

OSC is more advanced audio control and communication command than MIDI. Compared with 
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MIDI, which specify all connection as 7-bit numbers with up to 14-bit data types, OSC has the 

advantages of robust internet connection, rich data type and support of complex symbolic paths. 

The OSC communication module in PaperMusic Max/MSP application uses the OSC external 

from IREANC. The OSC communication between CCA and Max/MSP application is 

bidirectional. The CCA sends interaction commands to Max/MSP, while Max/MSP send back the 

information of current playback status like the position of play head to CCA. Depending on the 

feedback from Max/MSP, CCA controls the flexible displays to show accurate visual feedback of 

playback. 

 

 

Figure 29. The Max/MSP patcher that implements reverb, distortion and lowpass filter 

sound effects.  
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Chapter 5 

User Study 

The design philosophy of PaperMusic is first designing an available platform that 

involves tangible interaction techniques, and then leveraging its affordances to find novel 

interaction scenarios to achieve our design goal. In this section we present a qualitative user study 

conducted with PaperMusic to get feedback from novices and amateur musicians. This approach 

is exploratory in nature. It is used as a first step for discovering the tangible and collaborative 

audio editing engagement with our system. 

5.1 Motivation 

We designed the user study with three goals in mind. First, we wanted to compare audio 

editing on PaperMusic with a commercial audio editing software. We chose Ableton Live for this. 

Second, we wanted to evaluate whether our prototype and the proposed interaction techniques 

were 1) easy to learn; 2) efficient; 3) low in mental demand; 4) low in physical demand for 

amateur musicians. Lastly, we were interested in obtaining subjective feedback from novices and 

amateur musicians on their experience using PaperMusic. 

Our user study design was based on studies by Laney et al. [47], who assessed a simple 

and collaborative tabletop music interface to evaluate the subjective mental load and physical 

load of the users. 

5.2 Participants 

Ten participants were invited to this study (5 females, 5 males). The participants were 

between the ages of 19 and 33 (mean 28 years). All the participants were students (undergraduate 

and graduate) with varied backgrounds (e.g., music, and computer science). All of them had a 

medium to substantial degree of musical training. They had a basic idea of how to edit digital 
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music but did not have much audio engineering experience. They received $10 for 1 hour of 

participation.  

5.3 Training & Procedure 

 Each participant was shown all the features of PaperMusic. They were allowed to 

familiarize themselves with the system. Participants were also shown relevant features of Ableton 

Live and allowed to get familiar with it. They could refer to a printed manual for any features that 

they did not remember. When using PaperMusic, we advised the participants to ignore the 

connection cable to the flexible display, as much as possible. 

5.3.1  Session One: Free Improvisation 

 We wanted users to create their own natural workflow while creating music without any 

restriction or predefined output. In the user study session, we set a general open task which 

encouraged each participant to explore the system features and create an audio sample that they 

are satisfied with, using as many features and interaction techniques as they can in 20 minutes.  

Observations were made on how the users interacted with the system. They, then, went ahead to 

perform the same tasks in Ableton Live. The order of using PaperMusic and Ableton Live was 

counterbalanced for the participants. After exploring each system, participants were instructed to 

complete a questionnaire ranking each system on NASA Task Load Index (NASA TLX) [30] 

scale (0 to 20) for mental demand, physical demand, temporal demand, performance, effort, and 

frustration. 

5.3.2  Session Two: Interaction Techniques Evaluation 

 In this session, we encouraged the participants to dive deeper into the interaction 

techniques of PaperMusic. The participants explored four main interaction techniques of 

PaperMusic. For each interaction technique, they provided their perceived ranking for mental 
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demand, physical demand, temporal demand, performance, effort, and frustration on NASA TLX 

scale. Observations were made on how the users interacted with the system. 

5.3.3  Session Three: Interview Session 

 The third session was an interview session with a short questionnaire. We asked open 

ended questions to understand users’ experience with PaperMusic. The questionnaire contains 

four questions:  

1) How do you like the PaperMusic system?  

2) What features did you enjoy most when using PaperMusic system?  

3) PaperMusic would have been interesting if it could…  

4) Please feel free to share with us any other comments or thoughts you have about your 

experience with the system. 

5.4 Results & Discussion 

 After training, all the ten participants were able to perform the basic music editing tasks 

such as mixing two audio tracks and applying effect to audio clip without any difficulty. For 

some advanced editing tasks such as fine-tuning the parameters of the effect, six of them referred 

to the manual for more information about the gestures to finish that task. However, after the first 

try, they had no problem performing the same gestures. The participants stated that the tangible 

interaction gestures involved in the PaperMusic system were intuitive and familiar in daily life so 

they did not find it difficult to learn using the system in a short span of time. 

 The NASA TLX questionnaire completed by participants assesses the perceived feedback 

on six scales: mental demand, physical demand, temporal demand, performance, effort and 

frustration. Each point results in 21 gradations on the scales, which range from “very low” to 

“very high” (lower is better). 
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5.4.1  PaperMusic vs. Ableton Live 

 The motivation of our first session is to validate if PaperMusic is easy to use, so we 

mainly focus on the mental demand, physical demand, performance and frustration. Figure 30 

shows the results of these four scales. The data was analyzed with a nonparametric Wilcoxon 

signed-rank test (p < 0.05 for significance). The result showed a statistically significant difference 

in favor of PaperMusic on mental demand (Z = -2.81, p = .005), physical demand (Z = -2.04, p = 

.041), performance (Z = -2.81, p = .005), and perceived frustration (Z = -2.53, p = .012). These 

findings reveal that users perceived a substantial operation benefit of PaperMusic over the 

Ableton Live when editing music materials. 

 

Figure 30. Results of the NASA Task Load Index survey for the general music editing tasks. 

Lower is better on all scales. 

5.4.2  Subjective Responses to the Interaction Techniques in PaperMusic 

 NASA TLX results for four interaction techniques in PaperMusic in session two are 

shown in Figure 31. Among the different interaction techniques in our system, we observed that 

users have less difficulty using collocation and pointing than using layering and bending. We 

believe that is because the users have more experience in performing pointing gestures using 
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mouse and other objects. Spatial cognition to arrange multiple objects is one of the most natural 

abilities of human beings [45]. However, bending and layering are novel interaction techniques to 

the participants. One user commented that during bending operation, it is important to provide 

proper visual feedback to guide him.  

 

Figure 31. NASA Task Load Index responses to the four interaction techniques in 

PaperMusic. 

5.4.3  Final Questionnaire 

 The results of the questionnaire showed that, considering the overall PaperMusic system, 

all the ten subjects found PaperMusic to be easy to learn and less mentally demanding compared 

with traditional DAWs. Five of the ten subjects liked collocating two flexible displays to extend 

or mix two audio clips the best. Four of the ten participants preferred the 3D spatial panning and 

found it very intuitive to adjust panning by moving an audio clip to different spots on a table. 

Five of the ten subjects hope the next version of PaperMusic can be fully wireless.  
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Chapter 6 

Conclusion and Future Work 

6.1 Conclusion 

In this thesis, we developed and presented PaperMusic, a novel audio manipulation 

interface, for enabling simple and intuitive audio manipulation for novice users. PaperMusic uses 

multiple flexible displays and a set of tangible audio interaction techniques, which took advantage 

of Organic User Interface and bimanual interactions, to enable users to tangibly and 

collaboratively create and edit audio. Initial user experiment has shown that PaperMusic has a 

lower mental demand for novice users of audio manipulation than the traditional musical 

software. 

PaperMusic draws from both the traditional music editing environment and novel audio 

interfaces. This system is built upon several areas and techniques of previous research: (1) 

Traditional music editing environment; (2) Tangible music interface; (3) Flexible display 

interaction techniques; (4) Bimanual multi-display interaction techniques. During making our 

first prototype, we mainly considered six design goals: (1) Low learning Curve; (2) Consistent 

Metaphor; (3) Lightweight & portability; (4) Spatial awareness; (5) Multimodal with richer forms 

of tactile and visual feedback; (6) Bimanual tasking and multi-display interaction. After that, five 

interaction techniques were explored: (1) Layering; (2) Collocation; (3) Pointing; (4) 3D spatial 

awareness; (5) Bending & touching. We performed a preliminary user experiment to obtain 

feedback from participants who were amateur musicians. Our experiment demonstrates that 

compared with traditional music editing software, our tangible prototype has a lower mental 

demand and facilitates bimanual asymmetric tasks. 

Using flexible display technology, 3D tracking system, Arduino embedded system and 

audio processing workstation, we built up our first working prototype. This prototype achieved all 
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our design goals. It introduced several novel interaction techniques (e.g., spatial cognition, 

layering, bending) to facilitate intuitive and efficient tangible music manipulation. The qualitative 

user study showed that these novel interaction techniques have a large potential, although users 

need time to get used to these novel gestures. The participants also provided large amount of 

feedback that helped us to optimize PaperMusic for different music manipulation scenarios (e.g., 

studio recording, and live performance).    

6.2 Future Work 

  PaperMusic was designed to explore specific music manipulation interactions with 

particular features and under technical constraints. It was our first step of tangible music interface 

research and we successfully gathered enough preliminary user data. Based on this data, we will 

outline our direction on improvement of both the hardware and software for PaperMusic. 

 PaperMusic uses Plastic Logic flexible E Ink display as the main visual output media. 

The E Ink flexible display supports maximum 16 colors and refreshes at the speed of 5 fps. Such 

configuration is enough for our current interaction techniques and application scenarios, but not 

suitable for particular new scenarios (e.g., accurate cue point visual feedback for DJ scratching 

operation). In next version of PaperMusic prototype, we can take advantage of newer display 

technologies like flexible organic light-emitting diode (FOLED). Compared with regular rigid 

LED, FOLED incorporates an ultra-thin (100 nm thick) electroluminescent organic 

semiconductor layer that is deposited to a flexible plastic substrate. FOLED displays support 

24bit color depth with vibrant colors and faster refresh rates, approximately 60Hz.  

 Also due to technical limitations, currently each display in our prototype is not fully 

wireless. The rigid electronics (e.g., CPU and battery) are set apart and connected to the flexible 

displays using long cable to supply power and data. Such design maximizes the simulation of real 

paper experience. Future model may equip with thin flexible battery for power supply and 
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exchange data with the main board using Bluetooth or Near Field Communication (NFC) 

technologies, thus becoming truly wireless.  

In PaperMusic, we focus on exploring novel interaction techniques such as bending and 

spatial cognition. Touch interaction might provide rich and different ways of interactions that we 

did not explored in this thesis. Future prototype may involve a thin flexible touch-sensing layer to 

support touch-on-display operations. Our current set of interaction techniques are robust, but are a 

small subset of various audio manipulation features available in DAWs. Our future prototype will 

further expand the gesture language and interactions to support more features and complex 

workflows in audio manipulation.  
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