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Abstract 

Shape-Changing Interfaces foresee a future where interactive computing devices will be able to take on 

shapes that are flexible and robotically actuated, imbued with user interfaces that adjust to physical shape 

changes of the device hardware. In the past, shape change has been under-utilized as an interaction 

modality because the shape of electronic devices was always fixed by their rigid electronic components. 

As advances in flexible electronics and advanced materials pave the way for a new generation of non-

planar, deformable, and actuated computer components, it has become possible to consider the effect on 

interaction design of shape transformation in electronic devices.  

In this thesis, we present a number of shape-changing interfaces that move on a spectrum from 

rigid multi-faceted display surfaces that can be placed in different shape configurations by the user to 

fully actuated robotic notification systems. To understand how to better design shape-changing interfaces, 

we investigate flexible user interfaces that support physical manipulation as a means of user input. We 

report on an empirical study that shows that shape changes can be used for triggering viewport 

transformations in foldable display devices. We also discuss how thin-film displays can be seamlessly 

integrated with everyday objects. We then demonstrate how devices with flexible screen real estate afford 

focus + context functionality. Finally, we show that actuated shape notifications can be used to 

communicate notifications.  

When designing shape-changing interfaces, we argue that designers should focus on blending the 

dynamic qualities of the digital world with the tactile qualities of the physical one, to create interfaces that 

have the ability to adapt their shape to accommodate for different usages, purposes, and contexts. 
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Chapter 1 

Introduction 

One of the important aspects that make real world objects physical to the user is their material 

properties. Specifically, their shape plays an important role in how the human body decides to 

interact [75]. The concept of Shape-Changing Interfaces, a subset of Organic User Interfaces 

[125], leverages the idea of that by seamlessly integrating sensors, actuators, and displays into 

everyday objects, we can sense, adjust and display their shape to provide a physical fit with the 

user’s stream of activities. As the physical topology and texture of materials that exhibit 

computational properties will no longer be limited to flat surfaces, we can develop new user 

interfaces that seamlessly integrate digital elements into physical objects, allowing for a tighter 

coupling between the digital and the material world [56]. 

While the physical shape of the devices we presently interact with has consistently been 

constrained by the materials used for sensing and display, user interface design is in a state of 

transition as advances in flexible plastic circuit technologies are rapidly paving the way for a new 

generation of truly ubiquitous computational materials. In the near future, the physical form of 

display surfaces will become dynamic, allowing devices to form a more intimate relationship with 

the users and the environment. Flexible, computationally controllable shaped objects with high-

resolution plastic displays will enable new models of interaction and expressive user interfaces.  

Shape-Changing Interfaces embody the design principles of Organic User Interfaces but 

focus on physical deformation and how to translate the programmability and versatility of digital 

form into physical form. As the design of interfaces capable of altering their topology to 

accommodate different physical and digital functionalities becomes a new normal in user 

interface design, we need to experiment to develop design guidelines for future device form 

factors.  
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While a significant body of previous work exists in Actuated Interfaces [90], Kinetic 

Interaction [80,84,85], and Organic User Interfaces [35,125], research in Shape-Changing 

Interfaces can still be considered in its infancy, certainly in terms of theories on how to relate 

shape change to interaction techniques and ergonomics [98]. Despite the wide range of 

conceptual interfaces present within the domain of the aforementioned research spaces, further 

research is required to understand how users perceive the dynamic properties of Shape-Changing 

Interfaces and to ascertain the effectiveness of physical transformation as a communication 

mechanism targeting specific functionalities of a device.  

This dissertation postulates that the ability to interact with real prototypes that contain 

embedded flexible displays will enable researchers to better understand how users perceive the 

dynamic properties of shape-changing interfaces. Our work aims at generating valuable design 

guidelines for next generation interfaces that are able to mimic affordances of the real world, 

providing future deformable devices with hopefully superior physical ways of communicating 

with their user, in ways well beyond what is possible with today’s flat and rigid computers. 

 No technological exploration is complete without real prototypes that can give form to 

abstract ideas and push the limits of what is technically feasible with current technology, paving 

the way for interaction designers to think about the effects of form transformation in user 

interface design. With that goal in mind, this thesis consists of a series of research explorations of 

increasing shape-changing resolution [100] – WhammyPhone [37], PaperFold [40], 

DisplayCover [39], MagicScroll and MorePhone [36] – that serve as platforms to map application 

areas, understand the limitations and interaction metaphors leveraged by malleable display and 

input sensing technologies and, most importantly, generate new knowledge to advance the 

development of Shape-Changing Interface design. The lessons taken from these prototypes, and 

their evaluation through user studies where relevant and possible, can help shape a discussion on 

a design language for form transformation and on potential applications in user interfaces. 
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WhammyPhone (see Figure 1) is a flexible smartphone supports physical manipulation of digital 

music instruments through bend gestures. Our prototype is a first step towards flexible mobile 

audio manipulation platforms that are able to effectively mimic some of the haptic properties and 

elastic affordances of traditional stringed instruments.  

 

PaperFold (see Figure 2) is a shape-changing mobile device with multiple reconfigurable flexible 

display segments that can be combined in arbitrary configurations. PaperFold utilizes shape 

changes for triggering viewport transformations in its graphical user interfaces. E.g., adding a 

display segment extends the document’s size; folding two display segments enables sharing of 

views on two sides. 

 

DisplayCover (see Figure 3) takes PaperFold one step closer to product status as a smart tablet pc 

cover that integrates a thin-film multi-touch display and a keyboard. This approach explores the 

ability to dynamically alter the thin-film display toolbar content based on usage context, 

extending user interactions to the horizontal area of a tablet where the hands naturally rest.  

 
MagicScroll (see Figure 4) takes the shape-changing design space into a transformation from 

rigid to flexible. a rollable digital scroll that combines tangible gestural interaction with flexible 

screen real estate. Our prototype facilitates navigation of continuous information streams, 

provides focus + context functionality and affords better ergonomic grasping. Although its shape 

transformation is not actuated, in its rolled up state it is capable of robotic action. 

 
MorePhone (see Figure 5) differs from the above prototypes in that it is capable of active shape 

change through actuation. It uses shape deformations as its primary means of both haptic and 

visual notifications. It combines active shape memory alloys and a flexible display, to create a 

transformable smartphone that can be electronically controlled to actuate the entire surface of the 

display as well as individual corners to provide notifications.  
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Figure 1. WhammyPhone [37] is an audio 
interface that uses bend gestures to 

manipulate digital audio. 

 

Figure 2. PaperFold [40] is a multi-
segmented mobile device that uses shape 

changes for triggering viewport 
transformations in its GUI. 

 

 

Figure 3. DisplayCover [39] 
is a tablet cover with an 

embedded thin-film display. 

 

 

Figure 4. MagicScroll is a 
rollable tablet with flexible 

screen real estate. 

 

 

Figure 5. MorePhone [36] 
explores shape-changing 

notifications on a self-
actuated smartphone. 

 

 We believe the above explorations can advance and make accessible to designers the 

knowledge for including form transformation in interaction design. The overarching goal is to 

devise a language vocabulary towards the development of a new category of devices that have 

three-dimensional interactive form.  
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1.1 Motivation 

Shape-Changing Interfaces foresee a future where deformable objects will be imbued with 

interactive graphics, and able to take on shapes that are flexible and modifiable with user 

interfaces that follow the physical shape of the device. As thin-film transistors reach nanoscale 

thickness, high-resolution displays have become malleable and the development of transformable 

materials for designing physical objects with dynamic shape output becomes a reality. This means 

we can address one of the fundamental limitations of flat panel user interfaces: that they are 

incapable of imbuing and object with shape, and therefore incapable of physical affordances. 

More so, the inability to give form to computer displays limits the ability for computer user 

interfaces to occur in everyday form factors, such as magazines, newspapers, clothing or books. 

The ability to change shape is embedded in such artifacts, for reasons that go beyond their 

function as a storage medium: Shape changes provide a means for users to navigate through 

information, to see information through different lenses, better conform to the activity or the 

human body, and provide haptic force feedback in the process. The vision of a shape-changing 

future of Human-Computer or Human-Material Interaction is described in the literature under 

various monikers, such as Organic User Interfaces [125], Tangible Bits [55], Radical Atoms [56], 

and Claytronics [105]. It seeks to explore how technology and computation can be woven into 

everyday objects so that dynamic changes of physical form can be synchronized with the digital 

objects they contain, creating a bidirectional relationship between bits and atoms.  

This thesis was motivated by the inability of current physical objects to adapt their shape 

in response to the users’ activities. Our work focuses on the design of physical interfaces that 

leverage current advances in materials science and flexible display technology towards the 

development of a new category of devices that entail non-planar, malleable and, ultimately, 

actuated form factors. We summarize previous explorations in the research area of shape-
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changing interfaces and analyze the limitations of current approaches to place our research goals 

in the context of the state of the art.  

The work discussed in this dissertation aims to push the research area of shape-changing 

interfaces beyond the conceptual frameworks discussed in the literature, illustrating how the 

physically dynamical elements of shape-changing interfaces influence the interplay between users 

and devices with three-dimensional interactive form. We pursue this goal by focusing on the 

design of physical interfaces that are able to mimic some of the affordances of materials in the 

physical world in order to generate design guidelines that will allow future deformable devices to 

better communicate with their users. 

The work presented in this dissertation seeks to answer the following questions:  

1. What are the perceived benefits and challenges of shape-changing interfaces?  

2. How do we design shape-changing interfaces?  

3. How do people experience and make sense of shape-changing interfaces?  

4. How will we need to update the design processes, methods, and technologies to better 

support the design of shape-changing interfaces? 

These key research questions are explored using research through design, and stem from 

having conceptualized, implemented, and observed a broad set of design explorations1 using real 

flexible displays. In addition to the research explorations described in this thesis, two workshops 

on shape-changing interfaces, which I have co-organized with distinguished researchers in the 

field, as well as a course on Advanced User Interface Design which I assisted teaching during my 

doctoral studies, have served as a platform for informing the above research questions. 
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1.2 Thesis Statement 

Shape-Changing Interfaces can be improved by leveraging advances in flexible display and bend 

sensing input technologies. Developing hardware devices that no longer rely on paper prototypes, 

projection or rigid displays but instead use flexible substrates enables researchers to better 

understand how users perceive the dynamic properties of shape-changing interfaces.  Using 

research through design, we show shape-changing interfaces are effectively able to embody the 

key design principles of OUIs. 

1.3 Contributions 

It is our hope that this work can help designers of next generation interfaces to consider the 

effects of shape transformation on interaction design, furthering the development of new 

interaction metaphors that advance our understanding of shape-changing interfaces. This thesis 

offers the following contributions: 

• New approaches to the design of shape-changing interfaces that merge together high-

resolution displays with malleable substrates to create interfaces that exhibit OUI 

properties;  

• Design guidelines for the development of shape-changing interfaces, rooted in the 

implementation and, where possible, the evaluation of user interfaces that are flexible, 

modifiable yet imbued with interactive graphics; 

• Guidelines for incorporating form transformation in interaction design, in support of 

communication, manipulation and visualization of digital information. 

1 I directly researched MorePhone [36], PaperFold [40] and DisplayCover [39]. WhammyPhone [37], 
MagicScroll and BitDrones [38], a project still being actively investigated thus purposefully left out of this 
dissertation, were done in collaboration with my colleagues at the Human Media Lab. Other works that 
advance this research space include, but are not limited to, DisplaySkin[15], ReFlex [112] and MagicWand 
[92]. The interaction with my colleagues at the Human Media Lab, designers and engineers at Microsoft, 
and expert researchers in HCI, motivated my interest in understanding how to design a new category of 
interfaces that are organic, forming a more dynamic relationship with the users’ environment. 
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1.4 Thesis Overview 

This subsection provides an overview of the ideas discussed in this thesis. Related work is spread 

out across the different chapters and below you will find a more detailed chapter-by-chapter 

breakdown. 

Chapter 1 opens the discussion of open research questions that have motivated this thesis; 

Chapter 2 provides a framework of the ideas upon which this dissertation is founded and ties a 

common thread between shape-changing interfaces and human-computer interaction; 

Chapter 3 describes related work from organic user interfaces, flexible computers, 

programmable matter and shape-changing interfaces; 

Chapter 4 discusses the development and, when appropriate, the evaluation of the research 

implementations included in this thesis; 

Chapter 5 concludes with a thesis summary and offers a perspective on the future of shape-

changing interfaces, envisioning new categories of devices that could evolve from the 

technologies developed here. 
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Chapter 2 

Defining Shape-Changing Interfaces 

Recent advances in flexible technologies, material science, and fabrication processes are 

expanding the limits of where computation can be found and are reshaping the types of digital 

objects and environments we can develop and interact with. At its core, the concept of shape-

changing interfaces can be seen as having its roots in Mark Weiser’s vision for ubiquitous 

computing [127], contemplating a day when computing is seamlessly embedded into our 

environment. A day when all objects and surfaces could exhibit computational properties. Since 

that vision was articulated, a multitude of theoretical frameworks and research implementations 

alluding to the development of flexible and modifiable digital objects have appeared in literature. 

 While practical implementations of shape-changing interfaces are fairly recent within 

Human-Computer Interaction, in recent years a multitude of research explorations depicted how 

the integration of novel materials and display technologies might enable the development of 

ubiquitous computational systems that approximate the topology and texture of physical material 

elements, extending across different scales of functionality and context. In the near future, new 

technologies and materials will enable the physical form of display surfaces to become dynamic 

in terms of shape and movement, allowing devices to form an even more intimate relationship 

with the user’s dynamic activities. Flexible, computationally controllable shapes and display 

objects will enable new models of interaction and more expressive user interfaces. 

Shape-Changing Interfaces present new interaction opportunities that distinguish them 

from other established interaction concepts such as Graphical User Interfaces (GUIs) or Tangible 

User Interfaces (TUIs). GUIs represent pictorial information through pixels on bit-mapped 

displays, as if users were looking through a glass window, and rely on graphical controls for 

input. Conversely, TUIs act as physical manifestations of computation, expanding the affordances 
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of physical objects so they can reunite the physical world of atoms with the digital world of bits. 

However powerful, GUIs are inconsistent with our interactions with the rest of the physical 

world. While TUIs allow the physical embodiment of digital information, they have limited 

ability to represent changes represented by software objects. Shape-changing interfaces attempt to 

bridge this gap between the digital and the physical worlds by enabling the physical form of 

artifacts that exhibit computational properties to be changed through actuation or explicit user 

input. Shape-changing interfaces are not defined in terms of their form or appearance but rather 

by their ability to become dynamic in terms of shape and movement [16]. 

 Today, a combination of the growing interest in the materiality of computation and 

advances in the creation of transitive materials is transforming the way we think about the 

relationship between the physical and digital, that goes beyond the idea of tangible interaction. 

Shape-changing interfaces assume a new generation of computers that can change form and 

appearance, either autonomously or via user input. The work discussed in this dissertation 

borrows from the core concepts of Organic User Interfaces, defined by Holman and Vertegaal 

[51] as a computer interface that uses a non-planar display as a primary means of output, as well 

as input. When flexible, OUIs have the ability to become the data on display through deformation, 

either via manipulation or actuation. In their seminal work “Organic user interfaces: designing 

computers in any way, shape or form”, they elaborate three principles for the design or Organic 

User Interfaces. These principles, applicable to the design of shape-changing interfaces, are 

described below.  

(1) Input equals output:  In traditional GUIs, input and output are physically separated: 

output is generated graphically on the screen on the basis of input provided by a control device 

such as a mouse. In an OUI, such input is not distinguishable from its graphic output: users 

literally touch and deform the graphics on display. As such, OUI displays render as a real-world 

object, into the shape that best supports data interpretation.  



 

12 

 

(2) Function equals form: This notion resonates with Gibson’s ecological approach to 

visual perception, embodied in the concept of affordance: the qualities of an object that allow a 

person to perceive what action to take. This means the shape of an interface determines its 

physical functionality, and vice versa. Shapes should be chosen such that they best support the 

functionality of the interface.  

(3) Form follows flow: OUIs physically adapt to the context of a user's multiple 

activities, e.g., by taking on multiple shapes. Like clothing, forms should always suit the activity. 

Clothing fits the body while closely following its movements, and can even be deformed to serve 

other functions, like holding objects, if necessary. Thus, if the activity changes, so should the 

form. 

OUIs aim to support a number of design goals that transcend traditional usability. Their 

learnability is governed by the clarity of their affordances, and by their ability to adapt these to 

new contexts of use. Similarly, Shape-Changing Interfaces look at the topic of form 

transformation in interaction design but focus on the relationship between form and function, in 

order to understand what the interaction metaphors entail. The objective is to inspire future 

developments in this research space.  
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2.1 Defining Shape-Changing Interfaces  

The ability of objects to change shape plays a key role in nature, design and architecture. Shape-

changing interfaces aim at recapturing these affordances to enhance our interaction with digital 

information. To understand the cognitive aspects and models of interaction of shape-changing 

interfaces, it is important to discern how users experience dynamic transformations in Human-

Computer Interaction.  

Shape-changing interfaces focus on blending the dynamic qualities of the digital world 

with the tactile qualities of the physical one, creating interfaces that have the potential to adapt 

their shape to suit for example different users, usages, purposes, and contexts. Interfaces relevant 

to the research area of shape-changing interfaces have been discussed under different headings, 

namely Actuated Interfaces, Kinetic Interaction, Organic User Interfaces, Expressive Forms, and 

Radical Atoms. The different terms address certain closely related characteristics and, in many 

cases, can be used interchangeably. The different domains contribute with different perspectives 

to create practical and concrete examples of shape-changing interfaces, to generate knowledge 

about the potential of shape transformation across the different research fields. 

In this thesis, we analyze earlier work that used surface transformations as a defining 

characteristic to explore the potential of interfaces using shape change (see Figure 6). We 

consider shape-changing interfaces that are computationally controllable or can be altered via 

explicit user input.  
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Figure 6. Types of changes in shape, as classified by Rasmussen et al. [97]. 

 In our work, we employ the terms ‘shape-changing interfaces’ and ‘actuated interfaces’, 

as they define the two different categories of examples that we will discuss. The distinction 

between these categories lies within the interfaces’ ability to change shape via means of self-

actuation or explicit user input. We explore two approaches to interaction: indirect interaction 

where shape change occurs based on implicit input, and direct interaction where shape change is 

used as both input and output [97]. 

2.2 Form Transformation in Design 

A growing number of projects have paved the way for incorporating form transformation in 

interaction design. Within tangible interfaces, the coupling between the physical and the digital 

realms has usually been one-directional; we are able to change information through physical 

handles but the digital world has no effect on physical elements of an interface. The use of 

physical motion in a bidirectional relationship follows a natural direction relating strongly to the 

OUI philosophy, employing the benefits of malleability to the physical world. These guiding 

principles led to the development of kinetic interfaces.  

 Kinetic interfaces can be used for a number of different purposes, each exploring 

different ways of incorporating form transformation in interaction design. One such example 

considers motion within an interface as dynamic data representation. In these systems, actuation 
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allows the system to transform its physical shape, form or appearance, to better accommodate for 

particular contexts of use. Elements in the system can be actuated to change position, speed, 

direction or quality of motion. Another example utilizes actuation as an embodiment of data. A 

realization of this example is that of ambient display surfaces, where the kinetic behavior of the 

display allows the user to interpret information based on an abstract mapping [5]. Finally, there 

has been a growing interest in exploring actuation as a means to enable dynamically changing 

form. These interfaces, commonly referred to as shape displays, can change their physical 

appearance to provide a haptic experience as well as graphic output. In addition to human-

computer interfaces, form transformation has also been used within architecture, to develop 

products, structures, and environments that can change their size and appearance as a response to 

external stimuli [20,78]. 

 Form transformation can be described as changes in shape that occur within an object or 

environment and can be perceived and acted upon by the user. Users can perceive form 

transformation in distinct ways: when the shape of an object or space is transformed, users can 

perceive shape transformations by observation; when only the surface qualities are transformed 

affecting an objects’ tactile qualities while preserving its overall form, these changes are better 

experienced through touch; and form transformation can affect natural elements, such as airflow 

or temperature, through which the user perceives changes indirectly. Additionally, form 

transformation can occur through deformations applied by the user as a response to explicit input: 

shape-changing interfaces can acquire a new physical shape, altering the mapping between input 

and output; objects can counteract user input with force-feedback mechanisms, constraining and 

limiting the deformation applied by the user; and objects can record user actions and apply those 

transformations in distinct contexts. 
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2.3 Dynamic Affordances in Computing  

Beyond understanding shape-changing interfaces as expressive communication channels, it is 

important to understand the dynamic affordances of the physical world. Gibson [33] describes 

affordances as properties of an object or environment that allow individuals to perceive its 

functionality (e.g. a cup handle affords holding). This notion has been profoundly explored within 

shape-changing interfaces [21,22,24,114], where dynamic affordances have been used to inform 

designers about the potential of shape change, such as the need for interfaces to learn to adapt to 

their different contexts of use and respond with just-in-time affordances [77].  

 However, despite the numerous references to affordances within shape-changing 

interfaces, and while studies have explored affordances of the physical world in computing 

devices, prior explorations either used paper prototypes [69], projection on deformable materials 

[53,59,69, 94], or rigid displays encapsulated in flexible substrates [102]. These explorations do 

not accurately reflect the design aspect of an interface nor suggest how the interface should be 

used, as they relate to objects augmented with extraneous hardware and not to the object itself, 

thus contradicting Norman’s [76] terminology where the design aspects of an object must suggest 

how the object should be used. Borrowing from Magritte’s example of false affordances with 

“The Treachery of Images”, an image of a pipe is not actually a pipe. Similarly, a malleable 

interface that can portray interactive graphics by means of projection mapping lacks the ability to 

accurately reproduce the tactile and kinesthetic properties associated with real, tangible 

interfaces, which may influence the way users interact with these devices. Further work is 

required to develop artifacts that have the ability to both morph into shapes that resemble their 

functionality, and approximate the look and feel of elements of the physical world. 

There is even more interesting potential in the computational control of physical form to 

adapt and change affordances as a response to both context and user. Coelho and Zigelbaum [21] 
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were the first to review the properties and limitations of currently available shape-changing 

materials and progress toward their application in the design of new malleable user interfaces.  

While traditional devices require users to directly engage in order effectively 

communicate information, shape-changing interfaces have the following perceived advantages 

over static devices: ambient-foreground transitions (the ability to communicate information from 

the periphery of interaction); tactile-kinesthetic properties (leverage surface transformations to 

express emotional contexts [80,113]); and expressive properties (explore changes in shape to 

express dynamic functionalities [64,86]).  Although research in Shape-Changing Interfaces 

attempts to communicate information by physically altering the object’s surface, current 

explorations fall short in identifying inherent communication qualities of shape and 

transformation. Our goal is to address these shortcomings by leveraging recent advances in 

flexible display technology that have made possible the development of truly deformable display 

designs that we hope will be able to better recapture the affordances of the material world. 

2.4 Models of Interaction  

The existing body of work on shape-changing interfaces has resulted in a range of different 

examples that demonstrate how different interaction principles can be coupled with physical form 

transformation to create a bidirectional link between the user and the interface. To support 

meaningful interactions, an objects’ shape should provide the user with clues that inform how to 

interact with it. As physical objects become dynamic, it is important to understand how users 

experience shape transformation and leverage this knowledge to create more engaging 

interactions with shape-changing interfaces. 

Three types of interactions with shape-changing interfaces have been discussed in the 

literature under the following headings: no interaction, where shape change is used solely as 

output, indirect interaction, where shape change occurs based on implicit input, and direct 

interaction, where shape change is used as both input and output (see Figure 7) [97]. Despite 
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these distinctions, devising a universal interaction language for shape-changing interfaces is an 

enduring research goal. Our previous work evaluated the expressive properties of shape-changing 

interfaces [36], as well as work by Roudaut et al. [100], but further research on the field of shape-

changing interfaces is needed.  

 

Figure 7. Types of interaction with Shape-Changing Interfaces [97].  

While studies have explored deformation as a means of interaction, previous 

demonstrations focus heavily on changes in shape exclusively as output mechanisms (or 

responses to inherent input); or explore solely aesthetic aims of changes in shape. Additional 

studies are necessary to investigate the effect of shape change as both input and output 

mechanisms. 

 Our work aims at further investigating the interaction relationship between users and 

devices to broaden the scope on how to think about incorporating shape transformation into 

interaction design, and provide guidelines for other designers when developing shape-changing 

interfaces. Our objective is not to invent new materials or commercial devices, but to map 

possible application areas for shape-changing interfaces, understand the limitations and 

interaction metaphors leveraged by new material technologies and, most importantly, inspire 

future developments in this research space.  
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Chapter 3 

Background and Related Work 

Form transformation is embodied in a range of different domains, from nature, architecture, and 

art, to HCI, design, and robotics. While the ability of objects to physically transform themselves 

to adapt in response to our desires and needs is still in its infancy, in recent years, there have been 

key developments in malleable input technologies, flexible displays and shape-changing materials 

inspired by organic compounds found in nature. These advances will eventually result in a new 

generation of computers capable of flexibly altering their shape.   

In this chapter, we provide an explanation, through related work, of the core concepts for 

the work discussed in this dissertation, namely organic user interfaces, flexible computers, shape-

changing interfaces, shape displays, and multi-display form factors. We introduce explorations 

relevant to the proposed research topic, discussing their methodology, application scenarios and 

findings. We analyze the limitations of current approaches on the topic of shape-changing 

interfaces to place our research goals in the context of the state of the art.  

3.1 Organic User Interfaces: Early Examples  

Vertegaal and Poupyrev [125] pioneered the term Organic Users Interfaces (OUIs), envisioning a 

future where the physical shape of computing devices is flexible and computationally 

controllable; a future where interfaces will no longer be static and flat and flexible devices will be 

embedded with interactive graphics. One of the first OUI explorations was the Illuminating Clay 

project [88], an interactive display made entirely out of clay that users could physically 

manipulate with their hands. Illuminating Clay blurred the lines between input and output, 

allowing users to, e.g., alter the flow of a river by molding valleys into the clay.  
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Other early concepts of OUIs were introduced by Schwesig et al. [102], Holman et al. 

[53], and Akaoka et al. [3]. Gummi [102] demonstrated a pressure-sensitive flexible handheld 

device that simulated an interactive subway map. Bending the device would cause the subway 

map to zoom in or out, while a touch panel on the back would allow users to scroll. Gummi was 

one of the first explorations relying on physical deformation as means of input, suggesting new 

interaction techniques for devices that exhibit OUI properties. PaperWindows [53] presented a 

prototype windowing environment simulating the use of digital paper displays. By projecting 

windows on physical paper, PaperWindows recaptured physical affordances of paper in a digital 

world, allowing for input and output directly on the flexible display. Additionally, PaperWindows 

demonstrated the use of gestural inputs such as hold, collate, flip and bend. DisplayObjects [3] 

showcased a workbench allowing the rapid prototyping and simulation of future devices by 

removing the distinction between physical look and feel prototypes and software functional 

prototypes through projection on a variety of real objects of different shapes, targeting a much 

earlier stage of physical design with functional prototyping than normally possible. The above 

explorations demonstrated the potential of surface transformations as communication channels 

and the usability of deformable interfaces has become an active topic of research in HCI. 

3.2 Flexible Computers 

While initial research was aimed at mimicking form factors or interaction techniques of paper 

documents using paper prototypes [60,69], rigid display devices [18,50,102], or projection on 

deformable materials [53,59], more recently, a number of explorations have leveraged advances 

in thin-film displays develop a new generation of real interfaces that are organic, forming a more 

dynamic relationship with the users’ environment [34,61,116,117].  We believe that building 

prototypes that use real flexible thin-film displays is valuable due to their unique properties in 

terms of thinness, lightweight and malleability. Thus, in positioning our own work, we focus on 

previous explorations that used real flexible displays. 
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PaperPhone [65] was the first thin film smartphone and interactive paper computer with 

an embedded screen. Unlike previous explorations, PaperPhone featured a real flexible display as 

well as an array of flexible electronic, allowing triggering of software actions on the device 

without the need for external trackers or projectors. PaperPhone was designed to allow users to 

build their own bend gesture vocabulary, in turn allowing researchers to study user preferences 

for mapping specific bend gestures to specific actions on flexible displays. 

Snaplet [116] presented a new prototype wearable computer, based on a flexible 

electronic paper display which  can be worn on the wrist, allowing hands-free viewing or one-

handed interaction, or can be snapped off and held in the hand during phone calls or for (bi-

manual) focus tasks. Snaplet leveraged the affordance provided by the flexibility of the device to 

produce a new interaction paradigm: the shape of the user’s body determines the shape of the 

device, and accordingly, its current function.  

DisplayStacks [34] featured a system for physically organizing digital documents via 

stacks of thin-film e-ink displays, mimicking some of the affordances of paper stacks and piles, 

often used in offices to organize and navigate documents on the fly. PaperTab [117] later featured 

an environment in which multiple thin-film displays work together through proximity sensing to 

mimic a physical paper desktop experience. Both systems introduced tools for navigating digital 

documents using piles of physical display windows. 

While recent ubiquitous computing examples used projection to place pixels on everyday 

objects [3,45], OUIs are strongly motivated by the use of real flexible displays, where high-

resolution screens are tightly coupled with the industrial design of an object. The above 

explorations pioneered the development of interfaces using real flexible displays, an important 

step towards generating valuable design guidelines for the development of future deformable 

interfaces. 
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3.3 Shape-Changing Interfaces 

There is a large body of work that uses physical shape transformation as a way to communicate 

information to the user. To achieve this, a number of examples use physical form change to create 

actuated displays as a metaphor to represent digital pixels in the physical world. Translating 

pixels from the digital to the physical has been extensively explored, particularly via means of 

interactive pixelated displays which can change their physical appearance to provide a haptic 

2.5D experience in addition to graphic output. 

3.3.1 Shape Displays 

Lumen [91] (see Figure 9) presented an interactive pixelated display consisting of a two-

dimensional array of movable light guides whose height and color could be individually 

controlled to create images, shapes, and physical motions. Multiple Lumen surfaces can be 

connected, either in the same room or a remote location, giving users the opportunity to 

communicate information from a distance by drawing simple traces in one of the surfaces which, 

in turn, are automatically reproduced on the other Lumen surface.  

Other examples employ a similar approach but rather than having clearly defined pixels, 

their actuators are covered with a soft fabric where interactive graphics can be projected on. 

ShadePixel [62] (see Figure 10) demonstrated a foam skin actuated by solenoids to produce 

shadow effects that visualized pixels using ambient light. Pixels become visible when the 

actuators are drawn down, thereby pulling down the spandex surface, creating small pixel 

indentations on the flexible surface. Relief [70] (see Figure 8) used a similar array of actuators 

covered in a flexible skin to represent topological surfaces, creating a shape-changing display that 

allows users to experience and form 3D digital models in an intuitive manner. More recently, 

inFORM [31] (see Figure 11) demonstrated a state-of-the-art shape display supporting variable 

stiffness rendering and real-time user input through direct touch and tangible interaction.  
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Figure 8. Reflief [70] explored adding 

haptic sensation to graphics. 
Figure 9. Lumen [91] implemented an 

interactive shape display for calm computing. 

  
Figure 10. ShadePixel [62] is a type of 
physical display that uses deformable 

skin to represent information. 

Figure 11. inForm [31] is a Dynamic Shape 
Display that can render 3D content 

physically. 

3.3.2 Actuated Mobile Interfaces 

While research in the domain of actuated mobile interfaces has been extensive, since there are 

more explorations than we can possibly do justice to, we focus on the projects where shape 

transformation was seamlessly integrated into functional prototypes. Dynamic Knobs [48] 

evaluated the concept of a rigid mockup phone capable of changing shape, in a small extension 

on one of its sides, to convey information about different events and states, such as incoming 
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calls, voicemail, or text messages. Hemmert et al. [46,47] also explored the concept of a shape-

changing device that uses one and two-dimensional tapering to display the directionality of off-

screen contents. Another example of using shape change in a mobile context was presented by 

Dimitriadis and Alexander [27], who investigated the effectiveness of shape transformation for 

in-pocket mobile device notifications. Finally, Harrison and Hudson [44] created physically 

actuated buttons for a visual display that was able to change shape in multiple areas, making it 

possible to configure whether a button should be flat or bulged in or out.  

3.3.3 Physically Actuated Interfaces 

Shape change has also been used to, for example, improve the ergonomics of a device by inflating 

an air-filled pocket on a tablet case, providing users with a better grip [74]. Another example 

features a volume-adjustable computer mouse that can be inflated and deflated to accommodate 

both fitting into the PC card slot on a computer and having the volume of a comfortable, 

ergonomic mouse [63].  Horev’s Morphing Harddisk concept [54] changes form by inflating or 

deflating a cube shape. The concept applies the form change to visualize information about 

harddisk activity, synchronization, and the remaining space. Rasmussen’s [96] shape-changing 

bench can be actuated from a flat seating surface to an angled one and aimed to explore how 

people experience an encounter with a piece of shape-changing furniture and how shape-change 

can affect social behavior. Coelho and Maes [19,20,23] proposed three design implementations, 

each addressing a distinct subject area in the design of form transformation, namely topology, 

texture, and permeability. Other practical applications of shape-changing interfaces can be found 

in robots for stroke rehabilitation [68], construction and manipulation of kinetic structures [78], 

and providing haptic feedback [66].  
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3.3.4 Shape Transformation in Fashion, Art and Architecture 

Some shape-changing interfaces described in the literature focus on non-instrumental goals, 

where shape change is used solely for aesthetical aims. Kukkia [10] (see Figure 12) showed a 

garment that implemented soft mechanics to generate kinesis and preserve the softness and 

malleability of textiles, while allowing for additional functionalities. Similarly, SKORPIONS [9] 

showcased a set of kinetic electronic garments that use shape-memory alloys to move and change 

on the body in slow, organic motions. Unlike functional shape-changing interfaces, whose 

purpose typically reflects the designers’ intentions, these hedonic explorations behave like kinetic 

sculptures that display anthropomorphic qualities. Other examples have employed shape 

transformation to create organic art installations. The BMW Museum Kinetic Sculpture [7] (see 

Figure 13) uses 714 metal spheres that can be repositioned vertically leading to the perception of 

composite forms. Pinwheels [57] acted as kinetic sculptures that explored the idea of physical 

movement by invisible information flow. Both examples explore simple organic movement as an 

artistic representation of shape-changing interfaces.  

In architecture, shape change has been investigated as a possibility for creating self-

reconfigurable buildings and office spaces that allow regulation of ventilation flow, daylight 

intake, or visual privacy [119,120]. Shutters [20] (see Figure 14) imitates a permeable 

transformation, where parts of a surface can open and close to regulate the flow of air and light. 

Oosterhuis and Biloria [78]  (see Figure 15) used implicit user input as the basis for their 

proactive architectural spaces. One example of these architectural spaces is Muscle Space, an 

interactive passage framed by shape-changing surfaces actuated by pneumatic muscles that react 

to the passage of users, changing the shape of the passage through a combination of scissoring, 

folding, bending, and falling movements. These interfaces demonstrate potential applications of 

shape changes in architecture, either as an implicit response to users’ movement, or as a reaction 

to external stimuli. 
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Figure 12. Kukkia and Vilkas [10]: kinetic 

electronic garments. 
Figure 13. Art+Com BMW Kinetic 

Sculpture [7]. 

  
Figure 14. Shutters [20] is a shape-
changing curtain for environmental 

control. 

Figure 15. Oosterhuis and Biloria [78] 
proactive architectural spaces. 

3.3.5 Explorative Applications of Shape-Changing Interfaces 

Shape change has routinely been underutilized and little examined as a design tool, mainly due to 

the challenges associated with prototyping interfaces capable of accommodating for physical 

transformation. However, shape and movement have a natural ability to draw our attention, 

provide haptic feedback, and communicate information from a distance. Consequently, the ability 

to prototype with shape change is becoming increasingly important as digital technology becomes 

more readily embedded in our objects and environments. 

To address these limitations, some examples of shape-changing interfaces are not 

designed for a specific application purpose, but rather as conceptual experiments aimed at 

investigating shape-changing materials and technologies. Most of the explorative applications 

focus on the technical implementation of shape change, and aim at advancing the understanding 
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of the materials and technologies involved in form transformations. Examples of such 

explorations focus on shape-memory alloys [19,20], paper mockups [25], linear and 3D actuators 

[56,70], as well as toolkits to help support the physical prototyping and programming of shape-

changing interfaces. Bosu [83] is an early example of a design tool used for motion prototyping 

and digitally augmented form finding, combining dynamic modeling with coincident sensing and 

actuation to create transformable structures. Topobo [94], a 3D constructive assembly toolkit with 

kinetic memory, featured a set of motorized building blocks with the ability to record and 

playback physical motion in 3D space. These are key explorations aimed at helping designers 

establish principles for incorporating shape transformation in interaction design through the 

exploration of two approaches to motion construction and manipulation. 

3.3.6 Shape-Changing Materials 

While material research has a long and rich tradition within design and architecture, only in 

recent years has the relationship between materials and computation become a topic for 

discussion in HCI. Materials pose significant challenges when designing shape-changing 

interfaces, as many of the materials that exhibit computational properties are not flexible. While a 

lot of approaches discussed in the literature use non-flexible materials to create shape-changing 

interfaces, advances in material sciences have led to the development of alloys (See Figure 16) 

that are capable of expansion and contraction and can be used to express dynamic movement. 

 
Figure 16. In its natural state, a SMA is malleable and can be easily deformed. When 

heated, the SMA becomes stiff and returns to its ‘memorized’ shape. 
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In their Shape-Changing Interfaces journal article [21], Coelho and Zigelbaum attempted to 

summarize different actuation technologies, describe the type of movement these actuators are 

capable of producing and their perceived benefits, and identify the challenges associated with 

each technology (See Figure 17). 

 
Figure 17. Subset of different actuation technologies available to designers [21]. 

This table was not intended as a comprehensive list of actuation techniques, excluding more 

advanced techniques such as pneumatic or hydraulic actuation, but rather intended as a guideline 

to illustrate how the choice of action technology can influence a designers’ perspective when 

incorporating shape change into interaction design.  

 While in recent years, significant effort was put into advancing actuation techniques for 

creating interfaces that exhibit, e.g., tunable stiffness [31], jamming properties [30], and tactile-

kinesthetic feedback affordances [84], despite advances in flexible display technology, there has 

been little effort made towards incorporating real high-resolution displays in deformable 

interfaces. In the next section, we describe our approach to harvesting flexible displays from off-

the-shelf hardware that we hope will help designers to no longer rely on projected graphics to 

display interactive content. 
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3.4 Programmable Matter 

Recently, there has been a significant research effort towards developing a new generation of 

computer interfaces capable of displaying physical 3D structures via programmed movement of 

large quantities of self-assembling robots [38,46]. Goldstein et al. [105,106] alluded to the 

creation of physical artifacts using a collection of Claytronic Atoms (Catoms) [14,105], which 

would eventually be able to mimic an analog object’s shape, movement, visual appearance, and 

tactile properties. With claytronics, millions of tiny individual Catoms would assemble into 

macro-scale objects, connecting and disconnecting as they move. The innovation in this field 

combines the concepts of nanotechnology, robotics and telepresence. While the true realization of 

claytronic atoms has consistently been impeded by technology and material limitations, there are 

a few proof-of-concept explorations towards this vision of programmable matter (see Figure 20). 

Alonso-Mora et al. [6] (see Figure 18) presented a display in which each pixel is a mobile 

robot of controllable color. Their system took images or animations as input and produced a 

multirobot display as output. Similarly, Rubenstein et al. proposed a thousand-robot swarm 

capable of self-assembling into larger, potentially interactive shapes [101] (see Figure 19).  

Practical attempts at creating these systems, however, have proven difficult. While the 

above explorations successfully demonstrated programmable self-assembly of complex shapes, 

mitigating some of the limitations associated with shape displays, they are limited to rendering 

shapes in two dimensions. An important problem in the creation of 3D programmable matter is 

that the structural integrity of the object needs to be preserved while it is changing shape [101]. 

This can be difficult to achieve with robots as they have to rest on top of one another to overcome 

gravity. To address this issue, researchers have investigated the use of magnetic and ultrasonic 

self-levitation. However, these methods pose distinct limitations to the independent motion of 

multiple Catoms. 
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Figure 18. Fifty robots display a fish 
jumping out of the water [6]. 

Figure 19. A self-organizing thousand-

robot swarm [101]. 

  

Figure 20. Concept designs of a living 
kitchen. 

Figure 21. Constructing an architectural 
model using BitDrones [38]. 

BitDrones [38], a system that I have developed with collaborators at the Human Media Lab, is an 

exception to the above work, in that its comprised by autonomous nano-quadcopters that act as 

self-levitating Catoms (see Figure 21). BitDrones is the first example of an interactive self-

levitating tangible user interface with multiple building blocks capable of physically representing 

3D data on the fly. With BitDrones, we investigated how users can interact with swarms of nano-

quadcopters via direct touch, uni-manual and bi-manual input techniques and gestural 

interactions. Our goal was to create the first system that uses multiple drones that act together to 

create interactive tangible interfaces, and generate real reality 3D displays using nano-

quadcopters as self-levitating tangible building blocks. 
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3.5 Non-Planar Form Factors in Consumer Products 

Recently, advances in flexible display technology enabled manufacturers to develop a new 

category of non-planar devices, ranging from curved smartphones to wearable displays that can 

convert from watchband to handset form factors. Additionally, a number of patents have been 

awarded hinting at foldable displays that can switch between phone and tablet form factors. 

 While current consumer products featuring flexible displays are still encapsulated in rigid 

housings, as implementations mature, it is likely that other consumer products with non-planar 

and deformable form factors will emerge, expanding the limits of where computation can be 

found, and paving the way for a new category of devices that feature displays of almost any form.   

  
Figure 22. Samsung Galaxy Round (Q4, 

2013) was one of the first commercial 
products that used a curved screen. 

Figure 23. LG G Flex2 (Q1, 2015) features 
a curved smartphone whose display is 

orthogonal to the Samsung Galaxy Round. 

  
Figure 24. Lenovo’s new concept 

smartphone uses a flexible screen and 
segmented body to convert from 

watchband to handset form factors. 

Figure 25. Samsung’s latest patent alludes 
to a device with a screen that bends and 

folds like an old-school flip phone handset. 
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3.5.1 Prototyping with Flexible Displays 

While the first consumer products that featured non-planar shapes (See Figures 22 and 23) used 

flexible displays encapsulated in rigid substrates, it is likely that other consumer products will 

emerge (See Figures 24 and 25. This new category of devices will be able to take on different 

shapes that better support the functionality of the interface. Motivated by this premise, myself and 

collaborators at the Human Media Lab have been experimenting with techniques to extract these 

displays from the smartphone and use them to create new interfaces that seamlessly merge 

deformable materials and high-resolution flexible multitouch displays. The extraction process is 

illustrated below: 
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Figure 26. Step-by-step figure illustrating the extraction process of a LG G Flex Screen. 

Firstly, we separate the screen assembly from the smartphone by removing the screws that 

connect the two parts together. Secondly, the screen assembly is placed on a hot plate at 120° 

Celsius for 4 minutes to soften the LOCA glue that attaches the display to the glass. Thirdly, a 

thin enamel wire is gently used on a back and forth motion, to separate the screen and digitizer 

from the glass. This process was deemed effective for both LG G Flex 1 and Flex 2 screens. It is 

not possible to remove glue residue from the first generation screens (these should be laminated 

with transparent adhesive plastic). On the G Flex 2 screens, the glue residue can be removed 

using acetone. Care should be taken not to dissolve the glue of the envelope holding the organic 

LED layer in contact with the active matrix substrate. 
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Chapter 4 

Research Implementations 

This chapter is in part based on [36,37,39,40] 

This thesis proposes a series of research implementations which embody specific functional uses 

of form transformation in user interface design, ranging from actuated shape deformations as a 

methodology for communication; dynamic modulation of screen real estate through folding, 

tearing and rolling/unrolling techniques; and manipulation of digital content through bend 

gestures. The research explorations discussed in this dissertation acted as the driving force behind 

the production of knowledge for developing a new generation of computer interfaces and their 

development, informed by quantitative and qualitative studies conducted with real users, resulted 

in a constant process of framing and reframing the research questions, towards the development 

of a design language for shape-changing interfaces. 

 The following chapter details each of the research implementations, their design process, 

and how each of the explorations attempted to answer the research questions central to this 

dissertation. 
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4.1 WhammyPhone: Exploring Tangible Audio Manipulation Using Bend Input on a 

Flexible Smartphone 

 
Figure 27. WhammyPhone prototype showing an EDM Control Loop Interface. 

Deformable interfaces are emerging in the field of HCI, for instance, as bendable smartphones 

[61,112], elastic displays [111], shape-changing mobiles [36,47], or soft controllers [122]. Due to 

the unique properties of flexible materials, deformable interfaces allow for unique gestures such 

as crumpling, squeezing, and stretching, all of which would be impossible with rigid interfaces. 

When an object is deformed, a rich set of sensations come into play to inform us about its internal 

structure. For example, when reading a paper document, the physical structure of pages can help 

guide users to particular locations in the document. Similarly, when interacting with digital audio, 

the haptic qualities offered by physical knobs, faders, and keys present in audio workstations 

provide users with the ability to physically create and manipulate sound. 

While digital technologies offer unprecedented opportunities for the creation and 

manipulation of sound, digital audio workstations geared towards touchscreens and mobile form 

factors lack the haptic affordances associated with their physical counterparts. To address some of 

the limitations associated with touch-based audio interfaces we developed WhammyPhone, a 

flexible audio interface that allows users to tangibly manipulate sound. Our approach features an 
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example of a shape-changing interface that relies on direct interaction, where physical 

deformation trough twist and bend gestures is used as an input method to control sound 

parameters. 

In this section, we will discuss related work that inspired the development of 

WhammyPhone (see Figure 27), potential applications for deformable audio interfaces, the 

challenges associated with manipulating sound in devices with reduced screen real estate, and we 

conclude with a discussion of the usefulness of deformable interfaces in a musical context. This 

project was approved by the Ethics Board, case number 6018669. 

WhammyPhone was developed in collaboration with Lahiru Priyadarshana, who 

developed the example application scenarios, Juan Pablo Carrascal and Professor Roel Vertegall, 

who oversaw the development of this project, students from the course in Advanced User 

Interface Design, who developed an earlier version of a similar prototype that inspired the design 

of WhammyPhone, and I was responsible for the hardware development of our prototype. 

4.1.1 Related Work 

Earlier deformable musical interfaces were mostly used as MIDI controllers to 

manipulate sound parameters such as speed, pitch, and note duration [104,108]. For 

instance, NoiseBear [41] supported simple squeeze interactions to control various sounds and it 

could be easily used by novices as well as experienced musicians. Zstretch [17] showed how a 

stretchable controller could be used to manipulate volume, pitch, and speed. Sculpton [12] was 

used to control and generate sounds by stretching, squeezing and pressing the body of a malleable 

tangible interface. More recently, Troiano et al. [122] conducted a series of workshops with 

amateur and expert musicians aimed at understanding how deformable objects can be used to 

manipulate sound. Their results showed that (1) musicians systematically map deformations to 

certain musical parameters, (2) musicians use deformable interfaces specifically to filter and 

modulate sounds, and (3) musicians think that deformable interfaces embody the parameters that 
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they control. Additionally, every year, the New Interfaces for Musical Expression (NIME) [107] 

conference gathers researchers, musicians and practitioners around lectures, demonstrations, 

installations, concerts, and workshops towards generating design guidelines for human-computer 

interfaces and interactions for musical performance.  

While the large body of work in the area of NIME explores the metaphor of sculpting for 

creating and promoting active and engaging relationships between the musicians and musical 

artifacts, most, artifacts described in the literature serve rather specific and limited purposes, 

namely using simple surface contact (e.g., tap, poke, push) to generate sounds, and using object 

deformation (e.g., twist, stretch, bend) to modulate or applying effects to sounds. However, these 

artifacts usually represent a single or limited subset of parameters (e.g. a small cube-shaped 

malleable interface can be used as an alternative to regular knobs or faders). If we consider the 

vast number of sound parameters that musicians interact with when creating or manipulating 

audio, this would result in a far greater number of deformable devices a single user could ever 

possibly interact with.  

 
Figure 28. Deformable Musical Interfaces. 1) Sonic Banana; 2) Zstretch; 3) A Malleable 

Interface; 4) The Embroidered Music Ball; 5) The Music Ball Project; 6) NoiseBear;  
7) MARSUI; 8) Sculpton; 9) A Malleable Device; 10) ClayTone.  
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Figure 28 illustrates a number of explorations that attempted to address what has been 

described in the NIME medium as a paradoxical situation where malleable digital sound models 

are controlled by non-malleable interfaces. These interfaces for musical expression have explored 

how some of the affordances associated with digital audio workstations can be replicated in 

tangible artifacts to provide musicians with the ability to physically manipulate and create sound.  

While the haptic and elastic properties offered by these devices improve the expressiveness in 

audio manipulation due to their haptic feedback properties, they lack the ability to output visual 

information, an integral part of digital audio workstations. 

4.1.2 Design Rationale 

Malleability is considered one of the most attractive affordances of the digital world. Digital 

objects are easy to create, modify, replicate, and redistribute. Conversely, physical artifacts are 

very often rigid and static. This is a common characteristic that invests most of the audio 

interfaces available on the market. Very often the action used for deforming and shaping a 

malleable material is used to describe sound synthesis algorithms and software for physical 

modeling. With WhammyPhone, we were interested in exploring the effectiveness of using bend 

gestures for creating and manipulating digital audio. Specifically, we wanted to understand the 

potential of using touch + bend input when designing a tangible musical interface deployed on a 

flexible smartphone. 

 Compared to traditional touch-based interactions, WhammyPhone’s passive force 

feedback provides a strong coupling of proprioceptive feedback with bend input, providing 

musicians with the kind of tactile-kinesthetic feedback provided by, i.e., physical piano keys and 

guitar strings. We facilitate multisensory feedback and explores the interplay between visual, 

tactile and kinesthetic experiences. WhammyPhone allows us to investigate how users tangibly 

manipulate sound parameters (e.g., pitch, panning, delay) by means of physical deformation on 
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mobile display devices. This creates possibilities for new multimodal interfaces that offer rich 

interaction techniques for expressive musical control. 

WhammyPhone is the first system that supports the use of physical deformation as a 

means to manipulate sound on a flexible smartphone encompassing a high-resolution malleable 

display and an array of bend sensors. Our prototype can be used standalone or as a peripheral 

input device for controlling any music software. While previous research focused on generating 

ideas on deformable interfaces using atomic deformations, our prototype supports a large number 

of the functionalities described in the literature across a vast number of explorations 

[108,41,17,12], in a single deformable audio interface. 

4.1.3 Implementation 

WhammyPhone consists of a 5.5” LG Flexible P-OLED multitouch display, augmented with a 

layer of 3 Flexpoint bidirectional bend sensors. The prototype is driven by an Android 5.0.1 board 

featuring a Snapdragon 810 processor (see Figure 29). An Arduino Pro Micro microcontroller 

samples the bend sensors at a sample rate of 76.8KHz and transmits data over a Bluetooth link to 

a host computer, when used as an input controller, or to the Android board, when used as a 

standalone device.  We use the TouchOSC [121] applications to create and customize simple 

touch-based controls directly on the Android GUI, and this data is translated to MIDI using 

TouchOSC MIDI Bridge. Finally, we use Ableton’s Connection Kit [1] to interface our prototype 

with digital audio software platforms (e.g. Ableton Live [2], Reaktor [99]) and to map touch and 

bend sensor data to musical parameters. 
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Figure 29. WhammyPhone exploded view. Top) Android board and 5.5" Flexible OLED 

Display. Bottom) Battery and Flexpoint Bend Sensors. Not visible: Bluetooth module and 
arduino microcontroller. 
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4.1.4 Application Scenarios 

Apart from functioning as a new kind of platform for tangible audio manipulation via means of 

physical deformation, applications for this technology could take more complex forms, leading to 

new interaction possibilities. Our current implementation, while still limited in terms of shape 

resolution [100], effectively demonstrates several application scenarios that use bend and touch 

input to create and manipulate digital audio (see Figure 30): 

(1) Guitar Effects  

Users can control the effects and pitch of an electric guitar with a virtual tube amplifier. Strings 

are played by touching the display. Full screen bends control the pitch bend of the string up and 

down, as if they were bending the string or using a Whammy Bar. Dog-earing is used to control 

the amount of pre-gain of the virtual tube amp, and the amount of Overdrive distortion applied.  

(2) EDM Loop Control 

Users can control effects and loops of pre-recorded audio samples in Ableton Live using screen 

bends. Users activate or deactivate sample plays in Ableton Live using touch buttons. Full screen 

bends can then, e.g., be used to increase or decrease the loop speed of the sequence, while corner 

bends are used to control audio effects, e.g., a low-pass filter’s cutoff frequency. 

(3) Bowed Violin Control   

WhammyPhone can also be used as a virtual model of a musical instrument. In our violin 

example, touch input is used to play a string whereas bending and flattening the device controls 

the position and force of the bow. The speed of this gesture controls the speed and pressure of the 

bow. Bending the left corner of the display controls the amplitude of a vibrato applied to the tone. 

   
Figure 30. Left) Guitar Effects; Center) EDM Loop; Right) Bowed Violin. 



 

45 

 

4.1.5 Observation Notes 

While we have yet to formally evaluate WhammyPhone among novice and expert musicians, an 

early version of the prototype developed in collaboration with students enrolled in the course of 

Advanced User Interface Design taught by Professor Vertegaal, whom I assisted teaching the 

course, served as a platform to gather insights on (1) how users perform music using malleable 

interfaces, (2) which deformations are preferred to control which sound parameters, and (3) the 

effectiveness of haptic and elastic control in artistic applications.  

 All the people that had the opportunity to interact with the current and earlier versions of 

WhammyPhone enjoyed the haptic and tactile feedback provided by our prototype to quickly 

manipulate or create sounds. For instance, informal feedback suggests that bending the device 

inwards and outwards is a more effective way to manipulate sound than virtual faders and knobs, 

as they allow users to hold the sound in their hands and physically shape it. 

Some people noted that the elastic properties of our prototype afforded an interesting 

connection between the performer and the sound, allowing for an intuitive way to modulate sound 

parameters such as, e.g., pitch, speed and pressure, depending on the speed of the performed 

gestures. Finally, WhammyPhone has been described as an interface that effectively embodies 

elements of a sound that can be seamlessly integrated with the interface and thus become 

physical, as if the prototype itself is somehow embodying the sound. 

4.1.6 Conclusion 

In this section, we presented WhammyPhone, a novel audio interface that supports physical 

manipulation and composition of digital audio through a combination of bend gestures and touch 

input in a flexible mobile device encompassing a flexible high-resolution multitouch display and 

integrated bend sensors.  

The rich metaphors elicited by WhammyPhone provide a highly effective example of how 

tangible deformable devices improve the expressiveness in audio manipulation due to the 
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interplay between the passive force feedback provided by our prototype, that effectively mimics 

some of the affordances associated with real musical instruments. These affordances can emulate 

mechanisms that we are familiar with from the physical world. 

 WhammyPhone demonstrates a completely new way of interacting with sound using a  

flexible smartphone that allows for the kind of expressive input normally only seen in traditional 

musical instruments. While deformations like squeeze, push and twist are not achievable with 

current display technology, as implementation matures, we expect to overcome these limitations 

towards developing interfaces capable of supporting more degrees of freedom, a prominent 

feature of deformable interfaces. 

 The next section discusses the design of PaperFold and looks at how shape change can 

be used for triggering viewport transformations in the GUI of a multi-segmented mobile device. 
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4.2 PaperFold: A Shape-Changing Mobile Device with Multiple Reconfigurable 

Electrophoretic Magnetic Display Tiles 

 
 

 
Figure 31. PaperFold prototype with 3 display segments. 

The vision of a mobile device that approximates the topology of foldable paper maps, providing 

users with modular screen real estate, has been well established in the research community. 

Within HCI, significant effort has been put into developing systems that mimic some of the 

affordances of paper. According to Sellen and Harper [103], paper provides tactile-kinesthetic 

feedback when organizing and navigating information that is not available in traditional digital 

GUI environments. Paper, as a physical medium, is also thin, lightweight and portable. 

Additionally, the display size of paper documents can be modulated with ease through folding, 

tearing or combining multiple page elements. Such properties allow paper documents to be 

navigated and organized more efficiently, allowing concurrent access to multiple documents. 
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 As such, the development of electronic paper computers that adopt certain qualities or 

metaphors of interacting with paper documents has been an enduring research goal. To 

investigate how paper-like, thin-film mobile display devices might adopt some of the affordances 

of paper documents, such as dynamic modulation of screen real estate through folding and tearing 

techniques, we developed PaperFold (See Figure 31), a shape-changing mobile device with 

multiple reconfigurable thin-film magnetic display tiles aimed at investigating the use of shape 

changes for triggering viewport transformations in its GUI. PaperFold explores the potential 

benefits of having multiple devices combined into a single mobile device featuring multiple 

detachable displays, providing users with modular screen real estate via topology transformations.  

While there has been research into folding displays into various form factors, most of the 

display technologies in prior studies were either simulations with paper mockups [32,69] (See 

Figure 32), projection [59,60,67] (See Figure 33), thick and rigid display devices that are not well 

suited for folding [18,50] (See Figures 34 and 35), or focused on interactions with single displays 

that were stacked or placed in close proximity [34]. However, such individual displays lack the 

physical embodiment of a digital information topology provided by multiple connected displays. 

Consequently, there is a need to advance prior work on multi-segmented reconfigurable mobile 

devices that can be attached and detached into arbitrary configurations along multiple axes, using 

real flexible displays. 

PaperFold (see Figure 31) bridges the tradeoff between portability and increased screen 

real estate by introducing a reconfigurable mobile display device with thin-film screens that stay 

within acceptable boundaries of weight and thickness. Additionally, our system presents the first 

systematic exploration of three-way folding in multi-display systems.  

PaperFold was developed in collaboration with Professor Roel Vertegaal, who 

supervised the development of this project and was played a fundamental role in helping getting 

the work ready for publication.  
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4.2.1 Related Work 

For reasons of portability, mobile devices have displays that are limited in size and constrained by 

weight. Despite increases in resolution, such size restrictions have resulted in sequential 

interaction paradigms for mobile platforms. By contrast, the display size of paper documents can 

be modulated easily through folding, tearing or combining multiple page elements. Such 

properties allow paper documents to be navigated and organized more effectively, with 

straightforward concurrent access to multiple documents [103]. As such, the development of 

electronic paper computers that adopt certain qualities of interacting with paper documents has 

been an enduring research goal. 

 There is a large body of work on book form factors, often involving rigid dual-screen 

form factors that can orient around one axis. Chen et al. [18] discussed an e-book reader featuring 

two displays that can be used in side-by-side or detached configurations (see Figure 35). Their 

design supported embodied navigation techniques like folding, flipping, and fanning. Similarly, 

Hinckley et al.’s [50] Codex featured a dual-screen tablet computer whose displays could be 

detached and reconfigured in a variety of postures to support individual work, ambient display, or 

collaboration with another user (see Figure 34). These explorations, among others [59,60], 

suggest that having additional displays offers a better support for lightweight navigation and 

affords division of labor for tasks across displays (see Figures 32 and 33).  

In addition to research explorations, several companies proposed a number of dual-

display devices. Pocket Edge [28] combined a tablet computer and an eBook reader in a dual-

display interactive gadget. Sony Tablet P [110] accommodated two 5.5” interoperating hinged 

displays. However, these devices failed to gain popularity due to their bulky form factor, bezels 

that interrupted a continuous stream of information across displays, and a lack of optimized 

applications that leveraged the dual display configuration.   



 

51 

 

  
Figure 32. How Users Manipulate 

Deformable Displays as Input Devices [69]. 
Figure 33. FoldMe: Interacting with 
Double-Sided Foldable Displays [59]. 

  
Figure 34. Codex: A Dual Screen Tablet 

Computer [50]. 
Figure 35. Navigation techniques for dual-

display e-book readers [18]. 

While the above explorations and commercial devices were able to mimic the form 

factors or interaction techniques of paper documents using rigid display devices,  

their rigidity and thick form factor posed real drawbacks in terms of portability and physical 

effort. Furthermore, paper is intrinsically lightweight and malleable. To accurately replicate these 

affordances, progress needs to be made towards developing devices comprising flexible E-Ink 

displays as thin and lightweight as paper [34,117]. PaperFold aims to combine the benefits of 

context-aware multi-display devices with paper-like thinness and familiar interaction metaphors. 
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4.2.2 Design Rationale 

Segments of PaperFold form building blocks that can be “shaped” into an application. Our goal 

was to allow users to modulate the size of screen real estate of the device between folded 

conditions and expanded shapes. In order to increase the number of form factors, we explored 

attachment/detachment on multiple sides of the displays. Using multiple reconfigurable displays 

allowed users to simulate certain known display through simple morphological mimicry. 

Different orientations of display segments may cause them to be visible to the user, other users, or 

hidden altogether. 

4.2.3 Participatory Study 

We investigated the relative transformation between shape states as an interaction technique. To 

ascertain what would be the most functional shapes of a foldable device, we conducted a 

participatory design session in which subjects were presented with cardboard pieces with 

magnetic hinges. 15 participants volunteered for this study (6 female, 9 male; mean 23 years old). 

This project was approved by the Ethics Board, case number 6010280. 

4.2.3.1 Task 

Users were asked to imagine a device in which the cardboard pieces were displays showing 

applications similar to those on mobile phones. They were then asked to create what they thought 

of as the most useful shape transformations for a 2 display hinged/detachable device. We repeated 

the exercise using 3 and 4 displays. For each shape, we asked participants to propose an 

associated functionality.  

4.2.3.2 Results 

Results suggest that participants had difficulty relating to the 4 tile configurations. Figure 36 

shows the most common shape changes produced by participants for 2 and 3 tiles configurations. 
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When asked what functionality these shapes or shape changes might have in a device, 

participants’ comments almost exclusively referred to view operations that are common in GUIs.  

 
Figure 36. The 14 participant defined shape configurations. 

4.2.4 Apparatus  

PaperFold is a foldable thin-film tablet with 3 detachable flexible display tiles. Each tile consists 

of a flexible 6.5” touch sensitive Plastic Logic E-Ink display [89], and a flexible 3D printed 

substrate with embedded sensors. Magnetic hinges allow PaperFold tiles to be attached in a 

variety of configurations (See Figure 37). Each tile contains an IMU Board and a linear Hall 

Effect Sensor tethered to an Arduino. Magnets embedded in the bezel of the 3D printed 

substrate allow PaperFold panels to be arbitrarily combined in a variety of configurations. 

Hall Effect sensors allow our system to detect distinct connections among various tiles. 9DOF 

IMUs calculate the absolute orientation of each tile. Using this information, our system can 

calculate the shape configuration, and determine what view operations should occur upon 

changes to this configuration. 
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Figure 37. Exploded view of a PaperFold segment. 

4.2.5 Matching Shape Changes to View Operations 

We evaluated the use of our PaperFold prototype for effecting view operations via shape changes 

in a second experiment. We asked participants to rate the match between each shape change and 

the list of view operations suggested in our participatory study: Collate/Extend View; Zoom 

In/Out; Show 3D View; Show Thumbnails; Show Full Screen; Show Toolbar; Show Keyboard; 

Show Phone Screen; Show Different Application; Show Blank Screen; Duplicate View. 12 

participants took part in the second experiment (6 Female; 6 Male; Mean Age: 21.3). 

4.2.4.1 Task 

For each shape change, we asked participants to rank each of the 12 view operations for 

appropriateness using questionnaire items with a 5-point Likert scale (Strongly Agree-Strongly 

Disagree) that answered the following question: “When I change the shape of this device in this 

way, it [View Operation].” 

4.2.4.2 Experiment Design 

During training, each of the 12 view operations was demonstrated in a GUI desktop application. 

Participants were then introduced to the prototype, instructed on the task and given a 

questionnaire. A display showed a list of image transformations from which each view operation 

could be constructed on PaperFold. The experimenter then loaded the first image onto the first 
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display, after which participants were asked to make the first shape change in Figure 36. 

Participants were asked to go through the questionnaire and pick a favorite operation to perform 

upon a shape change, if there was one. They then rated the view operation on the questionnaire, 

and were asked whether there were any operations on the list that they thought would match this 

shape change. If so, they were given the option to show these on the prototype, and rate them. All 

shapes were repeated for each of two applications: 1) A text editor showing pages of a scientific 

paper 2) A Google map application showing a map of London. 

4.2.4.3 Results 

Figure 38 shows the means and standard deviations for the scores matching view operations with 

shape changes, for portrait, landscape and 3D conditions in both applications. A non-parametric 

analysis of variance (Friedman Test evaluated at α<.05) showed significant differences between 

view operation scores for each shape change in the text application (Friedman’s χ2 (11)>21.11, 

p<.05), with the exception of Fold 3D Triangular Hull (Friedman’s χ2 (11)=18.436, p=0.072). In 

the map application, results also showed significant differences between view operation scores 

for each shape change (Friedman’s χ2 (11)>23.9,p<.05). 

4.2.3 Qualitative Results 

Overall, participants liked having the ability to arrange PaperFold in various configurations, thus 

being able to dynamically alter viewports. Participants mentioned they “would like to be able 

to customize the functions of different shapes”. There were benefits identified for using 

PaperFold as a multitasking system. Multiple subjects noted they “enjoyed having the ability to 

distribute different applications across displays and access them concurrently”. Users were 

particularly impressed with the 3D View features of our system, noting that “3D shapes with 

multiple displays lead themselves to viewing 3D models”. Additional benefits identified included 

adding thumbnails, toolbars, or use PaperFold as means for distributing information. 
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Figure 38. Mean & SD for matching view operations to shape changes for both 
applications. 

4.2.4 Design Recommendations 

The results of our studies allowed us to derive the following design recommendations for 

matching shape changes to view operations in reconfigurable mobile devices: 

(1) Automated view operations appear to work well as responses to folding, attaching or 

detaching displays. 

(2) Consider a Collate operation when users extend a first display in Full Screen View with a 

second display. 

(3) Consider alternative views such as keyboards, toolbars or different applications when 

extending a 2nd display with a 3rd display. 

(4) Provide mechanisms for users to set preferences for each view operations. 

(5) Consider showing a keyboard on the lowest display when the device is folded into a 

perpendicular shape. 

(6) Consider mirroring the displays when the device is folded into a triangular shape. 

(7) Consider showing a 3D view of the data when users bend displays inwards or outwards, 

or into a 3D hull shape. 

We note that the above recommendations are based on heuristics and can be considered valid 

only within the limitations of the presented device and user study. We do believe that results are 

sufficiently clear to generalize to other application scenarios and device morphologies. Figure 39 

shows a subset of the shape transformations supported by PaperFold and their GUI. 
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PaperFold segments can be used independently from one 

another, allowing for sharing of views. 

 
PaperFold showing a map extended across multiple 

displays, a metaphor borrowed from foldable paper maps  

 
PaperFold folded into a laptop form factor  

 
PaperFold showing Google Earth View 

 
PaperFold folded into a 3D Hull 

 
PaperFold tiles can be detached and  
used independently. i.e., as toolbars 

Figure 39. Example shape transformations supported by PaperFold and their GUI. 

4.2.5 Limitations and Usability Implications 

While significant effort was put into developing a prototype that mimicked the kind of tactile-

kinesthetic navigation, expandable screen real-estate and lightweight multi-window experiences 

that paper offers to users, our prototype is limited to simple folds such as those of foldable paper 

maps. Although we aimed to produce more complex folds, employing creases like paper is not 
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achievable with current flexible display technology. Furthermore, the dependency on cables and 

extraneous equipment to drive the displays poses significant challenges for portability and 

malleability, which prevented us from testing our prototype outside a laboratory environment.  

4.2.6 Conclusion 

In this section, we presented PaperFold, a novel reconfigurable foldable mobile device comprised 

of 3 flexible display segments that can be folded into arbitrary configurations. PaperFold draws 

its inspiration from paper metaphors and our prototype leverages recent advances in flexible 

display technology to create the first context-aware multi-display device with paper-like 

interaction metaphors.  

 PaperFold introduces a prototype device that bridges the tradeoff between portability 

and increased screen real estate by introducing a reconfigurable mobile display device with thin-

film screens that stay within acceptable boundaries of weight and thickness. 

Apart from solving some of the technical challenges, future directions for PaperFold 

include replacing the e-ink screens with FOLED displays and eliminate the dependency on cables 

and extraneous hardware. 

The next section discusses the development of DisplayCover, a prototype smart cover 

developed in collaboration with the Microsft Applied Sciences Group during my internship in the 

summer of 2014. DisplayCover explores the detailed designed of a tablet accessory that can be 

used as an interactive toolbar, effectively extending the screen real estate of portable tablet 

computers.  
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4.3 DisplayCover: A Tablet Keyboard with an Embedded Touchscreen Display1 

 
Figure 40. DisplayCover showing Windows Live Tiles in the secondary display. 

The tablet computer has been a deep-rooted vision, with many abstract devices resembling 

current technology depicted over the past 60 years [124]. While their use has been popularized for 

email, reading, and social networking, productivity tasks are not easily achievable [73]. Their 

limited display size, the absence of a physical keyboard and the lack of support for desktop 

interfaces, pose significant challenges for multitasking and extended interactions.  

 Consequently, significant research and development has gone into creating accessories 

that recapture many of the affordances associated with laptop or desktop computers. While 

physical keyboards, capacitive styli and power cover have become commonplace, tablet screen 

size remains a limitation. Support for external monitors cannot be regarded as a portable solution. 

 

1 DisplayCover was developed during my first internship at Microsoft and our goal was to revisit the 
Microsoft Adaptive Keyboard [71] towards increasing productivity in small devices. I directly investigated 
DisplayCover under the supervision of Tristan Trutna (Microsoft Applied Sciences Group) and Professor 
Roel Vertegaal (Queen’s University).  
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To bridge the gap between portability and productivity, while reducing the need for users 

to carry multiple devices, we developed DisplayCover [39], a tablet cover that combines both a 

physical keyboard and a thin-film multitouch display as a means to extend screen and interaction 

real estate (see Figure 40). DisplayCover features an adaptive user interface based on usage 

context within a set of user application tasks, as well as stylus annotation, concurrent access to 

multiple applications, gestures, and trackpad interactions. DisplayCover is the first system that 

seamlessly combines a precise multitouch sensor and a high-resolution display in a peripheral 

accessory that closely resembles the form factor and portability of keyboard covers available to 

consumers. This project was approved by the Ethics Board, case number GCISC-077-14. 

In this section, we will discuss related work that inspired the development of 

DisplayCover, potential applications for context-aware peripheral displays, some of the 

challenges encountered in seamlessly merging a high-resolution multitouch display and a 

mechanical keyboard while preserving the portability and form factor of commercially available 

keyboard covers, and we speculate on future applications for this technology. 

DisplayCover was developed independently during my internship at Microsoft, and 

further explored at the Human Media Lab. Tristan Trutna oversaw the development of this project 

at Microsoft, and Professor Roel Vertegaal offered valuable advice with regards to interaction 

techniques and played a key role in getting this project ready for publication. 

4.3.1. Related Work 

Touch is the most common interaction technique for tablet computers. However, typing on flat 

glass pales in comparison to physical keyboards [8,29], which remains the preferred input to 

perform tasks that require extensive typing. While peripheral keyboards are now commonplace, 

most accessories do not feature an embedded trackpad, requiring users to constantly move their 

hands between the keyboard and the device touchscreen. 
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 A number of research explorations have considered methods for augmenting physical 

keyboards with some of the interaction metaphors present in multitouch surfaces, ranging from 

keyboards capable of detecting gestures both on [129] and directly above the device [129,118]; 

elongated trackpads that utilized the entire area below the keyboard of a laptop computer [42]; 

and touch-display keyboards with dynamic display and touch sensing underneath each key. 

  
Figure 41. LongPad showed a touchpad 

using the entire area below the keyboard of 
a laptop computer [42]. 

Figure 42. Type-hover-swipe in 96 bytes 
demonstrated a motion sensing mechanical 

keyboard [118]. 

  
Figure 43. GestKeyboard [129] enabled 
gesture-based interaction on unmodified 

keyboards. 

Figure 44. Microsoft Adaptive Keyboard 
[71] combined display and input 

capabilities in a desktop keyboard. 

While previous explorations extended the desktop experience to peripheral hardware (see 

Figure 41-44), there has been little to no research targeting devices whose limited screen size is a 

concern (e.g. tablet computers). Moreover, to our knowledge, there has been no exploration 

featuring an interactive display that spans the entire length atop a tablet keyboard accessory. 
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Although previous explorations allowed users to display small icons on augmented keyboard keys 

[79], they required extensive user configuration.  

Other projects proposed dual-screen configurations [50], multi-segmented mobile devices 

[40,59], and pairing devices of distinct form factors to create distributed information displays. 

While their findings identified several benefits for peripheral displays such as division of tasks 

between screens, quick access to toolbars and command icons, and lightweight navigation, there 

has been little to no research targeting devices whose limited screen size is a concern.  

DisplayCover dynamically places interface elements on the secondary display without 

explicit input providing users with additional screen real estate in the slate device while 

preserving the original form factor and portability of the Microsoft Type Cover, the commercial 

accessory that inspired our design.  

4.3.2. Design Principles 

DisplayCover’s design has been influenced by a series of technologies ranging from virtual, 

physical and display keyboards to multi-display systems, as a way to bridge the gap between 

portability and productivity in portable mobile devices. We were primarily interested in extending 

the user experience and interaction model to the horizontal plane, where hands naturally rest and 

exploring paper interaction metaphors in digital devices, e.g. stylus annotation; quick access icons 

that closely resemble post-it notes.  

 It’s important to note that DisplayCover was developed during my internship at the 

Microsoft Applied Sciences Group and draws inspiration from an early adaptive keyboard 

prototype developed by this group that explored how combining display and input capabilities in 

a keyboard incorporating a large touch sensitive display strip atop the keyboard that continued 

underneath the keys, potentially allowing users to be more productive. With DisplayCover, we 

were interested in exploring whether the same features and perceived benefits of the original 
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adaptive keyboard could be replicated on a smaller peripheral cover designed for compact touch-

enabled tablets by seamlessly integrating a thin-film display in a typical keyboard cover.  

Our prototype advances previous research by seamlessly integrating a high-resolution 

display and a keyboard in a prototype device that looks and feels like a conventional keyboard 

cover, while providing users with better support for multitasking, increased screen real estate, 

occlusion-free interaction, and stylus annotation on the horizontal plane.  

 
Figure 45. Early DisplayCover Concept Designs. 

4.3.3. Implementation  

While our prototype was designed to be compatible with Microsoft Surface Pro and Pro 2 devices 

[72], our design guidelines are in principle applicable to other tablet computers. Our prototype 

combines a Bluetooth tactile keyboard and a Plastic Logic thin-film e-ink display with a 

resolution of 1280x305 pixels (see Figure 46), effectively extending the available screen real 
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estate of the slate device by 8% (based on a Microsoft Surface Pro 2 with a 10.6”, 1080p, 208ppi 

display). We borrow from the findings of Holman et al [52] to render interactive content at 10fps, 

a suitable result for displaying toolbars, command icons or browsing folders. A capacitive touch 

sensor connected to an Atmel maXTouch controller offers support for both multitouch and stylus 

input. DisplayCover can be magnetically connected to the slate device, following the existing 

design of the Microsoft Type and Touch Covers [72]. 

  

 

 
Figure 46. DisplayCover Hardware. Left) Bluetooth Keyboard; Center) Plastic Logic E-

Ink Display; Right) Capactive Touch Sensor; Bottom) 3D Printed Polyjet Casing. 

4.3.3. Design Rationale 

fg 

Bluetooth Keyboard 

Touchscreen + Display 
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Our choice for placing the secondary screen directly under the primary display was two-fold. 

Firstly, hands naturally rest on the bottom of the cover; placing the display beneath the keyboard 

would occlude it or force users to change their pose during interaction. More importantly, we see 

the secondary display as a natural extension of the primary screen, allowing simultaneous access 

to information on both displays. While a small subset of tablets support tiling windows as a 

means to concurrently access multiple documents or applications (i.e. each of two windows 

occupying half of the screen), this feature significantly decreases the available screen real estate 

for each individual window. Our approach mitigates this drawback by dynamically placing user 

interface elements on the secondary display.  

 

 

4.3.4. Application Scenarios 

Apart from functioning as a new kind of auxiliary display for tablet computers, applications for 

this technology could take other form factors and, as display technology matures and flexible 

displays can be seamlessly integrated into any surfaces or materials, unleash a host of new 

interaction metaphors. To illustrate the potential and immediate feasibility of our approach, we 

highlight a series of application scenarios to showcase interaction techniques and features enabled 

by DisplayCover (Figure 47).  

 
Figure 47. Example Application Scenarios: a) Secondary Display Taskbar; b) Adaptive 
Interface; c) File Navigation and Manipulation; d) Access to Concurrent Applications. 

4.3.3.1. Context-Aware Adaptive Interface 

a) b) c) d) 
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DisplayCover leverages applications’ ribbon frameworks and floating panels to dynamically 

place toolbars and command icons in the cover display (See Figure 47a and 47b). We have 

successfully integrated this feature in both Adobe Photoshop and Microsoft Word.  Opening 

Photoshop will cause the active toolbars to automatically appear in the peripheral display (Figure 

47b). Similarly, Word ribbons are displayed in the peripheral device, directly above the keyboard. 

Placing toolbars on the secondary display effectively extends the available screen real estate of 

the slate device. 

4.3.3.2. Better Support for Multitasking 

DisplayCover enables users to access documents or applications in parallel, thus providing better 

support for multitasking. To highlight multi-view operations, we developed a photo gallery 

application in which users can navigate thumbnails on the cover display. Tapping a thumbnail 

will maximize the corresponding image to the tablet screen. While composing an email, users can 

attach files by simply pressing and holding the corresponding thumbnail (Figure 47c).  

4.3.3.3. Concurrent Access to Multiple Applications  

To demonstrate concurrent access to multiple applications, we created an email client that 

operates entirely within the secondary display. Users can receive and respond to emails directly 

from the peripheral accessory (see Figure 47d), without having to detract focus from the primary 

task at hand (e.g. respond to emails while on a video call).  

4.3.3.4. Gestural Interaction 

We included support for both unimanual and bimanual gestures, replicating some of the 

interaction metaphors associated with multitouch displays. Example gestures include panning, 

zooming and rotating (see Figure 48). Dragging two fingers close together or apart from each 

other will respectively zoom in or out of, i.e., a website, map, or picture (Figure 48, Left). 

Panning is achievable by pressing and holding two fingers in close proximity (Figure 48, Center). 
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Lastly, pressing and holding one finger while moving the other around the surface of the touch 

sensor allows users to rotate objects (Figure 48, Right). Our approach allows users to comfortably 

rest their hands on the horizontal plane, following the trackpad interaction model, while providing 

them with occlusion-free interaction. 

 
Figure 48. Gesture Interactions. Left: Zooming; Center: Panning; Right: Rotating. 

 

4.3.3.5. Stylus Annotation 

While many tablet devices support free-form inking, mimicking affordances associated with 

paper documents, the writing experience is optimal on the horizontal plane, where hands naturally 

rest. Conversely, significant effort has been put into developing stands to position tablet devices 

at an angle to improve the reading experience. To reduce the need for constantly having to 

reorient the device, we implemented handwriting input on the secondary display (Figure 49, 

Left). Our approach leverages eyes-free annotation [11], reducing the need to produce spatially 

accurate writing. The handwriting input is filtered and displayed on the slate device, eliminating 

occlusion issues associated with pen computing [126]. 

4.3.3.6. Trackpad 

DisplayCover trackpad functionality (Figure 49, Right) was inspired by the findings of Gu et al. 

[42] who proposed a long touchpad that utilized the entire area below the keyboard of a laptop 

computer. We have decided against the conventional keyboard placement atop a trackpad in order 

to have our secondary display positioned directly underneath the slate device, enabling users to 
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concurrently access information on both devices. Our touch sensor uses a relative mapping to 

create relative direct interaction supporting both touch and stylus input. 

  
Figure 49. Left) Stylus Annotation; Right) Trackpad Implementation. 

 

 

4.3.4. Limitations and Usability Implications 

Although informal user feedback suggests DisplayCover is a promising approach to extend the 

limited screen real estate of tablet computers while mitigating occlusion issues associated with 

pen and touch input, there are certain limitations that need to be addressed in future iterations of 

our prototype.  

 Currently, our secondary display is controlled by an external driver board and its refresh 

rate is limited to 10fps. Furthermore, we are only able to display images in black and white. 

While this is acceptable for displaying toolbars, command icons or browsing folders, it prevented 

us from exploring features relying on high-resolution colored graphics (i.e. color picker), a 

significant drawback that we expect to address in the next iteration of the prototype with the 

inclusion of a flexible OLED display.  

4.3.5. Conclusion 

Peripheral displays appear to have a well-motivated role to play in the ecosystem of mobile 

devices. With DisplayCover, we present a new tablet cover comprising a physical keyboard with 
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an embedded display, offering better support for multitasking, concurrent access to multiple 

applications, stylus annotation on the horizontal plane as well as dynamic UI manipulation. 

 To summarize, DisplayCover appears to be a viable solution towards increasing 

productivity in tablet devices. The next step is to develop a more refined prototype that uses high-

resolution color displays, in order to reduce the need for extraneous hardware and expand the 

number of application scenarios supported by our prototype. 

 The next section discusses the design of MagicScroll, a rollable tablet prototype that 

draws inspiration from ancient paper scrolls as a means of providing users with malleable screen 

real estate, providing easy access to continuous information streams.  



 

72 

 

4.4 MagicScroll: A Rollable Tablet with Flexible Screen Real Estate 

 
Figure 50. Unfolded MagicScroll prototype showing Street View Navigation. 

The screen real estate of today’s mobile devices has inherently been impeded by limitations in 

rigid displays technologies. While researchers, designers and engineers have envisioned devices 

with the form and function of ancient paper scrolls, whose display size can be dynamically 

changed, they have been impeded by limitations in rigid display technologies. With the advent of 

flexible display technology and malleable electronics, a great deal of effort has focused on 

overcoming the challenges associated with building devices that mimic some of the affordances 

associated with handling physical documents, namely variable screen real estate and form factor. 

However, previous explorations use passive displays and relied on extraneous hardware to 

display interactive graphics, a significant drawback for portability that renders these prototypes 

unusable outside a laboratory environment. Stated another way, the devices with flexible screen 

real estate described in the literature are limited by the expressiveness of the materials that are 

used to explore an early prototype.  
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To address this issue, we leveraged recent advances in flexible display technology to 

design MagicScroll (see Figure 50), a digital scroll that combines tangible physical interaction 

with continuous information streams and flexible screen real estate. While MagicScroll is still an 

early prototype, its development has so far provided insightful information on material, electronic 

and display technologies that need to be overcome in order to develop a new category of devices 

featuring displays with expandable and malleable screen real estate, effectively recapturing some 

of the affordances associated with ancient paper scrolls. 

In this section, we will discuss related work, the motivations behind the development of 

MagicScroll, its architecture, interaction techniques and application scenarios afforded by rollable 

form factors, and conclude with a discussion of future applications for this technology. 

MagicScroll was developed in collaboration with Juan-Pablo Carrascal, who contributed 

to the development of the software applications of our prototype, Aaron Visser, who was also 

involved in software development and early hardware implementation of the prototype, and 

Professor Roel Vertegaal, who supervised the development of this project.  

4.4.1 Related Work 

The use of scrolls dates back to ancient Egypt, where scrolls served as the main medium for 

information storage. Scrolls were a logical solution for recording long texts, as they supported the 

continuous nature of the written discourse while allowing compact storage [123]. Modern 

artifacts base on the scroll form factor, such as the architectural blueprint and the typewriter, were 

successful due to their unique ability to combine flexible screen real estate with tangible 

navigation mechanisms in a portable form factor. In recent years, these artifacts have served as 

inspiration for the design of a research explorations aimed at investigating the potential for 

rollable display prototypes, as well as interaction techniques with digital simulations.  

There has been research on cylindrical form factors involving simulated digital rolls [87], 

projection mapping on foldable packer mockups [59], and cylindrical controls to scroll 
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information presented on a rigid flat display. Small et al. [109] proposed concepts for scrolling 

through content on a mobile device by turning physical cylinders, tilting, and moving the display. 

Khalilbeigi et al. [60] proposed a handheld device in which the screen real estate could be 

dynamically adjusted. Their prototype used projection mapping on a resizable foil held between 

two handles, which could be physically expanded in one direction by pulling the handles closer 

together or further apart, either in landscape or portrait modes. Pillias et al. [87] simulated reading 

with a digital roll using a 3D model and an external input device. The results of their preliminary 

experiments suggested that reading on the simulated digital roll can be as fast as reading on 

paper. Häkkinen et al. [43] attached a plastic sheet with printed text to a cylindrical surface to 

evaluate its reading experience. Their findings showed that reading text on a curved surface is 

easier when the curvature direction is perpendicular to the text direction. Concave surfaces were 

preferred in cases where the text direction follows the curvature direction, resembling common 

reading situations, such as reading a book or a magazine. While lacking a representation of a 

graphical display, Brave et al. introduced InTouch [13], a device that took advantage of the 

rolling action afforded by cylindrical form factors to communicate physical gestures remotely. 

The first prototype that featured a high-resolution flexible display rolled up in a fixed, cylindrical 

form factor was MagicWand [92]. It used two flexible OLED displays to construct a cylindrical 

mobile gaming device with gestural input. 

MagicScroll is unique in that the hardware necessary to create a rollable device with 

flexible screen real estate is embedded in the device itself rather than relying on extraneous 

hardware. Additionally, its form factor allows a tablet-sized device to be rolled up into a portable 

mobile device and vice-versa. MagicScroll is a step forward towards creating the next-generation 

of high-resolution, self-contained resizable displays. 

4.4.2 Design Rationale 
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Before discussing the engineering details behind MagicScroll, we will revisit some of its guiding 

principles and how existing literature and the historical use of paper for information storage and 

access informed the design of our prototype. 

(1) Continuous Stream of Information  

Scrolls have been historically used in scenarios where information consumption requires a 

continuous and uninterrupted stream. However, browsing through long lists of information is not 

easily achievable using swipe gestures. To facilitate tangible and infinite scrolling, we designed 

our prototype with two infinite rotary encoders at the extremities of its body. 

(2) Ergonomics of Shape Change  

We designed MagicScroll to function while rolled into a cylinder, as well as when extended into a 

multitouch tablet. The rolled configuration affords better ergonomic grasping and manipulation in 

remote control scenarios, while facilitating mobility. The extended configuration provides a 

larger screen area for full screen display. 

(3) Focus+Context Display  

MagicScroll is able to sense its shape, allowing shape transformations to be used as a contextual 

form of input. We used this feature to develop applications inspired by focus + context displays, 

where screens of different resolutions interact to provide focused information while preserving a 

contextual overview. E.g., when rolled, MagicScroll can be used to browse a long list of items. 

Once the desired element from the list is selected, the display can be unrolled to present expanded 

information about the item. 

(4) Tangible Movement  

Actuated robotic devices allow users to interact with programmable movement in digital devices. 

As shown by Brave and Dahley, robotics can be useful in messaging devices as a means of 

providing “remote touch”, with two remote individuals sharing a physical object. For this 
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purpose, we designed the scrollwheels to be actuated, allowing MagicScroll to record and convey 

movements in a tangible fashion. 

4.4.3 Implementation 

MagicScroll consists of 2 concatenated flexible OLED multitouch displays; a computer vision 

camera; and a pair of robotic wheels housed in a 3D printed body that contains the logic circuits 

and batteries that power the device. 

 
Figure 51. Exploded View of MagicScroll. (1) 3D Printed Body; (2) Magnet Inserts; (3) 
Flexible OLED Displays; (4) Magnetic Locking Mechanism; (5) Android Boards; (6) 
Micro Metal Gearmotor and Magnetic Encoder; (7) External Connectors and Power 

Buttons; (8) Wiimote Camera; (9) ScrollWheel. 

Figure 51 shows the cylindrical body, which was 3D printed in ABS plastic. Inside are two 

Android boards powered by two 600mAh batteries. A third battery powers the robotic wheels.  

Logic control of the computer vision circuit and robotic actuators is provided through a Teensy 

3.1 microcontroller connected to a Bluefruit EZ-Link board that transmits data to one of the 

Android boards, that acts as the master device.  
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Connected to the Android boards are two 5.5” LG Flexible P-OLED multitouch displays 

laminated together to create a single 7.5” diagonal display surface augmented with a 2” Flexpoint 

bend sensor that allows automated detection of rolling and unrolling actions. The screens have a 

combined resolution of 2160 x 1920 pixels. A custom Android application allows us to 

seamlessly render interactive graphics across both screens. A Wiimote camera located at one of 

the extremities provides position data that is used to, e.g., allow the device to function as a remote 

pointer. Additionally, each extremity of the device contains a robotic wheel with an embedded 

rotary encoder which can be used as an input device. 

4.4.4 Interaction Techniques 

Aside from multitouch input, MagicScroll affords the following interaction techniques: 

(1) Rolling/Unrolling  

We applied rolling and unrolling to provide focus + context information, naturally following the 

provision of more screen real estate by this action. This reduces the problem of zooming on fixed-

size screens, where magnifying the view results in a loss of contextual information. 

 
Figure 52. MagicScroll in rolled up and unrolled states. 

(2) ScrollWheel Input 
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The scrollwheels allow users to use a physical scrolling gesture to scroll through information in 

both rolled and unrolled states, thus easing navigation through long lists of information. By 

rotating the wheels, users can scroll through graphical content. 

 
Figure 53. ScrollWheel input can be used to navigate through a list of contacts. 

(3) Robotic Movement 

Robotic scrollwheels allow the device to move autonomously on a flat surface, as a metaphor to 

express emotions through the recording of rolling gestures that are then translated into movement. 

Recorded movements can be associated with specific actions or contacts.  

 
Figure 54. Patterns of movement supported by MagicScroll: (1) con-circular around the 
right (2) or left wheel, (3) it can move up and down, (4) or any complex combination (5), 

giving users the freedom to personalize different movement patterns. 
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4.4.5 Application Scenarios 

In this section, we investigate how additional screen real estate, created on-the-fly by rolling and 

unrolling the display, can be used to translate some of the interaction techniques typically 

associated with GUIs to a mobile device with malleable screen real estate. To showcase the 

unique features of MagicScroll we implemented the follow application scenarios: 

(1) Hierarchical Navigation 

MagicScroll supports the physical navigation through hierarchical lists, e.g., contacts and maps. 

Inspired by the Rolodex, our prototype supports browsing long lists of information using an 

infinite rotary scrollwheel. MagicScroll provides a 360-degree view, with the sides and back of 

the display providing context about the location of, e.g. contacts, via alphabetic tabs. Contact lists 

are naturally zoomed in and out of view as the cards move to the front of the display and back, 

allowing for a natural focus + context display. (Figure 55). Contact cards can be expanded into a 

profile by unrolling the scroll for a full view (Figure 56).  

 
Figure 55. MagicScroll rolled: LinkedIn Bio. 
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Figure 56. MagicScroll unrolled: Expanded LinkedIn Contact. 

(2) Additional Information retrieval 

By unrolling MagicScroll, a user can easily access additional information, e.g. a graphical 

representation of a map. In order to open a map at a specific location, the user first navigates 

through the directions list using the scrollwheel and to access a street view of that location the 

user simply unfolds the display (see Figure 57). To go back to the hierarchical map, the user 

simply rolls back the display.  

 
Figure 57. Users can navigate through hierarchical maps by using one of the scrollwheels. 

To see a street view of a map at a particular location, users simply unfold the display. 
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(3) Ergonomics for context of use 

Different applications require a different amount of screen real estate. MagicScroll allows users to 

easily switch between several frequently used applications by rolling and unrolling the display to 

better fit the task at hand. For example, MagicScroll combines phone ergonomics with tablet 

multitasking by moving fluidly between form factors. While elongated phone form factors are 

preferable as they conform better to the ergonomics of the face, expanded form factors are 

favored to perform tasks that required increased screen real estate. 

(4) Conveying information through robotic actions  

Robotic scrollwheels give MagicScroll many degrees of movement giving users the freedom to 

personalize notifications through expressive physical movements. To do this, movement patterns 

are recorded while rolling MagicScroll across a surface or physically manipulating the 

scrollwheels. These motions can be subsequently associated with particular actions.  

4.4.6 Limitations and Usability Implications 

Although MagicScroll effectively demonstrates continuous screen real estate with tangible 

navigation mechanisms in a compact form factor, the effectiveness of the proposed applications 

scenarios is yet to be confirmed through user tests. While significant effort was put into 

developing a prototype that uses real flexible displays, molding high-resolution cylindrical shapes 

is detrimental to their functionality and leads to breakage over time, which limits the use of 

MagicScroll outside a laboratory environment. 

 Furthermore, it can be difficult to interact with the touchscreen with one hand while 

holding the device with the other. We believe this can be addressed through minor changes 

applied to the design of the 3D printed casing and scrollwheels. Moving forward, it may be useful 

to conduct a participatory design study to ascertain the design changes necessary to improve the 

ergonomics of MagicScroll. 
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4.4.7 Conclusion 

In this section, we discussed MagicScroll, a digital scroll that combines tangible physical 

interaction with continuous information streams and flexible screen real estate. MagicScroll 

draws its inspiration from ancient scrolls and their use for information storage and access.  

 MagicScroll’s rollable form factor allows a tablet to be rolled up into a portable mobile 

device, and vice-versa, leveraging physical resizing of screen real estate. Our prototype offers 

better support for navigating continuous information streams using the scrollwheel input, 

providing focus-context functionality in a simple and intuitive manner. 

 The next section is distinct from the above work in that it features a self-actuated 

interface. MorePhone is the first smartphone prototype that uses shape changes to communicate 

both haptic and visual notifications. 
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4.5 MorePhone: An Actuated Shape-Changing Flexible Smartphone 

 
 

 
Figure 58. MorePhone, a self-actuated shape-changing smartphone. 

Mobile phones underwent remarkable developments ever since the first call made on a real 

handheld portable cell phone in April 1973. Over the years, cumbersome brick phones boasting 

30 minutes of talk time and prohibitive price tags evolved into slim smartphones with high-

resolution multitouch and processing power comparable to that of personal computers. Despite 

these technological advances, the methods used to convey notifications have remained largely 

unaltered and the problems with them associated have been largely ignored: auditory notifications 

are generally disruptive, both in terms of single user attention and in terms of interference with 

social interactions; visual notifications can be distracting and easily missed when the user is not 

actively attending to the display; and vibrotactile notifications are easily missed when the user is 

not in direct contact with the device.  
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To address these issues, and motivated by advances in technology that foresee a future 

where the form factor of these devices will no longer be static, we developed MorePhone, a 

prototype smartphone that uses shape deformations as its primary means of both haptic and visual 

notifications (see Figure 58). Actuated shape notifications provide a design space in between 

visual and tactile methods of feedback that is potentially rich in terms of communicating various 

states of the system. By examining how users how users associate urgency and notification type 

represented by corner and full body actuations on a flexible smartphone prototype, and by 

determining whether and how users relate particular shape configurations to specific types of 

notifications, we derived a number of design recommendations for the use of actuated shape 

notifications on future self-actuated smartphones. 

MorePhone was developed in collaboration with Andrea Nesbitt, an undergraduate 

research assistant at the Human Media Lab, who helped conducting the user studies and was 

involved in the concept designs of our prototype, and Professor Roel Vertegaal, who supervised 

the development of this project. I was directly responsible for the development of the physical 

prototype and analyzing the data collected during our user studies.  

4.5.1 Related Work 

One area that has received little attention to date is the actuation of flexible display surfaces. 

Flexible displays provide a natural platform for actuation compared to rigid displays as they can 

be deformed with ease. The purpose of such actuated physical deformations is to communicate 

the state of the computer system through a change in the visual or haptic appearance of the 

device’s shape. While studies have been conducted on the use of actuation in rigid mobile bodies 

[46,47], shape displays [91], actuated paper [93] and shape-changing interfaces [21,82], few 

projects explored actuated notifications in a mobile context. An exception to the above work is 

Dynamic Knobs [48], a mockup prototype handheld device capable of changing shape in a small 
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extension on one of its sides. Hemmert et al. [47] also explored the concept of a shape-changing 

device that uses two-dimensional tapering to display the directionality of off-screen contents.  

 MorePhone is unique in that it is the only example of a self-actuated smartphone with a 

high-resolution display embedded in the actuation surface. Additionally, MorePhone uses the 

changes in the physical properties of its materials to generate deformations in two dimensions 

which can be complemented with interactive graphics.  

4.5.2 Design Rationale 

Prior to discussing the implementation details behind MorePhone, we will revisit some of the 

design principles that informed the design of a flexible mobile device that uses shape changes to 

convey notifications. While visual notifications provide easy access to the contextual semantics 

of a notification, they use valuable screen real estate and are easily missed when eyes are off the 

display [26]. Although auditory notifications do not rely on active engagement with the device, 

they demand immediate attention and are disruptive to others. Vibrotactile notifications address 

this issue by providing users with non-disruptive tactile cues but are easily missed when the user 

is not in contact with the device.  

 Actuated shape notifications allow a device to communicate information from the 

periphery of interaction, exploring the sweet spot between visual and tactile notification design. 

Additionally, changes in the speed and tempo of actuated notification can be used to express 

emotional connotations: repeated animation of any particular shape increase its perceived urgency 

and can be used to express more urgent notifications. 

4.5.3 Apparatus 

MorePhone consists of a flexible E Ink display augmented with a layer of bi-directional bend 

sensors and an actuation layer with Flexinol shape-memory alloys (See Figure 59). The first layer 

of our prototype consists of a 3.7” flexible e-ink display (see Figure 59a). The display is affixed 
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to a flexible substrate containing the bend sensor and actuation layers. Figure 59b shows the 

second layer, containing 4 Flexpoint 2” bidirectional bend sensors that are used to gauge user 

responses to notifications. Bend data is processed by an Arduino, and interpreted by a Processing 

application on the laptop to control actuation. Figure 59c shows the third layer, which contains an 

actuation circuitry made of Flexinol shape-memory wire. We used 0.006” low-temperature 

Flexinol wire using a current of 410 mA to produce a full contraction in 1s. 

 
Figure 59. Exploded view of MorePhone. 

To control actuation, we develop a MOSFET control circuit (see Figure 60) connected to 

an Arduino board. We used 2 parallel wires for each actuated section, allowing it to produce 

distinct and reliable curls of up to 1.5 cm at each of the four corners, as well as the entire display. 

Due to our parallel design, actuation is possible in both directions. By slowly increasing pulse 

width and frequency it is possible to determine actuation times, as well as control to a certain 

extent the degree of actuation and its speed.  

 
Figure 60. PWM Circuit used to control each Flexinol wire. 
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4.5.4 Initial Evaluation 

To inform our design of the semantic mapping between actuated shape changes and specific 

notifications, we designed a participatory study that allowed users to indicate the perceived 

urgency of various changes in shape, and associate them with common smartphone notifications 

to find patterns of semantic relationships.  

We showed participants the subset of shapes illustrated in Figure 61 for two conditions: where 

MorePhone was held in the hand, and where it was placed on the table. We subsequently asked 

them to rate the perceived urgency of each shape, after which we asked to rate the 

correspondence of each shape to a set of notification types with full screen, 1 corner, 2 corner and 

3 corner actuations of the smartphone. 14 participants volunteered for this study (5 females, 9 

males). The participants were students between the ages of 19 and 37 (mean 26 years). This 

project was approved by the Ethics Board, case number 6007282. 

 
Figure 61. Subset of shape actuations as experienced by participants of our experiment. 
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4.5.4.1 Experiment Design 

We used a within-subjects design for our study, in which each participant was asked to evaluate 

each shape in both conditions: where the device was handheld (VT: visuotactile) and where it was 

on a table (VO: visual-only). Shapes were presented in random order. Condition order was 

counterbalanced between subjects and the ID order was randomized. Subjects completed the 

experiment in forty-five minutes with a short break between conditions.  

4.5.4.2 Task and Questionnaire 

During the session, subjects were presented with a random shape for 2s, after which they were 

asked to rank this shape for agreement with statements using a 5-point Likert scale (strongly 

disagree–strongly agree), pertaining to a) the perceived urgency of the notification, and b) the 

appropriateness of the shape for a particular notification type. 

(1) Ranking Urgency of the Shape 

The first question evaluated the perceived urgency of the shape, measuring agreement with 

statement “This shape indicates something urgent has happened that requires my immediate 

attention”. 

(2) Mapping Shape to Notification Type 

The remaining 7 questions evaluated the perceived appropriateness of the shape for each of the 

notification types. We measured agreement with the statement “This shape indicates [notification 

type].” 

(3) Usefulness 

At the end of the session, participants were asked: (a) “In what ways do you think actuated 

notifications are useful?” (b) “In what ways do you think actuated notifications are not useful?” 

and (c) “Would you use an actuated mobile device if it was widely available? 
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4.5.5 Hypothesis 

We hypothesized that gross shape changes would be perceived as pertaining to more urgent 

notifications, such as phone calls. We also hypothesized that different shapes might convey 

different meanings to users in terms of their appropriateness for a particular notification. 

Additionally, we were interested in understanding if the curling of more than one corners of the 

display would be perceived as indicating multiple, less urgent, simultaneous notifications. 

4.5.6 Results 

We analyzed results from our questionnaire data using a one-way Friedman’s non-parametric 

analysis of variance based on ranked order of the questionnaire items, and with Bonferroni 

corrected one-tailed Wilcoxon Signed Rank post-hoc tests. Bonferroni correction was applied by 

evaluating the standard alpha level of .05 divided by the number of comparisons. 

 

 
Table 1. Mean (s.e.) urgency score for each shape group. 

Differences in urgency ratings were highly significant between shape groups (Friedman’s χ2 

(3)=25.272, p<0.001). Bonferroni corrected post-hoc comparisons (evaluated at an alpha level of 

0.0083), show Full Screen Bends were rated significantly more urgent than 2 Corner Bends (Z=-

3.204, p<0.0002) and 1 Corner Bends (Z= -3.308, p<0.002), but not 3 Corner Bends (Z= -1.263, 

p=0.02). When Bonferroni corrected, there were no significant differences in urgency ratings 

between any other shape groups. 
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Table 2. Mean (s.e.) score for matching each shape group to each notification type. 

Differences between shape groups in matching scores for text (Friedman’s χ2 (3)=7.639, p=.054), 

email (Friedman’s χ2 (3)=1.439, p=.696), voicemail (Friedman’s χ2 (3)=1.950, p=.583) and 

social network notifications (Friedman’s χ2 (3)=7.421, p=.060) were not significant. 

 

Figure 62. Match scores of notification types for animated shape notifications. 
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Figure 62 shows the results for matching animated shapes with notification types. Results show a 

significant and strong correlation (r2=0.85, p<0.001) between the notification type matching 

scores for animated shapes, and the pre-session notification type urgency scores. By contrast, 

correlations between non-animated shape group matching scores and pre-session notification type 

urgency scores were not significant for any of the shape groups. 

Results suggest that actuated shape notifications are useful for visual feedback. Urgent 

notifications such as alarms and voice calls were best matched with actuation of the entire display 

surface, while less urgent notifications were best matched to individual corner bends. While 

different corner actuations resulted in significantly different matches between notification types, 

medium urgency notification types were best matched to a single corner bend. A follow-up study 

suggested that users prefer to dedicate each corner to a specific type of notification. Animation of 

shape actuation significantly increased the perceived urgency of any of the presented shapes. 

4.5.7 Qualitative Results 

After the study, we interviewed each participant and asked them how they felt about actuated 

shape notifications in lieu of auditory or vibrotactile notifications. 13 of 14 participants said they 

would use this technology if it was widely available. Participants said the actuated shape 

notifications would be useful in situations where silence is necessary. One subject commented on 

the ability to receive notifications in noisy environments. “I listen to music all the time, and I 

usually miss notifications even if my phone is on high volume. If this was beside me while I 

worked I would notice my phone moving, and probably respond to people a lot more frequently”. 

All participants were enthusiastic about animating the phone, but the majority mentioned 

the desire to personalize these animations. One subject mentioned he would “like to specify 

contacts and associate pulsing with a very close friend or a very urgent notification”. Another 

subject noted that “different pulsing patterns could provide information in a similar sort of way 

that the shapes provide information”. Finally, Participants commented on the shapes presented, 
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mentioning an affinity for the shapes that moved one corner, and the shape that actuated the full-

body of the device. Simultaneous corners were perceived as confusing as they appeared to convey 

multiple notifications arbitrarily.  

4.5.8 Effectiveness of actuated shape notifications 

Results suggest that tactile feedback appears to have little effect on the appreciation of particular 

shapes for various types of notifications. We believe there are a number of explanations for this. 

Firstly, all deformations of the device were away from the hand (the corners pointed upwards). 

While users reported being able to feel these deformations, this meant there was no positive 

pressure exerted on the hand during the presentation of any of the shape notifications. Secondly, 

the forces exerted by this MorePhone prototype are insufficient to provide significant kinesthetic 

cues. Thirdly, comments indicated that participants considered shape deformation as a means of 

visually drawing their attention (as opposed to tactilely). The latter can be explained by the fact 

that movement in the user’s peripheral vision upon shape actuation provides a powerful yet subtle 

and ambient means to signify a status change in the phone’s notification state.  

Although there was a significant difference between notification type matching scores for 

various 2 Corner Bends in the visual-tactile condition, this was not significant in the visual-only 

condition, and this was not significant in either condition for 1 Corner Bends. We believe that, 

while subtle, this effect was due to participants perhaps experiencing more of the shape change 

through tactile sensations in 2 Corner conditions. 

4.5.9 Design Recommendations  

The evaluation of MorePhone presented the first example of a self-actuated flexible smartphone 

prototype with a thin-film display that uses form transformation to convey notifications. The 

results of our user studies made it possible to derive a number of design recommendations for 

actuated smartphone notifications: 
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(1)  Use Animation to Increase Urgency of Notifications: animation of actuated shape 

notifications can be used to increase the urgency of any type of notification.  

(2) Full Screen for the Most Urgent Notifications: actuation of the full surface of the 

display is best used for the most urgent category of notifications.  

(3) Multiple Corners for Simultaneous Notifications: notifications other than alarms and 

voice calls best rely on 1 Corner bends. Multiple corners are best used to indicate 

multiple parallel notifications, by type. 

(4) Dedicate Corners to Notification Type: corners are best dedicated as pertaining to a 

particular notification type, and should be customizable by users. 

(5) Provide Visual Notification Popups: actuated shape notifications are best when 

augmented with visual notifications. This supports learning which notification pertains to 

which corner, and allows for cases in which there are more alerts than corners available. 

4.5.10 Limitations and Future Directions 

While we expect future MorePhone prototypes to be highly customizable, allowing users to 

design their own actuated shape vocabulary, current hardware limitations prevented such 

customization. The current prototype is limited in terms of the amount of force it can exert on 

the body which constrained the expression of shape actuation for kinesthetic feedback. These 

limitations may be due to present display technology and results may vary with different 

actuation or display methods and materials. 

There appears to be a tradeoff between visual and tactile actuated shape notification 

design: in order for shapes to be clearly visible, they are best actuated outwards. Haptic 

perception is, however, best served through inward actuation. Our results may, as such, be limited 

by the choice for our prototype to actuate outwards. We aim to reduce the need for power cables 

in future designs. 
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4.1.11 Conclusion 

In this section, we presented a novel flexible smartphone prototype that uses shape changes to 

provide mobile notifications. MorePhone explores sweet spot between visual notification design 

by introducing an actuated mobile device with an embedded display that uses actuation as an 

alternate channel to provide notifications that are less disruptive. The use of actuated shape 

notifications allows MorePhone to communicate state from a distance, providing more focused 

interactions with the notification source. 

 MorePhone appears to suggest benefits over common auditory or vibrotactile means of 

notifications in situations where users cannot be disrupted or in noisy environments. Results from 

our studies suggest full screen notifications are best used for the most urgent notifications, such as 

phone calls, and single corner notifications are best matched to less urgent notifications. 

 Once we mitigate the technical challenges associated with our current prototype, we hope 

to further explore the research space of actuated notifications, namely in-pocket notifications, and 

optimize the actuation mechanism to provide more noticeable feedback to the users.   
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Chapter 5 

Conclusion and Future Work 

Shape-changing interfaces have the potential to create a range of new and exciting user 

experiences, by supporting the creation of spaces and environments that could change their shape 

to better suit the users’ needs or as a response to external stimuli, and objects that can use shape 

change to communicate with the user, both haptic and visually. This chapter summarizes the 

conclusions derived from the novel shape-changing design concepts discussed in this dissertation, 

each contributing new insights on incorporating shape transformation in interaction design. In 

spite of their limitations, the research explorations discussed in this dissertation purposefully drift 

away from low-fidelity prototyping, and focus our efforts in developing real hardware prototypes 

that use thin-film flexible displays to enable new computing devices that have the ability to 

change shape to better accommodate for different contexts of use.  

Despite the amount of impressive examples of shape-changing interfaces, research in this 

space rarely focuses on interaction and does not relate shape change to models of interaction. 

Although previous explorations aimed to communicate information, few of them answer the 

question whether shape change is a good modality for accurate and precise communication. 

Further research is required to understand how users perceive the dynamic properties of shape-

changing interfaces and to ascertain the effectiveness of physical transformation as a precise 

communication mechanism. 

Currently, the design of shape-changing interfaces is impeded by a lack of materials, 

displays and actuators capable of achieving the kinds of shape transformation described in the 

literature. Few shape-changing materials are able to retain their durability in prolonged use. 

Current actuators are cumbersome and produce audible noise, a significant drawback when 

developing shape-changing interfaces which seek to embrace the concept of calm computing. 
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Consequently, for shape-changing interface to advance past the theoretical frameworks and low 

resolution prototypes described in the literature, new materials, displays and actuators need to be 

developed, towards the vision of a future generation of dynamic materials and surfaces that are 

computationally reconfigurable.  

While the number of user studies aimed at exploring how people experience shape-

changing interfaces has increased exponentially in recent years, there is still too little focus in 

evaluating high-fidelity prototypes that ensure the ecological validity of the generated data. Most 

explorations rely on paper prototypes, projection or rigid displays encapsulated in flexible 

substrates. We advocate that in order to advance this research space, it is important to push the 

boundaries of fabrication, and develop concept designs that can inspire the development of new 

materials, and new materials that can inspire future generations of shape-changing interfaces. One 

of this thesis’ main contributions is the development of innovative systems involving a 

multiplicity of devices with embedded flexible displays that attempt to recapture some of the 

affordances of paper documents, an enduring research goal within HCI. 

5.2. Summary of Conclusions 

The experimental design work conducted with each of the five research implementations 

described in this thesis, has brought new insights and knowledge for the design of shape-changing 

interfaces. 

 Our first exploration, WhammyPhone explores tangible audio manipulation in a flexible 

mobile smartphone that supports audio manipulation by means of physical deformation in 

addition to traditional touch-based interactions, thus recapturing some of the affordances 

associated with real musical instruments. WhammyPhone was motivated from a frustration with 

the inability of digital audio workstations to provide the haptic qualities otherwise offered by 

physical knobs, faders and keys. While WhammyPhone is still at an early stage, our prototype is a 

promising approach towards flexible mobile audio manipulation platforms that are able to 
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effectively mimic some of the tactile affordances associated with traditional and digital audio 

workstations. Despite the perceived benefits of WhammyPhone as a tool to create and manipulate 

digital audio in a flexible mobile device, considerable amount of research still needs to be done to 

improve its design and overcome some of its physical limitations and these are 

discussed in more details in section 4.1. Additionally, future work also needs to investigate the 

prototype with musicians, potentially unraveling additional application scenarios that might 

benefit from the unique input modalities supported by our prototype. 

 PaperFold investigates how paper-like, multi-segmented mobile devices might adopt 

some of the affordances of paper documents, such as dynamic modulation of screen real estate 

through folding and tearing techniques. PaperFold explores the potential benefits of having 

multiple devices combined into a single mobile device featuring multiple detachable displays, 

providing users with modular screen real estate via topology transformations. Our findings 

suggest benefits from having multiple detachable displays. Advantages include better support for 

performing tasks that traditionally require multiple devices, as well as physical manipulation and 

sharing of views. Additionally, while further quantitative studies are necessary to better 

understand multi-display interactions, we were able to draw a number of design recommendations 

for the design of segmented multi-display devices that we hope are sufficiently clear to generalize 

to other application scenarios and device morphologies within the research space of shape-

changing interfaces.  

DisplayCover aims to replicate some of the affordances associated with laptop and 

desktop computers in a form factor that closely resembles commercial tablet keyboard covers. 

The overarching goal is to increase productivity in tablet computers without compromising their 

portability. To achieve this, we created a peripheral cover designed for compact touch-enabled 

laptops that features a tactile keyboard and a thin-film display that the entire length atop the 

keyboard. While we have yet to formally evaluate our prototype, we developed a series of 
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application scenarios to showcase interaction techniques and features that we believe have the 

potential to increase productivity in tablet devices. Informal user feedback suggests DisplayCover 

is a promising approach to extend the limited screen real estate of tablet computers while 

mitigating occlusion issues associated with pen and touch input. Future iterations need to reduce 

the need for extraneous hardware and implement a color display in order to significantly increase 

the number of potential application scenarios supported by our prototype. Future work also needs 

to investigate the placement of the display atop the keyboard as opposed to under it, as it is 

commonly placed in laptop computers. Finally, our choice for placing the display atop the 

keyboard was due to the fact we see the secondary display as a natural extension of the primary 

screen, hardware manufacturers have shipped devices following our proposed configuration [79] 

and later changing their design following negative user feedback. While these devices featured a 

common trackpad placed atop the keyboard, thus cannot be regarded as similar, our form factor 

choice needs to be validated with real users. 

 MagicScroll proposes a digital scroll that combines tangible physical interaction with 

continuous information streams and flexible screen real estate. MagicScroll draws inspiration 

from ancient paper scrolls, whose display size can be modulated with ease, and while our 

prototype is still at an early stage, its development has so far provided insightful information on 

material, electronic and display technologies that need to be overcome in order to develop a  

new category of devices that effectively recapture some of the affordances associated with paper 

documents. Despite the limitations of our current prototype, we were able to develop a number of 

application scenarios that demonstrate the perceived benefits associated with the novel form 

factor put forward by MagicScroll. Future work in this area should investigate how users respond 

to the interaction techniques supported by this novel form factor, as touch+rolling interactions 

along with the new form factor establish a very interesting design space that has received little 

attention in HCI.  
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In addition to the above explorations, which demonstrate applications of shape-changing 

interfaces that rely on explicit user input, we were also interested in exploring organic movement 

as a means to communicate information from a distance. MorePhone, explores a functional 

application of shape-changing interfaces by evaluating the potential for actuated shape 

notifications in flexible mobile devices. Our discussion focused on ascertaining the effectiveness 

of actuated physical deformation as a means to communicate information through changes in the 

visual or haptic appearance of Morephone’s shape. Our findings suggest actuated shape 

notifications are useful in situations where silence is necessary, as well as in noisy environments, 

given the device’s ability to communicate information from a distance. Additionally, participants 

were enthusiastic about animating the phone, mentioning the desire to associate these animations 

with specific contacts or notifications. Furthermore, our results strongly suggest that animation is 

aligned with urgency. To summarize, we recommend that animation of actuated shape 

notifications should be used to increase the urgency of any type of notification; actuation of the 

full surface of a device is best suited for the most urgent category of notifications; specific 

regions of the device should pertain to a particular notification type, and should be customizable 

by users; and actuated shape notifications are best augmented with co-situated visual 

notifications. Given flexible smartphone’s ability to support new interaction paradigms, and the 

extra design vocabulary that fits between current visual and vibrotactile notifications methods it 

affords, we hope our findings can provide designers with a better understanding of the potential 

of shape actuation for tactile feedback when incorporating shape transformation in future 

generation devices. 

Despite examples such as the ones presented in this dissertation, much work still needs to 

be carried out, both in terms of hardware development and user experiments, in order to better 

ascertain the potential of shape-changing interfaces.  
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Final Remarks 

With the advent of flexible display technology and malleable electronics, user interface design is 

on the cusp of a change. In the near future, physical devices will have the ability to physically 

change their shape to accommodate different uses and contexts, requiring designers of next 

generation interfaces to consider the effect of form transformation on interaction design. This 

dissertation has contributed to the field of shape-changing interfaces by presenting five novel 

research implementations, each contributing new insights on the design of shape-changing 

interfaces.  

We advance prior research by pioneering prototypes that no longer rely on projected 

graphics to display interactive visuals but instead feature embedded flexible displays, which we 

believe will help researchers to better understand how users perceive the dynamic properties of 

shape-changing interfaces. We advocate that interacting with real prototypes is important to 

preserve the ecological validity of the generated data. In addition to our engineering 

contributions, we present valuable design guidelines for the design of actuated shape notifications 

in self-actuated mobile devices as well as guiding principles for the development of interfaces 

with variable screen real estate and transformable form factors. 

Finally, this thesis describes the impact that form transformation will have on user 

interface design and presents the first examples that demonstrate how to incorporate input 

technologies and flexible displays in non-planar geometries to create new categories of devices 

that are capable of changing shape, offering support for richer interaction metaphors. The key 

research questions presented in this dissertation stem from having developed and evaluated a 

broad set of shape-changing interfaces and we hope our findings are useful to the research 

community. 
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