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Abstract 

Moldables is a thin, flexible shape-changing screen that retains shape when deformed and 

adapts the Graphical User Interface (GUI) layout to particular shapes. We extracted the 14 most 

popular shapes for a Moldable from a participatory study using an early prototype. In a second 

study, participants chose the appropriateness of four different user interface elements - 

thumbnails, focus item, menu, and toolbar - for shape regions in both landscape and portrait 

orientations. A factor analysis on participant preferences revealed two principal factors that 

influenced the popularity of each UI element in each shape: the size of the shape region and its 

location on the screen. The results of the factor analysis were used to develop an algorithm that 

updates the display automatically whenever the shape is changed. We compared the algorithm’s 

output with the mean participant preferences from our study to confirm our factor analysis. We 

found that, when deformed, the device updated the GUI with the preferred layout 79% of the 

time. 
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Chapter 1 

Introduction 

Adaptive User Interfaces are User Interfaces (UI) whose graphic elements can be 

arranged and re-arranged according to the needs of a particular user in a particular context. Either 

the user or the system can initiate this process of adaptation; the process can be applied not only 

to visual components of a Graphical User Interface (GUI), but also to logical components of a 

system.  

With the advent of thin, flexible displays, systems can now be manipulated, deformed, 

and re-shaped by the user, creating new possibilities for interaction techniques. Systems built for 

flexible displays will benefit by being adaptable to the shape of the display as it undergoes 

deformations by the user. Not only should systems be able to re-arrange the UI elements and 

modify their appearance based on deformation input, users should be able to re-arrange UI 

elements – given the shape context – according to their needs and preferences. 

As flexible, ultra-thin systems become more commonplace, an increased need to have UI 

elements adapt to the shapes of displays will most likely arise. Designers and developers may 

benefit by revisiting problems addressed by adaptive UI research and applying them to shape-

changing contexts.  

Although flexible display systems exist that use deformation as an input, these 

deformations are often temporally isolated events. For example, bending the corner of a screen 

triggers an action, after which the corner is returned to its original state. Furthermore, 

deformations made by the user rarely result in a new GUI layout that match the new shape. 



 

 

2 

 

Figure 1. The Moldables device provides an Adaptive User Interface (UI) that updates the 

display layout when it is deformed.  

This thesis proposes a novel system – Moldables – to address the problem of creating an 

adaptive user interface for a deformable, shape-retaining thin-film GUI display. An 

electrophoretic thin-film display is attached to a flexible polymer substrate consisting of shape-

retaining plastic and semi-rigid plastic plates, with a layer of bend and orientation sensors 

sandwiched between. The end result is a smooth, comfortable, deformable tablet-sized device that 

adapts to bends, shape changes, and orientation changes (Figure 1). 

Moldable displays are a type of Organic User Interface (OUI) because they are non-flat 

[33]. In the case of Moldables, the shape changing is a form of direct analog input to the system 
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and a means of passive haptic output to the user so as to associate particular UI layouts with 

specific shapes.  

A photo browsing and editing application would be very appropriate for the Moldables 

device. A user may want to see a photo in focus, and at the same time a series of thumbnails of 

their photo gallery. In this instance they would want a shape that had the focus item in detail, and 

a smaller panel for contextual thumbnails. They might bend the right hand side or top portion to 

open up a toolbar with photo editing tools. When done editing, they would fold that portion back 

down. They could choose whether or not to display the thumbnails by folding up or down a 

separate portion of the display, and returning it to the flat state when they were done. 

1.1 Contributions 

This paper presents the Moldables device: a fully self-contained, shape-retaining flexible 

tablet with an adaptive UI algorithm determined by a factor analysis. The Moldables device 

addresses the human propensity to deform hand-held tools by providing a responsive UI layout to 

the input deformation. We conducted a factor analysis to determine the underlying dimensions 

that influenced user preferences for UI elements on different regions of 14 popular shapes. These 

underlying dimensions resulted in a real-time algorithm that adapts the UI organically as the user 

deforms the display. Two principal factors discovered in the factor analysis were the size of the 

shape region and the location of the shape region. We discovered two additional factors that 

applied to smooth, curved shapes but not shapes that bend along an axis. 79% of users agreed 

with the device’s choice of UI elements when tested against mean participant preferences in study 

#2.  
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1.2 Outline of Thesis 

This thesis is subdivided into 11 chapters. Chapter 1 presents an introduction to the 

problem of adaptive user interfaces for shape-changing interfaces. It presents a summary of the 

contributions of this thesis and an outline of the thesis text. 

Chapter 2 provides a literature review in three sections. The first deals with deformation 

of devices; the second discusses adaptive UIs, and the third reviews flexible displays.  

Chapter 3 summarizes a Participator Design Study, and is divided into three sections. The 

first lists the apparatus used for the purposes of the study; the second section outlines the tasks 

participants were asked to perform for the study. In the third section, a discussion is presented to 

highlight the major findings from the study.  

Chapter 4 details the design rationale behind the Moldables system and explains why 

particular design choices were made. Chapter 5 continues describing the Moldables system, 

provides a discussion of the interaction techniques that are possible with a Moldables system, and 

an explanation of how a user interacts with the system.  

Chapter 6 discusses the implementation details of the Moldables system. This chapter is 

subdivided into sections that analyze the system in detail: system overview, hardware design, 

sensing apparatus, and software integration.  

Chapter 7 provides the details of the second user study: an evaluation of user preferences 

for UI layouts on various shapes. The chapter looks first at apparatus used in the study, followed 

by the tasks that participants performed, and concludes with a discussion of the results and the 

findings from the study.  

Chapter 8 examines the Exploratory Factor Analysis method to extract underlying factors 

that motivated users’ preferences for UI elements in shape regions. Chapter 9 presents a 
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validation experiment that compared the system’s choices of UI elements for each shape with the 

mean values of the user preferences from study #2. 

Chapter 10 concludes the thesis and examines what future work remains for continued 

research on this topic.  
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Chapter 2 

Literature Review 

Moldables builds on several areas of existing research: shape-changing and deformation, 

adaptive user interfaces, and flexible displays. 

2.1 Shape-changing and deformation 

FoldMe [17] is a double-sided foldable display that folds along pre-defined magnetic 

hinges. Folding the display allows users to alter the size and shape of the display, and to access 

content on both sides. Forms of folding include: a center fold that splits the screen in two equal 

halves; a partial fold that splits the screen into a 1/3-size portion and a 2/3-size portion; and 

various combinations that split the screen into three equal portions or into a large portion (1/2 of 

the screen) and two smaller portions (1/4 of the screen each). Each of these types of folds 

corresponds to a number of the shapes in the Moldables vocabulary (see subsection 3.3). The 

researchers note that the limitations of FoldMe reside in the restriction along pre-defined hinges 

that connect rigid display surface sections, and one dimension of folding: horizontal. Moldables 

furthers this work by investigating similar interaction techniques with a flexible display, using 

non-fixed bending that can happen anywhere on the display and along any axis. This 

improvement allows the user to select the position and the extent to which the display is folded.  

DisplayObjects [2] are prototyping workbenches that project functional interfaces onto 

physical objects. Objects of arbitrary shapes act as substrates onto which images are projected 

and manipulated via gestural interaction with the physical object. The system employs projection 

from two projectors and motion and object tracking via a series of Vicon cameras. 

DisplayObjects give designers the opportunity to interact with 3D objects and create layouts for 
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interactive elements on the object. The system demonstrates the organic experience of using 

interactive 3D objects for everyday tasks. The Moldables device is a 3D object with a UI layout 

that should feel organic and interactive. Designing the Moldables system incorporated the 

principles of organic user interface design of form follows function in a manner similar to 

DisplayObjects. 

Illuminating Clay [22] is a system that allows a user to alter the topography of a clay 

landscape model that serves as input via a laser scanner to a library of landscape analysis 

functions that are then projected back onto the 3D surface. The system is a Tangible User 

Interface (TUI) that demonstrates the advantages of providing users with a tangible, non-flat 

device that can serve both as input and output.  

MARSUI [35] is a deformable prototype that retains its shape. It deforms into three pre-

defined shapes, each representing an application, and users may transition between them. Audio 

feedback mimicking a Geiger counter alerts users when they are approaching one of the states 

during a bending action. All deformations are curves on one axis, whereas Moldables can be bent 

in any direction to create more shape possibilities.  

Snaplet [28] is a display whose physical form helps shape its current functionality. When 

held in a concave curve like a traditional phone handset, the device operates as a phone. When it 

is held in a flat shape it can be used as a notepad, and when it is curved convex and worn around 

the wrist as a bracelet, it functions as a watch and media player. Snaplet takes into account its 

shape and uses that context to determine what functions to perform. Each shape is a use-case with 

a corresponding functionality and display. Like Snaplet, Moldables assumes the various shapes it 

takes are various use-cases. Although the functions and applications on the Moldables device 

remain the same when the shape changes, the UI layout adapts to the shape of the device. 

Moldables shapes do not correlate to specific functions, rather it is designed so that a range of 
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tasks can be performed on the device in any shape configuration, with a UI layout that 

corresponding to each distinct shape.  

2.2 Adaptive UIs 

SHARK (shorthand aided rapid keyboarding) [36] is a method for computer-based 

speedwriting that combines stylus keyboard writing with shorthand gesturing. One of several 

design principles of SHARK is high typing efficiency due to layout optimization of the stylus 

keyboard, which can be done either algorithmically or by trial and error. This approach can be 

applied to designing adaptive user interface layouts that may be algorithmically programmed 

towards high usability.  

R-Zoom [32] is a focus+context information visualization technique designed to deal 

with large sets of items with specific properties and behavior requirements. It facilitates the tasks 

of visual search and selection in a sequence of reduced images. When an image is selected, it is 

brought into focus by being enlarged, and the rest of the image thumbnails are placed around the 

focus image in order. The system provides a trade-off among space filling, context visibility and 

images comprehension. Like R-Zoom, Moldables uses focus and context as UI elements within 

an overall application. Moldables places focus and context in different regions of different shapes 

and seeks to find an effective way of sharing screen space between focus and context. Unlike 

Moldables, R-Zoom does not consider shape-changing as a factor influencing focus and context 

layout. 

Researchers compared various types of fisheye lenses for interactive tasks that involved 

making a visual layout of data [10]. Their study showed that despite the cost of doing layout 

through distortion, layout tasks are feasible using fisheye lenses. The study and comparison of 

fisheye lenses is interesting because a fisheye lens on a Moldables device could be accentuated by 

mimicking the distortion of the image with the shape of the device.  Shaping the device into a 
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particular shape could create a fisheye in that location, or the type of distortion could be modified 

based on the deformation as input. 

Software refactoring has been shown to be effective at achieving Adaptive UI 

composition even by reforming existing non-adaptive systems [24]. Adaptive UIs can be 

achieved via a composition process at runtime that composes the UI according to a given profile 

and can modify that profile according to real-time modifications. Even in existing software 

architectures that are not built for adaptive UIs, in object-oriented programming languages, 

software can be refactored to account for adaptive UI composition in real-time without affecting 

the original user interface software architecture. Refactoring software was useful for building and 

modifying pre-existing code-bases for the development of the Moldables software.  

Another approach to building Adaptive UIs is to use a model that formalizes the 

application design and makes it accessible to a machine at runtime [4]. A model that reflects the 

state of the interactive system can allow the reconfiguration of UIs according to design 

information and the application’s runtime state. Elements of the model create a causal 

interconnection with the UI and facilitate an exchange of information between the model and the 

UI. This model-based approach would be useful to build software applications that integrate with 

the Moldables device software. Software running on the Moldables device is exclusively for the 

purpose of displaying UI elements without underlying functionality. Building a robust application 

and software will require architectural considerations. A model-based approach could help 

integrating the existing adaptive UI components of Moldables with system architectures.  

In order to make changes to the UI in an adaptive system, information about the user is 

needed. This information can be gathered from user events and by applying analytical methods 

that do not involve active input from the user [21]. A reusable interaction analysis system based 

on probabilistic methods that predict user interactions, recognize user activities, and detect user 
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preferences was evaluated and researchers found its predictions outperformed the quality of other 

established prediction methods. The interaction analysis method used in this study was based on 

interactions from the user as input, and does not require the user to create specific inputs for the 

purposes of adaptation. The system, using abstraction methods, determines when behavior 

changes have occurred. Interaction analysis is an interesting way to create an adaptive UI. The 

authors’ proposed algorithm, though outperforming previous algorithms, achieved a Mean 

Prediction Probability of 46.57%. This is not sufficiently accurate to warrant implementation in 

the Moldables device.  

2.3 Flexible Displays 

Shape resolution is the concept of using 10 features (curvature, amplitude, zero-crossing, 

etc.) to evaluate and compare shape-changing devices. Morphees [23] are self-actuated devices 

that adapt their shape to the context of use and attempt to provide higher shape resolution than 

other shape-changing devices. Most shape-changing devices have one high-resolution feature but 

rarely combine multiple high-resolution features. Six different Morphees use various methods to 

provide shape-changing capabilities. To deform, Morphees use wires or springs attached to the 

back of the display. Moldables is able to simulate paper’s form because it does not require the 

added bulk of wires or springs attached to the display, but unlike Morphees, it is not actuated. 

Flexpad [27] uses surface tracking and depth image processing that simulate a highly 

flexible handheld display with unique new application possibilities. Flexpad extends the 

inventory of interactions by adding highly flexible and multi-dimensional deformations. In the 

user study on Flexpad, shape-retaining material was found to be well suited for use in 

applications with complex deformation, and participants preferred shape-retaining displays for 

complex and precise tasks. However, the technical contributions of Flexpad apply to projected 

displays and are inapplicable to real flexible displays. 
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Similarly, SketchSpace [11] is a virtual prototyping workbench that imbues passive 

objects with interaction techniques. Depth data from a Kinect camera is used to observe inputs 

such as shape deformations. A sketch, as opposed to a prototype, has intentional roughness to 

evoke constructive discussion and design improvements. Interactive sketching can be difficult 

because of the temporal dimension of interactions. SketchSpace projects simple visual feedback 

onto objects but places most of the feedback on a desktop application. It does not extend to offer 

interactive content on the objects themselves. Sketchspace makes a case for having 3D objects 

with interaction techniques, such as Moldables. 3D objects are rich in terms of interaction 

possibilities, and sketching these techniques is an important part of the design process. 

MorePhone [9] is an actuated smartphone with a thin-film E-Ink display. Using shape-

memory alloys, the surface of the display was actuated to curve inwards. Results from a 

participatory design study suggested that actuated shape notifications are useful for visual 

feedback. The device was capable of full screen, one corner, two corner, or three corner 

actuations. MorePhone is similar to Moldables because they both employ a thin-film E-Ink 

display. Moldables are larger, tablet-sized devices that are not actuated, but do use shape 

deformation as an interaction technique, although it is used as input rather than output.  

FlexView [5] is a set of interaction techniques for using Z-axis navigation on a flexible 

mobile device. Bend input in the form of squeezing the display and bending the side of the 

display were measured and compared to traditional touch-screen input in a pan-and-zoom task. 

Browsing depth-arranged information through the Z-axis via bending gestures is easily combined 

with traditional touch gestures. FlexView demonstrates the utility of using bend interactions as a 

form of input for a flexible display device. Moldables also uses bend as input, but rather than 

accomplishing discrete tasks in an application, bending is used as a form of UI re-arrangement 

input, where the device’s shape is modified to suit the context of use.  
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PaperPhone [18] is a flexible device that supports interaction styles resembling those 

used with natural paper documents. 87 bend gesture pairs were collected from ten participants 

and were tested for their appropriateness in performing twenty actions in five applications. Users 

preferred bend gestures that were conceptually simpler, e.g. along one axis and less physically 

demanding. In particular three bend gesture pairs were found to be most popular: (1) side of 

display, up/down, (2) top corner, up/down, and (3) bottom corner, up/down. In designing the 

Moldables system, participants came up with numerous shapes for various applications, some of 

which involved numerous bends, folds, and curves along different axes. Due to the trend of users 

preferring conceptually simpler bend gestures that were less physically demanding, our design 

process chose to use the 14 shapes that were simple and easy to create. We noted that the simpler 

shapes were also more popular in the Moldables participatory design study. PaperPhone’s 

deformations corresponded to actions and performing discrete tasks, whereas the Moldables 

device is bent to change the shape of the device and the UI is contiguous with the bend. Because 

of the shape-retaining quality, a Moldables device is designed to remain deformed while various 

tasks are performed on that shape. Those tasks might be performed by touch-based input or 

bending a corner.  
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Chapter 3 

Moldables 

The Moldables device is a tablet-sized hand-held display. It retains its shape when 

deformed, and can be deformed by curving or bending along the horizontal and vertical axes. It 

combines an electrophoretic display and a polymer-based backplane that provides haptic 

feedback and is constructed to allow for bend and curve actions along pre-defined axes. A 

Moldables device can sense its shape, orientation, and can detect pressure in two locations along 

the bezel. It employs an adaptive UI that is sensitive to the current shape of the device. We 

designed it to be as resistant to wear and tear as possible by creating more rigid areas at sensitive 

portions of the circuit board along two edges of the display.  

3.1 Design Rationale 

Flexible computer displays are output devices that can be enhanced with sensors to 

provide feedback to a system; however, they remain flexible in all circumstances, and are unable 

to retain a deformed shape. The benefits of a flexible display that can retain shape have been 

reported elsewhere [33]. In a controlled study, some participants commented that a shape-

retaining material was better for high-resolution tasks that used deformation as input [27]. The 

construction of such a model requires the addition of materials that are pliant yet maintain some 

rigidity after being deformed. A layer of shape-retaining plastic can serve as a substrate material 

that rests directly behind the display surface. When grasped, a moldable feels thin, lightweight, 

and flexible, but once bent or deformed, retains its shape until the user applies sufficient pressure 

to change its shape again.  

In constructing the plastic substrate, we chose a pattern that gave rigidity to portions 

where sensitive electric connectors attached the display to the off-board processor, and 
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bendability to the regions where the display could withstand greater angles of deformation. These 

flexible regions were also selected to coincide with the 14 major shapes most selected in study 

#1.  

The need for an adaptive UI on a flexible display necessitates a software architecture that 

allows for intelligent sensing of shape, and orientation, and a trustworthy method to extract user 

preferences for shapes. Each shape may or may not correspond to a particular use-case or set of 

use-cases where a UI layout is more ideal than others. Extracting these ‘factors’ that influence the 

most desirable UI layout for a given shape is an important step in the development of an Adaptive 

UI. We designed our UI layouts for each shape by using a factor analysis to extract the underlying 

values that contributed to users’ preferences for particular UI layouts on each shape.  

3.2 Application Scenarios 

 The Moldables system is useful in a number of application scenarios. In a photo editor 

application, when the left or right side of the screen is bent forward or backward to create the 

shape of a sidebar, a user may want a toolbar to display on the bent sidebar portion (Figure 2a). In 

another application for browsing through a series of thumbnails, the user might bend the screen to 

see a menu. While keeping the shape, the corner of the screen can be bent forward to select 

through the menu items and display the sub-menu contents of each item (Figure 2b). In a word 

processing application, the bottom portion of the screen can be bent forward to create a keyboard 

for entering text input. The keyboard appears on the lower portion of the screen that is bent 

forward, creating an ergonomic feel (Figures 2c and 2d).  



 

 

15 

 

Figure 2. Application scenarios on the Moldable device. (a) Photo editor tooltips on folded 

sidebar. (b) Selecting a menu item by bending a corner. (c,d) Keyboard pops up on lower 

screen region when folded forward in word processor application. 
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Chapter 4 

Participatory Design Study 

A participatory study was conducted to ascertain what shapes people want to make with a 

Moldable. The purpose of the participatory design was to see what people would do with an early 

Moldables prototype. The Participatory Design method is intended to create a third (hybrid) space 

between designers and end-users in order to articulate a set of interactions that are desirable and 

useful for end-users that don’t share a design background [6]. By having the users begin the study 

with a prototype in-hand, their ideas, solutions, and desires related to the system will be 

constrained to the physical limitations of the system itself, thus aiding the designers by providing 

concrete, achievable design goals. Participatory design was chosen over other methods such as 

focus groups because of its focus on collaboration between end users and designers and the 

process of co-design between these stakeholders. 

4.1 Experiment Set-up 

Participants were solicited by hanging up posters around town and in email 

announcements sent to computer science students. The announcements stipulated that interested 

parties must have previous experience interacting with tablets, smartphones, and laptop or 

desktop computers. The study took 1 hour for each participant, and they were compensated $15 

for their time. We did not ask that all participants had familiarity with all the applications they 

were shown during the study. We collected responses from participants by taking detailed notes 

of their responses, and by drawing visual diagrams of the shapes that participants created. Each 

interview was also captured by video camera.  
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4.2 Apparatus 

The first study involved an early prototype of a Moldable. The prototype consisted of a 

flexible display, an aluminum sheet, and two pieces of soft foam. The layers were adhered 

together with double-sided adhesive. The aluminum sheet was laser cut with a grid of hexagonal 

holes in order to make it easier to manipulate and deform the system. The shape retaining 

properties of aluminum allowed the system to stay in each state that the user crafted until it was 

manipulated with sufficient strength to deform it into a new shape. We used a series of visual aids 

to show to the participants (Appendix B). Each application presented to the participant was 

shown on paper twice. Each of the printouts had color-coded boxes delineating various regions of 

the UI: keyboard, menu, focus item, thumbnails, toolbar, context view. Focus items are objects of 

main interest in a GUI: in a map application, the map is the object of focus, and in a Word 

document, the text is the object of focus. ‘Context’ refers to a series of thumbnails or a listing of 

documents that can be browsed and that provide a context for the item of focus, which is often 

selected from a context pane of a GUI. Two printouts were used for each application: The first 

printout grouped the large level UI elements. The second printout grouped the finer details within 

each UI element. 

4.3 Tasks 

Participants were given a flexible e-ink display and encouraged to deform it into shapes 

that they may find useful, practical, or desirable. In the first series of questions, participants were 

asked what shapes they could make with the prototype. For each shape they created, they were 

asked to come up with a scenario where that shape would be useful. For each scenario described, 

they were asked to describe the visual layout on the moldable screen.  

In the second part of the study, participants were shown UI layouts for eight distinct 

computer applications in a randomly selected order: audio editor, newspaper, map, word 
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processor, photo editor, web browser, email client, and video conference. For each application, 

participants were asked to list the shapes or come up with new shapes that would suit that 

application. For each shape chosen for that application, they were asked how they would arrange 

the UI elements on the shape. UI elements were standardized across all applications in order to 

provide some commonality. Each application’s primary UI elements included a menu bar, a tool 

bar, a context pane and a focus pane. The focus pane contains the main object of display for a 

given application: one photo in the photo browser, the top story of the newspaper, the blank page 

of the word processor, the map portion of a map application, etc. The context pane contains a 

directory listing, a list of the contents of a folder, thumbnails of files, or some navigation tool. 

For each shape, participants were asked where they would put various UI elements on the 

display. All the applications used a menu bar or a toolbar, provided a contextual overview pane, 

and a focus view of a particular section. Each UI element had within it finer details and sub-

elements that participants were encouraged to place on the respective shapes. Working with the 

finer grained details of a given UI element allowed users more freedom to design their own 

custom UI layout without having to adhere to the four pre-defined UI elements. 
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3. The 14 preferred shapes according to participants of Study #1. Shapes 1-10 are pictured 

in landscape orientation, shapes 11-14 are pictured in portrait orientation. 

4.4 Discussion 

User comments and the shapes they created were quantified by creating a list of the 

shapes created, and noting how often each shape was created and selected by a participant. From 

the results of the 15, we generated a list of 34 different shapes. From this list, we chose the most 

popular 14 shapes that were selected more often than the others (Figure 3). Of the 34, some 

shapes were selected only once and were difficult to make with the display, such as folding the 
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device in more than two places at once. Other shapes that were difficult to reproduce were 

smooth curves to create a hill or a bowl.  Some were impossible to make with an active display 

without breaking it. These did not make sense to add to a shape vocabulary for a Moldables 

device. From the remaining shapes, we decided not to use any shapes that folded the screen into 

1/6 and 5/6 portions, or into ¾ and ¼ portions, because these were similar to our folds into 1/3 

and 2/3 portions. Because on an active display the degree of bend was not large, the difference in 

these shapes was subtle and difficult to distinguish on an active screen. 

Each of the 14 shapes was created by curving or bending the Moldable one or more times 

forward or backward. In general, feedback from the participants was positive. Participants 

commented on the perceived benefits of the Moldable systems: 

• It allowed for hands-free use by propping it on a desk or table or holding it above the 

  head while lying in bed. 

• The system was lightweight and flexible. 

• The shapes that can be created have a more interactive, life-like feel and display than flat, 

  heavy screens. 

• Using Moldables could help prevent repetitive strain injury. 

• Participants used curved shapes for changing the view by zooming, using a fish-eye lens   

 view, or a 3D view. 

• A Moldables device could be worn on the body. 

It was noted that the size of the deformed display portion determined the purpose of that portion. 

In particular: 

1. The largest sized region was used for viewing and editing the information of interest. 



 

 

21 

2. If two or more regions were largest and of equal size then each of those regions acted as a 

viewer-editor for multiple items of interest. An exception to this rule was using a touch 

keyboard on-screen on a folded portion of the screen.  

3. Smaller-sized straight bends at one of the four edges were used for menu items. 

4. Dog-earing a corner of the screen was used for controlling single functions like zooming 

in/out or navigating back/forward. 

In the process of conducting the study, the shape-retaining layer of aluminum broke apart at the 

places where folds and bends occurred most often, particularly the horizontal axis in the center of 

the design. A new prototype was needed that was more robust and resistant to breakage. To 

accomplish this we used steel instead of aluminum, and the design cut from the material had 

smaller holes, creating more sturdiness and less fragility. 
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Chapter 5 

Study #2: Evaluating User Preferences for UI Layouts 

A second user study was conducted to examine the preferences of participants for placing 

UI elements on each shape. The shape vocabulary had been defined from Study #1, but we 

wanted to collect quantifiable data on what UI elements would be best placed on each shape and 

in each shape region. In order to do this, UI elements were standardized across all the applications 

from the first study. Four UI elements were used to mimic the functionality of the applications: a 

focus item, contextual items (thumbnails), a menu, and a toolbar. Armed with quantifiable data, 

we could statistically analyze the scores of the UI elements to determine what GUI layouts were 

most popular for the shapes.  

5.1 Experiment Set-up  

 Participants for the study were solicited via posters put up in public places, and email 

announcements sent to computer science list serves. The announcements stipulated that interested 

parties must have previous experience interacting with tablets, smartphones, and laptop or 

desktop computers. We offered $15 to participants for 1 to 1.5 hours of their time. Participants 

were selected randomly from the pool of people who responded to the announcement. 

Participants did not need any experience with flexible displays or any computer science 

background. The participants recorded their own responses to Likert scale questions by inputting 

them on a computer. These answers were saved as files that were then extracted in comma-

separated values and input into an excel spreadsheet for later analysis. 



 

 

23 

5.2 Apparatus 

This study employed a prototype of the Moldable display with an aluminum backplane 

cut with a circular design. The display was connected to the Hummingbird display driver that sent 

bitmaps to the display from the C# program. We bent the Moldables display into each of the 14 

shapes one at a time, and then handed the display to the participant. The program displayed each 

of the 4 UI elements, in order, on each of the shape regions in both orientations. The C# program 

and the questionnaire program running on a separate computer both accepted a random set of 

values as input, to determine what order to make the shapes. This was a different order for each 

participant, selected randomly. The questionnaire program instructed the participant how to create 

each shape. The researcher did the actual deforming of the device in order to prevent breakage of 

the display by mis-handling. 

5.3 Tasks 

We made 14 shapes in a random order on the Moldable device and handed the device in 

each shape to the participant. Four elements were displayed on each region in each shape and in 

both landscape and portrait orientations (Figure 4). Each item was given a score on a Likert scale  

 

Figure 4. Example layout of the toolbar displayed on the left portion of Shape #1. 
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[19] by the participant in response to the statement, “This is where I would put the [element]”, 

with 1 being ‘strongly disagree’ and 5 being ‘strongly agree’.  

5.4 Results 

Participants chose numbers between 1 and 5 to describe their agreement with the 

appropriateness of placing each UI element in each region on each shape and in both orientations. 

Using these numbers, we were able to achieve a mean score for each UI element in each region of 

each shape in both orientations by adding all scores and dividing by the number of participants. 

We also calculated the standard deviation for these results. For each shape region in both 

orientations, we were able to see which UI element was the most popular by comparing the mean 

scores for each UI element and selecting the one with the highest mean score (Table 2). For 

example, in landscape mode with vertical folds, the left side bar region was most popular for the 

menu element. For large regions, the focus item was most popular. The standard deviation for 

each UI element was analyzed to assess the reliability of our data (Table 1). The results indicated 

that our data was more reliable for menu and focus high scores, and less so for toolbar and 

context high scores. 

 

 

 

 

Table 1. Standard Deviation per UI element. 

Average Standard Deviation  
per UI element 

Toolbar 1.227138903 
Context 0.911361984 
Menu 0.885866528 
Focus 0.777197311 
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Table 2. Mean Likert scores and standard deviation of the four UI elements. 
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Chapter 6 

Factor Analysis 

Factor analysis is a method for discovering whether a set of variables is correlated to a 

smaller number of unobservable factors [30]. In situations where there are a large number of 

observed values, an exploratory factor analysis (EFA) may be used to determine a smaller set of 

unobserved variables called ‘factors’ that describe the variability of the observed values. The 

essential purpose of factor analysis is to describe covariance relationships among the observed 

variables in terms of a few unobservable qualities [15].  

We conducted a factor analysis on the mean scores from Study # 2 to isolate the factors 

that influence the preferences of a given UI element on a particular shape region. The goal was to 

find the underlying causes for user preferences. The results showed that there are four factors that 

account for the majority of the probability in determining the location of the focus item, the 

context, menu, and toolbar. 

When conducting a factor analysis using SPSS software, the calculation outputs a table 

that shows the loadings on each observed variable [12]. These loadings are numbers between -1 

and 1which are multiplied by the factor to determine the probability of an observed variable being 

chosen over other observed variables. Each observed variable has a total probability value which 

is the sum of all loadings multiplied by each corresponding factor. To determine the factor value, 

we took the UI element with the highest loading, and we looked at what shape regions that UI 

element achieved the highest mean score. We asked what each of these shape regions had in 

common: what value they shared. We made a decision, and found a way to quantify that common 

property, and this was used as the ‘factor’ in our system [7]. 



 

 

27 

6.1 Rationale 

We chose to do a factor analysis because it provided a statistical method to understand 

the data results from Study #2. Highest mean scores were varied and non-uniform. It was difficult 

to determine what was influencing the choices that participants had made. Rather than asking 

them why they chose what they did, a statistical method like factor analysis can extract the 

reasons that exist, with or without the awareness of the participants. The users might not know or 

be able to articulate why they prefer one UI element over another, which is why a statistical 

method may be superior to asking users. Furthermore, a factor analysis provided us with a 

mathematical outcome that allows us to calculate the probability of a UI element’s preference in a 

shape region. If the system were to expand and support additional shapes, the algorithm would be 

able to analyze and predict what UI elements would be preferred in each shape region. 

6.1.1 Limitations of factor analysis 

However, choosing to use a factor analysis had certain drawbacks. The factors were used 

to create an algorithm that calculated what UI element would be most popular in each shape 

region based on our study data. The study data had already provided us the information of which 

UI element was most popular in each shape region. By using the study data results in a table that 

our program looked up each time the program needed to select a new UI element, it would have 

picked the most popular UI element 100% of the time. By using an algorithm based on a 

calculation of probability to predict the UI element, there would likely be some incorrect 

selections made. Using a look-up table would improve the performance of the system in selecting 

appropriate UI elements, at least for the limited number of shapes used in study #2. 

Interpreting the factors is based on a heuristic, a convenient way of quantifying the 

perceived factor, even if it is not a true representation. The researcher attempts to quantify the 

factor according to their understanding of the commonality between the shape regions with the 
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highest mean scores. This could be interpreted in more than one way, each way leading to a 

different outcome. The method of identifying a factor and quantifying it is fallible, and due to 

incorrect identification may result in incorrect predictions and poor performance. 

6.2 Results 

Our software selected the UI element for each shape region by computing the 

probabilities for all four variables. The variable with the highest probability value was selected 

for display in that region. This process repeated for each region to determine which UI element to 

place in each. 

6.2.1 Factor #1: Size 

The factor of size accounted for 50.312% of the total variance of three variables: focus, 

context, and menu. The second factor accounted for 25.625% of the total variance of the toolbar 

and menu. Together these two factors accounted for 76.937% of the total variance (Table 3). 

Factor #1 affected the location of the focus item the most, and the location of context 

less. The probability that the focus or the context would be placed on a region increased as the 

size of the region increased. The size of the region was computed as a value between zero and 

one, where any region occupying half of the screen or more receives a value of 1 and any region 

smaller than half the screen receives a value calculated as the region area divided by the total area  

Variable Factor 
1 2 

Context .765 - 
Focus .956 - 
Menu - .919 

Toolbar -.715 .409 

Table 3. Loadings on the four variables (context, focus, menu and toolbar) of two principal 

factors. Extraction method: Principal Component Analysis. Rotation Method: Oblimin with 

Kaiser Normalization. 
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in pixels. Factor #1 seemed to be the most logical to compute as ‘size’ because it received the 

highest loading on the focus item, which looked the best when the region was large and square-

shaped. The more a shape was long and narrow, the smaller the focus item became. In general, 

focus items are the largest item in traditional GUIs, so it made sense that the factor that favoured 

focus items be defined as ‘size’. 

6.2.2 Factor #2: Location, top and left 

Factor #2 affected the location of the menu and the toolbar. We defined it as the location 

of the region on the display. The top of the screen and the left side of the screen received a value 

of one, the middle received a zero, and the bottom or right side portion of the screen received a 

value of -1. When the shape is a wide curve and the orientation is landscape, this factor does not 

apply. Because factor #2 favored the menu item this seemed most logical to define as the top and 

left side regions because this is most often where the menu appears on traditional GUIs. Like 

Factor #1, the data aligned with this intuition. The regions where menu scored the highest were 

more often top and left hand, smaller-sized regions than bottom, middle, or right-side regions. 

6.2.3 Factor #3: Bottom and right hand side on curved shapes 

Two additional factors applied to curved shapes (shapes 4, 9, 13 and 14) but not shapes 

that bent (Table 4). These were discovered by running a factor analysis on the data from the 4 

curved shapes instead of the full set of 14 shapes. The first two factors were insufficient to 

describe the behavior of the toolbar and the context items. Without more factors, our algorithm 

for the system would be unable to place toolbars and context items on GUIs because of 

insufficient data. Because we had exhausted the factors (there were only 2) that applied to all 14 

shapes, we decided to run a factor analysis on a subset of shapes in hopes of unearthing additional 

factors.  
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Variable Factor 
3 4 

Context - .979 
Focus -.861 .204 
Menu .583 -.225 

Toolbar .925 .250 

Table 4. Loadings on four variables for curved shapes (Shapes 4, 9, 13, 14). Extraction 

Method: Principal Component Analysis. Rotation Method: Varimax with Kaiser 

Normalization. 

Factor # 3 applied to the toolbar, menu and focus, and favored the bottom region when the 

regions were arranged vertically, and the right hand side when the regions were arranged 

horizontally. The factor had the highest loading on the toolbar, so in the system this factor was 

only applied to the toolbar element in order to improve the rate of correct predictions. The factor 

was given a 1 for bottom and right-side regions, 0 for a middle region, and -1 for top and left 

hand regions.  

6.2.4 Factor #4: Top and right regions in landscape orientation on curved shapes 

Factor #4 applied to curved shapes and had the highest loading on the context item. If the 

display was in landscape orientation, this factor favored the right hand region for horizontally-

arranged regions and the top region for vertically-arranged regions. Factor #4 loaded significantly 

higher on the context item than on any other UI element, so it was natural to interpret it as the 

factor that favoured context thumbnails. According to the regions that scored the context highest, 

this was most often top regions and right-side regions, and so the factor was quantified with either 

a -1 for left hand or bottom regions, 0 for middle region, and 1 for top or right hand regions. 

6.3 Modifications 

In addition to applying the four factors and their loadings to determine the appropriate UI 

element for a shape region, some extra calculations were employed. These were used when initial 
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tests of the system yielded a low prediction rate. The modifications were an attempt to further 

refine the factors into an algorithm that would correctly select UI items. The probabilities 

calculated with the factor loadings didn’t always give the right selection. Instead of quantifying 

factors as values, they could be leveraged by describing rules or procedures that contributed to 

successful UI selection. Our procedures referenced the shape numbers, so because of this the 

overall algorithm became unable to be applied to new shapes that were not yet part of the shape 

vocabulary. This drawback limited the usefulness of the factor algorithm approach. However, this 

approach did increase the success rate of UI selection for the proper shape regions. When the 

additional rules were applied to the algorithm, the success rate increased to 79.4%. The rules 

were: 

• If there were three regions on the shape (Shapes 4, 5, 9, 10, 13, and 14) then the focus 

only received the factor 1 loading in the middle region. 

• For shapes 3 and 8, factor 1 was not applied to the toolbar. 

• For shapes 11 and 12 in landscape orientation, put the toolbar in the top region. If they 

are in portrait orientation, set the probability of the focus element to zero in all regions. 

• If shape 2 is in portrait mode, put the menu in the top region and the toolbar in the bottom 

region. 

• For shapes 3 and 8, select the toolbar for the right hand and the bottom region. 

These 5 rules were implemented in the code after the loadings were applied to each UI element. 

Each rule modified one or more values placed on UI elements for the shape region, and 

contributed to the outcome of the UI selection algorithm. Each procedure was tested individually, 

and was found to increase the correct selection of UI elements.  

 

 



 

 

32 

Chapter 7 

Implementation 

7.1 Hardware Design 

The Moldable is a flexible shape-retaining device measuring 190 mm wide, 145 mm tall 

and 3 mm thick.  A 1.35mm thick substrate of shape-retaining and semi-rigid polymer is attached 

to a Plastic Logic electrophoretic display (Figure 5) [29].  

The shape-retaining polymer is a laminated flexible sheet that can be bent in any 

direction. It is 1.3 mm thick, and is hand sewn with pieces cut from a 0.5 mm thick semi-rigid 

polymer sheet. The semi-rigid sheet was originally part of a plastic school binder that was laser 

cut with sewing holes and into small plates (Figure 6). The shape-retaining polymer was laser cut 

into a mesh of two horizontal and three vertical strips. Each strip corresponds to a connection 

along the edge of the electrophoretic display that leads from the display to the Hummingbird 

 

Figure 5. Expanded view of the Moldables device. (a) The flexible polymer substrate hand-

stitched together. (b) Flexible printed circuit board with six bend sensors configured 

vertically and horizontally, and IMU chip. (c) Electrophoretic display with circuit 

connections on right hand side and bottom. 
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Figure 6. Laser cut designs for the shape-retaining backplane. The holes are used for sewing 

together the semi-rigid polymer plates (a) with the multi-directional shape retaining plastic 

sheet (b).  

display driver. Because each connection is sensitive to breaking and highly fragile, some rigidity 

was necessary near these connections in order to prevent a user from accidentally deforming the 

display in an area where breakage of the system may occur. Small cut lines were needed in the 

center left section of this design to allow for bending down the central horizontal axis (Figure 6b). 

The lines that divide each plate of the semi-rigid polymer correspond to the areas of the 

display where participants of study #1 most wanted to be able to bend the display (Figure 7). 

There is a bend line down the central vertical axis and two vertical lines that split the screen 

vertically into 3 equally sized regions when it is shaped into a smooth curve.  Similarly, the 

horizontal bend lines that are represented by the spaces between the plates correspond to bending  
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Figure 7. Bending or curving the device into one of 14 shapes divides the screen real estate 

into 2 to 3 regions. Each region displays a distinct UI element. 
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the display horizontally into two equal halves, into thirds, and into quarters. The quarter bend 

lines are slightly offset towards the center in order to make room for the sturdy regions created by 

the shape-retaining polymer. 

7.2 Sensing Apparatus 

A bend sensor circuit with six sensors and an Inertial Measurement Unit (IMU) with six 

degrees of freedom is sandwiched between the polymer substrate and the electrophoretic display 

(Figure 5b). The bend sensor array and the IMU circuits attach to an Arduino board that processes 

the inputs from the sensors into digital input and sends the data to a serial port [3]. 

Three bend sensors are aligned vertically down the center of the display. These sensors 

detect changes of angle in the top 1/3 of the screen, the middle, and the bottom 1/3 of the screen 

respectively. The other three bend sensors are positioned horizontally to detect bends along the 

X-axis, intersecting each of the three vertical sensors.  

The IMU integrates an ADXL345 accelerometer [1] and an ITG-3200 gyroscope [13]. 

Using fusion filtering to read rotational velocity data from the gyroscope and orientation data 

from the accelerometer, this IMU is able to track its position as described by three rotational axes: 

yaw, pitch and roll [26]. The yaw value is all that is needed to detect the orientation of the display 

– either landscape or portrait. If the yaw value increases or decreases more than 80 degrees in one 

second, then a ‘rotate’ command is sent to the C# program to rotate the layout of the UI elements 

by 90 degrees. This method accounts for the problem of ‘drift’ that can occur in IMUs with only 

six degrees of freedom because they lack absolute orientation provided by a magnetometer [14]. 

7.3 System Overview 

The electrophoretic display is attached via two ribbons to a remote Hummingbird display 

driver that powers the display and sends bitmaps to the screen. 
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Figure 8. Moldables system diagram. 

The sensors on the Moldable device send their raw data act as event triggers for the software 

application that refreshes the display.  Output to the display is managed by a C# program that 

reads the input from the serial port, discerns what shape and orientation the display are currently 

in, selects what UI elements to place on the screen and where to place them, creates a bitmap for 

the display, and sends the bitmap to the display driver (Figure 8).  

7.4 Software Architecture  

The sensing of the shape of the Moldable device was first written as a series of 

thresholds. If one of the bend sensors was bent more than 20 degrees, then one of the 14 shapes 

was chosen and the UI was updated. However, this proved insufficient for differentiating between 

curves and bends, where the only difference was the degree of bend. To achieve a sharper bend 

like in shapes 11 or 12, it would first have to pass a threshold for a softer curve like in shapes 13 
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or 14. Therefore the bend sensing would detect a shape 13 or 14 before reaching 11 or 12, an 

incorrect course of action.  

A more robust model of shape detection was needed, such as a clustering algorithm [8]. 

We used a K-Nearest Neighbour (KNN) library implemented in C# [16].  KNN was chosen 

because it is a popular clustering method, and simple to implement. It works by creating a set of 

training cases. The screen is updated with a picture of what shape to create, and the user holds the 

device in that shape for 3 seconds, then a new shape is depicted on the screen. All 14 shapes, plus 

a flat ‘original’ state, are depicted on the screen. After each 3 second period when the user is 

holding the device in a shape, the values from each of the 6 bend sensors are averaged and placed 

in an array. The array holds 6 average bend sensor values for each of 15 shapes. When the 

training procedure is done, the program goes back to the regular shape detection. Now, for each 

bend sensor value reading (this occurs every 100 milliseconds), the current values are sent to the 

KNN for detecting the current shape. The program measures the distance between the current 

values and each of the training sets. The nearest neighbor is the training set that has the closest 

Euclidean distance to the current bend sensor values. For our purposes we use a value of 1 for k, 

which means we are only concerned with the closest neighbor [34]. 

Before the values from the six bend sensors are sent to the C# program running on the 

computer, they are zeroed on the Arduino microcontroller. When the Arduino boots up, or is 

reset, it reads 20 values from the bend sensors over the course of 2 seconds, at 100 millisecond 

intervals. These values are then averaged to achieve a ‘zero’. In subsequent looping, the 

microcontroller reads the latest values from the bend sensor and subtracts the ‘zero’ value to 

achieve a difference from 0 value, which is then sent to the control program. By doing this, when 

reset or at the beginning of a session, the user holds the shape in a flat state. This shape becomes 
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the default flat state. All bends on the sensors are measured as distances from this original flat 

shape. 

During program flow, the code first determines whether a button has been pressed (by 

detecting an increase in pressure on one of the buttons) or whether the orientation of the display 

has changed by 90 degrees (by analyzing the yaw value from the IMU). If a shape change has 

been detected, then the algorithm from the factor analysis is executed to determine the loadings 

on each of the four UI elements in each of the shape regions. The UI element with the highest 

overall probability of all shape regions is placed in the appropriate shape region. Then the UI 

element with the next highest overall probability is chosen from the remaining three elements and 

placed on the corresponding shape region. If there is a third region, the process is repeated a final 

time. Once all UI elements have been written to the bitmap, it is sent to the display and to the 

computer screen for debugging output.  

Read sensorValues; 

If button pressed {select next UI element for active region; 

return;} 

If orientation changed {if landscape, select portrait UI elements;  

else  select landscape UI elements; return;} 

newShape = KNN(sensorValues); 

if (newShape != oldShape) { 

 Get area of each region; 

 Get location of each region; 

 For each shape region: 

 For each UIelement: 

 weight[n] = factor1[n] + factor2[n] + factor3[n]   

 + factor4[n]; 

 UIelement to place on region = max(weight[]); 

Create new bitmap with new UIelements; 

oldShape = newShape; 

return; } 
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7.5 Early Prototypes 

The first implementations of the Moldables shape-retaining layer were made with strips 

of shape-retaining polymer [25] that bend along one axis, but break when bent along the 

perpendicular axis. These proved to be insufficient for the task since the Moldables display 

requires bending along perpendicular axes.  

The next implementations of the shape-retaining layer used first aluminum (Figure 9b) 

and then steel sheets (Figure 9c) laser-cut with a design to increase the ease of bending and 

manipulating the device. The aluminum sheet was laser cut first with a hexagonal design that 

proved too fragile to withstand heavy bending during study #1 and broke in several places. The 

second design on the aluminum and steel sheets was circular cut-outs in a pattern that increased 

the amount of material and decreased the size of the holes. This design was not pursued because 

the use of steel sheets proved to be inferior in terms of haptic feedback, bendability, and organic 

feel in comparison with the next design iteration: plastic plates cut out and affixed with adhesive 

(Figure 9d). This approach increased the appropriate haptic responsiveness, because the user 

could feel where to bend the prototype. Based on the lines of intersection, the prototype was most 

easily bent and curved in ways that corresponded to the 14 shapes. This iteration yielded the best 

haptic feedback, but failed to retain its shape due to the rigid nature of the polymer plates and 

adhesive.  

The next iteration continued with the premise of creating plastic plates that connected 
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Figure 9. Early prototypes. (a) Hexagon design on aluminum. (b) Circular design on 

aluminum. (c) Circular design on steel. (d) Semi-rigid plastic with duct tape. (e) 3D printed 

plates with hinges. (f) semi-rigid plastic and uni-directional shape retaining plastic strips. 

(g) Hand-sewn plastic plates with multi-directional shape-retaining plastic grid.  

along lines where bends were favored. This time the plastic plates were built with a 3D printer 

and included hinges along each edge to interface the plates (Figure 9e). Due to the resolution of 

the printer, the hinges were difficult to print sufficiently small and thin while retaining the 

separateness of the free moving hinge parts. The thinnest functioning hinge able to be printed 

using the Uprint Plus SE P53460 was 2.5 mm thick [31]. Because of the free moving hinge parts, 

each piece could be displaced and had significant freedom of movement distinct from the other 

pieces. This prototype increased the thickness of the shape-retaining layer of the device and 

decreased the cohesion of the entire layer. 

The next prototype included plates of rigid polymer and long, thin strips of uni-

directional shape retaining plastic. The strips were laid out along horizontal and vertical axes and 

overlapped each other at intersection points (Figure 9f). These were attached to each other and to 

the semi-rigid plates with adhesive tape. The amount of tape required to affix the entire length of 

all edges of the pieces become unwieldy due to the amount of adhesive required.  

To alleviate the problem of over-using adhesives, each plate was laser-cut with sewing 

holes along the edges. The uni-directional strips of shape-retaining plastic [25] were replaced by a 

sheet of multi-directional shape-retaining plastic [20] that was laser cut into a grid shape with 
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sewing holes along the edges. The pieces were hand-sewn together with Kevlar thread. Sewing 

the pieces allowed each bending edge to have an adjustable tension determined by the tautness of 

the thread (Figure 9g). 

When affixed to the electrophoretic display, the prototype did not provide sufficient 

support for the five sensitive areas along the right side and the bottom of the display where the 

circuit extends out of the display area and onto a fragile, flexible medium (Figure 5c). More 

support was needed to prevent bending and manipulation in the areas that are most sensitive and 

susceptible to damage. To address this problem, the area of the shape-retaining plastic was 

increased in order to overlap with the five sensitive connection areas. Despite the greater 

durability of plastic over metal, the long-term effect of bending the shape-retaining plastic 

repeatedly will ultimately result in fatigue and eventual breakage. We did not stress test this 

material for how well it resists fatigue. 

7.6 Interaction Techniques 

When a Moldable is deformed into a particular shape, it re-arranges the user interface 

elements on screen, moving each element to the region of the display that is most appropriate. 

With a Moldable, other interaction techniques are possible. For example, a Moldable could be 

quickly deformed and returned to its original shape to trigger an action like pressing an ‘Enter’ 

key. A Moldable could be used as an absolute interaction device: in a physics-based game, the 

Moldable surface could be used as physical surface for a virtual marble that rolls along its uneven 

plane. Alternatively, it can be used as a relative input device for tasks such as non-linear browsing 

in web pages or document versions. Bending the screen forward would trigger the forward-bent 

section of the screen to display a newer version of a document, blended with an older version on 

the remaining portions of the display. Using the display in a photo editor application would allow 

blending of different layers of color to various regions of the display: bending backward one 
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portion of the screen would darken the color in that region. Of all of these modes of interaction, 

the ability to change the shape of a Moldable in order to switch from one task to another is the 

most appropriate for studying adaptive user interfaces.  

Moldable users may prefer particular shapes to others because they adapt to the body 

more easily, they are ergonomic for viewing the display, or they fit the hands comfortably and are 

ready for creating new shapes.  

7.6.1 Holding 

A Moldable is designed to be a device that is held in one or both hands, or placed on a 

surface and used for hands-free activities. Many of the shapes chosen by participants in the 

participatory design study found some shapes to be useful exclusively when propped on a table 

top, while others were useful for putting the display in their pocket, reading while standing, or 

while lying in bed. Having a curve to the screen can be useful in some situations: when you are 

sitting beside someone but don’t want them to see the screen, when there is glare from overhead 

on one portion of the screen, or when you may want to physically separate one UI element from 

another.  

7.6.2 Context Switching 

When a user changes the orientation of the display or deforms it into a recognized shape 

from the shape library, the GUI updates and is re-arranged in a way that is designed to be optimal 

for that shape and orientation. If the user prefers a different UI element to be displayed on a 

portion of the screen, then the user can select to change the displayed UI element in that region.  

7.6.3 Continuous Molding 

The Moldables device has a subtle distinction between a form factor that is a continuous 

curve and one where the shape is deformed along a crease line. Creasing the e-ink display too 
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sharply can result in damage to the screen, so shapes that bend along a particular crease actually 

are curves, where the highest angle of curve is concentrated with a region surrounding the crease 

line. Still, a subtle difference can be noted between curved shapes and bent shapes. 

7.6.4 Temporal Deformation 

Much research as been done to on using bend gestures as a method of input for 

accomplishing discrete tasks [5, 15, 19, 24]. The Moldables system can register bend interactions 

and process them as discrete inputs for accomplishing tasks. This affordance was not explored in 

the development of the device, despite the interest shown in Study #1 by participants for 

accomplishing tasks by bending corners, or quickly bending/unbending the entire screen, etc. 

Because less research existed for UI layouts that adapt to varying shapes, we developed an 

Adaptive UI system that responded to bend and deformation interactions. The shape-retaining 

qualities of Moldables also made it a stronger case to design for shape changing interactions 

where the shape created by the user was maintained over a longer period of time. Shape-retaining 

made it less desirable to have concise, quick bend interactions where the display was deformed 

and then immediately resumed a ‘resting’ shape. Instead, Moldables has multiple ‘resting’ shapes, 

each of which can be used to accomplish the same set of tasks.  

7.6.5 Orientation 

The Moldables UI changes according to the orientation in which the device is held. When 

held in portrait, the screen displays appropriately. When the screen is rotated 90 degrees to be 

held in landscape mode, the screen refreshes and lays out the UI accordingly. To accomplish this, 

each UI element has two formats for each shape: a landscape format and a portrait format. To 

create these, the UI element’s width and height were reversed, and the sub-elements redistributed 

in the screen area. 
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7.6.6 Touch Interaction 

Two pressure sensors are attached to the bezel of the display and connected to the 

Arduino microprocessor [3]. They measure pressure and are sensitive to being pressed by a 

human finger. The first button allows the user to select a different UI element for the active shape 

region. The second button changes the active region to the next region in numerical order. These 

buttons provide the user with the ability to select their own ideal UI element on a given shape, if 

the device didn’t display their preferred element. 
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Chapter 8 

System Validation 

Using the loadings and factors to create a predictive model, the system needed testing to 

see if the model was effective at picking appropriate UI elements in each shape region. A simple 

way to pick the most appropriate UI element for each shape region would be to use a look-up 

table of UI elements that were preferred for each shape region. When the user created a new 

shape, the program would reference the look up table and draw those UI elements in each shape 

region. The advantage of using a factor analysis is that it has predictive power in the case where 

values fall outside of categories. If the program was designed with more ‘end-shapes’, it could 

still apply the same factors and loadings on each UI element to pick the appropriate elements for 

this new shape.  

 In order to test the UI selection of the system, a third study could have been done and 

participants asked if they agreed with the GUI layout, or if they would prefer a different GUI. By 

doing so, we could see whether or not our system was good at picking appropriate items for each 

shape region. This way new data could be used to do a more independent study of the system. 

Suggestions from participants could be used to further improve the system and to modify the UI 

selection algorithm, either by adding additional procedures or modifying the factors in the 

algorithm. However, we did not have sufficient resources or time to conduct a third study. 

Instead, the system UI selection was compared to the highest mean scores from study #2 to see if 

the system picked the most popular UI elements.   
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8.1 Results 

 The results of this test are summarized in Table 4. The success rate of the algorithm in 

predicting UI elements varied from shape to shape and is depicted in Figure 8. No configuration 

of shape and orientation yielded less than 50% correct predictions.  

 An ideal outcome would have been a 100% success rate, especially considering that the 

system was not tested with new data, but rather with the old data that was used to create the 

system selection method. Given that, a 100% prediction rate would not be infeasible. The 

standard deviation numbers in Table 1 show that average standard deviation varied between UI 

elements. Average standard deviation was higher on toolbar and context UI elements, and lower 

on focus and menu UI elements. This may explain why our factors were better at predicting the 

menu and focus item location than the toolbar or context items.  

 Regardless of shape and orientation, at least half of the display real estate was 

assigned a UI element in the region where it achieved the highest mean score. Another reason 

why the algorithm was more successful with predicting menu and focus items is because they had 

higher loadings, which meant it was more often that they would have the highest probability. 

Shapes that users preferred a menu and a focus item on adjacent regions in one or both 

orientations, such as shapes 1, 4, 5, 6, 9, 12, and 13, received a higher percentage of correct UI 

predictions. Shapes that had the lowest percentage were 5 and 7. In both these cases, the 

incorrectly predicted UI element was the toolbar; the algorithm incorrectly picked a UI element 

other than the toolbar in all five errors on these two shapes. 

Correct Prediction Incorrect Prediction Total # of Regions 
54 14 68 

79.4% 20.6% - 

Table 5. The ratio of correct algorithmic prediction by the adaptive UI of the most popular  

UI elements in each shape region.  
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Figure 10. Shape by shape breakdown of the correctness of the adaptive UI in predicting 

the most popular UI elements in each shape. 

8.2 Discussion 

 Standard deviation variance between UI elements may be the chief cause for toolbar 

misses. It also may explain why are data was insufficient both at creating the UI selection 

algorithm, and for testing that algorithm for correct UI selection. In this regard, a third study 

would have helped in validating the system by providing a new set of data on the preferences of 

users for GUI layouts on each shape, and on new shapes beyond the initial shape vocabulary. 

 Despite these limitations, the system was an attempt at generalizing the behavior of a UI 

selection algorithm using a factor analysis to create UI selections, and it was correct 79% of the 

time for the 14 shapes we designed. In this limited design space, the algorithm was effective, but 

it would be less so when applied to new shapes.  
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Chapter 9 

Conclusions 

The Moldables system addressed the problem of creating an adaptive UI for a shape-

changing interface. The system responded to shape changes by re-arranging the layout of the 

display to suit the shape. The display was divided into regions separated by bend lines and by 

curves. UI elements were placed in regions according to an adaptive system that evaluated the 

probability of each UI element by two to four factors that were extracted from an exploratory 

factor analysis. The factors were calculated as the relative size of a shape region, the location of 

the region (top, middle, bottom, left, or right), and separate factors were applied to curved shapes 

(shapes 4, 9, 13, and 14). 

The Moldables system provided haptic responsiveness due to the shape-retaining polymer 

layer that conformed the display naturally to shapes that bent and curved along pre-defined axes. 

The display conformed most easily into these 14 shapes that had been selected most often by 

participants from study #1.  

9.1 Future Work 

The Moldables device provides useful knowledge for future development of flexible 

display systems. Some of the design choices were limited due to the nature of the electrophoretic 

display used in the Moldables system. The sensitivity and breakability of the circuit around the 

perimeter of the electrophoretic display prevented the display from being manipulated beyond an 

angle of 15 or 20 degrees without suffering deterioration. Signs of deterioration were lines of 

‘broken pixels’, horizontal and vertical lines of all white or all black pixels that no longer 

changed according to the image being displayed. These lines corresponded to parts of the circuit 
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board that were exposed at the perimeter of the display and passed along a very fragile substrate 

to the ribbon connections that attached to the Hummingbird.  

The Moldables system required deformation of the display along several horizontal and 

vertical axes. These axes could not intersect any of the five sensitive connection areas mentioned 

above. The user had to be able to deform the system but was constrained to not bend the system at 

any sensitive connection area. In future development of the Moldables system, this may be 

challenging for a system that would be most desirable if it could be bent or curved at any point 

along it’s shape, and could bend and curve to a degree more significant than 20-30 degrees. 

An adaptive UI is adaptive in two senses: the system can adapt to the user, and the user 

can manually change the system to adapt to their particular use case. The Moldables system 

allows the user to customize the UI layout via two pressure sensor buttons on the bezel of the 

display. A more ideal method would employ a true touch screen to allow the user to select a 

display region by tapping the region, and then swiping through various UI elements that would 

glide across the region until the user has found the one they like.  

The Moldables device relies on a series of wires that connect the application-processing 

computer to the device driver, and the device driver to the e-ink display. In future, the device 

would feel more natural when it can handle full wireless communications without the need for 

wired connections between the display and the driver. 

9.2 Limitations  

 Using a factor analysis to create a UI selection model had its own set of limitations. The 

process of interpreting the factors is open to interpretation and fallible. The factors that we chose 

and quantified may not have been the best possible choices, and it was difficult to know what 

would have been a better way of quantifying them, short of testing multiple different values. This 

would have been time consuming and open-ended. When we discovered values for these factors 
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that reasonably well selected UIs, then we stuck with it and continued to modify them to improve 

their performance. 

 These modifications took the form of procedures that relied on the limited shape 

vocabulary of 14 shapes. By using these shapes in the procedures, our system became unable to 

adapt to new, previously undefined shapes that the user may like to use. For example, if they 

folded the screen into ¼ and ¾ portions, then the system was not designed for this, and therefore 

the procedures would not apply to this new shape, even though the factor algorithm would still 

output UI elements for each region.  

 A better way to test the UI selection algorithm would have been a third study. Insufficient 

time was available to conduct a third study, so we relied on the data from study #2 to validate the 

system. This data also served as the input for our system’s factors, so we lacked an independent 

set of data for testing the system. The system could still be tested in a third study and this would 

improve understanding of its performance. In this third study, participants would be handed the 

system and instructed to create each of the 14 shapes. They would rate how much they like the 

GUI layout. What parts of the GUI would they change? What UI elements would they prefer, and 

where would they put them? What additional shapes would they like to create? Where would they 

put UI elements in that new shape? These are the types of questions a third study would seek to 

answer. Data from the third study could be used to better evaluate the system as it stands.  

An additional limitation of the system is fatigue of the backplane material. Over time, the 

shape-retaining plastic would be bent repeatedly at the same locations, causing deterioration of 

the material. Ultimately this would result in an inability to retain shape, and eventual breakage. In 

the future, other materials that have been stress tested to endure deformations over the long term 

would be preferred for the backplane material. 
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Appendix A 

Questionnaires 

Experiment # 1: Participatory Design Study 

Application: Map 

 

1. The shapes most appropriate for interacting with this application are: (List them in the 
order of appropriateness. You must mention at least one shape) 

a. _______________ 

b. _______________ 

c. _______________ 

 

2. The most preferred shape for this application would improve its functionality for me. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

3. The most preferred shape for: 

a. Panning and Zooming the map: 

b. Searching for a place: 

c. Planning a route: 

d.  Street View: 

e. Switching Map Overlays: 

_____________________________________________________________________________ 

Application: Email 

 

1. The shapes most appropriate for interacting with this application are: (List them in the 
order of appropriateness. You must mention at least one shape) 
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a. _______________ 

b. _______________ 

c. _______________ 

 

2. The most preferred shape for this application would improve its functionality for me. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

3. The most preferred shape for: 

a. Reading an email: 

b. Replying to an email: 

c. Viewing Inbox: 

d. Searching for mails: 

e. Attaching files to an email: 

_____________________________________________________________________________ 

Application: Document Editor 

 

1. The shapes most appropriate for interacting with this application are: (List them in the 
order of appropriateness. You must mention at least one shape) 

a. _______________ 

b. _______________ 

c. _______________ 

 

2.  The most preferred shape for this application would improve its functionality for me. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 
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(   ) strongly disagree 

 

3. The most preferred shape for: 

a. Reading a document: 

b. Editing a document: 

c. Viewing list all documents: 

d. Searching for old documents: 

e. Sharing the document (over email) : 

_____________________________________________________________________________ 

Application: Audio Editor 

 

1. The shapes most appropriate for interacting with this application are: (List them in the 
order of appropriateness. You must mention at least one shape) 

a. _______________ 

b. _______________ 

c. _______________ 

 

2. The most preferred shape for this application would improve its functionality for me. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

3. The most preferred shape for: 

a. Adding / Loading audio tracks: 

b. Re-arranging audio tracks: 

c. Selecting parts of the track for playback/editing: 

d. Editing the selected track (adding effects, cut/copy/paste etc.): 

e. Playing the edited audio:  

_____________________________________________________________________________ 
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Application: Newspaper 

 

1. The shapes most appropriate for interacting with this application are: (List them in the 
order of appropriateness. You must mention at least one shape) 

a. _______________ 

b. _______________ 

c. _______________ 

 

2. The most preferred shape for this application would improve its functionality for me. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

3. The most preferred shape for: 

a. Browsing through news sections: 

b. Reading an article: 

c. Searching for specific news: 

d. Viewing related articles and other related content for an article: 

e. Sharing a news article: 

______________________________________________________________________________ 

Application: Video Conferencing 

 

1. The shapes most appropriate for interacting with this application are: (List them in the 
order of appropriateness. You must mention at least one shape) 

a. _______________ 

b. _______________ 

c. _______________ 

 

2. The most preferred shape for this application would improve its functionality for me. 
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(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

3. The most preferred shape for: 

a. Viewing available contacts: 

b. Placing a video call: 

c. Placing an audio call: 

d. Having a conference call: 

e. Viewing call history: 

______________________________________________________________________________ 

Application: Photo Browser 

 

1. The shapes most appropriate for interacting with this application are: (List them in the 
order of appropriateness. You must mention at least one shape) 

a. _______________ 

b. _______________ 

c. _______________ 

 

2. The most preferred shape for this application would improve its functionality for me. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

3. The most preferred shape for: 

a. Browsing through Photo Albums 

b. Viewing a single photo 
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c. Editing / touching up a photo 

d. Rearranging photos into different albums 

e. Sharing a photo 

______________________________________________________________________________ 

Application: Browser 

 

1. The shapes most appropriate for interacting with this application are: (List them in the 
order of appropriateness. You must mention at least one shape) 

a. _______________ 

b. _______________ 

c. _______________ 

 

2. The most preferred shape for this application would improve its functionality for me. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

3. The most preferred shape for: 

a. Browsing online (scrolling, hyperlinks): 

b. Browsing through history (back, forward, history): 

c. Bookmarking and sharing content/hyperlinks: 

d. Searching for content online (google, website search): 

e. Browsing in private mode: 

______________________________________________________________________________ 

Final Questions 

1. Molding the device into different shapes was difficult: 

(   ) strongly agree 

(   ) agree 

(   ) neutral 
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(   ) disagree 

(   ) strongly disagree 

 

2. The device held it's shape properly: 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

3. I would like to use Modables as an alternative to my laptop / tablet: 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

4. Moldables would be useful for: 

 

 

5. Other observations / suggestions: 
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Experiment # 2: Evaluating User Preferences 

1. While holding the device in portrait mode, fold the top down towards you by one quarter. 

Hold the shape you have made in landscape mode. 

In region 1:  

This is where I would put the context. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

This is where I would put the focus item. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

This is where I would put the menu. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

This is where I would put the toolbar. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

In region 2:  

This is where I would put the context. 
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(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

This is where I would put the focus item. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

This is where I would put the menu. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

This is where I would put the toolbar. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

Hold the shape you have made in portrait mode. 

In region 1:  

This is where I would put the context. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 
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This is where I would put the focus item. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

This is where I would put the menu. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

This is where I would put the toolbar. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

In region 2:  

This is where I would put the context. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

This is where I would put the focus item. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 
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This is where I would put the menu. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

This is where I would put the toolbar. 

(   ) strongly agree 

(   ) agree 

(   ) neutral 

(   ) disagree 

(   ) strongly disagree 

 

 

 

2. While holding the device in landscape mode, fold the two sides inward like a book.  

Hold the shape you have made in landscape mode. (etc….) 

 

3. While holding the device in portrait mode, fold the bottom one quarter towards you. 

Hold the shape you have made in landscape mode. (etc….) 

 

4. While holding the device in landscape mode, gently fold both sides in to make a smooth 
curve.  

Hold the shape you have made in landscape mode. (etc….) 

 

5. While holding the device in landscape mode, keep the middle flat and fold the two edges 
in towards you. 

Hold the shape you have made in landscape mode. (etc….) 

 

6. While holding the device in landscape mode, fold the left side (1/4) back away from you.  

Hold the shape you have made in landscape mode. (etc….) 
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7. While holding the device in landscape mode, fold the device in half, bending both sides 
away from you.  

Hold the shape you have made in landscape mode. (etc….) 

 

8. While holding the device in landscape mode, fold the right side (1/4) back away from you. 

Hold the shape you have made in landscape mode. (etc….) 

 

9. While holding the device in landscape mode, gently fold both sides back to make a 
smooth curve. 

Hold the shape you have made in landscape mode. (etc….) 

 

10. While holding the device in landscape mode, keep the middle flat and fold the two edges 
away from you. 

Hold the shape you have made in landscape mode. (etc….) 

 

11. While holding the device in portrait mode, fold both sides in like a book. 

Hold the shape you have made in landscape mode. (etc….) 

 

12. While holding the device in portrait mode, fold both sides away from you, in half. 

Hold the shape you have made in landscape mode. (etc….) 

 

13. While holding the device in portrait mode, gently fold the sides in to make a smooth 
curve. 

Hold the shape you have made in landscape mode. (etc….) 

 

14. While holding the device in portrait mode, gently fold the sides away from you to make 
a smooth curve. 

Hold the shape you have made in landscape mode. (etc….) 
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Appendix B 

Experiment #1 Visual Aids 

Application: Photo Browser 
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Application: Browser 
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Application: Email 
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Application: Map 
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Application: Document Editor 
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Application: Video Conference 
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Application: Audio Editor 
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Application: Newspaper 
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Appendix C 

Experiment # 2: Data Results
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Shape Orientation Region UI Element Likert Score from each participant: 1 (strongly disagree) - 5 (strongly agree) Mean Score 

    part01 part02 part03 part04 part05 part06 part07 part08 part09  

1 Landscape 1 context 1 3 2 2 4 4 4 2 5 3 
   focus item 1 3 3 1 2 1 3 1 1 1.777777778 
   menu 4 4 3 5 4 4 5 5 3 4.111111111 
   toolbar 4 4 3 5 5 5 1 4 4 3.888888889 
  2 context 5 3 5 4 3 2 5 5 2 3.777777778 
   focus item 5 4 3 5 5 5 5 5 1 4.222222222 
   menu 4 4 4 4 4 2 5 5 5 4.111111111 
   toolbar 4 4 5 1 1 3 5 3 1 3 
 Portrait 1 context 2 4 4 2 4 5 4 3 4 3.555555556 
   focus item 2 3 4 1 2 1 5 3 1 2.444444444 
   menu 4 4 4 5 5 4 4 5 5 4.444444444 
   toolbar 4 3 4 4 3 5 5 5 4 4.111111111 
  2 context 5 4 4 5 4 2 5 5 1 3.888888889 
   focus item 5 4 4 5 5 5 2 5 5 4.444444444 
   menu 4 4 4 3 2 3 1 4 4 3.222222222 
   toolbar 4 3 4 1 1 1 5 4 1 2.666666667 
2 Landscape 1 context 5 3 4 4 4 4 5 4 4 4.111111111 
   focus item 4 3 2 4 4 4 4 4 1 3.333333333 
   menu 4 3 2 4 4 4 3 5 3 3.555555556 
   toolbar 4 2 4 1 3 4 5 5 4 3.555555556 
  2 context 4 3 4 3 4 5 4 4 3 3.777777778 
   focus item 4 3 3 3 4 4 4 4 5 3.777777778 
   menu 1 2 4 1 1 2 4 4 1 2.222222222 
   toolbar 4 3 4 4 3 5 5 3 2 3.666666667 
 Portrait 1 context 5 3 5 4 3 2 5 4 1 3.555555556 
   focus item 3 3 4 5 5 5 4 4 5 4.222222222 
   menu 4 4 5 5 5 2 4 5 5 4.333333333 
   toolbar 5 3 5 1 2 2 5 4 2 3.222222222 
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  2 context 4 3 2 3 5 5 3 4 1 3.333333333 
   focus item 4 3 1 1 4 4 3 4 3 3 
   menu 1 2 3 1 1 5 2 4 4 2.555555556 
   toolbar 4 3 2 4 4 5 5 4 3 3.777777778 
3 Landscape 1 context 5 3 4 5 5 4 5 5 3 4.333333333 
   focus item 4 3 4 5 5 5 5 4 5 4.444444444 
   menu 5 4 5 4 5 5 3 5 5 4.555555556 
   toolbar 5 3 3 2 3 3 3 5 1 3.111111111 
  2 context 1 3 2 1 4 5 2 1 5 2.666666667 
   focus item 1 2 2 1 1 1 3 1 1 1.444444444 
   menu 1 3 3 3 2 4 2 4 2 2.666666667 
   toolbar 2 3 3 5 4 5 4 5 5 4 
 Portrait 1 context 5 3 5 5 3 2 4 5 1 3.666666667 
   focus item 4 4 5 5 5 5 5 5 5 4.777777778 
   menu 5 4 5 3 5 2 5 5 1 3.888888889 
   toolbar 5 3 4 1 2 2 5 4 1 3 
  2 context 2 3 1 1 4 5 4 1 5 2.888888889 
   focus item 2 2 1 1 2 2 4 1 1 1.777777778 
   menu 1 3 1 5 2 4 5 4 5 3.333333333 
   toolbar 1 3 1 5 5 5 5 5 5 3.888888889 
4 Landscape 1 context 4 3 2 4 5 4 4 3 3 3.555555556 
   focus item 3 3 4 1 3 1 2 2 1 2.222222222 
   menu 4 2 2 5 4 5 3 5 3 3.666666667 
   toolbar 4 3 5 2 3 4 4 3 3 3.444444444 
  2 context 5 3 5 4 3 1 3 4 4 3.555555556 
   focus item 5 3 4 4 4 5 4 4 5 4.222222222 
   menu 2 2 3 1 1 1 1 2 1 1.555555556 
   toolbar 5 2 4 1 2 1 5 3 1 2.666666667 
  3 context 3 3 4 4 4 5 5 2 4 3.777777778 
   focus item 4 2 1 2 3 1 2 1 1 1.888888889 
   menu 2 2 4 1 2 2 1 2 1 1.888888889 
   toolbar 2 3 2 5 4 5 5 2 5 3.666666667 
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 Portrait 1 context 4 3 4 4 4 4 4 3 1 3.444444444 
   focus item 4 4 4 4 4 1 5 3 1 3.333333333 
   menu 5 4 5 5 5 4 5 5 5 4.777777778 
   toolbar 5 3 5 1 3 2 5 4 1 3.222222222 
  2 context 5 3 5 4 4 3 5 5 3 4.111111111 
   focus item 5 3 5 4 5 5 4 5 5 4.555555556 
   menu 1 2 5 1 1 1 1 2 1 1.666666667 
   toolbar 4 2 5 1 1 1 5 4 1 2.666666667 
  3 context 3 3 1 2 5 5 5 3 4 3.444444444 
   focus item 3 3 1 1 3 1 4 3 1 2.222222222 
   menu 1 3 1 2 2 5 1 2 1 2 
   toolbar 4 4 2 5 4 5 4 4 4 4 
5 Landscape 1 context 1 3 3 2 4 5 3 1 3 2.777777778 
   focus item 1 2 1 1 2 3 2 1 1 1.555555556 
   menu 2 3 3 4 4 4 2 5 5 3.555555556 
   toolbar 4 3 4 2 5 4 5 4 5 4 
  2 context 5 3 4 4 4 2 5 5 1 3.666666667 
   focus item 5 4 5 5 5 5 4 5 5 4.777777778 
   menu 2 3 3 1 1 2 1 3 1 1.888888889 
   toolbar 4 2 5 1 1 3 5 3 1 2.777777778 
  3 context 2 4 2 1 4 5 4 2 5 3.222222222 
   focus item 2 3 1 1 2 1 5 1 1 1.888888889 
   menu 2 3 1 1 2 2 5 4 2 2.444444444 
   toolbar 2 3 2 5 4 4 3 3 4 3.333333333 
 Portrait 1 context 2 3 4 4 5 4 5 2 3 3.555555556 
   focus item 2 3 4 4 4 2 4 3 1 3 
   menu 4 4 1 4 5 4 4 5 5 4 
   toolbar 3 3 5 1 4 2 2 4 4 3.111111111 
  2 context 5 3 5 5 4 3 5 5 1 4 
   focus item 5 4 5 5 5 5 5 5 5 4.888888889 
   menu 2 2 5 1 2 1 3 3 3 2.444444444 
   toolbar 4 3 5 1 1 3 5 4 1 3 
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  3 context 2 3 1 2 4 5 1 3 3 2.666666667 
   focus item 2 2 1 1 3 1 1 2 1 1.555555556 
   menu 1 4 1 2 2 1 1 2 3 1.888888889 
   toolbar 2 3 2 5 5 5 2 4 4 3.555555556 
6 Landscape 1 context 1 3 1 1 4 5 4 1 5 2.777777778 
   focus item 1 3 1 1 2 1 1 1 1 1.333333333 
   menu 1 4 3 4 5 5 4 2 5 3.666666667 
   toolbar 2 3 1 4 5 4 2 4 5 3.333333333 
  2 context 5 4 5 5 4 1 5 5 3 4.111111111 
   focus item 5 4 5 5 5 5 5 5 5 4.888888889 
   menu 5 4 4 4 5 1 5 5 5 4.222222222 
   toolbar 5 3 5 1 2 1 5 2 1 2.777777778 
 Portrait 1 context 2 2 4 1 4 4 5 2 3 3 
   focus item 1 4 2 1 3 2 4 2 1 2.222222222 
   menu 4 4 5 5 5 4 4 4 1 4 
   toolbar 3 3 5 5 4 4 5 4 1 3.777777778 
  2 context 5 4 4 5 2 2 5 5 3 3.888888889 
   focus item 5 4 3 5 5 5 5 5 5 4.666666667 
   menu 3 3 3 1 2 5 4 4 5 3.333333333 
   toolbar 4 4 4 1 1 2 5 3 1 2.777777778 
7 Landscape 1 context 4 3 2 3 4 3 5 3 5 3.555555556 
   focus item 2 3 3 4 3 3 4 3 3 3.111111111 
   menu 4 3 1 4 5 4 3 4 3 3.444444444 
   toolbar 4 3 2 4 2 4 5 3 5 3.555555556 
  2 context 3 3 2 3 3 5 5 3 3 3.333333333 
   focus item 3 3 2 3 2 2 3 2 3 2.555555556 
   menu 1 2 4 3 1 1 1 2 3 2 
   toolbar 4 3 3 1 2 5 4 3 3 3.111111111 
 Portrait 1 context 4 3 5 5 3 2 5 4 1 3.555555556 
   focus item 3 4 5 5 4 5 5 4 5 4.444444444 
   menu 4 4 5 5 5 3 3 4 5 4.222222222 
   toolbar 5 3 5 2 3 2 5 3 1 3.222222222 
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  2 context 2 3 2 1 5 5 5 3 5 3.444444444 
   focus item 2 4 2 2 4 2 5 4 1 2.888888889 
   menu 1 2 2 4 1 5 2 3 3 2.555555556 
   toolbar 2 3 2 5 4 5 4 4 5 3.777777778 
8 Landscape 1 context 5 2 2 4 4 3 2 5 3 3.333333333 
   focus item 4 2 2 5 5 5 2 5 5 3.888888889 
   menu 5 4 4 4 5 3 4 5 5 4.333333333 
   toolbar 5 3 3 1 2 3 4 3 1 2.777777778 
  2 context 1 3 1 3 5 5 5 2 5 3.333333333 
   focus item 1 2 1 1 1 1 1 1 1 1.111111111 
   menu 1 3 2 3 2 2 1 5 3 2.444444444 
   toolbar 1 3 1 5 4 5 4 5 5 3.666666667 
 Portrait 1 context 5 3 5 4 4 4 5 5 1 4 
   focus item 4 3 4 5 5 5 3 5 5 4.333333333 
   menu 1 4 1 4 5 4 5 4 4 3.555555556 
   toolbar 5 3 4 1 1 4 4 3 1 2.888888889 
  2 context 1 3 1 3 4 5 2 3 5 3 
   focus item 1 3 1 1 1 3 2 1 1 1.555555556 
   menu 1 4 1 3 2 4 1 5 5 2.888888889 
   toolbar 1 3 1 5 5 4 1 4 5 3.222222222 
9 Landscape 1 context 2 3 2 2 3 4 3 2 4 2.777777778 
   focus item 2 3 2 2 2 1 3 1 1 1.888888889 
   menu 2 3 2 5 4 4 4 4 4 3.555555556 
   toolbar 4 3 2 4 3 4 3 3 3 3.222222222 
  2 context 5 3 5 1 3 2 3 5 4 3.444444444 
   focus item 5 3 4 4 4 1 5 4 5 3.888888889 
   menu 2 2 3 2 1 1 2 4 1 2 
   toolbar 4 2 5 1 1 2 5 2 3 2.777777778 
  3 context 2 2 2 4 4 5 5 2 4 3.333333333 
   focus item 2 2 2 3 3 1 5 2 1 2.333333333 
   m 2 2 3 2 1 5 1 4 1 2.333333333 
   toolbar 4 3 2 5 4 5 5 5 4 4.111111111 
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 Portrait 1 context 2 3 4 3 3 4 5 3 1 3.111111111 
   focus item 3 3 5 5 4 4 2 3 1 3.333333333 
   menu 5 4 5 4 5 4 5 3 4 4.333333333 
   toolbar 5 3 5 2 3 4 3 4 1 3.333333333 
  2 context 5 3 4 4 4 2 4 4 1 3.444444444 
   focus item 5 3 4 5 5 5 5 4 5 4.555555556 
   menu 2 2 5 1 1 1 1 3 1 1.888888889 
   toolbar 4 3 4 2 1 2 3 3 1 2.555555556 
  3 context 2 2 1 2 5 5 5 3 5 3.333333333 
   focus item 1 2 1 2 3 1 4 3 1 2 
   menu 2 3 1 3 1 5 1 4 1 2.333333333 
   toolbar 2 3 1 5 4 5 4 5 5 3.777777778 
10 Landscape 1 context 2 4 1 2 4 5 5 2 4 3.222222222 
   focus item 2 2 1 1 2 1 3 1 1 1.555555556 
   menu 4 2 2 5 4 5 2 4 3 3.444444444 
   toolbar 4 3 2 4 2 5 2 4 3 3.222222222 
  2 context 5 4 5 2 3 3 5 5 4 4 
   focus item 5 4 5 5 5 5 4 5 5 4.777777778 
   menu 2 3 3 1 2 1 1 4 1 2 
   toolbar 4 3 4 1 1 2 5 4 1 2.777777778 
  3 context 1 3 2 4 4 5 2 2 5 3.111111111 
   focus item 1 2 1 1 1 1 4 1 1 1.444444444 
   menu 2 4 1 1 2 2 1 2 3 2 
   toolbar 1 4 2 2 5 5 5 3 4 3.444444444 
 Portrait 1 context 2 3 4 4 4 4 1 2 3 3 
   focus item 2 2 3 2 3 1 4 1 1 2.111111111 
   menu 4 4 5 4 5 5 4 3 3 4.111111111 
   toolbar 4 2 3 2 4 4 5 4 1 3.222222222 
  2 context 5 3 5 2 4 2 4 5 4 3.777777778 
   focus item 5 3 5 5 5 5 5 5 5 4.777777778 
   menu 2 3 5 1 2 1 5 4 5 3.111111111 
   toolbar 4 3 5 1 1 2 5 4 1 2.888888889 
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  3 context 2 3 1 5 4 5 4 3 5 3.555555556 
   focus item 2 4 1 1 2 1 4 2 1 2 
   menu 1 4 1 1 2 4 1 4 4 2.444444444 
   toolbar 2 4 1 4 5 5 4 5 5 3.888888889 
11 Landscape 1 context 4 4 3 4 5 5 3 4 5 4.111111111 
   focus item 4 4 4 2 3 4 4 3 1 3.222222222 
   menu 1 4 4 1 1 5 1 4 5 2.888888889 
   toolbar 4 4 3 5 5 5 5 4 5 4.444444444 
  2 context 4 4 4 2 4 3 4 4 2 3.444444444 
   focus item 3 4 4 5 5 5 3 4 5 4.222222222 
   menu 5 4 4 4 5 3 5 5 4 4.333333333 
   toolbar 4 4 4 1 2 3 4 4 2 3.111111111 
 Portrait 1 context 3 3 2 3 5 4 3 3 3 3.222222222 
   focus item 2 3 4 3 3 5 3 3 3 3.222222222 
   menu 4 4 4 5 4 4 2 5 3 3.888888889 
   toolbar 4 3 3 1 2 4 4 4 3 3.111111111 
  2 context 4 3 2 3 4 5 4 4 3 3.555555556 
   focus item 4 3 3 3 4 4 4 3 4 3.555555556 
   menu 1 3 4 1 1 2 1 4 1 2 
   toolbar 3 3 2 4 3 5 3 4 2 3.222222222 
12 Landscape 1 context 2 3 1 2 5 4 5 4 4 3.333333333 
   focus item 2 2 2 2 4 5 4 4 1 2.888888889 
   menu 2 2 5 4 1 5 5 4 4 3.555555556 
   toolbar 3 2 5 4 4 4 4 4 4 3.777777778 
  2 context 3 3 4 5 4 4 5 3 3 3.777777778 
   focus item 4 4 3 5 5 4 4 3 5 4.111111111 
   menu 2 4 4 3 5 4 5 4 3 3.777777778 
   toolbar 4 3 3 2 2 5 5 3 1 3.111111111 
 Portrait 1 context 4 3 2 3 4 4 1 3 5 3.222222222 
   focus item 3 3 1 4 4 3 3 3 1 2.777777778 
   menu 4 2 5 5 4 4 4 4 5 4.111111111 
   toolbar 5 2 2 2 3 4 2 4 1 2.777777778 
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  2 context 2 3 4 3 3 5 4 3 3 3.333333333 
   focus item 3 3 4 3 4 3 1 3 3 3 
   menu 1 2 1 1 1 5 2 2 4 2.111111111 
   toolbar 2 3 4 5 2 5 4 2 3 3.333333333 
13 Landscape 1 context 4 3 2 2 5 5 4 4 4 3.666666667 
   focus item 4 2 2 1 2 1 3 3 4 2.444444444 
   menu 2 3 4 5 2 2 2 4 1 2.777777778 
   toolbar 4 3 2 5 5 5 2 4 1 3.444444444 
  2 context 3 3 2 4 3 2 3 4 2 2.888888889 
   focus item 3 3 5 4 5 5 4 3 5 4.111111111 
   menu 4 2 5 2 1 4 1 4 1 2.666666667 
   toolbar 5 2 4 1 1 2 5 4 1 2.777777778 
  3 context 2 3 5 4 4 4 5 4 2 3.666666667 
   focus item 4 4 5 4 4 1 2 3 3 3.333333333 
   menu 5 4 5 4 5 5 5 5 5 4.777777778 
   toolbar 4 3 5 1 3 4 5 5 5 3.888888889 
 Portrait 1 context 2 3 1 1 5 4 1 3 4 2.666666667 
   focus item 2 3 1 3 3 1 1 2 1 1.888888889 
   menu 4 3 4 4 4 4 4 5 4 4 
   toolbar 4 3 4 1 4 4 5 4 2 3.444444444 
  2 context 4 3 2 3 2 2 5 4 1 2.888888889 
   focus item 4 3 4 4 5 5 2 3 5 3.888888889 
   menu 1 2 3 1 1 2 3 4 1 2 
   toolbar 3 2 4 1 1 2 5 5 1 2.666666667 
  3 context 3 2 3 4 4 5 5 3 2 3.444444444 
   focus item 2 2 2 4 3 1 3 3 1 2.333333333 
   menu 1 3 4 1 2 5 1 4 1 2.444444444 
   toolbar 2 3 2 5 4 5 5 4 4 3.777777778 
14 Landscape 1 context 2 3 4 3 5 2 2 2 3 2.888888889 
   focus item 1 2 2 1 1 2 2 2 1 1.555555556 
   menu 2 4 2 5 2 2 1 3 1 2.444444444 
   toolbar 4 3 1 5 5 2 3 3 3 3.222222222 
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  2 context 5 3 4 4 4 4 1 4 1 3.333333333 
   focus item 5 3 5 4 5 5 1 4 5 4.111111111 
   menu 4 2 4 1 1 4 4 3 1 2.666666667 
   toolbar 5 2 4 1 1 4 3 3 1 2.666666667 
  3 context 4 4 2 4 4 5 3 3 3 3.555555556 
   focus item 2 3 1 4 4 2 4 3 4 3 
   menu 4 4 2 4 5 4 5 5 5 4.222222222 
   toolbar 5 4 2 1 4 5 3 4 3 3.444444444 
 Portrait 1 context 4 4 1 3 4 4 1 2 5 3.111111111 
   focus item 3 3 2 2 1 1 1 3 1 1.888888889 
   menu 2 4 3 4 4 4 2 5 5 3.666666667 
   toolbar 4 4 2 2 3 4 2 3 5 3.222222222 
  2 context 4 4 5 4 3 2 3 3 1 3.222222222 
   focus item 4 3 5 5 4 5 2 4 5 4.111111111 
   menu 2 3 3 1 1 1 1 1 1 1.555555556 
   toolbar 4 3 5 1 1 2 1 1 1 2.111111111 
  3 context 2 3 3 4 3 5 2 2 3 3 
   focus item 2 3 2 3 2 1 3 1 3 2.222222222 
   menu 2 2 4 1 2 5 1 2 1 2.222222222 
   toolbar 2 4 3 2 2 5 4 3 3 3.111111111 
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