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Abstract 

With the emergence of flexible display technologies, graphical user interfaces will no 

longer be limited to flat surfaces. As such, it will become necessary for interface 

designers to move beyond flat display designs, contextualizing interaction in an object’s 

physical shape. Grounded in early explorations of Organic User Interfaces (OUIs), this 

thesis examines the evolving relationship between industrial and interaction design and 

argues that not only what, but how we design is changing. To understand how to better 

design OUIs, we report on an empirical study of pointing behavior that shows how Fitts’ 

law can model movement time on an extremely convex surface. We also show that touch 

sensing technology can be repurposed for the OUI design process by making it possible 

to tape, draw, or paint touch sensing directly on a physical prototype. We then discuss 

how supporting sketching, a fundamental activity of many design fields, is increasingly 

critical for the interactive three-dimensional forms in OUI and that a 

‘hypercontextualized’ approach to their design can reduce the drawbacks met when 

everyday objects become interactive. Finally, we discuss that when interactive hardware 

is seamlessly melded into an object’s shape, the ‘computer’ disappears. When designing 

OUIs, it is better seen as a basic material, like the clay, foam core, or plastics used by an 

industrial designer, and one that happens to have interactive potential. 
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Chapter 1 

Introduction 

This chapter is in part based on [45] 
 

All of the devices we presently interact with—from mobile devices, to tablets, to desktop 

computers—use a flat display. The current methodologies of user interface design, like 

the characters in Abbot’s Flatland [1], are tailored for and limited to this flat surface.   

Arguably, the art of user interface design is on the cusp of a change, one that will 

require designers of next generation devices to think about the effect of shape on 

interaction design [43, 45, 73,98]. In the near future, it will be feasible to thermoform 

polymer-based displays and fit them around everyday objects and complex shapes [43]. 

The morning newspaper, credit cards, light switches, or even tape measures could 

maintain their original identity, yet might be augmented with a seamless and interactive 

high-resolution display skin that blends their digital and analog identity. The introduction 

of organic shape in interaction design is a change that entails non-planar, deformable, and 

even actuated form factors in computer interfaces [27,62,76]. We refer to this new 

category of devices as Organic User Interfaces (OUIs) [43]. Unlike flat interfaces, OUIs 

use thin-film flexible displays to enable new computing devices that have three-

dimensional interactive form. 

This thesis describes the impact that OUIs will have on user interface design and 

it hypothesizes we must update how input technologies are used early in the design 

process so as to suit complex surface geometries.  The key research questions presented 
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here stem from having designed, built1, and observed2 a broad set of shaped-devices with 

both simulated and real flexible displays. These devices range from a dynamic pop-can 

[3] to a paper window [40] and, more recently, a paper phone [57] and paper tab [94] (see 

Figures 1-4). The design of an OUI concept inevitably hinges on constructing a fully 

functioning prototype, an activity that tediously repurposes flat sensors. When no better 

options are available, inventing a novel input technique for curved or deformable surfaces 

is required. The labor involved in either is detrimental to rapid ideation and exploration, 

as the engineering effort required restricts an exploratory stage that should be quick, 

iterative, and expansive [9].  In the worst case, design possibilities are avoided altogether; 

the input technologies that would enable their exploration are too time consuming to 

procure or unrealistic to engineer. 

Although OUIs are actively researched [73], there is no work that reports on how 

the input technologies used by an OUI designer should be adapted to better support this 

challenge of building, ideating, and rapidly exploring design. This dissertation argues that 

the input technology that designers use when building OUI prototypes originate from flat 

interface design and must be updated to better suit surfaces with complex geometries.  

                                                

1 The themes in this thesis also originate from the different embodiments of the pressure sensing apparatus 
in Unifone [39], a mobile device that uses auxiliary finger input in one-handed mobile interaction. In its 
 
2 I directly researched PaperWindows [40] and the OUI design principles [40]. My colleagues at the Human 
Media Lab have advanced this research space via DisplayObjects [3], Snaplet [93], DisplayStacks [26], 
PaperPhone [55], PaperTab  [94], MorePhone [27], TeleHuman [55], FlexCam [15] and other works. The 
many conversations and observations of their experiences building OUIs have influenced my interest in 
understanding how to better design shaped interfaces.	  
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Figure 1. PaperWindows [40] explores a set of 
interaction techniques for digital paper 
interfaces using a projected windowing system.  

	  

 

Figure 2. The Dynacan [3] is a pop-can computer 
that embodies a cylindrical interactive display and 
foreshadows an application of flexible displays in 
mass consumerism.  

	  

 

Figure 3. PaperPhone [57] is an interactive 
flexible paper computer that uses bending as a 
way of navigating a mobile device.  

 
 

Figure 4. PaperTab [94] is an electronic paper 
computer with multiple flexible electrophoretic 
displays.   

 

Input technology and its use as an early design material go hand and hand 

within the design process. Put another way, the properties and characteristics of a design 

material will inevitably influence the design process in which it is situated. We argue that 

understanding how to better craft input materials, materials that would make it easier to 

rapidly explore a shaped device concept, will reveal the unique challenges of the OUI 

design process itself. In this context, this thesis demonstrates how to adapt touch 
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technology, an important input modality for next generation devices [105], to be more 

effective for the design of OUIs. We demonstrate that the problems encountered when 

designing OUI prototypes for 2D and 3D surfaces can be alleviated by making input 

technologies have a low input fidelity and a high material expressivity (elaborated on in 

Chapter 3). This approach makes touch input and interaction more like the wood, plastics, 

clay, or other design materials used by an industrial designer, yet one with an interactive 

potential.  

1.1 Motivation 

The design implications of OUIs discusses a merger of industrial and interaction designs 

in a new design field [46]. With the arrival of sensing touch on three-dimensional 

surfaces [8, 32, 77,106] and the advancement of flexible display technologies [37,70], a 

new category of non-planar interfaces has emerged. Snaplet is an early example of a 

paper-like computer that can change its flat shape to contour to the curve of a user’s arm 

when worn [93] (see Figure 5). The design of Snaplet and other non-planar interfaces 

present new usability challenges to designers as they explore the nuances that shapes 

  

Figure 5. Snaplet is a wearable armband device that unwraps to flat for drawing. This fluidity in form 
mirrors a change in a user’s task, one not typically encountered when using a glass-based flat display.  
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pose to interaction. For example, the off the shelf pressure sensors placed behind each of 

Snaplet’s armband icons require extra exertion from a finger. When touched, a pressure 

sensor will deform into a user’s arm and its individual layers do not compress as much as 

they would on a firm surface. A person must be instructed to press harder, making the 

device less usable. 

Accordingly, this thesis summarizes previous explorations in this new space of 

non-planar interface design and focuses on the challenges met when introducing ‘shape’ 

into interaction design. Flexible displays, and the physical expressiveness they afford, 

point to a higher dimensionality in an interface’s design, one where, similar to an 

industrial design, shape has a critical role. The interaction designer trained for a 

traditional—meaning flat—software design may not be appropriately equipped for this 

new design context. An interactive form needs to be designed (or sculpted even) with an 

awareness of three-dimensional form and its interplay with a material. As web design was 

gradually taken over by trained graphics designers, in a similar trend, this thesis argues 

that industrial designers will be the first to pragmatically encounter and reflect on 

everyday objects that have interactive behaviors. A new area of design will arise, one that 

represents the union of industrial and interactive design via non-planar display surfaces.  

We argue that to better support this new type of design, we should adopt 

sketching, a design activity common to most other fields of design [9]. Doing so would 

mean that building and exploring interactive designs should be as seamless as working 

with other common design materials. In Sketching User Experiences, Buxton [9] argues 

that the activity of sketching—in itself—is not about the material form it embodies, such 
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as an architect’s pencil drawing or an automotive designer’s clay sculpture, but more of 

an abstract activity that impacts design thinking and learning. Beyond Wizard of Oz or 

Smoke and Mirror techniques [9] there are few example systems that adequately support 

sketching an interactive concept, or even ones that scale to the complexities posed when 

considering shape and interaction in an organic design. 

Given this transition beyond flat design, the motivation of this thesis is to answer 

the following questions: 

1. Is a novel and more carefully adapted input technology needed for OUI 

interfaces? 

2. Does a non-flat input task have a measurable difference in task performance 
compared to an identical task performed on a flat surface? 
 

3. What impact will OUIs have on current practices for user interface design? 

4. How will we need to update the design process, our methods, and our 
technologies to better support the design of three-dimensional interactive form 
(i.e. OUIs)? 

1.2 Problem Statement 

Thesis Statement: When compared to flat interface design, Organic User Interfaces 
require input technologies, design materials, and a methodology that is better suited for 
shaped display interface design.  
 
Problem 1: There is little to no empirical evidence that interacting on a curved display 

surface is measurably different from flat, particularly with respect to the speed/accuracy 

tradeoff of Fitts’ law  (a critical measurement to assess novel input devices) [19].  
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Solution: Evaluate a Fitts’ law pointing task on a flat and curved surface using a flexible 

display. 

Problem 2: Current hardware prototyping solutions are designed for flat display 

interaction. Solution: Update current solutions to be more expressive, like the materials 

used by an industrial designer.  

Problem 3: There is no theoretical framework or methodology to guide OUI design. 

Solution: Frame OUI as the union of interaction design and industrial design (theoretical 

framework) and sketching as a critical activity within this union (methodology). 

Sketching is an important activity used frequently in design fields [9], like architecture or 

graphic design; it informs a design in the very early stages, allows rapid iteration, and 

could mitigate the complexities of mixing interaction and shape.  

 

In general, we argue that in the process of designing better OUI materials, their unique 

properties—ones different from flat sensors—will elicit the requirements needed to 

comprehend an OUI-focused design process and methodology. For example, Tactiletape 

is a tape-like input material designed for sensing touch input on curved surfaces [42]. 

Unlike flat touch sensors, it curves and can be cut exactly to fit a prototype. As it turns 

out, this ability to decide the length of a sensor on the fly is critical for OUI design, as its 

variable length enables interactive sketching [9].  
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1.3 Terminology and Definitions 

Before proceeding, we define the following terms that will be used frequently throughout 

this thesis: 

Input technology: a single input modality that typically includes touch, pressure, 

deformation, acoustic, or optical.  

Input material: an input modality used in the early design process. Often of a low input 

resolution yet a high material expressiveness: input materials can be sized, cut, 

composited, and are easily tailored to a complex surface geometry. Used when sketching 

interactions or for early prototyping.   

Display material: a display technology intended for use in the early design process. 

Typically composed of an electrophoretic display, as it can be cut and sized. 

OUI design material: the composition of input material, display material, and software 

infrastructure used early in the design process for sketching and prototyping.  

Complex Surface Geometry: given a Gaussian curvature K where K= k1k2 with k1 and 

k2 being the principle curvatures, a surface with at least one non-zero k1 or k2 at a point 

on its surface. This includes developable interfaces (i.e. a cylinder) or non-developable 

interfaces (i.e. a saddle).  

Shape or Shaped Interface: an instance of an OUI: an interactive device with a display 

and input on a complex geometry that is rigid, deformable, or a combination of both.  

Flat or Flat Interface: a rigid rectangular interface with zero principle curvatures at all 

points on its surface (i.e. a plane with a fixed extent).   



 9 

Shaped Interface Design: the aggregation of a theoretical framework, methodology, and 

design materials purposed for OUI design. 

1.4 Contributions 

This thesis makes four contributions that advance the understanding of OUIs and their 

implications for the current practices of user interface design: 

Contribution 1.  Interacting with an OUI is measurably different from a flat interface. 

This thesis presents an empirical evaluation of a pointing task on both a flat and a convex 

surface; the results indicate that pointing at a target on a convex surface has a measurably 

lower performance. It shows that Fitts’ law [19] is applicable on an extreme convexity 

without updating its model to include a curvature parameter. This result was previously 

unknown and offers a starting point to begin evaluating surfaces with more complex 

surface geometries.  

Contribution 2 A theoretical framework for the design of OUIs, one rooted in the 

crafting of novel input materials.  

First, the thesis will discuss the impact that the shift to shape-based OUI interaction will 

have on current interface design methodology and what can be expropriated from 

industrial design. Second, the thesis will discuss how supporting sketching [9], a 

fundamental activity of any design field, is critical to designing OUIs (We will present 

SketchSpace [45], a system we designed and implemented to support interactive 

sketching). Third, the thesis will discuss how hardware prototyping materials must be 

updated to have a much higher material expressiveness. This discussion is elaborated  
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through three OUI input materials—Tactiletape [42], Tactilepaint, and Resigraphs—that 

we have engineered specifically for OUI design. 

Contribution 3 Using a depth-sensing camera, it is possible to virtualize input sensors 

by tracking an object’s surface features and geometry. 

This thesis shows how depth-sensing data can be used to track an object’s 3D shape. 

Doing so removes the need for physical hardware sensors and makes it possible to report 

changes in a passive object’s states, including grasp, touch, position, proximity, and 

deformation.  

Contribution 4 OUIs have broad implications for next generation design and lead to a 

new category of objects called ‘everyday computational things’.  

This thesis details the broad implications of OUIs for interface design and what it means 

when any object can be covered with a thin-film interactive display skin. It discusses why 

a hypercontextualized approach to interface design can reduce the drawbacks met when 

everyday objects become interactive [46]. It does so by considering the maturation of 

hardware technology to that of an interactive material; when interactive hardware is 

seamlessly melded into an object’s shape, the ‘computer’ disappears and is better seen as 

a basic design material that, incidentally, happens to have interactive behavior. 

1.5 Organization 

Chapter two begins with a discussion of OUIs, their relation to other HCI paradigms, and 

a discussion of related work and existing design materials that can be used for OUI. 
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Chapter three empirically evaluates a pointing task on a 2D convex surface and discusses 

the challenges met when sensing touch on this surface.  

Chapter four reports on OUI design materials that are more suitable for 3D geometries. 

Chapter five reports on the design and implementation of Sketchspace, a system that 

introduces the use of virtual sensors in early design. 

Chapter six presents a discussion of the meaning of shaped-design: with appropriate 

design materials, how should OUIs be designed or with what methodology. It concludes 

with discussion and opportunities for future research.  
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Chapter 2 

Literature Review 

This chapter is in part based on [43] 

2.1 Organic User Interfaces: Designing Computers in Any, Shape, or Form 

Advancements in flexible input technologies, like Rekimoto’s capacitive SmartSkin [77], 

now allow for any surface to sense two-handed, multifinger touch. Han’s computer vision 

multi-touch displays changed the way designers think about the connection between input 

and output [32]. Grossman took input into a different dimension altogether [29]. His use 

of ShapeTape, optical fibers that sense bending, eased three-dimensional drawing through 

direct representation of shape. Something is different about input today, with Nike 

marketing shoes with accelerometers that sense the pace for iPod beats [68]. And in 2007, 

Lite-On designers won the red dot award for their concept jelly input blobjects that can 

be moulded to fit the hand (see Figure 6). 

 

Figure 6. Concept moldable mouse with jelly anatomy [63]. 
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The development of electrophoretic ink at MIT, now a Massachusetts-based 

company named E Ink, allows displays that behave much like printed paper. These 

displays reflect light directly from their environment, and as such are much more energy 

efficient than LCDs. Electrophoretic displays allowed companies such as Philips to start 

pondering the design of flexible polymer display substrates. In 2005, the Philips spin-off 

Polymer Vision has demonstrated Readius: the first smartphone with a foldable 

electrophoretic display. Much like a paper scroll, its display can be rolled up into the 

body of the phone. In 2011, The Human Media Lab demonstrated the use of bend 

gestures for common computing interactions on a smart-phone inspired electrophoretic 

display [57]. In 2013, Samsung unveiled their first flexible concept device; a mobile that 

houses a FOLED display.  

The most remarkable development, however, is that of shape changing materials 

inspired by organic compounds found in plant and animal life. Materials such as shape 

memory alloys, which mimic the behavior of muscles, are used by artists to create 

interactive exhibits that are responsive to environmental stimuli [89]. Smaller actuators 

mean computing devices can now be built that adjust their shape according to some 

computational outcome, or depending on interactions with users. This will eventually 

result in displays that are not just volumetric, but that flexibly alter their 3D shape [20]. 

Together, the above three developments allow for a new category of computers 

that feature displays of almost any form: curved, spherical, flexible, actuated, or arbitrary. 

Electrophoretic displays will first find widespread use in e-books, mobile appliances and 

advertising. With cost coming down, a logical next step would be curved or flexible 
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display wearable devices or products like bottles, serial boxes, furniture, sportswear, and 

toys. How will users interact with such oddly shaped displays? What will their user 

interfaces look like? One thing is clear: they will look very different from the ones we use 

today. Rather than relying on planar GUIs, they will feature more organic user interfaces. 

2.2 Defining Organic User Interfaces 

Formally, OUIs are a new category of computers that feature displays of almost any 

form: curved, spherical, flexible, actuated, or arbitrary. Holman and Vertegaal [43] define 

them as a computer interface that uses a non-planar display as a primary means of 

output, as well as input. When flexible, OUIs have the ability to become the data on 

display through deformation, either via manipulation or actuation. This definition is 

elaborated in the three principles of OUI design below.  

(1) Input equals output 

In a GUI, input devices are distinct and separable from output devices: a mouse is not a 

display. However, this is typically not true for interactions with physical objects. Paper 

documents may be stacked, thrown about and folded with a kind of physical immersion 

that can only be dreamed of in GUI windows. This immersion can only be achieved 

through a complete synergy between multi-finger, two-handed manipulations on the one 

hand, and corresponding visual, haptic and auditory representations on the other. 

Displays sense their own shape as input, as well as all other forces acting upon them. In 

an OUI, such input is not distinguishable from its graphic output: users literally touch and 

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

folded into the shape that best supports data interpretation. Bits and pieces of such 
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behavior are already found in Apple’s still rigid iPhone display: its multitouch screen  

senses the deceleration of the finger, which provides an impulse to the physics engine to 

scroll the menu as if it was flicked. 

(2) Function Equals Form 

According to Frank Lloyd Wright’s mentor, Sullivan, the shape of a building or object 

should be predicated on its intended function, not its precedent: “form follows function” 

[90]. Bauhaus popularized his credo by abolishing embellishments in everyday design. 

Wright thought this was a mistake: according to him, form should not follow function: 

“they should be one, joined in a spiritual union”. This notion resonates with Gibson’s 

ecological approach to visual perception, embodied in the concept of affordance: the 

qualities of an object that allow a person to perceive what action to take. That is, the form 

of an object determines what we can do with it [25]. This describes well what OUIs excel 

at: the physical representation of activities. Picking up a display activates it for input. 

Rotating it changes view from landscape to portrait. Likewise, bending the top right 

corner of the display inwards may invoke a paging down action, while bending it 

outwards pages up. Bending both sides inwards causes content to zoom in, while bending 

outwards zooms out. An example of such behaviors is found in Parkes’ Senspectra, a 

molecular modeling toolkit [58]. When a user bends the molecular model, LEDs 

embedded in the nodes glow according to the amount of strain exerted upon the optical 

fibers that connect them. 
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(3) Form Follows Flow 

Today, more than ever, meaning is appropriated by context. Similarly, OUIs adapt their 

form to better suit different contexts of use. Their shape fluidly follows the flow of user 

activities in a manifold of physical and social contexts of reuse, as well. A simple 

example is found in the use of folding in clamshell cellphones. Opening the clamshell 

activates the phone, a very strong affordance indeed. Closing it ends a call, deactivating 

the keys, protecting the display and reducing its footprint, all in one go. A more profound 

example is found in the Readius [74]: its display folds out when needed, thus doubling 

the available screen real estate when the activity such requires. Like clothing, forms 

should always suit the activity. Clothing fits the body while closely following its 

movements, and can even be deformed to serve other functions, like holding objects, if 

necessary. Thus, if the activity changes, so should the form. This kind of adaptation is 

best exemplified by actuated OUIs like Lumen [72], a display that changes shape in 3D, 

or by SensOrg [96], an electronic musical instrument with a flexible arrangement of 

inputs that are molded to varying physical or creative demands. The Moldable Mouse in 

Figure 6 shows how malleability also reduces the risk of painful repetitive strain injuries. 

Its body – made of non-toxic polyurethane-coated modeling clay with stick-on buttons – 

allows input to literally follow the shape of the hands. 

2.3 Organic User Interfaces: Some Early Examples 

One of the first systems to exhibit OUI properties was the Illuminating Clay project [71]. 

Bridging the gap between Tangible User Interfaces and OUIs, it was the first interactive 

display made entirely out of clay. With their hands, users could deform the clay model, 
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the topography of which was tracked by an overhead laser scanner. The scan served as 

input to a 3D landscape visualization, which was then projected back onto the clay 

surface. Illuminating Clay illustrates the blurring between input and output device: users 

could, e.g., alter the flow of a river by molding valleys into the clay. Function is also 

triggered by form, which literally follows the flow of interactions. 

2.3.1 Gummi: Flexing Plastic Computers 

Another early envisionment of an OUI was Gummi [81]. Gummi was a pressure-sensitive 

PDA that simulated a flexible credit card displaying an interactive subway map. Bending 

the display would cause this subway map to zoom in or out, while a touch panel on the 

back would allow users to scroll. Again, function equals form: the shape of the display 

affords zooming, and the interplay between haptics and visuals reinforces this 

functionality. 

2.3.2 Paper Computers 

Books and paper also form powerful sources of inspiration for flexible computer design. 

Paper is particularly versatile as a medium of information. According to Sellen and 

Harper [82], users still prefer paper over current computer displays because it makes 

navigation more flexible. Paper input is direct, two-handed, and provides a rich 

synergetic set of haptic and visual cues. Paper supports easier transitions between 

activities by allowing users to pick up and organize multiple documents bimanually. 

Paper is also extremely malleable: it can be folded — a primary source of input when 

constructing models — or bent, most often applied in navigation. Paper can be randomly  



 18 

arranged, or in stacks, and can even contain other objects. With the development of 

flexible electrophoretic displays we can imagine that some day our computers will be 

indistinguishable from a sheet of paper . One of the questions we have been trying to 

answer is how will we interact with such flexible computers? 

Gallant et al. experimented with the use of Foldable Input Devices (FIDs) for GUI 

manipulations by tracking the shape of several cardboard sheets that featured 

retroreflective markings (see Figure 7) [24]. Behaving like real paper documents, 3D 

graphics windows follow the shape of associated FIDs. When FIDs are stacked, so are the 

window sheets in the GUI (Fig. 4a). Stacks of window sheets are sorted with a shake and 

browsed by leafing action (Fig 4b). Using a special FID, window sheets can even be 

 

Figure 7. Some possible interactive shapes for paper computers. a) Organizing window sheets in a 
stack. b) Leafing through window sheets. c) Folding window sheets into three-dimensional content. 
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folded into 3D models, further blurring the distinction between a window sheet and its 

content (Fig 4c). 

Inspired by Wellner’s DigitalDesk [104], PaperWindows was the first computer 

made entirely out of three-dimensional sheets of paper. It simulated a flexible, high 

resolution, full-color, and wireless e-ink display of the future. Paper window documents 

are regular sheets of paper, augmented with 8 retroreflective markers. These markers 

allow a Vicon to capture the motion and interactive shape of the paper, which is modeled 

as a NURBS surface textured with the real-time content of an application window. When 

projected back onto the paper, the 3D models correct any projection skew caused by 

paper folds, giving the illusion that the paper is, in fact, an interactive print. We 

experimented with a web browser of which most functions were accessible through 

changing the shape of the paper – the primary display of the computer. Bending the sheet 

around its horizontal axis would cause the web browser to page down or up. Bending the 

document back around its vertical axis would cause the web browser to go back or 

forward in its browsing history. Fingers were also tracked: a link was clicked by touching 

it. A paper window was activated by picking it up. Information could be copied from one 

document to the next by rubbing two windows onto each other. Documents could be 

enlarged through collation, and sorted by stacking. Such physical interaction techniques 

remove any distinction between input and output: in paper windows the shape, location, 

and orientation of the display are the primary form of input.  
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2.4 OUI within Human-Computer Interaction 

As Organic User Interfaces is an emerging research area, it is one that overlaps with the 

aspects of Tangible [50], Natural User Interface (NUI) design [105], and even Ubiquitous 

Computing [102]. It is important to understand where these boundaries are most 

pronounced.  

Most importantly, its foundation rests on the development of thin-film flexible 

displays, the ability to fashion them in non-planar shapes, and the potential to sense touch 

and render dynamic content at any point along the surface. Unlike ubiquitous 

computing’s vision of pad, tabs and boards scattered everywhere [102], OUIs assume no 

fixed form factor and instead sees the ability to have or alter shape as essential to their 

design. Although more recent ubiquitous computing examples use projection to place 

pixels on everyday objects, such as Dynacan [3] or Harrison’s shoulder mounted 

OmniTouch [33], OUI is firmly motivated by the use of actual flexible displays, one 

tightly coupled with the industrial design of an object. 

On the other hand, Tangible User Interfaces tend toward embodying digital 

information in shape and using it as a means for input [50]. Ping Pong Plus is certainly an 

early example of an interface with facets of OUI, though it lacked the ability to output 

dynamic content on the game’s ball, a rigid non-planar object central to the interaction 

[50]. Ishii’s subsequent Radical Atoms transforms this delineation of input and output by 

assuming a hypothetical generation of materials that alter shape and appearance 

dynamically [49, 61], a similar concept to OUI’s notion of actuation as form generation 

via programmable material (i.e. Claytronics) [43].  
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NUIs, on the other hand, are formed by an approach that focuses on designing an 

interactive experience that feels natural [105]. The experience of using such a system 

should match a user’s expectations, such that, with a minimal cognitive and physical 

effort, it is always clear how to proceed and complete common tasks [38]. One distinction 

is that while NUIs are gestural, the displays they use are still flat. Consequently, NUI is 

not focused on shape’s impact on interaction. Instead, it is more of a development process 

that leverages varied input devices, from the Microsoft Surface to the Kinect, to achieve 

its philosophical aim of a natural user experience. An organic interface could certainly act 

as a means to achieve a natural design and Benko et al.’s Sphere [8] is an example of 

NUI and OUI intersecting. However, an organic design—in and of itself—is more about 

the design of interactive three-dimensional form. 

2.5 OUI Design Space 

To place the transition from traditional to organic design in context, we discuss other 

examples of OUIs and existing systems for rapid prototyping of non-planar surfaces, 

including those that focus on sensing touch. For simplicity, we categorize each work as 

either rigid or deformable. 

2.5.1 Interaction with Deformable Organic 

PhotoelasticTouch [79] uses computer-vision techniques and the photoelastic properties 

of a transparent rubber to recognize deformation and shape. Vogt et al. present a puck-

size malleable input surface that uses computer vision to map the translations of a dot 

pattern and compute its surface geometry in three dimensions [101]. Cassinelli et al.’s 
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Khronos projector allows a user to spatially manipulate a video content on a projected 

deformable display [10]. Stevenson et al. present an inflatable hemispherical multi-touch 

display that varies between flat, concave and convex spherical form [88]. 

2.5.2 Interaction with Rigid Organics 

Rigid curved touch devices vary considerably in shape, size and sensing technology. 

Benko et al.’s Sphere affords users a large spherical display that diffuses illumination to 

track multi-touch gestures along its surface [8]. Lee et al. showed the use of the Wii to 

enable foldable interactive displays [60]. The UnMousePad implements a force-resistive 

technique to produce a thin flexible pad that senses multi-touch input, ideal for rigid 

OUIs [78]. Wimmer et al.’s use of time domain reflectometry to register multiple touch 

points as ‘faults’ in metallic tape, a material that allows multi-touch input on a rigid 

surface as well [107]. 

2.5.3 OUI Design Materials  

There are many systems for rapid prototyping that aim to minimize the labor involved in 

building functioning hardware devices, ones that are even effective for exploring aspects 

of non-planar surfaces (see Figures 8-13). Previous hardware prototype tools such as 

d.tools [34], VoodoIO [100], the Calder Toolkit [59], BOXES [48] augment physical 

prototypes with hardware sensors and provide high-level toolkits that abstract 

thetechnical complexity of hardware sensing for an interaction designer. This promotes 

ease of use and drastically simplifies the work needed to rapidly prototype hardware 

interfaces. It does not, however, minimize the physical challenge of seamlessly  
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Figure 8. d.tools is a prototyping kit that abstracts the use off-the-shelf sensors in a customized 
software interface designed for easily acquiring, mapping, and recording sensor data.  

 

Figure 9. VoodIO allows customized sensors to be connected anywhere on a sheeted material, one 
that can be wrapped around surface and both power and samples these hardware sensors. 

  

Figure 10. BOXES [48] using thumb tacks, foil, and masking tape, enhanced with a small electronic 
sensor board that makes each metal surface sense touch, an input that can be mapped to desktop 

applications on the fly.   
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integrating, affixing, and wiring sensors into a prototype and dealing with the 

complexities of working with an embedded hardware device.  

Although platforms like iStuff Mobile [6] address this problem using a single 

integrated sensor that senses acceleration, tilt and rotation, it does so by assuming a rigid 

mobile form factor. Generally, a designer is limited to the physical expressivity and 

sensing potential of the sensor supported on each platform. Stated another way, the OUIs 

we construct are limited by the expressiveness of the input materials that are used to 

 

Figure 11. Similar to d.tools, the Calder 
toolkit abstracts working with sensors 

albeit on non-planar forms 

 

Figure 12. iStuff mobile places a wireless multimodal 
sensor on the back of a mobile device, one that senses 
tilt, acceleration, and acquires key commands from 
the phone itself. This input is forward to a software 

framework that manages devices in a ubiquitous 
environment [6]. 

 

Figure 13. DisplayObjects uses styrofoam mockups, motion tracking, and projection to create 
interactive objects, like the Dynacan shown right.  
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explore an early prototype. For example, in place of a custom flexible circuit, it would be 

easy to attach a bend sensor to a piece of paper to explore bend interactions. However, to 

support an organic design, the same platform would also need to track the piece of paper 

and project meaningful feedback on the prototype. If a designer were to explore more 

complex bend gestures, the number of wires only increases.  

2.5.3.1 Computer Vision-based rapid prototyping for OUI 

Computer vision-based platforms, like DisplayObjects [3], are one way to address this 

inherent limitation of hardware toolkits. By relying on motion capture, a designer 

prototypes with foam mockups that are rendered with projected content. This minimizes 

the use of physical hardware sensors and requires only infrared tracking markers on the 

mockup. A designer, though, has to build a virtual model of the mockup and provide it to 

the motion-tracking engine in an initial calibration step. After this step, the designer is 

free to explore its design aesthetic by dragging projected content from a physical palette 

and manually placing it on the mockup. Although button presses are supported, complex 

input behaviors that express changes in a position or shape are not mapped to 

interactions. Although practical once properly setup, the upfront time to instrument and 

calibrate each mockup is prohibitive. 

2.5.3.2 Prototyping Touch on OUI 

Recently, touch solutions have emerged specifically for use in interactive sketching and 

prototyping on curved surfaces and automating the fabrication of touch sensors. 

Tactiletape [42] is a variable length resistive tape used to sense one-dimensional touch on 
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curved surfaces.  Wimmer and Baudisch’s time domain reflectometry (TDR) is a novel 

technology that affords sensing multi-touch points on copper tape by recognizing touches 

as the echoes of a pulsed signal, a technique used to recognize faults in undersea cables 

[107]. In both cases, covering a surface in these conductive tapes has practical time 

limitations, particularly during intense iterations when a surface must be repeatedly re-

instrumented. Also, adhering either Tactiletape or TDR’s copper tape to a deformable 

prototype can change its ability to deform. To allow greater customizability in touch 

sensor design, Midas offers a software and hardware toolkit that supports the design, 

fabrication, and programming of custom capacitive touch sensors for physical prototypes 

[80]. Designers specify the size and shape of touch points in a sensor editor and they 

choose from sets of buttons, discrete or continuous sliders, or a 2D pad. When 

prototyping, both the Midas software and the use of a CNC machine to mill copper sheets 

demonstrate how rapidly a designer can construct and interface a touch sensor. 

2.6 Empirical Evaluations of OUIs 

We review work that empirically evaluates a task on a deformable or rigid OUI interface. 

We conclude with a discussion of Fitts’ Law and its relation to pointing on a curved 

surface.  

2.6.1 Evaluation of Deformable Organics 

Empirically, Dijkstra et al. explore the effects of structural holds and flexible display 

rigidity on a direct input pointing and dragging tasks [16]. From this study, they introduce 
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concepts for grip, rigid and flexible zones, and conclude that the distribution of these 

zones affect the Fitt’s Law index of difficulty of touch pointing and dragging tasks. 

2.6.2 Evaluation of Rigid Organics 

Roudaut et al. evaluated curvature and single-touch target accuracy on spherical rigid 

surfaces [75]. Across nine levels of curvature, they placed multiple targets on protruding 

and intruding surfaces. Subjects drag their finger along a series of handcrafted spherical 

FTIR surfaces [32] until they reached a target. Their results indicate that convexity 

increases the pointing accuracy and that concavity produces larger errors offsets between 

the target and finger and that when acquiring targets on a downward slope, participants 

hooked their finger posture. These results introduce two recommendations to designers. 

First, knowledge of how curvature and slope impact target accuracy suggests how to 

introduce corrective offsets in hardware device drivers. Secondly, placing targets, like 

buttons or other widgets, on points of extreme convex curvatures make them easier to 

target.  

Weiss et al. also evaluate dragging gestures on BendDesk [103] a multi-touch 

surface modeled on the curved desk in Sun’s Starfire video [91]. They found that 

dragging, when compared with dragging across the connecting curve, is faster and 

straighter on the flat surface. 

 Benko et al.’s sphere is a quintessential example of the challenges that may arise 

when moving from a flat to non-planar design surface [8]. Based on a qualitative user 

study, Benko et al. propose a number of design guidelines unique to large spherical 

surfaces. This includes how to best place content in relation to the user’s head position 
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and, more generally, that the variability of the spherical geometry leads to a set of 

interactions noticeably different from flat. 

2.7 Modeling pointing on OUIs 

Nearly all Fitts’ law related research focuses on understanding the effect of input devices 

on pointing and dragging on flat surfaces [7,21, 30, 109] (for an overview see [86] pp. 

778). However, Hennecke et al’s recent study of a pointing task on large surfaces found 

that Fitts’ law will predict movement time on an angularly coupled vertical and flat 

display [36]. Using both mouse and touch input, participants performed a pointing task 

across a display surface with a 105° bend in its middle.  Arguably, this angular form 

factor approximates a concave surface, but the results do not report on convex curvatures 

or extruded ones.    

In the next chapter, we model the pointing performance on the two curvature 

levels using the Shannon formulation of Fitts’ law [86]. The nominal index of difficulty 

(ID) is a function of target amplitude (A) and target width (W). Movement time (MT) can 

predicted be such that: 

𝑀𝑜𝑣𝑒𝑚𝑒𝑛𝑡  𝑇𝑖𝑚𝑒  (𝑀𝑇) = 𝑎 + 𝑏 ∙ 𝐼𝐷! ,𝑤ℎ𝑒𝑟𝑒  𝐼𝐷! = log!(
𝐴!
𝑊!

+ 1) 

where a and b are specific to a particular user and technique and are found using linear 

regression. The effective index of difficulty (IDe) is calculated using Crossman’s 

correction (elaborated on in [86]), which uses observed Euclidean amplitudes (Ae) on a 

flat surface in 2D and observed spread of endpoints (We) on this same 2D surface to 

normalize speed-accuracy tradeoffs such that “fast-but-sloppy” and “slow-and-careful” 
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subjects are comparable. Without this correction procedure, error trials cannot be 

tolerated and fast movements that happen to hit the target unduly inflate throughput. 
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Chapter 3 

Problems of Input on 2D Developable Surfaces 

 

 

Figure 14. The electrodes in Microsoft’s flexible capacitive sensor are embedded in a polymer foil, 
making it suitable to wrap around curved surfaces (left, image from [85]). The sensor’s extent is 
reduced and adhered such that it drapes an early multi-touch mouse prototype (middle, image from 
[99]). The Touch Mouse product (right, image from [66]). 

 

A key facet of this thesis’s hypothesis is that OUIs require design materials that are better 

matched for shaped interface design. Mouse 2.0 is one example of an input technology 

that wraps the electrodes of a capacitive sensor around the curved surface of a mouse 

[99]. This draping of a touch sensor on a surface is certainly robust for a shaped product; 

Microsoft shipped Touch Mouse, their first commercially available multi-touch mouse in 

2011 (see Figure 14, right) [66]. However, it is a technology that is difficult to use in the 

early design stage.  

A year before this product was released, we observed both industrial and 

interaction designers working at a Microsoft Hardware group3. We met with two 

designers as they worked through the design of novel computer input devices (e.g., mice, 

                                                

3 I interned at Microsoft Research in Redmond, WA in summer 2010.  
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remotes, or game controllers). First, we observed the lead industrial designer as he 

sculpted different form explorations for a novel controller from foam core and modeling 

clay. We also interviewed the designer responsible for the interaction techniques this 

controller would exhibit and discussed the current practice of designing interactions and 

showcasing them to stakeholders. 

Both designers confirmed that working with shaped devices and designing new 

types of input technology is increasingly important in their work. What was more 

revealing was that when asked what they would change about the way they design, the 

interaction designer stated: “design fails when a concept cannot be experienced or 

evaluated.” The designer elaborated that this failure was a direct result of not having the 

right input materials to explore a design, a limitation that unnecessarily removed or 

muted design options [9]. Even with a dedicated hardware designer, the lead-time 

required to design a custom PCB, electrode matrix, and fabricate a custom touch sensor 

would be one to three weeks. By the time a prototype was complete, a design’s identity 

and constraints had often changed.  

As a stand in, design ideas were explored using key presses while a team member 

acted out the physical gestures using a passive prop. This “cobbled together approach”—

as the industrial designer described it—is better seen as a choreographed performance 

that acts out a concept’s potential, ruling out a first hand experience of it, even during 

critical stakeholder meetings. Why then, with a functioning touch technology, did the 

designers revert to Wizard-of-Oz prototyping [9]? This prototyping technique is typically 

used to explore and inform futuristic design scenarios before the technology that enables 
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it actually exists. Another common prototyping technique is Smoke-and-Mirrors [9], an 

approach that uses off the shelf components that are applied to realize an interactive 

concept in a hands-on form. With input technology like the flexible touch sensor, why not 

skip both these prototyping techniques and build a functional prototype instead? 

The answer emerges in the transformation from Figure 14’s (left) unmodified sensor to 

its draped, non-planar form in Figure 14 (right). At a first glance, it looks trimmed and 

adhered to the mouse’s physical design. However, the mouse’s surface is slightly wider 

than this mouse prototype, and the connecting circuitry enters from another edge, and this 

change suggests that a custom sensor has been fabricated. If a source sensor with a large 

enough surface area were available in early design, it would be entirely possible to trim 

away the bottom rows in the electrode matrix and maintain the sensor’s integrity. 

However, a material constraint emerges. Because the mouse’s surface geometry tapers 

inwards and it is not uniformly cylindrical, it makes it difficult to wrap a trimmed touch 

sensor flush against the surface. If the sensor is even slightly raised off the mouse, its 

polymer foil will deform inwards and disrupt its hysteresis (see Figure 15). 

 

Figure 15. The left image demonstrates the sensor resolving a single touch point [85]. Its repeatability 
depends on a baseline measurement of the capacitive matrix, one that is contingent on the sensor 
shape as it drapes a surface. The right image shows a single touch (white) when the polymer foil 
deforms during deflection. The result is a measurement that does not align with the initial baseline, 
making it harder to distinguish a touch point (the blue labels indicate resolved touch points, yet only 
the white area is touched).   
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These two materials aspects—extent and deformation—render this touch technology 

unusable in early design. 

3.1 Input materials for early design 

This flexible capacitive sensor typifies the types of problems encountered in the early 

design of OUIs: a sensor’s material properties and input technique are intertwined such 

and changing one inevitably impacts the other. If the flexible capacitive sensor were able 

to deform during use, even with a minimal elasticity, it would have been possible to use it 

directly in an early prototype. Simply for the fact that it was raised a millimeter off the 

surface when wrapping a prototype, keyboard presses needed to be used in its place.  

 This flexible capacitive sensor is just one of the technologies that are suitable to 

sense touch, deformation, or other surface-force input modalities on complex geometries 

[8, 10, 32, 77, 78, 106, 107]. However, these technologies, like the flexible capacitive 

sensor, require a fabrication or enabling hardware process that inhibits rapid iteration. 

What properties might an input material have to avoid the lengthy lead times associated 

with customization? What if tailoring the application of an input material did not require 

machinery or lengthy fabrication? Doing so would mean that building and exploring an 

OUI concept could be as seamless as working with other common industrial design 

materials; imagine if a touch technology could be cut, trimmed, shaped, and, in general, 

tailored to a complex surface geometry.  
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3.2 From materials to surfaces 

 To understand the characteristics that customizable input materials should exhibit, it is 

necessary to classify the shapes and topologies that OUIs entail. Up until now, general 

terms such as “shape” and “geometry” have acted as placeholders to described interfaces 

like PaperTab [94], with its large sized flexible display and paper-like deformations, or 

Gummi [81], with its bendable interface.  

 To begin the classification of OUI shapes, we begin the mathematical definition 

of a developable surface. A surface is developable when it is a ruled surface and has a 

zero Gaussian curvature (K=0) at all points. This type of surfaces includes a plane, cone, 

cylinder, elliptic cone, and hyperbolic cylinder. To use a physical analogy, a developable 

surface can be defined through the bending of a planar surface without stretching, 

 

Figure 16. Cylindrical: a curve is extruded 
to form a surface with a uniform section.   

 

Figure 17. Conic: A curve extruded to a focal point 
causes a surface with a varying section.  

 

Figure 18. Polyconic. Joining cylindrical and 
conic developable surfaces creates a 
composite.  

 

Figure 19. Super-polyconic. The focal point in the 
polyconic is changed, resulting in a smoother surface 
that can no longer be subdivided into individual 
segments.  
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compressing, cutting, or wrinkling it (see Figure 17-20 from [14] for the most basic 

examples). These surfaces can only bend in one direction at a time; in the real world, 

developable surfaces allow three-dimensional objects, like ships, to be constructed from 

flat materials such as plywood or sheeted metal. Complex surfaces can be formed through 

focal point extrusion and by joining separate surfaces together along a flat edge. As the 

thin-film transistor (TFT) array that drive flexible displays are a sheeted material, 

developable surfaces are a suitable mathematical construct to begin describing OUIs.  

3.3 From Developable Surfaces to OUIs 

We narrow the classification of OUI shapes to cylindrical developable surfaces.  This is a 

pragmatic constraint, one imposed because the manufacturing chain needed to construct 

the source-gate TFT backplane, a critical component that drives the pixels of a flexible 

display, is limited to a sheeted surface (see Figure 20). As the two inner edges connected 

to the source and gate circuitry cannot be cut without rendering the display non-

functional, this leaves three possible contours: a rectangular strip, a semi-circular strip, 

and a triangular strip. As long as the two inward edges remain straight and connected to 

the source-gate circuitry, each of these contours can be made smaller or larger. This 

rectangular edge constraint makes it impossible to describe the contours necessary for 

conic developable surfaces, and as a corollary, rules out polyconic and super-polyconic 

surfaces.   
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Figure 20. A flexible electrophoretic display with a 10.7” diagonal (top). It is composed of a PET-
based TFT backplane and an electrophoretic front plane (thickness: 600 µm). The blue lines indicate 

potential cut patterns (bottom).  
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3.3.1 Curvatures in early consumer products 

Because TFTs cannot be manufactured to express conic developable surfaces—at least 

not yet4—it is likely that the first consumer products that use flexible displays will also 

be cylindrical. LG’s G Flex and Samsung Galaxy Round are early examples of consumer 

products that use a flexible display (see Figure 21 and Figure 23). The Samsung YOUM 

concept device showcases a rigid and cylindrical surface (see Figure 22).  At CES 2013, 

Samsung demonstrated a yet unnamed concept device that integrated a highly deformable 

FOLED. When described mathematically, like the other examples here, this concept 

device is a cylindrical developable surface.  

It is likely that other consumer products with cylindrical form factors will emerge: 

an armband that curves uniformly around the wrist and could be taken off, flattened, and 

pinned to a wall is but one example [93]. It is also likely that industrial and interaction 

designers, just like the ones in Microsoft’s Hardware group, will be the first to encounter 

the diverse interactions these curved form factors usher in.  

 

                                                

4	  There is no theoretical limit constraining the individual components of a TFT from being arranged to 
work on a polyconic or a non-developable surface. However, the manufacturing process needed to arrange 
them has not yet been commercialized. We argue that this is because we are in the early stages of the 
transition from flat to shaped consumer devices and that, like OUI design materials, the manufacturing 
process for flexible displays has not transitioned away from its origins in flat consumer manufacturing.	  
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3.4 Towards 2D input on Cylindrical Developable Surfaces 

As a starting point to inform (1) how users might interact on some of the first 

commercially available cylindrically shaped products and (2) the characteristics of input 

materials needed to better design interactions on these surfaces, we focus our 

investigation to the cylindrical developable surfaces that are achievable using current 

TFT manufacturing techniques. This investigation is captured in an empirical study that 

 

Figure 21. Available in Q4 2013, LG and its G Flex 
mobile device uses a FOLED display that is curved 
when at rest. Like a developable surface, the device 
can be flattened (shown on right).   

 

 

Figure 22. Samsung’s YOUM concept 
incorporates a rigid cylindrical developable 
display surface.  

 

 
Figure 23. The Samsung Round and its curved 
FOLED display. Its axis of curvature is orthogonal 
to the LG G Flex.  

 

 
Figure 24. Samsung’s flexible prototype 
concept. Unlike the other devices shown here, it 
uses a highly deformable FOLED display that 
deforms across its vertical and horizontal axis.    
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focuses on the design of a next generation computing device, one that examines a user’s 

movement time when selecting a target on a convex curved surface (see Figure 25 on the 

next page).  

Although non-planar touch technology extends to shapes that are cylindrical [42], 

spherical [8], arbitrary [106] and even deformable [107], there are very few investigations 

that present empirical evidence about each shape’s suitability and efficiency for target 

selection. Even for a simple cylindrical form, like first generation consumer devices in 

Figures 21-24, it is unknown whether Fitts’ law, a key model used in Human-

Computation Interaction to predict movement when pointing at a target [86], is applicable 

to target acquisition on a curve [8]. This is likely because access to flexible display 

technology is limited and requires industry partnership5. If it were applicable, next 

generation OUI designers could use it to reason whether one type of curvature might be 

better suited for interaction compared to others.   

To answer this question, we conducted an empirical evaluation of the effect of 

curvature on pointing time; subjects performed a 1D Fitts’ law pointing task on a flat 

surface and a convex surface. Our empirical findings show that Fitts’ law does predict 

movement on convex surfaces and that convexity only slightly increases movement time 

in a pointing task. Our convex surface had mean movement time of 567 ms (stdev=87.53) 

with the flat surfaces performing at 496 ms (stdev=94.03). The Flat surface had a 

significantly higher throughput than the Convex surface (7.03 vs. 6.11 bits/s). 
                                                

5	  Investigating how people point on curves was enabled by Flexkit [41], a system for rapid prototyping 
with flexible displays. Flexkit was the result of a collaboration between the Human Media Lab, Plastic 
Logic, and Intel Labs.	  
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Figure 25.  A convex curvature is made using a laser cutter and kerf lines.  The width is 210 mm and 
the bend radius is 110mm. Blue, green, and red correspond to amplitudes of 17mm, 100mm, and 

200mm. 
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Both flat and convex had comparable rates of error (4%), even at the highest index of 

difficulties (ID).  

Our practical findings show that both the flexible capacitive sensor [85] and 

projected capacitive technologies, such as Zyfilm [110], are unsuitable to be draped on 

top of a flexible electrophoretic or FOLED display. The electrical field generated by the 

TFT backplane disturbs the capacitive sensing in both touch technologies. A resistive 

based touch technology is more suitable as an OUI input material, as it does not generate 

a electrical field. We also updated the software architecture that controlled the 

electrophoretic display so that it worked as networked peripheral, one that mirror’s a 

desktop computer’s display. The use of dithering pushed the frame rate from the standard 

1frames per second (fps) to 10 fps.  

3.4.1.1 Evaluating Pointing on Convexity 

We conducted an experiment that examines targeting efficiency along the curvature 

dimension. In our study, we model pointing as a 1D Fitts’ law serial pointing task [19]. 

We vary curvature to produce two levels (flat and convex) and compare pointing 

performance on each for touch input (see Figure 26). We refer to this 1D pointing task 

along a curved surface as a 2D surface (i.e. 1D targets + 1D curve = 2D).  
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Figure 26. A top down view of the flat and convex surfaces used in our experiment 
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3.4.1.2 Apparatus  

We laser cut a convex mount from high-density fiberboard. A colour electrophoretic 

display running at ten frames per second rests on top of an UnMousePad [78]. The 

electrophoretic display and UnMousePad were affixed to the mount using scotch tape. 

The mount was adhered firmly to the test area using Velcro. Overall, this apparatus was 

stable and did not deform when deflected.  

3.4.1.3 Posture 

Participants remained standing while performing the task (see Figure 27). This was so 

that head distance from each surface was comparable. 

 

Figure 27.  Our experimental setup. Our curve touch surface sits on top of a standing height desk. A 
laptop connected to an embedded device which controls the electrophoretic display, runs FittsStudy, 

acquires touch data from the UnMousePad touch sensor. 
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3.4.1.4 Curvature 

The surface length of 217.6mm, a distance that is selected to provide ID is curved to fit a 

180° half circle. This corresponds to a circle with a radius of 110mm. Amplitudes fell at 

points on the convex curve of 10°, 45°, 60°. 

3.4.1.5 Mounts 

The convex mount was created using kerf cutting, a technique that uses a series of small 

cuts in a rigid material to introduce flexibility. The shape of the mount was verified by 

hand, by using the middle and end points of its inner surface to calculate its osculating 

circle [28]. After placing the touch sensor on top, this verification was repeated. Finally, 

the kerf lines were filled in with glue to prevent deformation at the point of touch. 

3.4.1.6 Video Recording Motion 

Understanding a finger’s arc movement is useful here to extract a user’s pointing 

behavior on the convex curve. Although a Vicon motion capture system could be used to 

track a subject’s index finger position in 3D, we opted to avoid requiring a subject to 

wear infrared markers along their finger. Instead, a video camera was placed directly on 

the table looking at the mount and our participant and it recorded finger movement when 

pointing on both Flat and Convex. 
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3.4.1.7 Flexible Display, Touch Input and Software 

Our experiment used a flexible electrophoretic color display from Plastic Logic [70]. The 

display has an area of 217.6mm x 163.2mm (10.7” diagonal) and thickness of 600 µm. 

To enable touch input, a resistive touch sensor (UnMousePad) is placed beneath it. The 

UnMousePad reports 1 millimeter precision when registering a touch point. The 

experiment software is an adaption of FittsStudy [108], one that runs along side a 

modified version of Flexkit [41]. Apart from listening to the touch events and notifying 

Flexkit when to draw, this modified version of FittsStudy is identical to its original 

version. 

3.4.1.8 Participants 

14 participants (9 male, 5 female) were recruited from our university via posted 

advertisements. Participant ages ranged from 27 to 55 years old, with a mean of 33.2. 

3.4.1.9 Task 

To begin this 1D Fitts’ law task, participants placed their dominant hand on the table 

beside the display surface. Blue and gray ribbon targets appeared on the display. We 

instructed participants to move as quickly and as accurately as possible while pointing at 

the blue target. 

A “trial” was defined as a single pointing movement, regardless of whether the 

endpoint hit or missed the target, as per standard Fitts’ law procedure [86]. During a trial, 

to maintain consistency in the finger’s start position, movement time was recorded from 

the first time the subject touched the blue target. Once selected, the blue target was 
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swapped with the gray and the next target was displayed on the opposite side of the 

electrophoretic display. After completing a block of trials, the test application displayed a 

completion dialog. When a participant missed a target, the blue ribbon momentarily 

flashed red and a selection error was recorded. 

3.4.1.10 Experiment Design 

The study used a repeated-measures within-subjects design with the following factors and 

levels: curvature (flat, convex), target width (6, 7, 10, 13mm), and target amplitude (17, 

100, 200mm). The target widths and distances correspond to a set of Fitts’ law IDs 

ranging from 1.2 to 5.1 bits [19]. The target amplitudes were also selected such that their 

end points fell on three areas of curvature: minimum, medium, and maximum curvature. 

For each curvature level, each participant performed one block of 30 trials (6 training, 24 

measured) and 12 A×W combinations.  

The order of the flat and convex surface was counterbalanced across subjects and 

the ID order was randomized. Subjects completed the experiment in forty-five minutes. 

They took a 10 minute break while the display and UnMousePad was removed from one 

surface and transferred and adhered to the other.  

To summarize our experimental design: 2 curvature levels × 3 target amplitudes × 

4 target widths × 24 repetitions × 14 subjects for a total of 8064 measures selections. 

3.4.1.11 Hypothesis 

Our main hypothesis is that Fitts’ law will predict movement during a pointing task on a 

convex surface (H1) and that IP will be lower for curved than flat (H2).  
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3.4.1.12 Results 

Owing to their theoretical roots in information theory, Fitts’ law studies assume an error 

rate of around 4%.  Rates departing mildly from 4% are accommodated by Crossman’s 

correction, as elaborated in [86]. Table 1 summarizes the error rates over all IDs for each 

curvature and input type combination. Figure 28 shows the mean movement for flat and 

convex.  

 

Figure 28. Mean movement time on each curvature level Flat had a movement time 496.77 ms (std. 
error=25.25 ms) and convex 567.738 ms (std. error=23.46 ms). 

 

 

Table 1. Summary results over 14 participants for Fitts’ law regressions coefficients (a and b). Pearson 
r model fits, throughput calculations, and error. 
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3.4.1.13 Movement Time Analysis 

Independent analysis of target amplitude and target distance in a pointing task should be 

done cautiously, since width and amplitude are not independent factors –– which is an 

assumption of an ANOVA. We analyzed the measures collected by performing a 

repeated measures factorial analysis of variance using curvature level (2) x index of 

difficulty (12) on movement times. The analysis showed that curvature level was a 

significant factor (F1,13=13.566, p<0.003). Unsurprisingly, index of difficulty 

(F11,143=182.364, p<0.001) was found to be a significant factor for movement time.  

3.4.1.14 Qualitative Results 

After the study, we interviewed each participant and asked them how they felt about 

interacting on a convex surface and how this experience was similar or different from 

interacting on a flat one. All subjects noted that the curved surface felt more difficult to 

use; their finger tended to obscure the targets furthest out, the ones that compressed the 

most inwards. One subject also noted that convexity “adds an extra dimension of 

complexity to touching accurately because you have to extend your finger further in the Z 

direction than with 2D touch”.  

Another subject discussed their mental model when pointing: “I likened it to 

playing tennis. If the ball comes at me or is to my periphery, the adaptation is really not 

that hard – once you know to hit a ball consistently.” Finally, another subject, referring to 

the hand as it arcs, noted “there is an ergonomic difference when restricted to pointing 

with the right hand on the left side of the [convex] screen.”  
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Finally, when asked how they would make a convex surfaces easier to point at, all 

subjects commented that they would either touch a target with the hand closest to the side 

of the target or adjust their head position. 

3.4.2 Empirical analysis of interaction on a 2D surface 

The correlation of r = 0.93 in Table 1 suggests that Fitts’ law can predict movement time 

on a convex surface (H1). Error rates between flat and convex, even at the highest IDs, 

have comparable value.  

 How is it that Fitts’s Law still holds when pointing on a convex surface? One 

would think for a given surface extrusion, the Fitts’ formulation would need to be 

updated with a curvature parameter—one that might use a derivative, chord, sagitta, or 

other descriptor inside the logarithm to amplify IDs at more extreme curvatures—to 

better fit the model. A starting point to explain why the Fitts’ Law model still applies is 

that the finger trajectory of Convex and Flat is similar (see Figure 29). An arc in both 

finger movements is visible yet the trajectory overtop the Convex surface is raised 

 

Figure 29. Still frames from a video recording of a participant pointing at a target with the highest 
ID (W=6mm, A=200mm, ID=5.1 bits). In general, finger movement on the convex surface is 
comparable to that of flat but with a tendency to bulge outwards at the most distant IDs. This is 
because on areas of more extreme curvature, the finger must move out of the way to prevent target 
occlusion when pointing.  
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upwards. This claim is supported by the Convex surface’s higher mean movement time 

compared to flat (see Table 1).   

 With curvature having a distinct rate of change at different amplitudes on 

Convex—and its related compression inwards at both ends—it is likely that, compared to 

Flat, Convex is more difficult to operate as an input device. Qualitatively, this increased 

difficulty is captured in the post-study interview responses as each participant noted that 

Convex felt harder or more complicated to use. Quantitatively, the increased complexity 

of operating Convex is suggested in its lower mean IP (6.11 bit/s for Convex versus 

Flat’s 7.03 bit/s).  

 To summarize, Fitts’ Law predicts movement times when pointing on a 

cylindrical convex surface. Although Fitts’ does hold, it is important to discuss when its 

linear model it might start to break down and, specifically, the limits of our study.  

3.4.2.1 Limitations of the Fitts’ Law for Complex Surface Geometry 

Our study focused exclusively on pointing at targets on uniformly curved surfaces (i.e. a 

convex cylindrical developable surface). Although this limit is a practical first step, it is 

likely that, when interacting with next generation devices, users will also point on 

surfaces with spherical or non-linear curvatures [8, 75]. For these non-developable 

surfaces, it is unclear whether Fitts’ law will continue to predict movement time (that is, 

will the logarithmic model underlying it continue to lead to a highly predictive linear 

regression of the movement data?). We suspect that tracking the finger’s movement 

trajectory in three-dimensional space will be necessary when investigating non-

developable geometries. As a finger moves over a surface, it will travel over troughs, 
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valleys, and many different types of localized curvature features. It would be useful to 

understand the finger’s trajectory and how it relates to a parameterization of these surface 

curvature features when pointing at a target. This is far more complex than the finger 

trajectory in Figure 29, a motion that looks much like the finger’s movement on the flat 

surface. Whether Fitts’ law will predict movement time on complex surface geometries 

with non-uniform and localized curvature features is left for future work.   

3.4.2.2 Limitations of the Study 

First, the index of difficulty tested in this study did not extend beyond 5.1. This was a 

practical limitation as 3mm targets widths would have been necessary for IDs to 

approach 6.0. Although a display surface would allow such target widths, current touch 

technology would have difficulty sensing at this resolution. The 10.7” colour 

electrophoretic display from Plastic Logic [70] is the largest commercially available 

flexible display technology. This means it is difficult to extend target amplitudes as well 

without moving to a dual display setup. However, we do expect that Fitts’ law will model 

the movement times beyond an ID of 5.1, as long as both targets are visible to the user. 

Were curvature to have a differential effect in higher (and untested) ID ranges, we would 

have expected to see some residual effect on correlations in our current data set. This is 

not the case, with both Convex and Flat conditions having a correlation of r=0.93. Higher 

IDs are, however, recommended for study in future work. 

 Second, we chose to constrain the factor of viewing angle to a single location 

equating to an overhead perspective. This was to remove any potential confounds 

introduced by the participant’s viewpoint. A pilot study indicated users cannot 
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simultaneously view IDs positioned at 0° or 180° without adjusting their view 

orientation. This initial finding resulted in restricting IDs to Convex angles ranging 

between 30° and 150° to maintain a consistent viewing angle. Of course, motion capture  

of a participant’s head movement would allow for greater freedom of head movement. 

However, this method requires participants to wear tracking markers, which introduce 

additional potential confounds such as user discomfort.  

 Field of view also includes the angle of inclination between the participant and 

display surface. In an early pilot study, participants sat in front of Flat and Convex when 

pointing. However, the extrusion and closer proximity of Convex surfaces negatively 

impacted the ergonomic suitability for a pointing task; when seated, participants felt it 

was cramped and they had difficulty smoothly arcing their hand over the convex surface. 

Having the participant stand in front of Flat and Convex conditions removed this 

discrepancy and made the pitch of the display, with respect to the user’s angle of 

inclination, more balanced. This indicates that this head pitch between a participant and a 

convex surface may have a direct impact on pointing performance and is an important 

consideration to be studied in future work.  
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Figure 30. The principle curvatures for a paper coffee cup. The black arrow (normal vector) 
describes how the green and pink planes its surface, describing how the cup is shaped (dotting line). 

 

3.4.2.3 Applying Fitts’ law to Complex Surface Geometry 

Our long-term goal is to investigate how well the Fitts’ Law model of pointing predicts 

movement time across a broad range of surface geometries. The basic premise would be 

that, given the a and b coefficients for a participant, a designer could use a software tool 

to predict movement time when pointing on non-planar surface designs. 

In differential geometry, describing how curved a surface is can be achieved by 

calculating its principal curvatures [18] (see Figure 30). Generally, these two curves 

correspond to the maximum and minimum values of intrusion and extrusion of its shape 

(analogous to a simple two-line sketch of an object’s overall shape). These curvature 

values are eventually expressed by fitting a circle to a curve and uniquely identify its 
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curvature by the circle’s radius length [28]. Larger circles and longer radii describe flatter 

curves, and convexity and concavity is captured in a radius’s positivity or negativity. This 

radius of curvature is cylindrical and is why we evaluated a convex curvature as a first 

step. While this is highly speculative, as an example, if a designer wanted to quickly 

gauge the pointing efficiency of a complex surface, they could perhaps derive its  

principal curvatures and predict more complicated shapes using the results from a  

concatenated Fitts’ law model of the underlying principal curvatures. 

3.4.3 Touch Input on a 2D Surface: A Case Study and Recommendations.  

The results presented are from the third attempt at investigating if and how Fitts’ law is 

applicable on cylindrical surfaces.  Unlike the final study presented here, the first attempt 

projected targets (see Figure 31 & 32, next page). At the time, the electrophoretic display 

available had a frame rate of 4 fps, ruling it out. Even with a higher frame rate, the 

electrical field generated by the display’s TFT backplane during updates disturbs the 

flexible capacitive sensor, causing spurious touch patterns similar to Figure 15 (pp. 33). 

Its small and fixed size also made it difficult to accurately touch the smallest targets, 

driving up the error to a noisy and unusable level of 10-20% and narrowing the range of 

IDs. In the second attempt (see Figures 33 and 34), we opted for a larger sensor: Zyfilm 

is a thin-film projected capacitive sensor with a 16” diagonal. It too suffered from 

electrical field interference, making projection favorable. When draped over a curvature 

though, the Zyfilm had problems recognizing touches at areas of extreme curvature. 

Users would modify the arc of their finger trajectory by slowing down and hovering over 

a distance target. Although this worked, it produced non-linear movement times for 
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Figure 31. To form a curved touch surface, a 
flexible capacitive multi-touch sensor is 
fastened to a rigid concave surface. 

Figure 32. The various layers enabling a stable 
curvature to be formed: pad, mount, draping 
substrate, sensor, and diffuser 

 

 

Figure 33. To form a curved touch surface, a 
flexible multi-touch sensor, by Zytronic, is 
fastened to a rigid convex surface 

Figure 34. The various layers enabling a stable 
curvature to be formed: touch sensor, shelf liner, 
3d printed mount, Bristol board, and stabilizing 
base. The Bristol board is glued to the mount and 
the shelf liner provides a non-adhesive grip. 
Removing tape or other adhesives damage the 
circuitry of the Zyfilm sensor. 

 

 these distant targets. We suspect that the Zyfilm can only be used on a flat surface.   

 Our main qualitative finding is that capacitive touch technology is not suitable as 

an input material; calibrating, shielding, and ensuring repeatability is problematic when 

layering and compressing a capacitive touch technology behind or on top of a display’s 

TFT. Although Plastic Logic does provide an integrated custom projective capacitive 
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solution, it requires a lengthy lead-time to fabricate and it is unclear how integrating it 

will change a display’s elastic modulus and stiffness. Furthermore, it is difficult to source 

and work with metal; the capacitive matrix in the flexible touch sensor is typically hand 

cut or milled using a computer controlled machine (CNC). Although liquid metal circuit 

pens do exist [11], they are intended for bridging very close elements in a circuit. Using 

them to create a capacitive matrix is unrealistic as the ink smudges and breaks when 

drawn in a straight line.  

 Our main recommendation is that touch sensing that uses a resistive-based 

approach, instead of capacitive, is preferable in early OUI design. Resistive input 

technologies, such as the UnMousePad used in the third attempt of this study, are not 

disturbed by an electrophoretic display. However, the UnMousePad achieves its 1mm 

touch resolution by placing a resistive substrate in between two plastic sheets, ones that 

are silk screened with 1mm spaced copper traces. When the UnMousePad is curved, the 

individual layer compress and must be calibrated; this makes it difficult to resolve touch 

on surfaces that are not uniformly cylindrical (i.e. non-developable). Although the 

Velostat inside it can be stretched, its copper traces cannot. This poor adaptability means 

that the UnMousePad is not an input material for OUI design.  

Of course, removing the copper changes the sensing technique in the 

UnMousePad entirely; it would be difficult to replicate its 1mm touch resolution. 

However, this raises an important question for OUI design materials: what minimum of 

resolution is necessary? For early design, we argue that even a low input fidelity is useful 

if it matches the level of refinement that is necessary to inform a design [9]. The flexible  



 57 

capacitive sensor and the UnMousePad each sense millimeter touch input. Although this 

resolution is necessary for an empirical study or product, it is often unnecessary when 

sketching or building a prototype concept, especially one that will be discarded as its 

development evolves [9]. In fact, the UnMousePad’s precision is the reason for its poor 

material expressivity increasing as its input resolution increases the copper, use of PCB, 

and number of other surface mount components. The point here is that most input 

technologies offer a very high resolution by sacrificing material expressivity. Simply, this 

combination is impractical in early design.  

If we think back to the Microsoft designers mimicking interaction with a 

prototype game controller using keyboard buttons, the gulf between concept and 

functioning prototype could be bridged using a combination of low input fidelity and 

high material expressivity. Current off the shelf hardware sensors have a low input 

fidelity and a low material expressivity (see Figure 35 and 36) making them unsuitable to 

integrate in the game controller’s complex geometry.  What if a designer could cut trim a 

sensor to size, wrap it over a surface, or, painting it directly on to a prototype? Even an 

input resolution of say five to ten touch points, a magnitude less compared to 

UnMousePad, would allow a designer to sketch the game controller concept. A designer 

could choose the size of these touch points, their locations, and, in general, seamlessly 

integrate them into the concept’s surface geometry. Instead of mimicking a touch solution 

with key presses, the designer could also experience the concept early on, an activity that 

has been shown to lead to more informed design in the later stages [9].  
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Figure 35. A Phidgets touch sensor is a single touch 
capacitive sensor sized 2cm X 2cm and made of rigid 
PCB [69]. 

Figure 36.  A force sensitive pad [22]. 
Although it is flexible, wrapping it around a 
surface compress its individual layers and 
activates the sensor.  

 

Accordingly, we argue that a combination of low input fidelity and high material 

expressivity is critical for an OUI design material. As input materials can be made from 

the graphite in a pencil, by embedding graphite powder in an acrylic paint, or from 

cutting materials like Velostat [97] to size, carbon-based input sensors are suitable 

candidates. We discuss this notion in the next chapter.  
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Chapter 4 

Input for 3D Surfaces 

This chapter is in part based on [42] 

 
To support interactive sketching through more expressive input materials, one approach 

is to integrate the input technology directly into the materials already used by industrial 

designers. To better support touch input on 3D surfaces in the early design stage, we 

argue that basic design materials, like tape or foamcore, should be somehow imbued with 

an interactive potential. This is a departure from rigid and fixed-size sensors, one towards 

interaction as a material.   

Guided by lessons learned from the curved touch experiment, we have 

constructed Tactiletape: it is a one-dimensional pliable touch sensor that looks and 

behaves like regular tape. Tactiletape can be built from everyday supplies: an H2 pencil 

(resistive surface), aluminum foil (conductive surface), and Mylar (spacing material) (see 

Figure 37). We envision it as a readily available material in a design studio. When a 

designer wishes to add touch sensitivity to an industrial prototype, they grab a roll of 

Tactiletape, cut off a piece, and attach it to the surface (see Figure 38). To sense touch 

input, the designer only needs to connect two wires: one to each of the resistive and 

conductive surfaces. As a hardware sensor, its electrical behavior is similar to common 

sensors used with Phidgets, Arduino, and rapid prototyping platforms [34]. However, its 

material properties are quite different and more expressive. Using Tactiletape, the 

designer can explore touch input on a variety of curved and deformable surfaces: 
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Figure 37. The combination of layers forms a linear rheostat that acts as a flexible 1D single-point 
touch sensor. 

 

 

 

 
Figure 38. Tactiletape is cut from a roll (foreground left) and attached to an hourglass (left 
background). A designer can cut more strips of Tactiletape and lay them overtop one another to 
imbue a 3D object with touch sensitivity (right). The globe is a non-developable surface and 
Tactiletape, in this instance, is traces its principal curvatures [18]. Once Tactiletape is connected 
using alligator clips, it can be sampled using Arduino’s analog input port. The sample can be shared 
over a serial connection to other applications, such as Quartz Composer or Processing.  
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spheres, coffee cups, bracelets, paper, credit cards [3], interactive coke cans [3], and so 

on. 

It is important to point out that Tactiletape is not the only solution for sensing 

touch on complex geometry. Wimmer et al.’s TDR [107] is another example of a 

interactive material, one that is an alternative to Tactiletape’s linearly resistive sensing. It 

can be used to quickly make a non-planar prototype multi-touch sensitive, using a 

continuous copper strip. When a signal is pulsed along this strip, a finger’s presence 

generates a reflective echo, one that can be interpreted as touch input (similar to the way 

breaks are detected in cross continental undersea cables). However, TDR requires custom 

hardware to process the analog echo signal, increasing its infrastructure complexity and 

the technical expertise to operate it.   

 We argue that in early design, the accessibility of input materials is critical. For 

this reason we focus on crafting input materials that require one, two, or three wires at 

most and a basic technical knowledge of how to operate them. Expecting an industrial 

designer to have a minimal knowhow of hardware prototype is realistic; the introduction 

of Arduino in industrial design education is common [13] and software tools such as 

Teagueduino, a simplification of Arduino designed specifically for industrial designers, 

have recently emerged. Even with knowledge of DIY prototyping and a simplified 

infrastructure, it can be difficult to understand how a sensor works or how to write the 

code that makes sense of its sensor data. We argue that by designing inputs materials so 

that they can be easily used and quickly composited together, it is possible to make 
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building an interactive concept, one with a complex surface geometry much simpler (see 

Figure 39). 

4.1.1 Touch input for designers 

A focus on ease of use is key in Tactiletape’s design. Its pliable shape is closely 

positioned to Grossman et al.’s ShapeTape [29]. However, ShapeTape’s fiber optics 

based bend and twist sensor does not sense direct touch. Wilson’s [106] use of depth 

sensing to sense touch affords lightweight multi-touch input on non-planar camera-facing 

surfaces. However, its reliance on a static background model inhibits sensing touch on 

moving objects. Although DisplayObjects [3] senses touch on moving objects in a 360° 

field of view, it requires the designer to provide the Vicon motion capturing system with 

a model of the prototype and then carefully instrument it with infrared sensors. Each of 

these examples relies on a complicated hardware and software infrastructure, something 

we have actively avoided in Tactiletape’s design.  

 

Figure 39. A typical use of Tactiletape. It is wrapped around an hourglass, a bowl, and a piece of 
driftwood (in place of a game controller). The input is sent through Arduino to Quartz Composer via 
a serial connection. The measured value is used to show its value in the pink text, rotate a teapot, and 
animate a game character.  
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4.1.2 Design Concept & Implementation 

Tactiletape is a flexible rheostat that relies on a graphite-based ink to express a linearly 

resistive electrical signal. There are three surfaces that form an open circuit when touch is 

not present. When a finger deflects the surface, the circuit closes and the electrical signal 

is sampled. The graphite in an H2 pencil (resistance of 6 ohms/mm) produces a one-

dimensional input value that represents the position of a single touch event. At a width 

between one and two centimeters, the graphite has uniform resistance across the length of 

its surface and supports sensors up to 30cm long with an input resolution of 3mm. 

However, this upper bound on length increases when supplying a higher voltage or 

current (Arduino supplies 5V and 40mA to Tactiletape). 

The spacer layer is the enabling material for wrapping Tactiletape around curved 

surfaces. It is made up of two tracks of a polymer material adhered to the edges of the 

tape, with a gap in between them. This arrangement absorbs the forces generated when  

curving Tactiletape and supports bends up to 85 degrees. Tactiletape is best at being 

shaped to Bezier curves, similar to the non-twisted shapes described by Grossman et al. 

[29]. In general, suitable spacing layers include any thin porous material that distributes 

force evenly: shelf liner, double-sided foam tape, thin tracks of silicone rubber, and so on. 

Interfacing a piece of Tactiletape requires a one-time calibration: the designer 

peels back the ends of the tape and affixes an alligator clip to the resistive layer and 

another clip to conductive layer. Both wires are connected to a Phidgets voltage divider 

(commonly used when prototyping with potentiometers and bend sensors), which is then 

wired to the Arduino’s 5V, ground, and analog input. Initially, the left-most touch 
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position on the Tactiletape will register a slight starting offset in its resistive value and 

the designer must calibrate this to be absolute zero. In our work, we use Arduino to 

sample the touch sensor, subtract the offset, and send these values over a serial 

connection to Quartz Composer, a software tool used to quickly prototype interactive 

visualizations (see Figure 39 pp. 62). 

4.1.3 Tactiletape’s Accessibility  

Tactiletape can be constructed from materials available at any art supply store (see Figure 

40). These parts includes: graphite powder, gum Arabic, copper tape, mylar, double sided 

tape, paper tape, and satin tape. The graphite powder is mixed with gum Arabic at 1:1 

ratio to produce conductive ink. This ink is hand painted on the paper tape via a roller 

brush. It left to dry for 2-3 hours. Thin tracks of mylar are made using a cutter, covered 

with double sided tape, and adhered to the inked tape. The copper tape is adhered to the 

tracks with the copper side facing the ink. The copper tape is then covered with satin 

tape. The satin texture is smooth along the tape’s horizontal and rough in its vertical 

direction, an affordance that is used to reinforce direction of touch. 

4.1.4 Tactilepaint 

Although Tactiletape is easy to interface and build up on objects with complex surface 

geometries, its layered design makes it unsuitable on a surface that deforms. A thin-film 

flexible display does not generate a sufficient surface normal force when touched [16]. 

On a device like PaperPhone or PaperTab, this means Tactiletape cannot compress to 

connect the circuit and indicate a touch.  
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To address this limitation, we repurposed Tactiletape’s touch sensing technique to 

be a paintable potentiometer. The layered design is replaced with a single painted trace 

and a metal frame (see Figure 41). The painted trace is connected to a +5V at one end and 

ground at its other end. The metal frame is connected to an Arduino’s analog input. When 

 
 

 

 

Figure 40. (Top) The graphite ink is rolled onto pieces of drafting tape. (top) Each sensor strip is 
made by trimming the graphite layer and adhering acetate spacer tracks. A piece of copper tape is 
then applied over these layers (bottom). 
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the object is held, the user’s hand touches the metal frame. When the painted trace is then 

touched, it bridges the traces and forms a circuit. Similar to Tactiletape, the voltage 

sampled at a touch point linearly corresponds to a touch position. Since Tactilepaint uses 

three wires, compared to Tactiletape’s use of two, the polarity in the circuit can be  

 
 

 

Figure 41. A flat metal frame is made out of deformable aluminum wire (top left). The frame is 
covered in paper and a single trace is painted on it using conductive ink (top right). The metal frame 
is bent to form a 3D structure. This is a simple technique to form an interactive sketch from a 
developable surface. Unlike Tactiletape, snaking traces can be painted directly on the prototype.  
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reversed and time-multiplexed to resolve two touch points. Other than this increase in 

input fidelity and application method, Tactilepaint is otherwise identical to Tactiletape. 

As paint, its material properties are quite different from a tape and this change affords a 

much different style of input material.  

4.1.5 Resistive Graphs 

 Both Tactiletape and Tactilepaint are designed as input materials that sense at most two 

touch points. It would be useful for OUI design to sense three or more touch inputs 

simultaneously while maintaining a low wire count. To achieve this, we move from the  

previous input materials, inspired from rheostats and potentiometers, and move to a 

resistive mesh-like pattern.  

A resistive graph pattern is a highly parallel and mesh-like circuit (see Figure 42 

and Figure 43). It uses electrical resistance to distribute current such that the voltage at 

each junction is unique. The structure of these resistive graphs—which we refer to as 

resigraphs—can be modulated to form a touch sensor and are sampled using three wires. 

This is an approach that allows touch sensors to be crafted by a designer using everyday 

materials, such as graphite pencil, the conductive ink used in Tactilepaint, or off the shelf 

products such as Bare Paint’s carbon-ink pen [5]. Touch points can be drawn and then 

connected together in a graph pattern. By manually recording the voltage passing through 

each junction, it is possible to map touch points to a single ID or to a vector ID using 

time-multiplexed polarity. When touched, combination of touch points can be mapped to 

a unique ID too. Although this approach is low fidelity and not ideal for late stage 

prototyping or product, it is suitable for the five to ten touch points needed in the 
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Figure 42. An early interactive sketch of a game controller concept. A resigraph with eight touch 
points is painted directly on the paper craft controller. 

 

  

Figure 43. An illustrative resigraph with 1K Ohm resistive connections. The baseline electrical 
behavior when no touches are present and +5V and ground are attached two corners (left). When a 
touch is present, a new parallel circuit is formed (middle). A second touch occurs, changing the 
circuit once again (right).  
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Microsoft designer’s game controller. When paired with Tactilepaint, this approach can 

be seen as painting GUI sliders and buttons on a physical prototype.  

The simplest resigraph is a potentiometer. It is a single resistive strip that senses 

one-dimensional input and linearly maps a location to change in voltage. This elemental 

item makes up the more complex graph pattern of Figure 43, one that discretizes a 

surface and makes its electric activity easier to direct. Using an analog-to-digital 

converter to measure a number of digital inputs is a similar technique. A common 

example is the remote control found in earphones [35], a method that maps resistance 

values to play/pause, forward, and back buttons. This approach does not scale to more 

complex graph patterns or multi-touch input, not without more intricate cabling. R/2R 

ladders [23] address these limitations using a binary weighted ladder. However, the 

circuit switching mechanism that grounds an edge when it is not in use is difficult to 

construct using off-the-shelf materials. 

4.1.5.1 Resigraph Sensors 

A resigraph consists of two traces: a resistive mesh and conductive trace that, like 

Tactilepaint, is adhered underneath an object and provides its structure6. The graph 

pattern discretizes a surface and, compared to continuous and conductive surface, forces 

the current to take a more explicit path. A positive voltage is attached to one corner of the 

graph while the other corner is grounded When no touch is present, a resigraph is a 

circuit that has a baseline pattern of current flow.  
                                                

6 The deformable wire can be substituted for a conductive trace that closely follows but does not touch the 
resistive mesh. For simplicity in early design, we used the deformable metal in Figure 41 for its structure 
and conductivity.  
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When a finger deflects a touch point on resigraph, it connects the circuit formed 

by the two traces. This is detected as voltage stabilization (sampled using Arduino’s 

ADC) and it forms a new parallel circuit. When a second touch is present, the voltage 

sample again jumps to a new value and forms a distinct parallel circuit, an event that is 

detected as a discontinuous and stable change in the voltage sample. Had the initial finger 

moved off the surface, the resigraph would have returned to an open circuit with floating 

measurements. This method can also be extended to sensing three, four, or more touch 

points and allows a designer to paint multi-touch points on a physical prototype’s surface.  

4.1.5.2 Creating a Resigraph 

Establishing a useful baseline mesh pattern is critical: each junction must map to a unique 

voltage. A resigraph can be made with a hand drawn pencil graph or conductive ink. The 

first step is drawing the touch points; in Figure 42, this would correspond to the black 

circles grouped at either end of the game controller. The next step is connecting each 

node such that it has a valency of at most three. This constraint, combined with the 

stochastic deposit of ink and graphite on a surface, leads to nearby yet randomized 

resistance in the resigraph’s edge connections. The final step is to adjust and tune the 

position of the grounded wire such that the voltage measurements are sufficiently spread 

out. Making a functional interactive sketch of the game controller sketch in Figure 42 

took twenty-five minutes (including ten minutes for the conductive ink to dry). This also 

included manually recorded the voltage measurements at each junction and mapping 

them to a touch ID.   
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4.1.5.3 Limitations of Resigraphs 

It is important to consider Resigraph’s intended usage scenario: sketching and 

prototyping. The densest resigraph we have painted has thirty touch points (a curved 

keyboard concept that used two traces painted on a paper surface). This number 

represents a practical limit that resulted from creating specialized graph patterns for 

exploratory prototypes. Although the ADC determines the theoretical limit of a resigraph, 

the actual practical input resolution is difficult to calculate because it depends on the type 

of substrate used (pencil, conductive paint, etc). Further testing and exact measurement is 

left for future work. 

Unlike capacitive sensing, our approach does not resolve the entire surface of the 

finger; like most resistive sensors, the finger’s surface area reduces to a point. However, 

there is a tradeoff here between fidelity and ease of use: capturing the higher-

dimensionality nuance in the full contact of a fingertip’s surface [47] often requires dense 

circuitry and cabling. Yet, this higher-dimensional input fidelity is often less important 

when getting an immediate and hands-on experience of an interactive design sketch [9], 

an activity that often informs the later design stages (where higher fidelity touch input 

might be used instead). 

Furthermore, it can be difficult to sense dragging interactions using resigraph. 

When dragging, the finger does not uniformly connect the two traces. Although it is 

possible to overcome this by increasing pressure, this increased friction limits the 

usefulness of sensing dragging interactions. If this limitation could be overcome, the 
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edges of a resigraph could sampled to produced 1D continuous touch input (i.e. 

Tactiletape).   

4.2 Summary 

Motivated by a need for simplicity in early design, this chapter introduced a series of 

expressive touch input materials that can be taped or drawn on a prototype, using 

everyday materials, with at most three wires. Although these materials themselves are 

limited to 1D or low-touch “multi-button” input, they can be composited and paired 

together to position touch sensitivity around the surface of an object with complex 

surface geometry. Even with a low input fidelity, this is very useful for sketching and 

early prototyping.   
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Chapter 5  

Sketching Interaction 

This chapter is in part based on [45,46] 

 
 Although Tactiletape/paint and Reisigraphs are useful for early design, they still require 

instrumenting a surface with a material. Instead, what if a designer could explore the 

interactive behavior of a device without a functioning prototype? Such an approach 

would remove the gulf between concept and functional prototype altogether.   

To explore this notion, imagine decoupling “input” from a physical substrate. We 

envision an interaction style as seamless as working with common design materials to 

express a physical interactive design. To do so requires transforming passive design 

materials and imbuing them with innate input sensing, leading to a style of work best 

described as interactive sculpting. Doing so helps a designer experience a working device 

hands-on, an activity that uses this concrete artifact to trigger serendipitous design 

realizations [56]. With this in mind, we designed SketchSpace, a lightweight 

environment that adds input sensing to passive materials (see Figure 44). A designer 

places an object in her workspace and works with a prototype as if it actually had 

physical sensors (see Figure 45). All input sensing in SketchSpace is achieved using 

Microsoft’s Kinect camera. The depth data allows Sketchspace to infer a broad set of 

inputs, ranging from touch events on the object’s surface and surrounding workspace, 

orientation, position, motion, proximity, and, among others, shape deformations. A 
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Figure 44. A designer can work with a range of materials using SketchSpace. This includes everyday 
objects (cup, paper, box), deformable surfaces (CD cover, tape) and malleable material (modeling 
clay). 

 

 

designer uses these inputs to prototype as if it had functionality, including mapping 

sensor values to interactions using embodied gestures and projecting dynamic interactive 

content on it, all without finding, attaching, or working with a collection of physical 

sensors. Furthermore, form changes are also detected: if a device is carved or sculpted to 

better suit a design constraint, Sketchspace makes note of this change and incorporates it 

back into a prototype’s digital model. Our system frees the designer from hardware 

constraints and helps them ideate and quickly explore interactive sketching. 
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 This activity of quickly and inexpensively generating numerous designs is 

referred to as sketching [9]. Buxton distinguishes it from prototyping and details how a 

sketch’s intentional roughness evokes rich discussion and leads to more informed design 

decisions. Unlike other design disciplines that operate primarily in a spatial domain, 

interactive sketching introduces a temporal dimension that complicates representing even 

simple interactions. It is challenging— yet absolutely necessary—for an interactive 

sketching tool to quickly enumerate the design options from which to choose. To do this, 

Buxton argues such a tool should enable a designer to make quick, inexpensive, and 

disposable sketches. Sketchspace explores exactly this area of interactive sketching by 

using only passive physical materials and a depth camera. 

 

Figure 45. A Kinect camera hovers over the designer’s workspace. Its depth data are used to track 
the designer’s manipulations of a physical prototype. A Pico projector renders interactive content. 
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5.1.1 Motivations and Contributions 

This work examines what it means to make passive materials innately interactive in the 

evolving context of industrial and interaction design. Although previous toolkits 

[6,34,48,59,100] have minimized the effort put in to working with hardware sensors, a 

depth sensing camera's dense 3D mesh can be used to infer numerous 'virtual' sensors in 

place of real ones. This shift makes input less about hardware sensing and more to do 

with interactive form. Using the Kinect, interaction becomes more of a material aspect of 

a device's form that a designer freely shapes and sculpts. First, we discuss a technique 

that registers and robustly track surface curvature features using depth data. Tracking 

shape features allows SketchSpace to reason about physical manipulations to a prototype 

and, in doing so, makes passive materials suitable in lieu of hardware sensors. Second, 

we provide an interface to quickly generate interactive sketches. Designers work hands-

on with a prototype and design both its content and form. Input behaviors are mapped to 

interaction rules using embodied gestures that train Sketchspace to recognize meaningful 

interactions. A designer builds many of these mappings and composes more complex 

interactions that coordinate content changes on the prototype. 

5.1.2 Interactive Sketching 

In Sketching User Experiences, Buxton details how sketching is not only an “archetypal 

activity of design,” but also one that is essential to any type of design discipline. He 

argues that sketching is not about the material form it embodies, such as an architect’s 

pencil drawing or an automotive designer’s clay sculpture. It is more of an abstract 
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activity that impacts design thinking and learning. How then should this type of activity 

be represented in the time-based domain of interaction design? 

Buxton argues that although sketching’s material embodiment may vary, its 

underlying properties should remain recognizable across mediums. After examining 

sketching and its role in traditional design, he proposes eleven attributes to help 

categorize sketching (“a compass”): 

1. Quick. A sketch is quick to make, or at least gives that impression.  

2. Timely. A sketch can be provided when needed.  

3. Inexpensive. A sketch is cheap. Cost must not inhibit the ability to explore a concept, 

especially early in the design process. 

4. Disposable. If you can’t afford to throw it away then it is probably not a sketch. The 

investment with a sketch is in the concept, not the execution. Their value is in their 

disposability. 

5. Plentiful. Sketches tend not to exist in isolation. Their meaning or relevance is 

generally in the context of a collection. 

6. Clear Vocabulary. The style, or form, signals that it is a sketch. 

7. Distinct Gesture. There is a fluidity to sketches that gives them a sense of openness 

and freedom. 

8. Minimal Detail. Sketches include only what is required to render the intended purpose 

of concept. 

9. Appropriate degree of refinement. By its resolution or style, a sketch should not 

suggest a level of refinement beyond that of the project being depicted. 
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10. Suggest and explore rather than confirm. The value of a sketch lies not in the artifact 

itself, but in its ability to provide a catalyst to the appropriate behavior, conversations, 

and interactions. 

11. Ambiguity. Sketches are intentionally ambiguous and their value derives from their 

being able to be interpreted in different ways. 

We use this compass as a guide in our early user evaluations to assess SketchSpace’s 

efficacy as an interactive sketching tool. 

5.1.3 Sketchspace Concept 

We envision SketchSpace as a tool and set of interaction techniques that allow a designer 

to roughly simulate the interactive behavior of input devices early in the design process. 

The designer’s workspace is augmented with projection and depth sensing such that the 

object behaves as if it senses input and is able to render dynamic content on its surface. 

The designer works hands-on by tapping mapping icons that are projected on their 

workspace table and, using physical manipulations of an object in situ, to specify when 

and how these mappings trigger interactive behavior. To allow for hands-free 

interactions, the designer uses simple speech commands to the system in order to scan 

objects and save mappings. 

 

5.1.4 Sketchspace Interactions 

In general, the knowledge required for sculpting a prototype, integrating hardware 

sensing, and working with the software tools that manage it, is typically fragmented 
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amongst specialized members of a design team. Without the resources or know-how to 

work with hardware input, designers vary between Wizard of Oz approaches or, as 

discussed in Chapter 3, crudely represent an input device by simulating its behavior by 

mapping it to keyboard input. Although the latter somewhat qualifies as a Smoke and 

Mirrors technique, it is far removed from a genuine experience with that input device. 

To address this problem, Sketchspace removes hardware sensing completely and 

positions ‘interaction’ as a material property inherent in a physical prototype’s form. It is 

capable of reporting the changes in several prototype states as a virtual sensor stream. 

5.1.4.1 Virtual Sensors 

Our selection of virtual sensors was motivated by the most common actions that our 

observed designers wanted to prototype when designing a new device. We have 

prototyped five virtual sensors that serve as the basic elements for building interactions in 

Sketchspace. 

Grasp. When a designer picks up an object, SketchSpace understands the object is being 

grasped and how much of it is covered.  

Touch. Designers can touch a single point on a flat or curved surface. We limit this 

gesture to single touch to simplify the complexity of distinguishing natural grasps and 

multiple touch points.  

6 Degrees of Freedom & Position. This sensor expresses the three-dimensional position 

of an object as a designer manipulates it. In general, it represents spatial information such 

as position in three dimensions, tilt around its horizontal and vertical axis, and rotation 

around its z-axis.  
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Proximity. This sensor expresses the spatial relationship between two objects and how 

near or far they are from each other. For example, the distance between the designer’s 

hand and flexible material is known. In general, this gesture enables new types of 

proximity-based interaction to be explored. 

Deformation. The system detects an object’s surface geometry dynamically. A piece of 

paper, for example, can be reshaped to express a convex or concave bend. 

As mentioned, one challenge in making sense of touch input is to distinguish between 

naturally occurring grasps and explicit touch events. To address this problem, Sketch- 

Space increases stability by only responding to touch events in areas represented by a 

virtual buttons. Furthermore, a designer is limited to toggling each virtual sensor on and 

off one at a time. For example, rotation and tilt are each parameters of the 6 DOF virtual 

sensor; because of camera skew, they complicate deformation sensing. Toggling virtual 

sensors is a simple method to avoid this sensor crosstalk.  

5.1.4.2 Registration via Simple Posturing 

Inferring virtual sensors means reasoning about the physical position of the prototype. 

When introducing a new prototype, we ask the designer to complete a simple registration 

step that calculates the base states for SketchSpace’s tracking algorithm. 

After placing a new prototype in the center of their workspace, the designer issues 

the speech command “scan.” A red horizontal line moves down the workspace to indicate 

that Sketchspace is registering the prototype’s surface curvature. If the surface is flat or 

without sufficient curvature features, Sketchspace will repeat the scan until the designer 
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removes the object or puts a small amount of material, such as modeling clay, to change 

its surface geometry. This entire process is repeated for each side of the prototype. 

5.1.4.3 Sculpting Dynamic Form 

Previous work in rapid prototyping tends to affix hardware sensors to a static form. 

Although Gummi [81] shows how to sense simple shape transformations, the underlying 

amount of prototype material stays fixed. This means that a designer is not free to sculpt 

its form while exploring interactive behavior. 

Through the use of depth sensing, SketchSpace senses material changes to a 

physical prototype. Curvature features are tracked in real-time and if one of them moves 

or resizes itself beyond a set threshold, SketchSpace recognizes this as a shape alteration 

and requests the user to perform a new scan. This requires the user to place the object in 

the center of their workspace tabletop and repeat the registration process, like they did 

initially. Ideally, SketchSpace would track shape alteration in real-time. However, object 

occlusion from the hand and noise in the Kinect’s depth data limits this possibility. By 

knowing that an object has changed its shape and asking for a new scan of it, it is 

possible to quickly acquire new geometry.  

This means that while working with a clay-based mouse prototype, a designer is 

able to remove clay from a design. In contrast, clay can also be added and sculpted to 

reshape curvature to better convey a mouse's scroll wheel. These types of additive and 

reductive material changes are updated in the prototype's digital model on-the-fly and 

could be incorporated back into its CAD model, available for future design. In this way, 

the designer iteratively sculpts the prototype's form and, at the same time, develops its 
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interactive form. 

5.1.4.4 Mapping Sensor to Interactive Behavior 

Exposing virtual sensor streams to a designer poses the challenge of mapping lower level 

input patterns to meaningful forms of interaction in a way that is intuitive and non-

technical. Sketchspace extends a designer’s natural manipulation and defines input 

mappings through the combination of tabletop sensor icons, embodied gesturing, and 

simple speech commands. First, there are fifteen sensor icons that represent mapping 

rules available to the designer (see Figure 46). Each of these convey a useful property of 

the prototype’s input behavior that can be toggled on or off by tapping its icon. The down 

arrow indicates an “is below” condition indicating when the prototype is below the 

threshold value, the mapping rule should trigger. In counterclockwise from the is below 

icon: is above, is right of, is left of, is rotated right, is rotated left, is tilted up, is tilted 

down, is tilted left, is tilted right, is near, is higher than, is deformed (measured as the 

distance changed in curvature features), is grasped (measured in amount of hand pixels 

obscuring the object), and button tapped. 

To set the “is below” mapping threshold, a designer taps the icon, positions the 

prototype on the tabletop, observes the threshold value near the icon, and, when satisfied, 

issues the speech command “save.” The value of the virtual sensor is saved to the 

mapping rule. Moving the prototype to that position again will trigger the “is below” 

interaction rule to fire. In general, this approach frees the designer’s hands for bimanual 

asymmetric interaction [31] and quickly generates interaction rules for each of the virtual 

sensors. 
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5.1.4.4.1 Creating Interaction Rules 

As sketching’s inherent vagueness and roughness encourage useful possibilities in 

design, we favored a minimal— yet expressive—set of mappings. To define how these 

mapping should behave, the designer has two options: 

1. Map interactions on the prototype. Triggering interactive behaviors raises the question 

of how to best update the dynamic content of the prototype. When a sensor icon is active, 

it has three behavior options: increase, decrease, or off (see Figure 47). Sketchspace  

 

Figure 46. SketchSpace tracks and projects a texture on a roughly sculpted mouse made of modeling 
clay. The icons on the top, left, and bottom correspond to virtual sensors. The icons on the right are 
for displaying images and adding or removing virtual buttons. In counter clockwise from the ‘is 
below icon’ (down arrow): is above, is right of, is left of, is rotated right, is rotated left, is tilted up, is 
tilted down, is tilted left, is tilted right, is near, is higher than, is deformed (measured as the distance 
changed in curvature features), is grasped (measured in amount of hand pixels obscuring the object), 
and button tapped. 
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Figure 47. A sketch is rendered on a tablet form factor (a CD sleeve). Right tilt (bottom left icon) is 
active and shows the virtual right tilt sensor value. The yellow button on the sketch is also active. The 
plus, minus, and delete icons set their respective mapping behaviors. 

 

 borrows a metaphor similar to high-fidelity prototyping with static images: manipulating 

the physical prototype causes an increase or decrease in the index of the images 

projected on the prototyped. Also, to simplify mapping a prototype’s behavior, 

Sketchspace treats input as absolute and will only fire a rule while it satisfies a map-  

 ping. This approach makes the behavior of the prototype simple to manage yet 

sufficiently expressive. 

2. Map interactions to the desktop computer. In addition to triggering interactive 

behaviors on the prototype, the designer can map actions to keyboard events. Like 

BOXES [48], the designer specifies standardized key encodings to control any 

application on the fly without any specialized programming interface. A window, 

identical to the interface on the designer’s tabletop workspace, is available on the desktop 

computer and has textboxes for triggering simulated key presses. Unlike the workspace 

limitation, the designer has the option of toggling whether a rule fires more than once 
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while it satisfies a mapping. This is to better simulate key press input while sketching 

desktop interactions. 

5.1.4.5 Projection on Object 

Early informal feedback from designers indicated that they would like to render rich 

content on their prototypes. Even changing the color of a prototype is important to 

convey a design idea. To enable interactive sketching and support design exploration, 

SketchSpace allows a designer to compose images and texture and display visual 

feedback directly on the prototype. This is similar to the work of Nam et al. [67] and 

Akaoka and Vertegaal [3] but with a stronger emphasis on supporting interactive 

sketching and freeform 3D input. Along the right side of the designer's workspace are 

four content indicators from top to bottom: image, texture, button, and delete. The 

inherent noisiness in the touch signal meant that accurate sensing of touch input is 

challenging. For this reason, fine-grained interactions, like resizing or repositioning  

content, are avoided. Instead, we project one texture on the entire surface of each 

prototype’s side. Before or when working with the prototype, a designer draws the rough 

interface design in a series of images and stores them in SketchSpace’s directory. To 

show images on the prototype, a designer moves the prototype over the image icon and 

taps its surface. To show a texture, this process is repeated using the texture icon. 

Although both icons have identical behavior, we separated them to better represent how 

designers thing of color and texture versus interface elements. Finally, to loop through 

and preview the images a designer taps either icon. 
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To transfer a button the designer accurately positions the prototype overtop it’s 

and then taps it to initiate a copy gesture. The position of the prototype relative to the 

center of content icon determines the position of the copy. The mapping icons appear 

beside button icon. To remove the button, the designer places it over the delete indicator 

and, like before, taps the indicator. We limit the prototype to two buttons due to difficulty 

in sensing touch on the prototype because of noise in the Kinect’s depth data.  

5.1.5 Implementation 

SketchSpace is implemented in C# in a Windows 7 environment. Our single camera and 

projector setup is sampled at 50 Hz and calibrated in a single 3D coordinate system 

rendered in Microsoft XNA. A grayscale image represents the sampled depth data and an 

OpenCV provides computer vision techniques that track one object and a designer’s 

hands. Once identified, an object’s surface geometry is used computed and used to infer 

virtual sensor streams for each object. 

 

5.1.5.1 From Input Behaviors to Virtual Sensors 

To infer virtual sensors from the depth data, the system tracks and analyzes a prototype's 

surface features. After the hand has been segmented from the image it thresholds the 

depth image and performs connected components labeling. As the prototype is the only 

item in the workspace, the position of the largest component indicates the object of 

interest. From the component’s bounding box, we extract the object’s depth data and use 

this to generate a 3D surface mesh. The component is also used to infer useful spatial 

information: xy position, size, and prototype’s height off the workspace table. 
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5.1.5.1.1 Tracking Surface Features 

After extracting the surface mesh, the centroid derived from connected component 

analysis is set at the center point of the object. For each point in the object’s bound with 

non-zero height data, the curvature from the centroid to each point is calculated. Using 

the centroid, the point, and the point half way in between, we calculate curvature using an 

osculating circle (the inverse radius of a circle that best fits a curved line [28]). This value 

is mapped to a grayscale image where curvature and shape appear as features to track. As 

this calculation is based on the surface curvature of the object, it is invariant to rotation 

and the designer’s natural manipulations. It is, however, sensitive to extreme angles of tilt 

as the Kinect depth data will have less pixels available. This limit could be addressed by 

adding an additional Kinect camera above the designer’s desk. 

Describing the surface curvature this way allows us to use standard image 

processing techniques to label surface features and use them as anchors. After the 

registration step, the system generates virtual sensor streams by observing the 

transformations of these features. For example, tilt and rotation can be calculated by  

comparing the position of surface features to a baseline position. Examining changes in 

position between the features and the centroid, similarly, can derive deformation. 

5.1.6 Touch 

Sensing touch requires (1) segmenting the designer’s hand and (2) knowing when a 

fingertip deflects a surface (see Figure 48). In Sketchspace’s setup, the closely positioned  
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Figure 49. Skin densely reflects the infrared light emitted by the Kinect. We threshold the raw 
infrared image (a) and use median filtering and blurring to locate the hand (b). Although smaller 
candidates are sometimes found (red boxes), they are easily ignored. 

Kinect floods the workspace with infrared light (IR). Skin is easy to threshold because of 

its reflectivity. This removes the possibility of working with in the same way. However, 

the common design materials we surveyed (high density Styrofoam, foam core, clay, 

paper, wood, etc), were all able to be tracked reliably. 

 

 
 

Figure 48. A design grasps a mouse prototype (left) and then touches it (indicated in green) .  
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To sense touch, we sense a predictable pattern in the curvature at the boundary 

between a fingertip and surface (see Figure 49). After a dwell time of 500 ms, a touch 

event is raised. To reduce false positives, we confirm the fingertip’s presence by indexing 

it in the segmented hand image. Unlike Wilson’s use of depth sensing to sense touch 

[106], we do not require a static background model of the touch surface. Relaxing this 

requirement allows us to sense touch on moving objects. However, we currently limit our 

approach to a single touch point as natural grasping gestures interfere with multi-touch 

sensing. 

5.1.7 Discussion - The Challenges of Interactive Sketching 

Although early user experiences with SketchSpace’s efficacy as a sketching tool have 

pointed us toward key design decisions, such as projecting icons on a designer’s tabletop 

and supporting embodied mapping gestures, it has been challenging to deploy 

Sketchspace in an industrial design studio. For example, our touch algorithm relies on a 

desk that has a high infrared reflectivity to quickly segment the user’s skin and is 

dependent on the surface texture of a desk this way. As well, there is a significant amount 

of sensor noise; bending a display triggers a false positive rotation, or similar virtual 

sensor. Were sensor noise significantly reduced, it would be possible to more robustly 

track shape features. This feature tracking improvement would allow user interface 

elements to be projected on an object’s surface more accurately and seamlessly. It might 

also allow other props to be used: in future, if a stylus could be tracked in relation to an 

object, it would be possible to draw user interface elements directly on an object itself.  
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At present, we have deployed SketchSpace in a semi-guided scenario, during a 

university level design studio focused on designing interactive systems, ones that 

recreated the objects from DisplayObjects to form a baseline comparison and inform our 

active development for broader deployment. In general, students were able to rapidly 

sketch the dynacan and paper computer, but the interactive sphere interface was limited 

as a projector could not fully render on its surface until it was placed flat on the desk, 

making it impossible to rotate in place. This, of course, could be addressed through the 

use of one or more projectors, or even a wearable device like OmniTouch [33] that can 

leverage its ability to imbue surfaces with interaction for the sketching of organic design.  

Improving SketchSpace’s robustness could mean taking a different approach to 

sensing form. Its current approach for tracking relies on richness in form. Although this is 

a realistic assumption with industrial prototypes, it is not reasonable when working with 

smooth flat surfaces. SketchSpace could include other computational surface calculations 

such as plane-fitting or infer rotation from the eigenvalues produced by ellipse fitting to 

tracked object. Although they can be useful, reductive calculations like these then to 

remove the inherent richness and analog feel of the underlying depth data. In general, we 

argue that surface geometry, as an input channel, is inherently useful, even when asking 

designer’s to minimally disrupt or reshape surface continuity. Although this approach 

may fail when an exact prototype form is needed, it is suitable for the quick and rough 

explorations sketching encourages, especially with passive materials. 
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Chapter 6 

Conclusion and Future Work 

This chapter is in part based on [44,46] 

 

This chapter summarizes the theoretical, empirical, and practical conclusions of 

designing Organic User Interfaces. It concludes with a discussion of the implication of 

these results: the emergence of everyday computational things, hypercontextualization, 

and a future area of research that might simulate interaction early in the design process.  

6.1 A theoretical framework for OUI Design 

The main result of this thesis is that designing, building, and evaluating an OUI follows a 

process that is different from that of a flat interface. Shape complicates interaction design 

and, correspondingly, designing with interactive materials complicates industrial design. 

OUI is a new design field that blends both. As a basis for a theoretical framework for 

OUI design, we have posited that it represents the logical union of industrial and 

interaction design. We illustrate their current relationship in Figure 50. The frequency of  
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Figure 50. A brief list of typical skills in Industrial an Interaction design.  Those with geometry are in 
the industrial design circle.  

 “2D” and “3D” terms in the industrial design circle indicates a polarity, one that requires 

an industrial designer to focus on shape more so than an interaction designer. When they 

do intersect, they do so along the characteristics of good design and this intersection is a 

prominent structure in the current design process. Thinking back to the designers we 

observed at Microsoft’s Hardware group, design iterations—meaning recurring 

adjustments to either form or interaction—occurred separately within their circles.  A 

design was “handed off” to one circle and the intersecting design goals were a gateway 

for the designers. Of course, this relationship between designers rests on the assumption 

that three-dimensional geometry is the domain of industrial design. Removing this 

polarity means the intersection dissolves and OUI design begins.  
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 With the shape polarity absent, previously separated design activities are now 

members of one set. One method of framing OUI design is to examine the permutations 

of the members in this set. The combination of model making + input implies an 

interactive material, one that is the conceptual origin of Tactiletape. Another permutation 

is sketching + touch input, a combination that allows an OUI designer to draw a touch 

sensor directly on a prototype (i.e. Tactilepaint). Freehand drawing, when decomposed to 

its more basic tasks, consists of paint or ink, stroke, pressure, erasing, and so on. This 

decomposition drills down to another level of permutations; for example, is repositioning 

and erasing a touch sensor’s location on a physical prototype necessary for OUI design? 

Does the style of a stroke or its length lead to repeatability in a touch sensor when drawn? 

Is the sheet resistance of a conductive ink practical for maintaining a touch signal along 

distant points on a prototypes surface? These exact questions led to the substitution of the 

DIY conductive ink used in Tactiletape with Bare Paint [5]. The sheet resistance of the 

DIY ink (100kΩ/Sq) is much higher, making it harder to distinguish a large amount of 

touch points. Bare paint, with its low sheet resistance (55 Ω/Sq), can also be washed off 

with soap and water. This makes a touch sensor able to be drawn and erased.  

 In any case, these design permutations are not intended to be exhaustive or 

complex. Some ordered pairs are illogical, such as Ethnography+2D CAD, and tuples 

less cogent. This implies that only a subset of these design combinations truly matter. 

Much like Buxton’s sketching compass, we position this union as a lens to explore the 

OUI design space, one that can inform design scenarios and tease out new mergers of 

previously unrelated design activities.  
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 Beyond the design process, this union introduces a new category of form factors 

in computing. Transitioning interaction to an expressive design material changes what we 

design and entails a scenario of everyday computational things. In the near future, it is 

likely that many everyday objects will have points of their surface covered with an 

interactive display skin, one that more closely binds its physical identity to its digital one. 

We envision many commonplace objects being extended with an interactive material and 

hypercontextualized (see section 6.5).  

6.2 Empirical conclusions 

The empirical conclusions of this thesis are drawn from designing, investigating, and 

evaluating cylindrical developable surfaces and input materials for 3D geometry. The 

primary goal of this exercise was to tease out characteristics of OUI design by adapting 

input technology to some basic non-planar surfaces. The secondary goal was to 

empirically evaluate a pointing task on a convex developable surface. In this regard, these 

studies provide insight into the usefulness of interacting on non-planar surfaces.  

 The pointing on a curve evaluation shows that Fitts’ law can be used to model 

movement time when pointing at targets on a highly convex surface. It also shows that 

convex surfaces have a lower index of performance than flat surfaces (6.11 bits/s for 

convex vs. 7.03 bits/s for flat). Although Fitts’ law is a highly robust model for pointing, 

it was unknown if it was suitable for modeling pointing on a convex surface. The result 

here is that Fitts law, a well-established model for ranking input devices on a flat surface, 

can be applied to a uniformly convex curvature. If we consider that, because of the 

limitations in TFT manufacturing discussed in earlier chapters, many of the first curved 
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products will have a cylindrical developable surface, the implication is that Fitts’ law can 

be used to model movement time on these highly convex surfaces. Arguably, the Fitts’ 

law model could be updated to include a curvature parameter and could possibly increase 

the fit in the regression; the trajectory of the finger’s arc is more pronounced on a convex 

a surface compared to flat and this is a main explanation for its slower movement times 

and lower throughput. However, recording the exact trajectory would require augmenting 

the finger with a tracking system. This is impractical for practitioners, since it means 

tracking the interaction surface as well as managing, visualizing, and analyzing a far 

larger data set. Sampling the finger’s 3D trajectories for each trial, even at 10 Hz, is a 

voluminous amount of data compared to the single 1D hit point for each trial in the 

standard Fitts’ model.  

6.3 Practical conclusions 

The practical conclusions of this thesis stem from designing, observing, and evaluating a 

broad set of non-planar, deformable, and, in general, shaped interfaces.  The main 

practical conclusion is that flat hardware sensors are poorly suited for OUI design and 

can constrain, limit and mute design possibilities. 

Although thinking of interaction as a material is certainly a theoretical 

perspective, it is an idea that emerged from crafting input tools better suited for OUI 

design. PaperPhone [57] focused exclusively on bend interactions and not touch input. At 

the time of PaperPhone’s construction, there was no off-the-shelf touch sensing 

technology that could sense touch input on a deformable interface. Commercially 

available touch sensors used for DIY prototpying, are rigid and made of glass. Flexible 



 96 

potentiometers [83], although better suited than glass, do not come in a length that 

matched PaperPhone 4.3” diagonal display. Tactiletape, tactilepaint, and resigraphs are 

designed to be a low-cost touch sensing method for curvatures, one with a variable length 

that could be trimmed or painted on complex surface geometries.  Unlike highly refined 

touch sensors and sensor designed for flat prototyping, they have a high material 

expressivity. Even with a low input fidelity, this combination is highly suitable for OUI 

design.  

To guide the construction of future OUI input materials, we present a list of their 

ideal characteristics. This list is not exhaustive, but it does contain the most important 

facets of an OUI input material: 

1. Repositionable: is the input material repositionable or erasable?  The low tack 

adhesive backing on Tactiletape meant it could be pulled off the surface and 

repositioned during use. Conductive ink with a Gum Arabic binder can be 

removed with soap and water; conductive paint cannot. Being able to erase a 

conductive trace from an expensive electrophoretic display is incredibly 

important.  

2. Variable extent: the variable length and application of Tactiletape and Tactilepaint 

makes it possible to very quickly customize the surface area of a sensor on a 

prototype.  

3. Composition: is it possible to build up the input materials in a way that replicates, 

even roughly, interaction on a surface with 3D geometry? Tactiletape is a clear 
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example: its individual strips can be wrapped around an object, making it easy to 

very quickly imbue an object with complex surface geometry with touch.  

4. Resolution: is the resolution appropriate for early stage design? Will all of the 

input resolution be used? If not, can the input resolution be lowered to give the 

size, movability, or composition of the input material more expressiveness?  

5. Wiring: does the input material maintain a minimal amount of circuitry, PCB, and 

wiring? As a rule of thumb, we recommend the use of at most three wires to 

interface a single instance of input material.  

6. Infrastructure: does the input material leverage a simple and available 

infrastructure? For example, the use of specialized or hard to obtain equipment 

makes an input material less suitable for early design. Is the software for this 

equipment available? If not, how complicated is it to write the software that will 

sample and make sense of the input material?  

7. Sourcing: can the input material be constructed from available materials (i.e. the 

graphite in a pencil) or sourced easily (i.e. art supply store)? If not, do the 

companies that sell these source materials easy to contact? 

8. Simplicity: is the sensor design as simple as possible? Does it have no 

unnecessary parts?  
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6.4 Summary of Conclusions 

 “We become what we behold. We shape our tools, and thereafter our tools shape us.” 

- John M. Culkin 7 

The design principles of Organic User Interface anticipate a world filled with shaped 

devices, from credit cards with electrophoretic displays to bendable mobiles such as LG’s 

G Flex. Thinking beyond flat interaction and “beholding” this new category of form 

factors for computing devices has led to an active exploration of non-planar interfaces, 

one best seen in the fruition of PaperWindows, an early prototype system that simulated 

flexible display interactions using projection, to PaperTab, a fully functional desktop 

filled with larger, paper-like displays. This exploration has also led to the design and 

implementation of new OUI design materials, including: 

(1) Flexkit, a platform that simplifies sketching and prototyping with flexible 
electrophoretic displays.  
 

(2) Interactive materials that include Tactiletape, Tactilepaint, and Resigraphs. 
Each of these imbues common industrial design materials with touch 
sensitivity and make it easier to interactively sketch on passive physical 
prototypes.  

 

6.4.1 Implication: From OUIs to Everyday Computational Things 

With a theoretical framework, sketching methodology, and input designed for OUI, what 

exactly do these developments mean? We argue that the combination of these facets point 

hinges on technology’s transition to that of an interactive design material [46]. When  

                                                

7	  Although this quote originates from McLuhan’s mentor John M. Culkin, it is presented in Understanding 
Media [64].	  	  
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Figure 51. A quintessential example of a 
hypercontexualied object. The power left in the 
battery is revealed when holding it. This coupling 
between gesture and feedback is far different 
from using a voltmeter to do the same thin [17]. 

Figure 52. Although this baseball integrates a 
flat display, it is still a hypercontextualized 
object. Unlike the battery, the baseball looks less 
likes its original identity [87].  

 interactive hardware is commoditized and seamlessly melded with things, the idea of a 

‘computer’ disappears and is better described as a basic design material that, incidentally, 

happens to have an interactive behavior. In this new context, an object represent a unified 

combination of digital and analog behavior, one that does not sacrifice shape for 

technology (see Figure 51 and Figure 50).  

This, of course, raises fundamental questions for OUI design: with the potential 

for interactive form to be integrated seamlessly into an everyday object, what overarching 

design objectives are important to mitigate a world filled with an abundance of 

technological distractions? What does it mean when designers have the interactive 

materials to rapidly ideate and place interaction anywhere, at any point on an object’s 

surface? The potential for interaction everywhere forces us to consider a highly 

interactive world, one where your toaster, or any other device, could tell you the news. 

We argue that to make interactive form purposeful, designers should contextualize 

interaction in an object’s shape and limit functionality to one or two behaviors at most. 
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This minimalist hypercontextualized approach cautiously restricts interactive 

functionality by carefully binding it to an object’s identity (the battery and baseball show 

power and speed, not today’s weather forecast).  

6.5 Hypercontexualization  

There is a new opportunity to build highly specialized devices, ones that can use organic 

principles to seamlessly contextualize interaction in form (see Figure 53 left & right). 

This distinction moves away from the approach of the computer as a generic tool and 

introduces cautious specializations in the interface. By doing so, the interactive behavior 

of some types of organic design will only express a few essential actions, ones that are 

subject to their form factor. 

What exactly is this category of specialized organic devices? There is a distinction 

to be made between multi-purposed and specialized form factors. Certainly, there will 

always be a class of devices with both multi-purposed functionality and organic 

principles (Nokia’s Kinetic is one example [54]). The brick shape of modern smart 

phones, even when deformable, has absorbed a camera’s function and a GPS’s mapping 

capability. Even Snaplet suggests an OUI that can be repurposed depending on its 

context, transforming its shape to flat to be drawn on. A similar example is found in 

Gummi’s flexible interaction of a credit card-sized device. 

However, as organic design embarks on a multitude of new interactive shapes and 

forms, there will be a greater opportunity for form factors that are highly contextualized  
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in their shape. Imagine a toothbrush covered in a thin-film interactive skin. In an effort to 

promote better oral hygiene, it might useful to indicate on the brush’s handle that it is  

being held properly and the correct motion is being applied. In any case, the shape of the 

brush commands a unique way of interacting with it, one that is not so easily transformed 

and absorbed by another form factor. 

To accept computational things is to assume a scenario where many passive 

everyday objects could be imbued with interactive potential. We argue that, for this new 

set of forms, factors should be designed by hypercontextualizing their interface. A bank 

card with a thin film display would show your balance and recent activity, but it would 

not be used to write an email or browse the web. It might have an interactive map on the 

back, but its interactive behavior would be limited to helping you perform mobile 

financial transactions or finding a nearby branch. In a similar example, a reusable water 

bottle might subtly glow when it is near a water fountain, only if it is almost empty. A 

high-end kitchen knife might indicate when the incorrect pressure and angle is applied 

during a cut. 

 

Figure 53. A electrophoretic display is positioned on the top edge of a tape measure concept [91] 
(left). The analog act of measuring distance is fused with the digitally controlled display.  
The free space on the thumb drive is hypercontextualized in its form (right) [95]. This is a digital 
property that is fused with its physical identity. 
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This stringent minimalism has clear benefits: it limits the range of possibilities a 

user encounters using highly purposed types of organic interfaces. It also leverages in situ 

interface design, in that physical manipulations of a computational thing can be more 

precisely mapped, even made more usable, when functionality is limited and excels at 

doing only one or two things. Keeping the back of the bank card as just a map, as 

opposed to including a web browser or any other ‘useful’ applications, means that the 

user simply flips their credit card to see the nearest branch. This minimizes application 

switching, displaces a cumbersome smartphone and embeds this information in a 

predictable locale, one that is tied to the physical starting point of their mental model and 

banking experience. 

It is worth pointing out that hypercontextualization already exists in some 

consumer devices, even a simple one like the baseball. Amazon’s Kindle excels at being 

just one thing: a digital representation of a book. Once this boundary is exceeded, by 

trying to surf the web on its electrophoretic display, its hypercontext dissolves and the 

simplicity of its interaction metaphor breaks down. In the context of organic design, there 

is the potential to create many new types of hypercontextualized devices. Although some 

interfaces will be highly purposed, there will be a new class of organic interfaces that, via 

computational materials, leverages hypercontext to more tightly couple interaction, form, 

and feedback, like the examples of the organic toothbrush or water bottle, in interface 

design. 

Thinking about hypercontextuality applied to an interface design is only a first 

step. How designers should go about representing it in three-dimensional interface design 
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requires elaboration. Unlike the user-centered design process, settling on the functions 

that are most critical to embody in an OUI is not necessarily linear or even formulaic; 

shape is transformed in early design iterations and since the interface is so closely bound 

to it, it requires constant re-evaluation and design reflection. This is not to say that the 

traditional methods of user-centered design cannot still inform the design. However, the 

context in which an interface exists and the shape it occupies must be considered more 

deeply than it is in flat design. Thinking back to our reusable water bottle, a designer 

must deeply consider its size, material, relationship to owner and, among other aspects, 

the environment in which its identity plays out. Traditionally, this is the domain of 

industrial design. However, designing a water bottle made from an interactive material 

must also account for the ways in which the bottle can be augmented with an interactive 

form. A starting point is a simple question grounded in McLuhan’s law of extension 

(McLuhan, 1964): of the functions (or experiences) this water bottle exhibits (or should 

exhibit), which of them would be enhanced, intensified, or made possible by imbuing 

them with interactive behavior? Perhaps calmly revealing the temperature of the water 

after it is filled up would impact a person’s choice of water fountain. Or maybe tapping 

the bottle at a certain spot would reveal how much water the owner has consumed. For 

even simple things, the possibilities quickly exhaust themselves. It is at the discretion of 

the designer to decide how the interface will be hypercontextualized or if it should be at 

all. 
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6.6 Future Work - Simulating Interaction in Future OUIs 

As this thesis has discussed, designing shape-changing devices requires OUI designers to 

deal with a complex interplay of variables: materials, shapes, sensors, and, of course, user 

manipulation. Even with updated design materials, designing a new interactive device 

and its interface can still be time consuming, tedious, and costly, particularly during early 

and often intense ideation. The same problems exist in other industrial fields, such as 

automotive architectural design and aerospace, and are solved by using advanced 

simulation software. As future work in the OUI design space, we suggest a similar tool 

but adapted to the industry of interactive devices. In other words, we propose to embed 

“interaction” as a new abstraction in simulation software. Such a simulation tool would 

help designers build new devices and simulate interaction before a device is constructed. 

This would provide the same value as the simulation tools present in other industries (e.g. 

CAD for physics or electricity), i.e. facilitate and speed up the building process as well as 

reducing the production cost and, in general, lead to more informed design. 

As future work, we present the early concepts and some preliminary steps made 

toward a computer-aided interaction design tool (CAID)8. We then discuss the challenges 

met when moving toward concretizing this idea in a research agenda. 

6.6.1 Computer-Aided Interaction Design 

In the same way that the car industry uses wind tunnels in the process of building cars, 

we argue that it is necessary to produce CAID tools for next generation design. To begin 

                                                

8	  The ideas presented here come from a collaboration with Anne Roudaut at the University of Bristol, UK 
and were first presented at a CHI’13 workshop on OUI design [2].	  
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investigating CAID, we provide two discussion points. We discuss the basic primitives 

and rules needed to composite and generate simulations. We position interaction as an 

abstraction over the combination of physics, materials, forces, and other dimensions, one 

that is not at all represented in current simulation software.  

6.6.2 Simulating Interaction in CAID 

From Autodesk’s Mechanical and Multi-physics [4], Solidworks [84], Siemen’s Jack 

[52], COMSOL [12], and to Kangaroo [53], each of these examples relies on a highly 

specialized set of simulation primitives that cannot be easily repurposed for interaction. 

Although each tool can calculate the forces present when the user’s hand bends a flexible 

mobile prototype device, and even precisely match the elastic modulus of the prototype’s 

substrate, these behaviors cannot be used as input to further explore interaction. 

Although many simulation tools do have the necessary parts and components to 

mathematically simulate interaction, they lack a necessary and cohesive abstraction to 

represent it. How should interaction be represented for the purpose of simulation then? 

We argue that interaction is the complex composition of primitive attributes, ones that 

include shape (width, height, thickness, extent, etc), material (volume, density, elasticity, 

etc), and dynamics (stress, light/pixels, sound, electricity, etc). The manipulation of a 

composition by a human primitive generates input states and can be mapped to 

interaction rules to simulate a device’s behavior over time. 
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6.6.3 CAID Challenges 

There are several challenges we must tackle to design, build, and test a CAID tool. The 

first challenge is a modeling problem: selecting the most appropriate set of simulation 

primitives, especially ones that have a high utility for designers. The second challenge is 

closely related: implementing the underlying software system that models, simulates, and 

composites these primitives. For simulation software, interaction is a new and previously 

unexplored abstraction. Retooling existing solutions like AutoCAD, without direct 

industry support, would be challenging. 

What underlies AutoCAD, though, is a mathematical technique called Finite 

Element Method (FEM) [51]. This technique uses partial differential equations to 

discretize complex phenomena into small, even infinitesimal, elements that can be 

modeled. It used across all industry domains, from aerospace to automotive, as it is 

flexible enough to allow for new and uncategorized systems to be easily introduced into a 

simulation. This mathematical foundation allows the customizability needed for research 

while staying closely aligned to industry standards. 

The second challenge is to evaluate our CAID tool. Designing a device is a 

creative process and it is thus difficult to empirically evaluate the workflow of a team of 

designers. Although we are actively exploring how to approach this problem, we plan to 

leverage lessons learned from Ballagas et al.’s evaluation of a rapid prototyping 

framework for mobile devices [6]. Time to prototype, numbers of iterations made, 

number and types of flaws avoided in a design, and cost reduction, are all potential 

dimensions on which we can evaluate the utility of our CAID tool. 
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One key advantage of such software is that it potentially allows the community of 

designers and researchers to better share the digital plans of their prototypes. For 

instance, a researcher in physics could create a new shape shifting material and make it 

available to other researchers. They could then embed the model in their current 

simulation to check whether the new material fits or improves their current design. We 

also think this could be very useful to make a link between the files generated by our 

software and the files taken by current prototyping tools such as laser cutters or 3D 

printer. 

6.7 Conclusion 

This thesis argues that the best thing that could happen to user interface design is for 

computers to stop being technological devices and start being more like real everyday 

things. Not only does this effect the OUIs we create, but the input materials and 

methodologies we use to design them too. In the future, their hypercontextualized 

interfaces will feature the same type of skins we find on products today, but extended 

with minimalistic and carefully selected interactive behavior. Designing this category of 

OUIs to excel at perhaps one or two functions at a time radically simplifies the design of 

the user interface and ensures that the ‘computer’ dissolves from the forefront. Interactive 

hardware will be a mere commodity to the industrial designer, to the point that it looks 

and feels like any other design material. This, naturally, accelerates the need for new 

materials that allows designers to sketch using interactive materials. This is a turning 

point for a user interface design, one that challenges us to understand how to best design 

in this new world of everyday computational things. 
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