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ABSTRACT

We present PaperTab, a paper computer with 9 Letter-sized
functional touch sensitive flexible electrophoretic displays.
PaperTab merges the benefits of working with digital infor-
mation with the tangibility of paper documents. In PaperTab,
each document window is represented as a physical, func-
tional, flexible e-paper screen called a tab. Each tab can show
documents and other digital information at varying resolu-
tions. The location of tabs is tracked on the desk using an
electromagnetic tracker. This allows for context-aware oper-
ations between tabs and the desk. The desk is divided into 3
proximity-based zones: the hot zone, used for full screen
browsing and editing of documents, the warm zone for dis-
playing thumbnail overviews, and the cold zone for filing of
documents. Touch and bend sensors in each tab allow users
to navigate content. Tabs can also be pointed at one another
for focus+context view operations: e.g., documents are
opened by pointing a tab at a file icon on a second tab. Bend
operations on a tab allow users to navigate content: flicking
the top right corner pages forward or back, while bending the
tab zooms in or out of the document. We report on a user
experience study with 12 participants.
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Figure 1. PaperTab with 9 physical windows and (virtual)
hot, warm and cold zones.

INTRODUCTION

A long-standing debate in user interface research is the
tradeoff of benefits between physical and digital user inter-
face objects. In particular, the vision of a physical desktop
computing system based on the way office workers use paper
documents has been an enduring research goal [5]. One of
the reasons for the longevity of paper, according to Sellen
and Harper [30], is that it provides tactile-kinesthetic feed-
back when organizing and navigating information that is not
available in traditional digital windowing environments. Pa-
per, as a physical medium, is also thin, lightweight and port-
able. It provides 3D spatial organization of information,
while enabling concurrent access to multiple streams of in-
formation [30]. On the other hand, Graphical User Interfaces
(GUIs) provide superior opportunities for on-the-fly elec-
tronic manipulation and updating of information over paper.
While accepting that malleability is a basic requirement for
any user interface, in this paper, we address three major lim-
itations of the GUI, as compared to paper documents: (1) us-
ers are severely restricted in the way they concurrently ma-
nipulate and organize multiple windows, particularly in cases
where windows obscure each other; (2) spatial manipulation
of windows is defined and limited by screen size and (3) us-
ers cannot apply spatial memorization skills for GUI-based
information retrieval as effectively as they can in real, phys-
ical, environments [16]. One solution is the design of a sys-
tem that combines tangible, paper-like interactions with dig-
ital information (not limited to documents), specifically by
embodying windows onto an electronic paper-like medium.



The idea of providing paper-based interaction with digital in-
formation is far from new: it was the core idea behind Me-
mex [5] which inspired the GUI. Wellner's DigitalDesk [34]
was one of the first systems to implement such seamless in-
teraction between physical and digital mediums through dig-
ital projection on paper. Since then, many tabletop research
projects have explored the coexistence of paper and digital
information [15,17]. While these systems provide various af-
fordances of paper, they are often limited in their interac-
tions, and do not take advantage of the spatiality of content
beyond the 2D surface of a desk.

The emerging technology of thin-film flexible displays [18]
presents an opportunity to merge the physical world of paper
with the digital world of information via Organic User Inter-
faces [32]: non-flat, flexible, tactile, high-resolution display
interfaces. Flexible displays are sufficiently thin to approxi-
mate paper-like interactions, and sufficiently light to allow
for efficient spatial interactions between displays. While re-
search on flexible display interfaces has pursued the embod-
iment of digital data on paper [16,18], this research has
mostly focused on the usability of single and small display
interactions. In this paper, we extend this work to multi-dis-
play large format interactions. We present PaperTab, an elec-
tronic paper computer that allows physical manipulation of
digital information using multiple flexible electrophoretic
displays embodied on a physical desk (see Figure 1). Docu-
ments in PaperTab combine the malleability of electronic
windows with the tactile-kinesthetic and 3D spatial manipu-
lability of paper documents. In PaperTab, each graphical
window is represented by a fully functional, paper-sized
10.7” diagonal Plastic Logic thin-film high resolution flexi-
ble electrophoretic display [24].

Contributions

This paper contributes one of the first paper computers with
many real, functional, and large touch-sensitive thin-film
flexible electrophoretic displays. We also contribute a func-
tional physical windowing system with interaction tech-
niques for zone and focus+context interactions. Zone inter-
actions are based on the proximity of each display to the user.
PaperTab determines the 6 DOF location and orientation of
each display on the desk through an electro-magnetic sensor
mounted on the back of the displays. Locations of displays
are categorized into hot zones, used for active editing, warm
zones for temporary storage, or cold zones for long-term
storage [30]. Each display has a transparent flexible capaci-
tive touch input layer. This is used for focus+context inter-
actions [3], which allow users to point with one flexible dis-
play at coordinates within a second flexible display, e.g., to
pop up a magic lens [4]. We contribute a user experience
study, examining several representative tasks in which data
was moved within and between multiple flexible displays.

BACKGROUND

Typical window managers and file systems provide capaci-
ties similar to the physical desktops they originally mim-
icked, including the ability to move work in and out of focus

based on its position and relative size on the desktop, to jux-
tapose and arrange work documents using a 2-D spatial lay-
out and, to some extent, to recall documents based on their
location in the 2-D workspace. With PaperTab, we were in-
terested in the extent to which this evolved 2-D environment
can be applied back onto the physical desktop, using light-
weight flexible displays that are spatially registered on the
workspace. This “restoration” of the desktop is not trivial: it
differs from the purely digital desktop by employing direct,
tangible and bimanual manipulation of physical artifacts, and
differs from the purely physical desktop since these artifacts
are dynamic and interactive. In this section we review the
significant base of related work that has inspired and moti-
vated our design.

Paper Computers

DigitalDesk [34] was one of the first physical paper comput-
ers. It seamlessly merged interactions between physical pa-
per and digital documents on a physical desk. Users were
able to select data from paper documents and copy it into
digital documents. In PaperWindows, Holman et al. [16] cre-
ated a windowing environment that simulated fully wireless,
full-color digital paper. PaperWindows demonstrated use of
gestural inputs such as hold, collate, flip and bend. Similarly,
Lee et al. [19] used image projection on foldable materials to
simulate flexible displays with variable form factors and di-
mensions.

None of these systems deployed functioning thin-film elec-
tronic paper displays. Research in thin-film display interac-
tions started with paper mockups, bendable substrates on
rigid devices and projected flexible displays [16,29]. With
the recent availability of working flexible displays, projects
like PaperPhone [18] explored new interaction techniques
such as bending as an interaction paradigm. DisplayStacks
[11] is one of the few papers to explore interaction tech-
niques for stacking multiple functional E Ink displays. How-
ever, it featured smartphone sized displays, and presented a
set of interactions between screens based on stacking meta-
phors.

Hybrid Documents

Over the past decades researchers have also explored the in-
tegration of digital content with a range of physical media,
from paper on desks [16,34] to notebooks [21] and maps
[25]. A number of relationships between digital and physical
media have been studied, including designing physical media
explicitly to support querying of digital content [25], or syn-
chronizing digital and physical manifestations of the same
document [13]. However, there remain few universally ac-
cepted design principles for such integrations [20].

Khalilbeigi et al. [17] worked on a tabletop system that
tracked various configurations of physical documents, as did
Hinckley et al. [15]. Interaction with hybrid physical-digital
documents can occur by pointing at [9], writing on [13] or
manipulating [16] physical media, by moving a digital dis-
play in relation to physical documents (e.g. in magic lens in-
teractions [4]), or by interacting with the GUI superimposed



Figure 2. PaperTab tab in the warm zone showing thumb-
nails of a photo album document.

on physical media [16] or on a separate digital device [9]. In
several cases the media itself serves as both display and in-
put: e.g., Reilly et al. [25] find that users tend to choose a
corner of the media to facilitate precise pointing and to re-
duce occlusion.

Physical Interaction on a Plane

Interaction paradigms for 3-D virtual environments have
tried to exploit egocentric perspective and proprioception
[23] for target acquisition. Prior work has illustrated greater
effectiveness of a 2-D or 2.5-D workspace (either physical or
virtual) over 3-D workspaces [2], in terms of both target ac-
quisition performance [6] and in recall of item locations [7].
Cockburn and McKenzie suggest the superiority of a physi-
cal 2-D interface to a virtual one in terms of task efficiency
and subjective performance measures [6]. When comparing
physical and virtual interfaces, however, Terrenghi et al. [31]
observed faster puzzle solving using physical objects, and
equal performance for sorting. In addition, they exhibited
significantly more bimanual interaction in the physical inter-
face conditions. The authors also observe fundamentally dif-
ferent methods of interaction between physical and virtual
tabletop activities, related in part to the ability to hold and
place multiple physical artifacts. Their participants also pre-
ferred the physical implementation.

Bridging Physical and Virtual Worlds

Token+constraint systems [33] classify physical objects as
tokens manipulated under a set of space-based constraints to
query data and execute procedures. The basic token in Pa-
perTab is the physical document window, constrained dy-
namically in terms of its placement to other physical docu-
ment windows, and absolutely in terms of proximity to the
user. This approach—defining constraints dynamically in
terms of tokens that are themselves dynamic—has been ex-
plored in other systems such as Siftables [22], and Datatiles
[27]. PaperTab extends this to include paper-inspired inter-
actions with context-aware physical windows, in which each
window is represented by one display.

PAPERTAB OVERVIEW

PaperTab is a paper computer made of many flexible thin-
film electrophoretic displays that can be held in the hands or
placed on a physical desk. The displays serve as electronic
paper windows into computer documents. In PaperTab, each
display corresponds in functionality to one window on a
GUI. We call these physical instantiations of one window per
display a tab (see Figure 2). Users can interact with the sys-
tem by moving tabs around their desk, and can navigate and
edit information on a tab using touch input and simple bend
operations [18]. Users can also use a tab as a magic lens that
points at another tab, allowing them to pop up information
on the top tab detailing items displayed on the underlying
tab.

DESIGN RATIONALE

In designing PaperTab, we focused on developing context-
aware window management techniques that would allow for
interactions with many documents represented on many
physical displays, through relative movement of those dis-
plays. We used the following design criteria:

1 Window = 1 Display

The basic token in PaperTab is the fab: each window is a
physical display. The main reason for this was that it allows
for virtually unlimited screen real estate spread over large
work areas. PaperTab is document centered, and requires a
physical instantiation of each document on a tab. While tabs
can have multiple documents, and documents on tabs can
have multiple pages, at no point is a document not repre-
sented on a tab. This allows users to move digital documents
by moving tabs physically and tangibly through spatial ar-
rangement on their desk.

Location Awareness

Each tab is aware of its own location on the desk, as well as
relative to and within other tabs. This allows smart context-
aware operations between tabs that depend on how close they
are to the user or to other tabs.

Spatial Proximity = Resolution

Because screen real estate is limited in desktop GUIs, win-
dows are typically stacked on the desktop in a virtual z di-
mension, obscuring one another. Since in PaperTab real es-
tate is not limited to a single display, or even a single desk-
top, we designed tabs to vary the resolution of a document’s
information based on physical proximity to the user [30].
Tabs that are furthest away from the user represent file
thumbnails that are not in use. Documents in the middle
zones represent overviews.

Spatial Proximity = Focus

The use of proximity to activate document views also re-
quired a redefinition of the concept of top or focus window.
Again we used the metaphor of proximity: the closer a dis-
play is to the user, the more focus we expect it to receive and
the more receptive to input it becomes. According to Sellen
and Harper [30], users often use proximity when dealing with
paper documents. Hot paper documents are in immediate
use, serve multiple concurrent purposes and are in close



Figure 3. Hot, warm and cold proximity zones in PaperTab.

proximity to the user. Warm paper documents have served or
are about to serve an immediate need, but should not be in
the way of handling hot documents. Cold paper documents
represent archived documents that are not in immediate use,
and are typically filed away from the user. We translated
these notions of hot, warm, and cold zones into a proxemics
design [12] in which tabs are brought in an out of task focus
by physically moving them towards or away from the user.
Sellen and Harper [30] also suggest that to allow for easy
multitasking, every document that is within close proximity
of the user should be active for input, with the most active
windows being the ones held by the user.

Moveability = Mass and Volume

The effectiveness of having displays as windows is greatly
reduced by the weight of the display [8]. Moving a stack of
10 tablets around one’s desk does not rival the efficiency of
moving paper documents. To move tabs around with the
greatest efficiency, we believe it is important that they are
made of the most lightweight displays available.

Display = Pointing Device

We were greatly inspired by work on focus+context displays
[3], magic lenses [4] and spatially aware computing [9] in the
design of our system. As with lenses in GUIs, users should
be able to use one tab to navigate content displayed on an-
other tab.

INTERACTION TECHNIQUES

In this paper, we focused the design of interaction techniques
for PaperTab on the problem of windowing in a system with
many displays, where each display is the functional equiva-
lent of a single GUI window. One challenge was that unlike
GUIs, no user interface exists in the space between windows.
This means the user interface lives among a collection of dis-
plays, rather than just within a single display. As such, we
considered interactions with tabs as pertaining to one of two
types: zone interactions and focus+context interactions.

Zone Interactions

In traditional GUIs, windows are organized using a stacking
metaphor: the most proximate window is the top or focus
window, which contains the active document that the user is
working on. Since in PaperTab, windows are laid out on a
physical desk with more real estate, stacking of windows
need not be the dominant metaphor for task focus. Rather,
and according to Sellen and Harper’s analysis of paper doc-
ument use, the focus or activity level of a window is deter-
mined by the proximity of a tab to the user [30]. Figure 3
shows PaperTab’s three zones of proximity to the user, each
pertaining to a different focus level: sot (within arm’s reach,
active document), warm (at arm’s reach, locked or stacked
document), and cold (outside arms reach, filed document).

Hot Zone

In this zone, tabs are either held by the user, or within imme-
diate hand’s reach of the user. They are the equivalent of the
top window in GUIs. They contain active documents editable
by the user via touch input or keyboard. When a tab is moved
into the hot zone a small LED in the top left corner of the
display turns green indicating they have become editable.
When displays are moved to the hot zone is there no change
to the view resolution. This is only true for documents moved
to the hot zone, and the reason is to allow users to examine
the contents of warm and cold tabs without changing their
view. When tabs are moved in the other direction, i.e., from
the hot zone to the warm zone, their view changes to a
thumbnail overview of the document. When they are moved
to a cold zone, the document closes to show a file icon. This
is the equivalent of closing a window in a GUI. Tabs remain
hot until the user releases them in a warm or cold zone. Users
can use touch or bend navigation to change view in the hot
zone. E.g., in the hot zone, users can go from a thumbnail
overview to a full screen view by bending the sides of the
display outwards.

Warm Zone

In this zone, tabs are at arm’s reach of the user. They are the
equivalent of minimized windows, or windows stacked be-
low the top window in a GUI. As such, documents contained
in warm tabs are locked, and not directly editable by the user.
This allows them to be handled and placed in piles without
the risk of spurious input. They do, however, respond to ex-
ternal events such as alerts, incoming files, emails, or edits
by remote users. Whenever a tab is moved to the warm zone
this is indicated by an LED in the top left corner of the dis-
play turning amber. When a tab is moved from a cold zone
to the warm zone, the documents in the cold tab are opened
into tabs displaying thumbnail overviews. This allows a con-
venient way of opening up multiple documents onto a single
tab. These tabs can be selected through touch when the tab is
picked up. When the tab is moved back to the cold zone, the
tabs close to show a file icon. When a hot tab is moved to the
warm zone, this causes the tab to show the thumbnail over-
view of its document. For example, if the user is browsing a
full screen photo in an album, moving the display into the
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Figure 4. Pointing with a hot display (right) into a warm dis-
play, in this case showing a TOC (left), displays detailed focus
information on the hot display, in this case a book page.

warm zone would cause it to display thumbnails of all photos
in the album.

Cold Zone

In this zone, tabs are just outside of arm’s reach of the user,
yet easily accessible by leaning or reaching forward over the
desk. Cold tabs allow storage of documents out of the way of
the active task. They are equivalent to file folders in GUI fil-
ing systems. The cold zone provides users with an easy way
to file and retrieve documents. Filed folders are not editable
and only respond to touches by other tabs. When a tab is
moved into the cold zone, the LED in the top left corner of
the display turns off, but it continues to respond to touch in-
put. The display of a tab in the cold zone is powered off when
not interacted with and, similar to printed documents, does
not consume energy. Displays are powered back on when
they are picked up, touched by another tab, or updated exter-
nally.

Document Notifications

When a document on a warm tab receives an external update,
its LED starts flashing amber to notify the user. E.g., a user
may keep her E-mail Inbox in a warm tab displaying a list of
recent emails. When a new email arrives, this tab starts blink-
ing. Users can open the last received email by moving the tab
with the Inbox document into the hot zone and touching the
email. Moving the Inbox back into the warm zone closes the
current email and moves the window back to its original list
overview. The LED notification stops blinking when the tab
is touched.

Focus+Context Interactions

Multi-display interactions provide convenient focus+context
navigation of content on hot, warm, or cold tabs via a second,
hot tab. When a hot tab is moved into another zone during
this interaction, it remains hot as long as the user holds the
tab. When a user points the top left corner of the hot tab onto
the thumbnail on the underlying warm or cold tab, the hot tab
shows a full screen preview of the thumbnail. This is the

equivalent of magic lenses [28], hyperlink previews, or con-
textual menus in GUIs. After previewing the item, the user
can move it permanently onto the hot tab by lifting it and
pulling it into the hot zone [28], preserving the detailed view.
Users can also point within hot tabs. E.g., pointing at a URL
in a document on one hot tab shows a full-screen preview of
the webpage on the top hot tab. Pointing at a location on a
map or an item in a book’s table of contents may pop up a
linked page on the second screen (see Figure 4). This tech-
nique provides an interesting alternative to the Pick and Drop
technique [26], for multiple displays.

Filing and Opening Documents

Document files are opened by pointing an empty tab at a list
of document file icons represented on a cold zone folder.
During pointing, the hot tab shows a thumbnail overview of
the contents of the file document. In the cold zone, file icons
can be moved between folders by pointing at their thumbnail,
picking them up onto the hot tab, and then tapping a third tab.
When a user points with a hot tab at an empty space within a
file folder in the cold zone, its document is closed and the
thumbnail is moved into the filing folder. This closes the tab,
emptying its screen.

Moving Data Objects

Users can also copy or move documents and data objects
within documents via this technique. This action is equiva-
lent to using a GUI clipboard for cutting, copying and pasting
files. For example, this way users can add an attachment to
an email displayed on one tab by tapping its empty space
with a pdf document on another tab. Alternatively, users can
move a data object between two tabs by placing them adja-
cent to each other, then dragging the data object from one
display to the other with a finger.

Keyboard Input

Users can type on a standard wireless Bluetooth keyboard to
edit text. The location of the keyboard on the desk is tracked,
and input is automatically routed to the document that is clos-
est to the keyboard. Users can tie the keyboard to a tab by
hitting a function key on the keyboard while the keyboard is
adjacent to it. When users subsequently move the tab, input
continues to be directed to it.

Bend Interactions

Individual tabs respond to bends on the top left and right cor-
ners of the display, as well as the full display. According to
Lahey et al. [18] users have a preference for top corner bends
over bottom corner bends. Building upon these results, we
implemented the following bend gestures for PaperTab: Bi-
directional top-right corner bends for navigation, and bidi-
rectional top-left corner bends for application-specific tasks
(eg., the tear gesture to unlink two collocated tabs, or to reply
to an email). Full display bends are used for zooming in and
zooming out.
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Figure 5. Exploded view of a tab, which is made out of 6 layers: 1) Flexible Touch Layer, 2) Flexible Display, 3) 6 DOF Tracker, 4)

Bend Sensor Layer and 5) Capacitive Grounding wire (not shown).

A downward top-right corner bend selects the next tabbed
document or pages forward, while an upward top-right cor-
ner bend pages back [35]. Bends are also used to scroll
through lists that are larger than fit the physical display.
Bends performed across two tabs copy the selected infor-
mation from the top to the bottom tab. Users can stack tabs
and bend the top right corners inwards with a single gesture
to create a file folder containing the contents of each of the
tabs: the folder appears on the top tab and the other tabs be-
come empty.

Colocation of Tabs

If an empty tab is placed directly adjacent to and slightly
overlapping with a tab, the system responds by creating a
larger view of the original document across the two displays
[14,16]. Items can be moved or copied between two collo-
cated tabs by dragging them via touch. If collocated tabs are
moved away from each other, they will display a subset of
the larger graphics environment that is framed by the two
displays [9]. This allows browsing of large graphics docu-
ments using multiple tabs as magic lenses. E.g., if one tab
containing a Google map of a city is collated with another,
the map expands to encompass the area next to it. If the sec-
ond tab is now moved away, the view of that tab will auto-
matically scroll to the relative distance from the original tab,
thus revealing other cities. This can be useful when planning
detailed routes between an origin and destination city. This
feature is also useful for browsing large graphical docu-
ments, such as architectural drawings, across the entire desk
space without zooming. Collocated tabs are disconnected
again using a tear gesture. This consists of bending the top
left corner of right tab upwards while moving the display up-
wards. Upon tearing, two separate documents are created,
each containing the data objects on display. In the case of the
map example, this would, e.g., produce one tab with the
origin city, and one with the destination city.

Summary of Interaction Techniques
To summarize, PaperTab’s interaction techniques include
the following key elements:

Zones: Tabs are either hot (editable), warm, or cold (off) de-
pending on their distance to the user.

Document-centrism: A tab may display no documents, part
of a document, a single document, or multiple documents
(tabbed).

Varying detail: The level of detail displayed by tabs changes
when moved between zones. The only exception is when tabs
are moved directly to the hot zone, in which case there is no
change of view.

Focus+Context: The tip of a tab can be pointed at the con-
tents of other tab to show more detailed views of data objects
or files. Tabs can also be collocated to create larger views.

Input: Interactions with tabs occur through touch, keyboard,
bending, proximity (to other tabs, to the desk, and to the
user), as well as by pointing between two tabs.

PAPERTAB IMPLEMENTATION

Figure 1 shows PaperTab, consisting of a desk, delineated
into virtual hot, warm, and cold zones. While there is no real
limit to the number of tabs that can be placed on the desk,
our current prototype, as shown, features 9 tabs.

Tab Architecture

Figure 5 shows an exploded view of a tab consisting of 4
flexible layers. The top layer consists of a flexible capacitive
touchscreen. The second layer contains the flexible electro-
phoretic display. The third sensor layer provides tracking,
while the fourth senses bending of the corners of the display
and also consists of a circuit that allows capacitive coupling
between tabs for pointing. Each tab is approximately .5 mm
thick and weighs approximately 20 g. Each tab is a dumb



terminal that communicates with a host PC for Ul updates,
sensor input and to coordinate data exchanges with other
tabs.

Layer 1: Flexible Touch Input

The first layer consists of a flexible, thin-film, transparent
Zytronic capacitive touch screen [36], 10 in size diagonally.
This layer is connected to a host PC with a ribbon cable, via
which it issues touch events to the application software run-
ning on the tab. In order to enable multi-display pointing us-
ing the touch sensor, we developed a capacitive circuit that,
when the tab is held by the hand, transfers the user’s capaci-
tance to a soldered tip on the top left corner of the tab. This
activates touch events upon one tab touching another.

Layer 2: Flexible Electrophoretic Display

The second layer features a large 10.7” diagonal flexible
Plastic Logic electrophoretic display with a minimal bezel
that was custom manufactured for the PaperTab system. The
display features a resolution of 1280 x 960 pixels, with a full-
screen refresh rate of 700 ms. The display is connected to a
custom PlasticLogic driver board, underneath the desk, via
ribbon cables. This board is connected over USB to a PC that
controls the system logic and the user interface.

Layer 3: 6 DOF Location and Orientation Tracking

An electromagnetic sensor mounted on each tab allows
tracking of location and orientation relative to the other tabs,
as well as the desk and the user. It consists of a small
trakSTAR sensor probe that is attached via a wire to a pro-
cessor box placed underneath the desk [1]. While displays
could easily be tracked wirelessly via computer vision sys-
tems available to the authors (e.g., Vicon, Kinect) [16], we
chose to track them using a wired configuration in the current
prototype because of the following reasons. Firstly, com-
puter vision systems suffer from occlusion, making it diffi-
cult to track tabs when they overlap. Secondly, we believe an
electromagnetic solution to provide a better value proposi-
tion for production models. Finally, the electromagnetic
tracker provides greater resolution in all 6 DOF.

Hot, Warm and Cold Zone Tracking

Our software translates the 6 DOF coordinates of each tab to
determine the location of a tab relative to the user, relative to
the desk, and relative to other tabs. A tab is hot when it is
lifted from the table, or when it is within arms length (70 cm)
from the user. A tab is warm when it is on the desk between
70 cm and 110 cm from the user. All other tabs are cold, with
their displays powered off. These measurements are based
on the affordances of the desk and size of the displays. They
can be easily reconfigured to suit different desk sizes and us-
age patterns. The electromagnetic tracker also determines
when tabs are collocated, and tracks the distance between
them when connected tabs are moved apart. Finally, the elec-
tromagnetic tracker determines when tabs are stacked on the
basis of their z coordinate.

Layer 4: Bend Sensor Layer
The bend sensitive layer consists of 2 bi-directional
FlexPoint [10] bend sensors mounted on a custom-built

flexible circuit board mounted directly underneath the dis-
play. Bend sensors are connected via a flat ribbon cable to an
Arduino Mega 2560 prototyping board that communicates
with the host PC for processing bends.

Layer 5: Capacitive Grounding Wire (not shown)

The bottom layer features only a small wire connected to a
small metal tip that transfers the capacitance of the user’s
hand to another displaywindow for the purpose of activating
the Zytronic touch film. This is used for focus+context point-
ing with one displaywindow onto another.

PaperTab System Setup

Tabs are tethered to a host PC, an 8-Core MacPro running
Windows 7 that is placed underneath the desk. A C# host
application runs all the interaction logic, manages the system
state and pushes Ul updates to the tabs. Bend sensor input
and touch sensor data are processed by the C# application. A
trakSTAR processor/emitter mounted underneath the desk
preprocesses the 6 DOF sensor data and send coordinates
back to the C# host. The processed data from all these sen-
sors are used for determining the state of the system and
tracking interactions in real-time. The user interface for each
tab is rendered on the host PC's buffer and pushed out to each
tab via the driver boards.

USER STUDY

We conducted a qualitative user study to elicit feedback on
PaperTab. Twelve participants (5 female, aged 21-30, all
right-handed) participated in think-aloud sessions lasting an
hour. Each session began with a 5-minute introduction fol-
lowed by a 10-minute period during which users explored the
system. Participants were then given instruction on any func-
tionality that they did not discover. Finally, each participant
was asked to perform 12 common computer usage tasks us-
ing PaperTab. After the tasks, users were asked to rate dif-
ferent interaction techniques for Learnability, Efficiency,
Physical Demand and Mental Demand on a 5-point Likert
scale (Strongly Disagree-Strongly Agree. Their general ob-
servations were noted.

Tasks

We first asked each participant to place the tabs on the desk,
based upon when they should expect to next interact directly
with the display: (1) in a moment (2) within the next few
days, and (3) in the next few weeks. The primary purpose for
this task is to understand users’ preferred locations for the
hot/warm/cold zones. We recorded the positions of the tabs
and used them to calibrate the location of the various zones
on the desk.

Then, participants were asked to work on twelve different
tasks, which were designed to increase the need for a group
of devised interactions with multiple tabs. The twelve tasks
included:

a) Document management: Participants interacted with sev-
eral documents by pointing, bending, moving, and col-
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’Il“lltcelf:icqi;)e: Fi‘a:;,rflo Efficient Physically Demanding | Mentally Demanding
Changing the display 4.25 3.92 2.5 2
view between zones (0.22) (0.26) (0.44) (0.35)
Point with display at 433 4.42 1.5 1.5
another display (0.19) (0.15) (0.26) (0.26)
Bending the side or 425 433 1.92 2.08
corner of a display for
navigation (0.22) (0.19) (0.26) (0.34)
Overlapping two dis- 433 4.25 1.83 1.42
plays to extend view (0.26) (0.22) (0.30) (0.15)
Overall i ion 3.92 4.08 2 2.25
rall impr
verall IMpressions (0.31) (0.19) (0.30) (0.35)

Table 1. Mean ratings and standard errors (s.e.) for responses on a selection of interaction techniques.
(1 - Strongly Disagree, 5 - Strongly Agree)

locating tabs on the desk. They were asked to perform four
tasks: (1) Search for a described artifact (an image or a
phrase) from one of three documents; (2) Navigate to a spe-
cific page in a document; (3) Find total number of artifacts
in a given document; (4) Compare two pages of a document
based on a given criteria.

¢) Answering Email: Participants used pointing, bending,
navigation, and pick and drop interactions. They were asked
to perform 3 tasks: (1) find an email with a specified attach-
ment; (2) find requested information from one of the emails
in the inbox; and (3) reply to an email by attaching a speci-
fied photo.

d) Route Planning: Participants used pointing, bending, col-
locating, and panning interactions to plan a route using a
map. They were asked to perform 3 tasks: (1) Find a location
on the map; (2) Collocate two tabs to extend the map view;
(3) Pan to a specified location on extended tab.

RESULTS

Participants learned to perform the interactions in less than
5 minutes. Table 1 shows the results from our questionnaires.
A 2 test was used to evaluate responses. To ensure an esti-
mated frequency of 5 per cell we collapsed data into 2 cate-
gories: positive and negative, ignoring neutral responses.
Overall, users found PaperTab easy to learn (y°(1)=7.364,
p=0.007) with ratings in the order of 4 out of 5, efficient,
with ratings in the order of 4 out of 5 and less physically de-
manding with rating 2 out of 5 (°(1)=5.444, p=0.020).

Moving between Zones

Changing the display view between zones was found to be
easy to learn, with ratings in the order of 4 out of 5 and effi-
cient, with ratings in the order of 4 out of 5. When asked to
place tabs on the desk, based upon when they would be used
again, for hot and warm zones, participants placed the tabs
in locations consistent with our zone interactions. However,

5 participants noted that they would prefer to keep the dis-
plays away from the desk for cold zone documents. One par-
ticipant proposed stacking a display that would not need to
be accessed for several days beneath another display located
in the warm zone.

Rather than using bends, one participant proposed having an
“Outbox zone” to place emails for sending. Other comments
included: “I liked that when I was pulling it closer it knew I
wanted to read in more detail and pulled up the document”
and “Once aware of zones, I was at first concerned about
moving between them, but I realized that no data is lost and
the display changes back when I pick it up again.” Another
participant wanted to be able to lock or unlock a display, by
bending a corner of the display, to allow for more control
over the zone behavior.

Pointing within Tabs

Users found Pointing with a display at another display to be
easy to learn, with ratings in the order of 4 out of 5, efficient,
with ratings in the order of 4 out of 5, less physically de-
manding, with ratings in the order of 1 out of 5
((£(1)=8.333, p=0.004), and less mentally demanding, with
ratings in the order of 1 out of 5 (4°(1)=8.333, p=0.004). 3
Participants mentioned in their open-ended questionnaire re-
sponses that they found pointing to be superior to dragging:
“Why should I have to drag when I can point?”. Dragging
involves friction and often required the user to bend over the
display. When prompted for further elaboration, participants
noted that pointing with a tab was easier, as they did not have
to worry about accidentally releasing a drag operation in the
wrong location (despite the fact that objects would snap back
upon erroneous release) and generally required less effort.
We observed that pointing with a display appeared to require
less focus and fewer fine motor movements than dragging.

Most participants were able to understand how to perform
the interactions with minimal prompting. For example, after



explaining that tabs could be used to point at each other, par-
ticipants were able to determine, without any further instruc-
tion, how to attach documents and also put them back into
folders. Two participants wrote that they particularly enjoyed
this interaction: “I very much enjoyed using the tap function
to attach documents”. However, we also observed that point-
ing with the edge of a tab could be challenging depending on
the location of, and grasp on, the displays. The tab used as a
pointing device sometimes occluded the other tab, requiring
the participant to reposition their hand. One participant sug-
gest that the right corner should also be able to point — less
movement would often be required if this functionality was
added.

Other Interactions and General Feedback

Bend interactions were found to be easy to learn, with ratings
in the order of 4 out of 5, efficient, with ratings in the order
of 4 out of 5, and less physically demanding, with ratings in
the order of 2 out of 5. Participants wanted to be able to
change the polarity of interactions (bend up to page forward
vs. bend down to page forward). 2 participants indicated that
they did not prefer to bend the top-left corner and wanted to
have most bend interactions confined to the right side of the
display.

Overlapping display to extend it was found to be easy to
learn, with ratings in the order of 4 out of 5 (4°(1)=8.333,
p=0.004), efficient, with ratings in the order of 4 out of 5 less
physically demanding (°(1)=8.333, p=0.004), with ratings
in the order of 1 out of 5 (%(1)=8.333, p=0.004), and less
mentally demanding, with ratings in the order of 1 out of 5
((£(1)=6.400, p=0.011). 4 participants cited collocation as a
feature they would use often. Participants mentioned that,
unlike standard GUIs, enlarging by co-location does not
come at the expense of other display content.

DISCUSSION AND FUTURE DIRECTIONS

Overall, our results were in line with expectations. PaperTab
interaction techniques appear easy to learn and do not induce
significant physical demands, while achieving low ratings
for mental load. One of the most common suggestions from
participants trying our prototype is that it should make more
extensive use of zones for different document types. For ex-
ample, a video could be played full screen in the hot zone,
paused in the warm zone, and appear as a thumbnail with a
description in the cold zone. However, at the same time, us-
ers appreciated the one-directionality of view changes for hot
tabs. It appears that automated view changes based on prox-
imity are a balancing act of allowing easy overview of infor-
mation while keeping the user in control of the view. Feed-
back from the user study indicated strong preference for
pointing with tabs over dragging via touch. We may want to
improve the surface characteristics of the touch film in future
versions.

Although the tabs are thin and easy to manipulate, our cur-
rent prototype tabs still suffer from wired tethering. While
tethering of tabs appeared awkward to users, it generally did
not seem to interfere with interacting with the system. Future

versions will remove the need for tethering by introducing
lightweight processors attached on the side of each tab (as a
rigid handle), and by processing of touch, bend and tracking
operations on the tab itself.

CONCLUSIONS

In summary, we presented PaperTab, a paper computer with
9 letter-sized touch-sensitive, flexible, electrophoretic dis-
plays. The displays, augmented with sensors and driver
boards, are called tabs. Each tab embodies a single document
window. The location of each tab is tracked on a desk using
an electromagnetic tracker. Document views are adjusted
when the tab is moved between three proximity-based zones.
Tabs can be pointed at one another for focus+context opera-
tions, while touch and bend sensors allow users to navigate
content. User study results suggest that our interaction tech-
niques are overall easy to learn and less physically demand-
ing.
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