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ABSTRACT

While smartwatches are widely adopted these days, their in-
put and output space remains fairly limited by their screen
size. We present StrapDisplays—interactive watchbands with
embedded display and touch technologies—that enhance com-
modity watches and extend their input and output capabilities.
After introducing the physical design space of these StrapDis-
plays, we explore how to combine a smartwatch and straps in
a synergistic Watch+Strap system. Specifically, we propose
multiple interface concepts that consider promising content
distributions, interaction techniques, usage types, and display
roles. For example, the straps can enrich watch apps, display
visualizations, provide glanceable feedback, or help avoid-
ing occlusion issues. Further, we provide a modular research
platform incorporating three StrapDisplay prototypes and a
flexible web-based software architecture, demonstrating the
feasibility of our approach. Early brainstorming sessions with
15 participants informed our design process, while later inter-
views with six experts supported our concepts and provided
valuable feedback for future developments.
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INTRODUCTION

Smartwatches are becoming more and more popular as always-
available smart companions that enable quick access to per-
sonal information and increasingly support us in many ev-
eryday tasks. While the performance and display qualities
keep improving, the device size puts notable limits on the
possibilities for displaying and interacting with more complex
content. Consequently, a wide range of approaches of how to
extend the input and output space of smartwatches was investi-
gated (see Figure 2 for an overview). For instance, in order to
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Figure 1. StrapDisplays allow for extending commodity smartwatches
into a Watch+Strap system; this enables, e.g., expanding information
spaces (a+b), easy-to-reach quick access menus (c), glanceable informa-
tion while on the go (d), or displaying high-resolution content (e).

visually enhance the display space around the smartwatch on
the wrist or forearm, head-worn augmented reality glasses [29]
or miniaturized projectors [42, 80] have been presented. How-
ever, these systems often rely on additional hardware, forming
complex and hard-to-adapt systems.

Since we believe that key factors in the success of smart-
watches are familiarity, unobtrusive design, and functionality,
we aim to extend the input and output space by staying within
the physical dimensions of a wristwatch and explicitly avoid
further instrumenting the user. Specifically, we propose to
evolve the watchstraps—as elementary parts of every watch—
into interactive StrapDisplays. We envision that these straps
can notably support people during everyday life (Figure 1) by
providing glanceable information on the go, enriching apps
running on the watch, or enabling more elaborate tasks (e.g.,
personal data analysis) that are currently not supported by
smartwatches. By merging watch and digital straps into a
fully-integrated Watch+Strap device, we create a rich multi-
display space that can better serve peoples’ complex personal
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Figure 2. Overview of possible output space extensions for smartwatches ranging from watch augmentations to alternative designs around the forearm.

information needs throughout the day; a need that currentlyrelying on an associated smartphone) or only limited ones, e.g.,
can be addressed mostly by taking out the smartphone. small integrated LEDs [81] or e-ink screens [52]. Similarly,
tness trackerscome in a compact format with only small, low-
resolution screens integrated (e.g., Fitbit, Microsoft Band). In
contrastsmartwatchegften feature high-resolution displays

Interestingly, while previous research has already indicated
that smartwatch straps have a promising potential for both

input [21, 53] and output [S0, 59], there has been no research, i o rectangular or circular shape, but remain limited to the
on how interactive pixel-based strap displays can be ufilized 0 ;o ¢ o\ ssical watches. In recent years, different approaches
enhance smartwatch interfaces. On the commercial side, SOME e investigated on how to extend their output space or to

startup companies_[23, 37, 47] have glready experimentedalter their appearance completely (Figure 2c-i)
with curved strap displays or accessories over the last years, '

however, none of them have resulted in a currently available As one research direction. concentstiansformable smart-
product. Finally, a few e-ink-based bracelets and WatChStrapswatchesI'\ave been rese}]ted' S% ed et al. [63] introduced
emerged that are commercially available (e.g., Tago Arc [43] P - O€y '

- Doppio, a recon gurable, tangible dual-face smartwatch,
or Sony FES Watch U [64]), but these lack any input chan- ~ ! .

: 2 . while WatchThru [77] provides an expandable transparent
nels or support for interactive content, thus are only serving OLED thatenables[ho]lo%raphic mid-air\eisuals. Also ori%ami-
as unique f_aShIOI’] accessories. n contrast to these e.XISth%hspired design concepts have been proposed tha;t allow for
rather simplistic takes on pixel-based strap displays, we intend extending devices through a foldable structure with multiple

to thoroughly explore the design spaceimteractivestrap ;
displaysin synergistic combinatiowith smartwatches. To our ~ JiSPlay parts [ﬁO, 5’5’ 84].|_However, such t;ansfglr mable conr;
knowledge, no such exploration exists yet. cepts remain hard to realize. As a more feasible approach,
extending thewatchstrapswith visual capabilities—as we
With this paper, we systematically investigate both the physical propose—has been explored before [50, 59]. Yet, these explo-
aspects of StrapDisplays (e.qg., display type, physical appearrations did not incorporate pixel-based displays. For instance,
ance, input modalities) and digital aspects of the resulting Wristband.lO [59] used tiny LEDs to communicate informa-
multi-display interface (i.e., how to distribute, visualize, and tion, while PrintScreen [50] demonstrated how electrolumines-
interact with content). Speci cally, we contribute: (1)3a- cence segments can be used for simple noti cations. For truly
sign spacef the physical dimensions and possible instances pixel-based displays, a few concepts for nadisplay assem-
of StrapDisplays to better characterize their capabilities; (2) blieshave been proposed instead. Lyons et al. [45] joint multi-
a conceptual frameworlproposing interface principles for  ple touch displays into a bracelet and mapped generic apps to
a Watch+Strap system (grounded on brainstorming sessionghese, while Olberding et al. [51] arranged multiple displays
with 15 participants) that can inform the design of future appli- along the forearm. Both are valuable design explorations, but
cations; (3) anodular research platforpfor which we built remain limited to their particular setups. These have different
three functional StrapDisplay prototypes and implemented a characteristics and affordances than a Watch+Strap ensemble,
exible web-based software architecture; and (4) insights from thus, forming an own device class.
six expert interviewsand walkthroughs of speci ¢ application
examples implemented with our research platform. Extending the output space along the forearm was also ex-
RELATED WORK plored in the context of other technologies. One approach
In the following, we report on literature that aims at extending IS Skin projectionwhere Ul elements are projected around a
the output spacend/or thenput spaceof smartwatches (see  Smartwatch. Such elements can range from buttons [42] to no-
Figure 2) as well as existing work that explores how to handle {i cations [80] to full-sized content that extends the watch [29].

and visualizepersonal contenon such devices. Instead of projections-textile displaysan be used for the
same purpose [60]. All of these approaches rely on additional
Extending the Output Space of Smartwatches instrumentation of the user and, thus, are not easily deploy-

The output capabilities of commercially available smart- able. Finally, continuousleeve displaythat could replace
watches already differ notably; mostly de ned by their size, smartwatches have been discussed [12, 31, 67, 73]; the in-
form, and display technology (Figure 2a-djlybrid smart- creased display size is promising for, e.g., list content [67] or
watchescombine integrated smart electronics with mechanic additional views [73], making them usable like smartphones.
watch parts, however, have either no output capabilities (i.e.,



Extending the Input Space of Smartwatches specialized approach of displaying timelines around the border
Almost all commodity smartwatch devices come with touch of a rectangular watch; while Wenig et al. [75, 76] presented
capabilities and resemble known interaction mechanisms from Stripemaps, where they attached strap displays to backpacks
smartphones and tablets. In some cases, additional physicaih order to show hiking maps.

Input capabilities exist, such as buttons (e.g., for going back, In sum, while a rich spectrum of research around smartwatches

accessing the home screen) or rotatable controls (e.g., a rotat:_: . I )
able bezel or crown). The latter one can, for instance, allow exists, a thorough investigation of the technical aspects of

: . ; pixel-based straps and applicable interface principles for com-
for scrolling or alternative keyboard inputs [82] bining them with a smartwatch have not been proposed yet.
Similarly to the output space, thveatch strapshave been used
to extend the input space, e.g., for recognizing simple ges-STRAPDISPLAYS: PHYSICAL DESIGN DIMENSIONS
tures [53], pressure-sensitive touch input [2], or speci cally The combination of interactive StrapDisplays with a smart-
for text entry [21]. With such input capabilities, the straps watch forms a distinct system that we call Watch+Strap. For
were used for back-of-band interaction that can avoid occlu-the StrapDisplays, a large variety of speci ¢ designs exists.
sion issues while interacting [4, 46, 59]. The touch input Therefore, we aimed at thoroughly characterizing thaysi-
does not have to be limited to the watch or the straps, but cal design spacwithin the promising combination with wrist-
could also be performed on the skin around the device [30, 49,watches. As the basic scaffold (see Figure 3), we assume that
66, 83]. As further gesture-based interactions, speci ¢c arm the watch (1) is always attached to two straps, an inner (2) and
and nger movements were proposed for mode switches or an outer one (3). All three components can feature different
triggering commands, either in the form of mid-air gestures degrees of input and output capabilities as well as different
above the watch [39], or as arm movements [25, 68]. Beyond haptic and aesthetic qualities. Therefore, we will describe
these mostly established interaction concepts, alternative inevery part and, particularly, characterize the design options of
teraction approaches such as stretching the watchstrap [72Jpur StrapDisplays in detail. This characterization informed
using small everyday items as tangibles [26], or gaze-basedthe later discussion of the interface concepts as well as the
interactions [19] have been presented. Finally, the watch candevelopment of our research platform.
serve as additional input channel for other devices, e.g., smart-
phones [14], tablets [78], or large displays [33, 35]. Watch: Types & Capabilities
As the central component in a Watch+Strap system, the watch
type and its degree of interaction and display capabilities must

Smartwatches for Personal Content & Visualization . .
Obe considered. On the lower emalassic watchedo not sup-

Smartwatches are highly personal devices that are mainly use e ; .
for timekeeping, noti cations, and activity tracking [54]. The port any.d|g|tal f_unct|ons and therefore tak(’.} on a passive— b.Ut
latter two represent personal data that are collected and prol©t €SS interesting—role; here, the StrapDisplays can bring in-

cessed, and subsequently presented on a small display C)fterlieractivity to the watch while preserving its classical character.
existing apps or devices try to communicate a certain progressHybrld watchesalready aim to combine these aspects, often

through simple visualizations that users can glance at. Here'providing simple output capabilities that support the indication

Amini et al. [3] investigated the demands and tasks users face?’ €:9.» tracked tness data. In this context, StrapDisplays
within these applications, whereas Gouveia et al. [28] have are able to extend the interaction capabilities without having

explored the design space of the involved glanceable feedbacl{ﬁgchhg?]%géh;t\vxgﬁﬂggre‘l‘f'C ﬁ;rg]ceier?ig::jvt()a;stgﬂlfhﬁitggigi)\l/ Fée’

mechanism ncluding that th i f th h . ; i . .
echanisms concluding that the design of them can avehal'ngh—resolutlon displays with a rectangular or circular shape,

notable in uence on a person's behavior. For a while, researc running diver lications. In wwatch
in the ubiquitous computing community has investigated how u g diverse applications. In consequence, smartwaltcnes

behavior changes can be supported, e.g., through more appeafi'® Of Special interest to Watch+Strap systems as they enable
ing garden scenes [17], or how personal relationships can be>YNergistic and highly dynamic multi-display concepts.
supported in a digital world [11, 38, 62]. Although these do
not focus on smartwatches explicitly, they are easily transfer
able to such a form factor. In fact, some aspects are alread
supported in commodity watches, e.g., syncing the heartbeat”
measured by the watch with another person.

_Straps: Design Dimensions & Possible Capabilities
)ﬁtrapDisplays offer manifold design possibilities that can sig-

i cantly alter their usability. Therefore, we thoroughly inves-

In contrast, research from the visualization community has

focused more on perception aspects, e.g., how quickly certain

visualization types can be interpreted [7] or which technique

is better suited to visualize ranges on small displays [10].

While the general question how visualizations can be adapted

to mobile devices is getting more prominent [16, 44], only

few investigations of visualization-related content within the

smartwatch form factor exist: Horak et al. [33] combined the

smartwatch with a large display, where the smartwatch served

as a personal storage for selections, settings, and preferencegd‘)%‘;rizt?ﬁ ‘(’)\;r:fhl";gﬁ ("X‘)"t‘;hneisn can sﬁfac"”g?‘ Zg;”a";‘] t(?l:?;'?t)rge S(E?ﬂzlﬁ
focused on the smartwatch only, Chen et al. [15] explored A three cangfeature differen’t levels of inplE)t anél output capabilitieg. .
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