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TrackballWatch: Trackball and Rotary Knob as a
Non-Occluding Input Method for Smartwatches in Map
Navigation Scenarios

DENNIS STANKE, PEER SCHROTH, and MICHAEL ROHS, Leibniz University Hannover, Ger-
many

Fig. 1. We created three prototype variants with different placements of a trackball and a rotary knob to get
three degrees of freedom input without occlusion for smartwatch interaction. In a map navigation scenario,
we compared these variants with direct touch input.

A common problem of touch-based smartwatch interaction is the occlusion of the display. Although some
models provide solutions like the Apple “digital crown” or the Samsung rotatable bezel, these are limited to
only one degree of freedom (DOF). Performing complex tasks like navigating on a map is still problematic as
the additional input option helps to zoom, but touching the screen to pan the map is still required. In this
work, we propose using a trackball as an additional input device that adds two DOFs to prevent the occlusion
of the screen. We created several prototypes to find a suitable placement and evaluated them in a typical map
navigation scenario. Our results show that the participants were significantly faster (15.7 %) with one of the
trackball setups compared to touch input. The results also show that the idle times are significantly higher
with touch input than with all trackball prototypes, presumably because users have to reorient themselves
after panning with finger occlusion.
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1 INTRODUCTION
Mobile devices such as smartphones or smartwatches are a companion in our daily lives [7]. They
allow us to quickly retrieve information, receive instant messages, and plan routes for our next trip.
But the more complex the application or task, the more difficult it becomes to properly display and
interact with it on the small screens. While the size of smartphones continues to increase [10, 38],
the size of smartwatches is limited by the wrist on which it is worn. Even simple tasks, like selecting
an item from a list or finding a location on a map, can be a problem on those small displays. From a
design perspective, it is difficult to display all the relevant information on the small screen, and
direct touch makes it difficult to interact and simultaneously observe the screen. The inability of
seeing the display while operating the device with our fingers is a substantial drawback.
Some commercially available smartwatches address the occlusion problem by adding input

options like the rotatable bezel of the Samsung watches [30] or the “digital crown” of the Apple
Watch [13]. The bezel is physically rotatable on the Samsung Galaxy Watch 3. On the Samsung
Galaxy Watch 4 it is a touch sensitive ring around the watch face. For the digital crown, Apple
Watches recognize the rotation of the crown of the watch. Both add one non-occluding degree
of freedom (DOF) to the device, which is helpful for tasks like scrolling in a list. However, when
it comes to more complex interactions like navigating on a map, the user has to resort to the
touchscreen.

In this paper, we present the addition of a trackball and a rotary knob as an input extension to a
smartwatch that provides three degrees of freedom (DOF). We explored different placements of the
input devices and mappings of the new DOFs and evaluated them in a user study that compares
them to standard touch input in a typical scenario. Our results show that the participants were
significantly faster (15.7 %) with one of the trackball setups compared to touch input. The results also
show that the idle times are significantly higher with touch input than with all trackball prototypes,
presumably because users have to reorient themselves after panning with finger occlusion.

2 RELATEDWORK
To improve the user experience and minimize the problem of occluding the screen with the finger
while using [6, 35], several approaches and additional input methods for smartwatches have been
explored.
Software solutions to improve input performance on small screens were explored by Singh

et al. [36]. They compared different approaches and propose a design space for creating new input
techniques. Hartmann et al. [12] presented an input technique for smartwatches based on binary
search for list search tasks. They showed that participants were faster with their approach than
with a linear search.

A comparison of additional input methods from commercially available smartwatches was done
by Kerber et al. [14]. They compared common touch input with the rotatable bezel and the digital
crown. The participants of their study performed a search task from a list with a randomized order
of items. They found that touch input is significantly faster than input with the rotatable bezel.
However, the participants preferred the digital crown design.

Ahlström et al. [2] propose TiltCrown, an isometric joystick as an alternative to the touchscreen.
They compared their design to a rotary knob, similar to the digital crown. The task was to select
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items from a linear and circular arrangement of items. Their design did not show a significant
increase in performance, although the participants were slightly faster with the rotary knob.

To address the problem of occluding the screen while interacting with the touchscreen, Hybrid-
Touch [40] explores the back of the device as an input space in. A touchscreen on the back of a PDA
allowed the user to zoom and scroll content on the front touchscreen. The participants reached
faster task completion times with the HybridTouch prototype than with only using the touchscreen
on the front. Baudisch and Chu [6] created a custom prototype to analyze back-of-device inter-
action for very small displays. In two studies they analyzed the design space and the accuracy
of back-of-device interaction for different display sizes. Their results show that back-of-device
interaction works well even for very small displays and is independent of the size of the display.
However, for smartwatches the back of the device is inaccessible as an input space, because the
back of the smartwatch is usually placed directly on the wrist.

Saviot et al. [31] created a customwristband prototype to extend the input and output possibilities
of a smartwatch. To this end, they placed a display on the ventral side of the wrist in addition to
the normal smartwatch display on the dorsal side of the wrist. Furthermore, LED buttons were
added along the wristband for notifications. The results show that small elements (< 3 mm) of the
interface can be reliably selected with the screen on the ventral side of the wrist.
A combination of mid-air gestures over the device and tapping on the case of the device was

explored by Arefin Shimon et al. [4] to identify suitable gestures. Other approaches to prevent
occlusion include mid-air interaction around the device [17, 37, 46], tilting [11, 18, 26], on-skin
interaction [24, 39], bezel interaction [23, 43, 45], non-speech audio [8, 28], pressure-based input [9,
32], and magnetic fields using a pen [1, 33, 44] or a magnet on a finger [5, 22, 27]. Xiao et al. [42]
explored panning, rotating, tilting, and clicking the watch face as an input method for smartwatches.
The use of a trackball as an input method for smartwatches to enter Korean text was also investigated
by Lee et al. [19].
Perrault et al. [25] moved the input area from the touchscreen to the wristband in an eyes-free

interaction task and a scrolling task. The results show that the wristband is a suitable input area
for non-occluding input on smartwatches. Adding pressure sensors to the wristband, Ahn et al. [3]
analyzed multi-touch gestures on the wristband and suggest to use their prototype in telephone
book, number entry, and map interaction scenarios.

For navigating maps with a smartwatch Kerber et al. [16] analyzed peephole interaction, in which
the smartwatch display is a metaphorical peephole over a virtual map. Moving the smartwatch as a
peephole over the map instead of moving the mapwith the smartwatch turned out to be significantly
slower. In another work, Kerber et al. [15] compared direct touch, the rotatable bezel, and the digital
crown in list scrolling and map navigation scenarios. For the map navigation scenarios, the task
was to find a marked parking lot on a map. With the bezel and digital crown which each provides
one DOF, only one axis can be manipulated at a time. To switch the axis from x to y (or vice versa),
it was necessary to press the digital crown button. The disadvantage of manipulating only one axis
at a time resulted in a significant time increase for navigating on a 2D map compared to touch
input. In the second study, a map navigation scenario with zoom support was conducted. The input
methods were touch with pinch-to-zoom, touch with the bezel, and touch with a digital crown.
A Friedman test showed no significant difference in the SUS scores. Comparing the NASA-TLX
scores of the input modalities, a Friedman test showed that the perceived frustration and perceived
effort are significantly higher using touch than using the digital crown or the rotatable bezel while
the perceived performance is significantly lower.

An alternative to increasing the degrees of freedom of the input device is to reduce the degrees
of freedom of the map navigation task. This is the strategy that StripeMaps [41] takes: The two
dimensional map is transformed into a series of one-dimensional stripes. This works well in certain
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scenarios, like turn-by-turn indoor navigation, but is less suitable for more complex environments.
After all, the navigation task is generally (at least) a 2D problem.

3 PROTOTYPE

Fig. 2. For the placement of the trackball and rotary knob on the side of the watch (TS), we created two
clips. One for wearing the prototype on the left wrist (left image) and one clip for wearing the prototype
on the right wrist (right image). Hence, it is possible to interact with the trackball and rotary knob without
occluding the screen.

To avoid the occlusion of the screen while also offering three degrees of freedom input, our main
idea was to include the trackball in the crown of a watch. To simplify the prototyping step, we
decided to use the combination of a rotary knob to simulate the crown and a miniature trackball
to extend the input by three DOFs. With the rotary knob the user is able to zoom the map, as
with the digital crown of the Apple Watch. We decided to use a common mapping: rotating the
knob clockwise zooms in and rotating it counterclockwise zooms out [30]. Panning the map in two
directions is possible by moving the trackball.

We created three prototypes with a trackball and a rotary knob each. We decided to use two 3D
printed clips for the placement on the sides of the watch (TS) to support left- and right-handed
users. There is one clip for which the trackball and rotary knob are placed on the right side of the
watch. This placement is suitable for wearing the watch on the left wrist (see Figure 2). A second
clip has a mirrored setup to ensure that the screen is not occluded by the left hand when the watch
is worn on the right wrist (see Figure 2).

We started by extending the crown of a smartwatch with a trackball, and created two additional
prototypes to analyze whether a placement of the trackball and rotary knob on the wristbands
(above or below the watch face) would be superior placements. In particular, we placed the trackball
above (TA) the watch face and the rotary knob below the watch face (see Figure 3). To minimize
the time to switch the prototypes, we decided to rotate the screen by 180° for a placement of the
trackball below (TB) the watch face and the rotary knob above the watch face (see Figure 3). Thus,
the participants only had to turn the smartwatch and it was not necessary to change the wristband.

The trackball and the rotary knob are connected to an ESP32 microcontroller that communicates
directly with the smartwatch via Bluetooth for navigating in our map scenario. To control the study
environment that is shown on the smartwatch, we used a smartphone companion application.
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Fig. 3. We also analyzed whether a placement of the trackball and rotary knob on the wristband is suitable in
our scenario. Therefore, we created a prototype with the trackball above the watch face and the rotary knob
below the watch face (TA; left image). With a 180° rotation of the watch and the watch content, a placement
of the trackball below and the rotary knob above the watch face (TB; right image) was realized.

4 STUDY
We conducted a user study to compare our prototypes and touch input in a typical map navigation
scenario. We used mapbox1 to show a city map. It provides the feature to create custom points of
interest, which we used in our study. Further, we removed all indicators on the map identifying the
city to prevent a participant from taking advantage of prior knowledge.
As shown in Figure 4 (left), the participants had to perform a search task on the map in which

they had to find the point of interest with the best rating. The rating was centered at the point
of interest as a small image, showing one to five yellow stars. The map contained six points of
interest with random ratings, which we placed on the map at specific positions. We positioned
the best rated point of interest at fixed distances between 100-2000 m from the city center which
was our starting point for each trial. This range was divided into 10 equidistant steps to analyze
different distances. The other points of interest had a randomized placement on the map at a
distance between 90-2200 m. All points of interest were placed at random angles from the city
center. As the rating icons were visible at all zoom levels and did not scale with them, we only
allowed a selection above a specific zoom level to prevent the rating icons to occlude each other.
Zoom level 15 was used as a threshold, as this is the threshold at which Mapbox shows buildings. A
zoom level of 15 corresponds to 2.389 meters per pixel2. With a screen resolution of 390×390 pixels,
an area with a diameter of 931.71 m can be depicted on the screen at zoom level 15. To indicate to
the participants when a selection is possible and to simplify the selection, we added a small grey
circle on the screen, as shown in Figure 4 (right).

1https://www.mapbox.com/
2https://docs.mapbox.com/help/glossary/zoom-level/
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Fig. 4. The study app showed a map with six points of interest. Each of them is a one to five star rating (left
image). The task was to select the best rated point of interest. A selection was possible at a zoom level of 15
(or above) indicated by a grey circle (right image) to prevent that the randomly placed points of interest
occlude each other.

For each input method, the participants had to perform a 90-second training phase before the
actual search tasks started. The participants performed 10 search tasks for each of the input methods.
If the participants took longer than 90 seconds for a task, we aborted the task and went on with
the next task. Furthermore, the participants were allowed to take a break for as long as they liked
between any two input methods.

4.1 Study Design
The study has a within-subjects design with the input method as the independent variable. The
four input methods we analyzed are: trackball above the watch face (TA) and the rotary knob
below the watch face, trackball below the watch face (TB) and the rotary knob above the watch
face, trackball and rotary knob on the side of the watch face (TS) and touch input. The order in
which the participants used them was counterbalanced with balanced Latin square to minimize
the impact of learning effects. We also randomized the order of distances to the best rated point of
interest with Fisher-Yates shuffling. To compare the input methods, we recorded the completion
time and error rate for each task and method as dependent variables. We used a Samsung Galaxy S6
to control the study app while the participant wore a Huawei Watch 2 with the prototypes on their
left or right wrist, according to their choice.
For touch input three different modes of zooming were possible. We have not restricted the

common touch input methods and thus provided pinch-to-zoom, double tap to zoom, and double
tap followed by a swipe up or down gesture to zoom in or out. These input methods are usually
available to interact with a map in Mapbox[21] and Google Maps[20]. However, we did not point
out the zoom options to the participants as we wanted to prevent bias. The participants were thus
able to perform the trials for all methods based on their prior knowledge and the knowledge they
have acquired during the training phase.

4.2 Participants
For our study, we recruited 17 participants (9 female, 8 male, age 19-57, M = 24.2, SD = 8.7).
13 participants were right handed (10 wearing the watch on the left, 3 on the right wrist), one
participant was left handed (wearing the watch on the left wrist) and three participants were
ambidextrous (all wearing the watch on the right wrist). Six participants had experience with
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smartwatches (4 were iOS, 2 were Android users). The participants used their smartwatches for
fitness tracking (6 participants), reading notifications (5 participants), getting weather information (3
participants), taking phone calls (1 participant), and navigation (1 participant) as well as controlling
their music (1 participant) and smart home devices (1 participant). The 12 participants who did not
own a smartwatch said that wearing a watch is uncomfortable for them (5 participants) and that a
smartphone offers the same or a better functionality (4 participants).

We asked the participants about their experience with navigation software. One participant used
navigation software everyday, 8 participants several times per week, 7 several times per month, and
one participant several times per year. For navigation the participants used their smartphone (17
participants), computer (13 participants), tablet (8 participants), car (7 participants), or smartwatch (1
participant). Two participants used paper maps. Besides obtaining general navigation information
(14 participants) and orientation cues (12 participants), the reasons to use maps were finding
locations like hotels or craftsperson (10 participants), new places (6 participants), and getting
information about travel time (1 participant). All of the participants found that up-to-date map
data is important. The design of the map was important to 12 participants, the completeness was
important to 11 participants, and 9 participants said that the performance of the navigation software
was important.

4.3 Results
At first, we analyzed whether the placement of the TS prototype on the left or right wrist creates
significantly different results regarding the task completion times. For the TS prototypes, the
trackball and rotary knob is placed on the right side of the watch while wearing it on the left wrist
(mean task completion time: M = 26.31 sec, SD = 9.7 sec) and on the left side while wearing it on
the right wrist (M = 27.01 sec, SD = 8.6 sec). As the data is not normally distributed (p < 0.001), we
conducted a Mann-Whitney-U test, which showed no significant difference between the both TS
prototypes (U = 2773.5, p = 0.44). We will thus not distinguish between a placement on the left or
right wrist in the following.
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Fig. 5. The task completion times of our search task show that our participants found the best rated point of
interest significantly faster with a placement of the trackball below the watch face and a placement of the
rotary knob above the watch face (TB) compared to touch input and a placement of the trackball and rotary
knob on the side of the watch (TS). A placement of the trackball above the watch face and the rotary knob
below the watch face (TA) was the second best input method regarding the task completion times.

A comparison of the task completion times (see Figure 5) shows that the participants were
the slowest with touch input (M = 27.58 sec, SD = 12.56 sec), followed by TS (M = 26.52 sec,
SD = 9.38 sec), and TA (M = 24.55 sec, SD = 10.5 sec). TB was the fastest placement in the given
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scenario (M = 23.25 sec, SD = 8.38 sec). For none of the methods, the participants expired the time
or made errors finding the best rated point of interest. As the data is not normally distributed
(p < 0.001), we conducted a Friedman test, which shows a significant difference between the input
setups (𝜒2 (3) = 17.73, p < 0.001). A pairwise post-hoc Conover test with Bonferroni correction
shows significant differences for the task completion times of the TB setup in comparison with
touch (p < 0.001) and TS (p < 0.001). TB was 12.3 % faster than TS and 15.7 % faster than touch.
This shows that a placement of the trackball below and the rotary knob above the watch face leads
to a faster input for finding locations on a map.
For a more detailed analysis of these results, and as shown in Figure 6 (left), we extracted and

aggregated three components of the task completion time for comparison: idle time, movement
time, and zoom time. We conducted a Friedman test for each of these components. The idle time
was calculated by subtracting the zoom time and movement time from the task completion time
and thus i.a. includes the time to reposition the hand as well as the time to orientate on the map.
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Fig. 6. We analyzed the three components of the task completion time: idle time, movement time, and zoom
time. The absolute times (left image) show that the participants spend significantly more time idling with
touch input than with all trackball prototypes. Further, the time spend relative to the task completion times
(right image) shows that the participants spend more time idling. However, the participants spend less time
zooming with touch input compared to all trackball prototypes.

For the idle times, the Friedman test shows a significant difference (𝜒2 (3) = 66.06, p < 0.001).
A pairwise post-hoc Conover test with Bonferroni correction shows significant differences for
touch input with all other modalities (p < 0.001). The idle time of the touch input (M = 15.11 sec,
SD = 7.49 sec) was significantly higher than the idle times for TS (M = 11.56 sec, SD = 5.13 sec), TA
(M = 11.07 sec, SD = 5.23 sec) and TB (M = 9.98 sec, SD = 3.78 sec). For the movement times, the
Friedman test shows a significant difference (𝜒2 (3) = 7.84, p < 0.05). A pairwise post-hoc Conover
test with Bonferroni correction shows a significant difference between TB and TS (p < 0.05). The
participants spent significantly less time to move to the target with TB than with TS. Furthermore,
for the zoom times, the Friedman test shows a significant difference (𝜒2 (3) = 47.63, p < 0.001).
A pairwise post-hoc Conover test with Bonferroni correction reveals significant differences be-
tween touch input and TS (p < 0.001) and between touch input and TB (p < 0.001). There is also a
significant difference between TA and TS (p < 0.001). This indicates that the participants spent
significantly less time for zooming actions during touch input compared to TS and TB. The partici-
pants also spent significantly less time for zooming actions with the TA placement compared to
TS. We also analyzed the percentage share of the three components of the overall task completion
time. Figure 6 (right) shows that 58.0 % (mean) of the task completion time of the touch condition

Proc. ACM Hum.-Comput. Interact., Vol. 6, No. MHCI, Article 199. Publication date: September 2022.



TrackballWatch 199:9

was without any input by the participants. For TS, TA and TB, the participants spent 45.5 %, 48.2 %,
and 46.1 % of the time idling. The participants spend 23.8 % of the task completion time moving the
map for touch input, 27.5 % for TS, 27.9 % for TA, and 26.0 % for TB. The percentage share of the
zoom times show that the participants spend 18.4 % of the time zooming for touch input, 27.1 % for
TS, 24.0 % for TA and 28.0 % for TB.

After the study, we asked the participants about their opinion on the input methods. As shown in
Figure 7, the participants were satisfied with the trackball and the rotary knob as input devices. They
found the trackball input intuitive for all placements. Zooming via the rotary knob as well as getting
an overview of the map with the trackball prototypes were easy according to the participants.
Furthermore, the participants also judged touch input as intuitive. However, the subjective results
show that zooming via touch input was found difficult. Moreover, there were mixed opinions about
getting an overview of the map while using touch.
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TS (Trackball and rotary knob on the side of the watch)
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Fig. 7. After the study, we asked our participants for their opinion regarding the input methods. The partici-
pants judged all of the input methods as intuitive. Zooming via touch input was judged as more difficult, than
using the rotary knob to zoom. Our participants felt that it was faster to locate the best point of interest with
the trackball prototypes than with touch input. Getting an overview of the map and the points of interest
was also rated better for the trackball prototypes compared to touch input.

We asked our participants about their experience with zooming methods for touch input on
mobile devices and compared their self-reported experience to their usage patterns. All of our
participants were familiar with the pinch-to-zoom method and 15 (of 17) participants used it in
the study. 11 participants used pinch-to-zoom exclusively without using any other zoom option.
Double tap to zoom was known by 10 participants, but only 6 participants used it (one of them
exclusively). Only 3 participants knew that it was possible to zoom in or out via double tap with a
directly following swipe up or down gesture. Interestingly, only one of our participants actually
used this gesture.

Finally, we asked the participants to rank the input methods by preference, as shown in Table 1.
We asked them to only rank the input methods they could imagine using in the given scenario. Two
participants had no preference at all. We used the Schulze method [29, 34] to calculate the rankings.
The ranking shows that our participants prefer TB, followed by TA, TS and touch. Interestingly,
the ranking order corresponds to the task completion times.
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Input method Individual Ranking Schulze
TB 3 4 1 3 2 1 1 1 1 4 1 1 1
TA 2 2 1 1 3 2 2 1 1 2 2
TS 1 3 4 1 3 2 3 3 1 3 3

Touch 4 1 2 4 4 4 2 2 4 4
Table 1. The participants ranked the input methods by preference. They only had to rank those methods that
they could imagine using in the given scenario. The column on the right shows the rank calculated with the
Schulze method [29, 34]. Two of the participants did not rank any of the methods.

5 DISCUSSION AND LIMITATIONS
The results of the study show that the participants were significantly faster with TB than with TS
or touch input. However, the analysis of the movement, zoom, and idle times shows that touch
input yields shorter zoom times while the idle times are highest with touch input in comparison.
The shorter zoom times could be caused by several factors, like fixed zoom times for double tapping
for touch input or the change rate of the zoom levels for the trackball prototypes when using the
rotary knob. The longer idle times for touch input, which took 58% of the task completion time,
suggest that occluding the screen disturbs the interaction as the user needs additional time to look
at the map. This may indicates the need for a reorientation on the map for the user after occluding
and panning the screen. We think that the map navigation task we have chosen is a representative
pan and zoom task that shows typical problems, like occlusion, that also occur in other tasks with
three DOFs.
The zoom and movement times also show that the interaction performed by the thumb for the

trackball wristband prototypes (TA and TB) took less time than the interaction performed by the
index finger. This indicates that for a placement on the wristband, the thumb is better suited than
the index finger to operate the device.
We did not describe all of the details of the input methods to the participants as part of the

instructions, because we wanted to observe their unbiased behavior as it can be expected from
typical users of such devices. Thus, the participants had to rely on their prior knowledge and the
knowledge they had acquired during the training phases. 15 of our 17 participants used pinch-
to-zoom and stated that it is difficult to zoom with touch input on the tiny screen. During the
study, we observed that the struggled to perform pinch-to-zoom gestures on the small screen of the
Huawei Watch 2 (32mm in diameter). Besides that 6 participants also used double tap to zoom in,
only one participant used the double tap swipe gesture to zoom for touch input. The knowledge of
this latter method could possibly lead to shorter task completion times as the participants would be
able to zoom more accurately with only one finger instead of using two fingers when performing
pinch-to-zoom. This could reduce occlusion.

One limitation of our prototype is the relatively large size of the prototype, as the TS prototype
does not correspond to the size of a trackball integrated in a watch crown. Therefore, it was possible
to use TS with index finger and thumb simultaneously. This may not be possible with a fully
integrated prototype. However, with the TS prototype our participants were slower than with a
placement of the trackball and rotary knob on the wristband. A placement of the 3D printed clips
on the watch instead of placing it under the watch, is another limitation. We selected this placement
to block the physical buttons on the side of the watch, as these are not used in the study and could
lead to unintended inputs.
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6 CONCLUSION
We presented the usage of a trackball and a rotary knob as a smartwatch input device with three
degrees of freedom that does not occlude the display during use. To analyze potential placements
we created three prototype variants and compared them to conventional touch input. A typical map
navigation task, in which the participants had to find the best rated location on the map, served
as the use case. The results of the user study with 17 participants show that a placement of the
trackball on the wristband below the watch face and a placement of the rotary knob above the
watch face (TB) lead to significantly shorter task completion times (p < 0.001) compared to touch
input or to a placement of the trackball and rotary knob on the side of the watch (TS). TB was
15.7 % faster than touch input and 12.3 % faster than TS. Moreover, TB was the preferred input
method in the map navigation task and touch input was rated worst. The order of the subjective
ratings (best to worst) corresponded to the task completion times (shortest to longest).
Overall, the results show that input means beyond touch input have the potential to improve

interaction with smartwatches with respect to task completion time and subjective preference. In
particular, the use of a trackball and rotary knob as a smartwatch input device is beneficial in a
map navigation scenario with a two-dimensional map with zoom support and is therefore better
suited than the display-occluding touch input.
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