Enabling Button-based Interaction in Mobile Virtual Reality
Using Acoustic Sensing to Support 3D Pointing Techniques

Kristen Grinyer
Carleton University
Ottawa, Canada
kristengrinyer@cmail.carleton.ca

Abstract

Mobile virtual reality (MVR) facilitates financially accessible VR
by incorporating a smartphone into a head-mounted viewer but
lacks effective input mechanisms to trigger events. We propose
a low-cost unpowered button detected via acoustic sensing and
integrated into low-fi pointing devices to support interaction in
MVR. The smartphone’s built-in microphone passively listens to
environmental audio to identify a unique click sound issued by the
button. We compared button performance to 300 ms dwell time
with both head-gaze pointing and an optically tracked cardboard
controller. The button offered pointing throughput similar to ray-
based selection techniques reported in prior studies at 2.22 bps with
head-gaze, and 1.81 bps with the controller. Overall, the button
accuracy rate was 92.5% with 7.85% of clicks registered as false neg-
atives. Our results suggest the button is a viable input mechanism
for MVR that can support 3D pointing techniques.

CCS Concepts

« Human-centered computing — Virtual reality; Pointing de-
vices; Sound-based input / output; Pointing.
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1 Introduction

Extended reality (XR) head-mounted displays (HMD), including
virtual reality (VR), mixed reality, and augmented reality, have
potential as future general purpose personal computing devices
[39]. However, device cost remains a prominent adoption barrier
[26] to people of lower socioeconomic statuses. This widens the
digital divide—the disparity in access, usage behaviour, acquired
skills, and ability to benefit from technology across socioeconomic
groups [57, 58].
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Mobile VR (MVR) offers a potential solution. MVR HMDs use a
smartphone as a low-cost VR device. Since smartphones are already
ubiquitous across income/education levels [51], MVR offers immer-
sive experience to virtually anyone. Plastic and cardboard MVR
viewers cost between $10-60 USD, far less than $500-3500 USD for
high-end devices. Virtually all modern HMDs include a 6-degrees-
of-freedom (DOF) tracked wand controller to support interaction
(e.g., via virtual hands and pointing). However, MVR supports only
3DOF head tracking and primitive input such as single click, double
click, or dwell-based pointing [14]. This "interaction gap" limits
MVR’s potential to bridge the digital divide [20].

Some plastic MVR devices include a non-tracked Bluetooth con-
troller, but their availability and price are inconsistent and region
dependent. Plastic viewers range in price from $25-65 USD or up-
wards of $70 USD. Zappar’s mixed reality viewer! offers two 6DOF
tracked controllers for $70 USD, but only supports IOS devices and
is only available in the US, EU and UK. We focus exclusively on
cardboard-based VR, as the most accessible MVR due to low cost,
global availability, and support of both IOS and Android devices.

Without tracked controllers and/or hand-tracking, MVR can-
not support common VR interaction techniques such as virtual
hands or ray-based pointing [3, 35, 41], and thus cannot provide
experiences comparable to high-end devices. Past research has fo-
cused on improved interaction for MVR, such as UI interaction
[21, 24, 36, 36, 67, 67], eye tracking [2, 13], or hand tracking [12, 41]
through low-cost means. However, most prior work on 3 or 6DOF
pointing used expensive external devices such as a smartwatch
or second smartphone [25, 33, 34, 44, 52], or found the integrated
Google Cardboard button unreliable [5, 41].

The cardboard controller [16, 18] provides 6DOF pose informa-
tion and supports ray-based selection in MVR, but lacks an active
selection activation mechanism. Selection activation is the critical
final step of a selection task; after positioning the cursor/ray on a
target, some mechanism is required to indicate task completion [6].
Active selection activation methods—those requiring user action—
offer better control than time-based methods (e.g., dwell) [14] and
improve selection accuracy [16, 22].

We present a low-cost, unpowered, universally compatible but-
ton detected via passive acoustic sensing: when pressed, the button
emits a click noise the system detects. Our solution leverages the
affordances of an everyday object (a jar lid) and repurposes it for
input. The design is socioeconomically accessible and sustainable;
it is battery-free, low-energy, and reduces e-waste. Our informal
evaluation found the button offers a 97% and 95% recognition rate
used in isolation and a standard selection task respectively (see Sec-
tion 3). To evaluate the button for selection activation, we attached
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it to a cardboard controller and compared it to dwell using both
controller- and head-based ray pointing. Head-gaze is the most
common interaction technique for MVR, where the user selects
targets by directing their head towards them [54]. Participants used
both pointing techniques with both selection activation methods
in a study conforming to the ISO-9241-411 standard [29].

The main contributions of our work include:

e A novel active user input mechanism for use with new and
existing MVR interaction techniques.

o Further insight into the use of passive acoustic sensing for
low-cost interaction in VR.

o A formal experiment showing evidence our button offers
reasonable performance in selection tasks.

2 Related Work

We reviewed past research on selection techniques and selection
activation methods in VR, as well as passive acoustic sensing.

2.1 Selection in VR

Selection in VR is a fundamental task that typically precedes other
tasks, such as object manipulation or system control [3, 11, 35].
Selection technique effectiveness has a profound effect on user
performance and experience [3]. Selection techniques are often
classified by metaphor [3, 6, 53]; the most common metaphors
are virtual hands and ray-based pointing (3, 35, 41]. Virtual hands
present a hand or proxy controlled by a tracked handheld device
or user’s hands. Objects are selected by directly intersecting ob-
jects with the virtual proxy [6, 37]. Pointing techniques support
out-of-reach selection by intersecting objects with a ray whose ori-
entation and (usually) origin are controlled by the user [35]. While
selection metaphors describe how a user specifies a target, most
selection techniques require some action to confirm selection [8].
This selection activation step was identified early in VR research
as a critical final step of a selection task [6].

2.2 Selection Activation Methods in Mobile VR

Selection activation commonly employs physical controls, sound or
voice, gestures, or passive methods (i.e., dwell time) [6, 35]. Choos-
ing an appropriate method is important, as it affects users’ sense
of control. This is challenging in MVR due to its fewer activation
options [14, 16, 41, 54], including click, double click, and dwell.
Physical controls (e.g., buttons), built into the input device are
reliable and provide tactile feedback [27]. However, in MVR, built-in
magnetic or conductive buttons are unreliable [5, 41] and suscep-
tible to the Heisenberg Effect [33] (unintended cursor movement
at the instant of selection [7] due to the button press shifting the
device). In contrast, auditory input and gestures support hands-free
interaction. Mid-air hand gestures are more engaging and faster
than handheld devices [41], but yield fatigue [4, 9, 67]. However,
neither gestures nor sound input match the accuracy and reliability
of physical controls due to optical registration errors [33, 41, 50] and
environmental audio interference [23, 75], respectively. Camera-
based gesture detection imprecision worsens in MVR due to the
limited field of view (FOV) and processing power [4, 16, 17, 41].
Passive dwell time is common in MVR and requires the user to
hover or point a ray at an object; selection triggers automatically
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after a time-out [14, 46]. Passive input offers less control than active
input, increasing likelihood of selection errors [14, 16, 22].

Previous work compared 300 ms dwell to button input [14], a
VR controller trackpad, and pinch gestures [46]. While dwell was
slowest, it yielded fewer errors. Dwell selection times were compa-
rable to clicks with the Google Cardboard button, yet participants
preferred the button, despite fatigue [14], a well-known problem
with mid-air interaction [4, 21, 41]. Our proposed button mitigates
arm fatigue as it allows instantaneous selection activation, avoiding
the "gorilla arm effect” caused by both the Google Cardboard button
and dwell when paired with a handheld controller.

2.2.1 Emerging Activation Methods. Past MVR research used extra
hardware to support activation methods. Past work explored mount-
ing a touchscreen to the front of the HMD to support tapping and
sliding gestures[21, 36]. Other work used handheld devices such as
smartwatches or smartphones for tap interaction [25, 34, 44] or to
detect forearm rotation [33] or finger-pointing gestures [52]. These
approaches require extra hardware and cost.

Other work employed optical tracking to support hand gestures
for selection activation [12, 41]. De Castro et al. [12] offloaded
gesture recognition processing to an external PC, but this solution
was not evaluated. Previous work found both mid-air finger taps
and the Google Cardboard button performed worse than a touchpad
button [4, 41], and camera-based tracking unreliable for selection
activation [16, 41], revealing an advantage of physical controls.

Low-cost "DIY" approaches have been explored, such as using
the smartphone camera to detect a state change in tracked paper
markers (e.g., occlusion) for selection activation [16]. This approach
performed worse than dwell due to limited camera FOV size and
tracking reliability. Other input approaches used low-cost materi-
als and the smartphone’s speaker and sensors. Past work detected
touch events on the smartphone screen using conductive patterns
placed on the sides and front of a Google Cardboard [14, 32]. The
smartphone microphone [9] or accelerometer [71] have been used
to detect sliding gestures on the sides of a Google Cardboard. Mean-
while, BlowClick [77] relied on users blowing into the microphone
to trigger events; it had a higher learning curve than a controller
button and caused fatigue. Our current work was inspired by previ-
ous research using microphone data for input [9, 77].

2.3 Sound Recognition

Sound-based input dates back to the 1950s, with the Zenith Space
Command TV remote?, which emitted ultrasonic frequencies from
tuning forks struck by spring-loaded hammers upon pressing re-
mote switches. A microphone in the TV detected the frequencies
which were mapped to operations like changing channels. Although
prone to environmental noise, it shows that low-fidelity clicking
mechanisms, like our approach, can support simple user input.
Sound detection requires acoustically unique sounds [23]. The
simple 1D data and filtering lend themselves well to MVR as higher
computation yields lag, system crashes, and can overheat the device.
However, it also limits the possible input options [60]. Passive
acoustic sensing has been used to recognize sounds produced by
tangible objects [62, 63] and sliding and tap gestures on surfaces

https://www.theverge.com/23810061/zenith-space-command-remote-control-
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[8, 9, 23, 24, 38, 40, 60, 74]. Scratch Input [23] detected unique
acoustic signals produced from scratching a fingernail on a surface
achieving an 89.5% accuracy rate. Scratch Input inspired several
other projects [8, 9, 24, 38, 40, 60, 63, 70, 74], including our work.
Section 3 details similar filtering strategies we used to isolate sound
produced by the button to reduce false positives.

3 System Design

We used a custom cardboard controller made of a folded cardboard
handle and three tracked cubic markers (see Figure 1b). A detailed
system design and evaluation are reported in prior work [16, 18].
Given issues with camera-based tracking in MVR [4, 12, 16, 41],
our selection activation method instead uses physical controls and
sound. While optical tracking depends on smartphone camera qual-
ity, sound detection is consistently accurate across smartphone
models [9]. Our system provides the tactile feedback and reliability
of a physical button [27], and is both familiar and intuitive. It does
not require either wired or wireless connectivity nor additional
complex/expensive hardware. While Bluetooth controllers are an
inexpensive option for button-based input, they introduce pair-
ing, connectivity, and battery issues, which impacts their usability
[1, 55, 69]. They also contribute to e-waste. Our button circumvents
these issues as it is non-powered, requires no pairing step, and is
universally compatible and reliably works with any smartphone.
Moreover, the button design negates issues related to over-heating
and weight, and does not rely on existing sensors of the smartphone.

3.1 Prototyping Process

When exploring potential sound sources, we used household mate-
rials to keep costs low and focused on generating a sound waveform
that is 1) easily and consistently replicated by users, 2) unique and
distinctive from speech and ambient noise, and 3) can be made with
one hand. When testing objects, we found homemade shakers too
inconsistent, dog clickers too shrill, but found the convex shape of a
metal jar lid makes a distinct popping noise when pressed down on
two points. Full details of our prototyping process are in prior work
[19]. To support one-handed operation, we made a device using the
cardboard controller [16, 18], jar lid, and keyring. See Figure 1b.

To identify the unique acoustic pattern produced by the button,
we developed a Unity application that passively records audio using
the smartphone’s microphone and sends the audio amplitude pat-
tern to an external spreadsheet. We used this data to define filters
for isolating and detecting the click sound. To evaluate and refine
these filters, we collected data in two phases to first define filter
values for sound recognition then refine those values to improve
detection accuracy. We used a Samsung Galaxy S23 Ultra, a Google
Cardboard, and the button prototype (Figure 1a) for all tests.

To collect data, the microphone passively listened for and recorded
audio sample data. Unity audio sample data is contained in an array
of floats ranging from -1.0 to 1.0. While these values are arbitrary,
they mimic the audio’s amplitude pattern and indicate its volume.
As such, we refer to the mean value of the sample data array as
the volume of that sample. Like prior work [23], to reduce false
positives and filter out environmental noise, we ignored sample
data with an absolute mean value below 0.05. The microphone reg-
istered a new audio clip when the volume rose above 0.05, ending
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(b)

Figure 1: (a) Button prototype made of cardboard, metal lid,
and key ring; user presses down to elicit a click. (b) Cardboard
controller with button apparatus.

it once it fell below that threshold. Audio clips with durations less
than 100 ms were ignored to further filter out ambient noise.

We recorded 300 sound samples (clicks) in a quiet environment
for both data collection phases. To record a sample, we pressed the
prototype button in short intervals. For each sample, we recorded
amplitude variation metrics known to be effective for sound recog-
nition [23] including duration in milliseconds, peak volume value,
and the timestamp of when the peak value occurred. Using the data
from phase 1, we defined values for the three filters listed above.
In phase 2, we used these filters and recorded whether the sound
passed all filters or was a false positive or negative. Of the 300
recorded samples, 25 clicks (8.34%) were not registered as input.
Based on these findings, we adjusted the filter values so 97.33% of
the 300 samples correctly registered as input.

3.2 Final Design

We fastened the jar lid apparatus to the controller and the key ring
was attached to an additional cardboard piece with two extra card-
board layers for strength. We cut a slit in the top of the controller
and slotted the button apparatus in, aligning the key ring and lid
properly. Figure 1b shows the controller used in the experiment.

4 Methodology

We conducted an experiment conforming to ISO 9241-411 [29]
based on Fitts’ law [48], which models the linear relationship be-
tween movement time and index of difficulty (ID). We compared
the performance of the button to dwell using ray-based selection.
The experiment was approved by our university ethics board.

4.1 Participants

We recruited 28 participants (16F, 12M), aged 18-69 (M = 26.4,
SD = 12.6 years) from our university and local community. All
had (corrected-to-) normal vision, and all but one had tried VR at
least once, with 45% stating they were novice to advanced users.
Fifteen had no prior MVR experience and three had no experience
with spatial input devices. Three were left-handed. Participants
were compensated $15 CAD.

4.2 Apparatus

We used the following apparatus to conduct the experiments.

4.2.1 Hardware. We used the cardboard controller and the VRG
Pro MVR HMD with a ~83° horizontal FOV and IPD adjuster. We
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Figure 2: Selection techniques before and during hover states.
(a) Head-gaze cursor. (b) Head-gaze cursor hovering on target.
(c) Controller and selection ray. (d) Ray hovering on target.

used a Samsung Galaxy S23 Ultra (Android OS 14). It has a 6.8,
1440 x 3088 px (~500 PPI) display with a 120 Hz refresh rate. The
rear camera has a 24 mm focal length and 200 MP resolution. The
smartphone acted as the display, computing device, and its internal
sensors provided 3DOF head rotations for viewpoint control.

4.2.2  Software. We developed a VR system in Unity 2021.3.12f1
using the Google Cardboard XR Plugin v.1.2. and Vuforia Engine
v.10.15.3. The virtual environment was sourced from the Google
Cardboard XR Plugin and sized to 6.72 x 6.72 x 4 meters. The camera
(user’s viewpoint) was positioned 1.7 m above the floor and only
its orientation was changed by the smartphone’s tracked rotations.

Head-gaze pointing used a ray originating at the camera position,
and controlled by the camera orientation. A white dot cursor was
displayed that expanded into a ring when hovering on an inter-
actable object (i.e., the active target). See Figure 2b. The cursor was
rendered in the target plane so cursor depth and stereo disparity
were roughly the same as the targets themselves to prevent double
vision and eye strain due to sudden convergence changes.

The controller ray originated at the centre of the three tracked
markers. The ray direction was determined by the top markers’
orientation, or the side markers’ orientations if the top marker was
not tracked in a given frame. The ray was displayed as a straight
line emitted from the centre of a virtual controller, displayed as a
white cylinder. Figure 2 shows both pointing techniques.

4.2.3 Task. The ISO selection task included nine evenly spaced
spherical targets, positioned 75 cm in front of participants. All com-
binations of three target widths (25, 40, 55 cm) and amplitudes
(35, 45, 60 cm) were used in the experiment, except the 40-45 com-
bination to keep the experiment duration under an hour. While
head and hand movements may cause the actual amplitudes and
widths to vary in a 3D environment, these differences are negli-
gible. Participants selected targets in sequence, with the current
target coloured dark purple. Initially, the software displayed a start
button; pressing it made the targets appear, and the system began
recording data after the first selection (trial). The first target was
selected twice in a round—once at the start, and once more at the
end—yielding 10 trials per round (9 recorded). Sound data was only
recorded between the first and final trials of each target ring.

For dwell selection activation, participants held the ray on a
target for 300 ms to select it, following prior work [14]. During
this dwell time, the target lightened in colour. Prematurely moving
the ray off the target reset the target colour and timer. For button
selection activation, the active target changed colours when the
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ray hovered on it. When the button press was registered, the active
target changed to the inactive target colour, and the next target
became active. Auditory feedback played upon each selection.
Missing targets was only possible with the button; all dwell trials
ended with successful selection. To impose an accuracy require-
ment, selection was only possible in a region three times the target’s
radius. A hit required clicking the button while the ray touched the
target; clicks missing the target but in the expanded region were
recorded as misses. Clicks outside the region were ignored entirely.

4.3 Procedure

Participants first provided informed consent and demographic in-
formation. We then explained the experiment procedure, condi-
tions, and how to use the controller and button. Participants sat
in a swivel chair in a brightly lit and quiet lab environment while
wearing the HMD. They first completed practice trials under all
experiment conditions, before moving onto recorded trials. They
were instructed to select targets as quickly and accurately as possi-
ble and could take breaks between any given round of trials. After
all trials with a given selection activation method, participants
completed the ISO Device Assessment Questionnaire [29] to solicit
subjective preferences. Upon completing all conditions, a final ques-
tionnaire solicited overall preferences and feedback on the button’s
usability. The experiment lasted 60 minutes and participants were
compensated upon completion.

4.4 Design

We employed a 2 x 2 x 8 within-subjects study design with the
following independent variables:

o Selection Technique: Head-gaze, Controller
e Selection Activation: Dwell, Button
e ID: 2.37, 2.71, 2.94, 3.03, 3.35, 3.64, 3.73, 4.06

Our conditions included the four combinations of selection tech-
nique and activation method: Gaze-Dwell (GD), Gaze-Button (GB),
Controller-Dwell (CD), and Controller-Button (CB). Eight IDs were
repeated three times per condition, so participants completed 24
rounds of targets per condition with 9 trials (selections) each, for
864 recorded trials per participant. ID order was randomized, and
condition order was counterbalanced via a balanced Latin square.

Dependent variables included selection time (ms), target re-
entries (count), selection distance (cm from target centre), errors (%),
and throughput (bps). For the controller conditions (CD, CB), we
recorded controller tracking data including tracking-loss duration
(ms) and tracking-loss count. With the button conditions (GB, CB),
we recorded audio data to determine audio recognition accuracy.
If participants pressed the button, but at least one of the sound
filters did not pass, a registration error was recorded. Any sound
that did not pass all filters counted as registration errors. The quiet
environment ensured errors were accurately recorded.

5 Results

We recorded 24,192 selections in total. Of those, 11 timed out at 30 s
and 11 were discarded due to technical issues in data collection. Out-
liers were defined as +3 SDs from the mean selection time of their
respective condition. In total, 451 outliers (1.86% of 24,192) were re-
moved, 209 (0.86%) from CB, 10 (.04%) from GD, 121 (0.5%) from GB,
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Figure 3: Mean target re-entries per
trial by condition. Brackets show pair-
wise significance (p < .05).

and 111 (0.46%) from CD. In total, 1.96% of the data was removed
before analysis. A Lilliefors normality test on each dependent vari-
able revealed all were normally distributed except tracking-loss
duration. We analyzed the normally distributed metrics with two-
or one-way ANOVA and used the Wilcoxon signed-rank test for the
rest. Post-hoc analyses used Tukey HSD. There was no significant
effect for condition order on selection time (Fs 24 = 1.75, p > .05,
7712, =.18), suggesting counterbalancing was effective.

5.1 Selection Time

Selection time was the time in ms from a target activating to se-
lection occurring. Two-way repeated measures ANOVA revealed a
significant main effect for both selection technique (F; 27 = 175.88,
p <.001, 1712, = .87, pow. = 1.0) and selection activation method (F 27
=33.87, p <.001, 7712] = .56, pow. = 1.0). Selection time was signif-
icantly lower with head-gaze pointing and dwell-based selection
activation, as shown in Figure 6. No interaction effect was found
(F127 = 2.363, p = .14, 7}, = .08, pow. = .2). Modelling the relationship
between selection time and ID, showed all conditions were highly
linear (R? > 0.97); Fitts’ law is a strong predictor of selection time
with both controller and button. See Figure 6b.
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Figure 6: Mean selection time by (a) condition and (b) ID.
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Figure 4: Mean selection distance by
condition. Brackets show pairwise sig-
nificance (p < .05).

Selection-Activation Technique

Figure 5: Mean Throughput scores by
condition.

5.2 Accuracy

For accuracy, we report target re-entries (TREs) and selection dis-
tance; for button conditions (GB, CB) we also include error rates
(i.e., selections outside the target but within 3 times the target ra-
dius). The mean error rate of GB and CB were 18% (SD = 12.76%)
and 26% (SD = 12.76%) respectively. One-way ANOVA revealed a
significant main effect (Fy 27 = 28.05, p < .001, nj, = .51, pow. = 1.0),
indicating that head-gaze had lower error rates.

TREs indicate how many times the cursor/ray hit a target after
the first hit; high TREs suggest control problems. Two-way repeated
measures ANOVA revealed a significant main effect for selection
technique on TRE (F; 57 = 40.55, p < .001, 17[2, =.60, pow. = 1.0) and
significant interaction between selection technique and activation
method (Fy 27 = 12.78, p < .05, 7, = .32, pow. = .81). See Figure 3.

Finally, selection distance was the distance in cm from the target
centre to the closest point on the selection ray. Two-way repeated
measures ANOVA revealed the main effects for both selection tech-
nique (Fy27 = 28.82, p < .001, r]f, = .55, pow. = 1.0) and selection
activation method (F; 27 = 62.0, p < .001, 1712, =.70, pow. = 1.0) were
significant, as was the interaction effect (F; 27 = 12.49, p < .005, 1712,
= .32, pow. = .08). See Figure 4. The large difference between button
and dwell is likely due to the presence of errors with the button.

5.3 Throughput

We calculated TP using the equation TP = ID./MT, where ID, =
l0gz2(Ae /W, + 1). We use effective values to post-experimentally ad-
just W to an error rate of 4% and A to the actual distance the cursor
moved for each selection to better represent the task performed.
This decreases throughput’s susceptibility to speed/accuracy trade-
offs [42, 64] and facilitates comparison of TP across studies with
varying error rates.

Two-way repeated measures ANOVA showed significant main
effects for both selection technique (F; 27 = 102.83, p <.001, 7712, =
.79, pow. = 1.0) and selection activation method (F; 27 = 326.48, p <
.001, 1712, =.92, pow. = 1.0). See Figure 5. No interaction effect was
found (Fy 27 = 2.396, p = .13, 1, = .08, pow. = .2).
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5.4 Tracking Performance

We also recorded how often tracking was lost (tracking-loss count)
and for how long (tracking-loss duration). Both dependent variables
were averaged by participant. A Wilcoxon signed-rank test indi-
cated tracking-loss duration was significantly higher in CB than CD
(z=-3.23, p=.001, r = -.43, pow. = .34). On average, the controller
lost tracking for 226.41 ms with the button, compared to 117.52 ms
with dwell. One-way ANOVA revealed a significant main effect of
selection technique on tracking-loss count (F; 27 = 7.59, p < .05, ryIZJ
=.22, pow. = .77). On average, per trial, controller tracking was lost
0.11 times with button vs. 0.07 times with dwell.

5.5 Button Reliability

The software recorded audio clips passing all filters as a button click.
False negatives were intentional clicks that were not registered
while the selection ray was within 3 target radii (i.e., the distance
used to define errors). Overall, the system had a 92.5% accuracy
rate; 7.85% of clicks were false negatives. Error rate was the average
of targets missed in each round of nine targets (7.49%). Overall,
reliability was similar to acoustic sensing approaches, with accuracy
rates of 90% [23] and 96% [77].

5.6 User Feedback

After completing a condition, participants filled out the ISO Device
Assessment Questionnaire [29], excluding questions unrelated to
selection activation. All questions were scored on a seven-point
Likert scale with seven being most positive. As seen in Figure 7,
dwell scored significantly higher except for fatigue and operation
speed. Participants also ranked each condition. Results of this rank-
ing are seen in Figure 8. We also asked, of dwell and button, which
selection activation method they preferred; 20 (71.4%) participants
preferred dwell, while 8 (28.6%) preferred the button.

We also collected subjective preferences at the end of the experi-
ment. Participants who preferred dwell found its automation made
it "easier to advance in the trials quickly" and found it less physi-
cally and mentally demanding as they did not need to "coordinate
[activating the selection while pointing]". However, advantages of
active vs. passive input [14, 16, 22, 46], may influence this opinion
in real-world usage. Notably, three participants stated they would
prefer the button if they did not have to perform many consecu-
tive selections, as it caused their hand to "hurt" or start "cramping”.
One participant stated "if the selections were more limited, I think I
would have preferred the button", while a second participant stated
"if [selections were] spread out more then [the] button would be ideal
... when you need a bit more precision". Finally, four participants
thought the button was less reliable since some clicks did not reg-
ister, noting it was "a bit too finicky" and "difficult to press down
correctly". This is consistent with our results on false negatives, and
highlights the need for a more robust system.

Conversely, and consistent with past work [14], three partici-
pants who preferred the button noted greater control and accuracy,
and that it prevented accidental selection. Three participants men-
tioned the button was more comfortable than waiting for the dwell
timeout, with one stating "keeping the head still pointing at the same
point ... is challenging. The clicker let me move way faster". Most
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participants who preferred the button felt it was faster, consistent
with past work [46].

6 Discussion

Overall, head-gaze was faster than the controller, and dwell out-
performed the button, consistent with prior work [22]. As seen in
Figure 6, GD was fastest, CB was slowest, and GB and CD were
comparable. The controller’s lower performance likely relates to
tracking reliability; tracking loss was 117-226 ms on average, com-
promising smooth operation. Similarly, tracking was lost more often
with the button. This may contribute to slower selection times and
TP scores for CB. However, CB performance is in line with past
controller-based selection with button input [65].

TP scores reveal a similar pattern: GD was highest (2.99 bps) and
CB was lowest (1.81 bps). Notably, CD outperformed GB. This sug-
gests selection activation had a higher impact on TP; for selection
time, the selection technique had more influence. This may have
occurred due to errors influencing TP and selection time for button
conditions, since errors were not possible with dwell. Errors in-
crease W,, decreasing TP. The possibility of missing in the enlarged
hit area also offered faster selection, as participants did not have to
move the selection ray as far from the previous to current target
for a selection attempt to register.
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A key advantage of throughput is that its consistency facilitates
comparison between studies better than movement time [64]. Com-
puter mouse performance is a common baseline, at around 3.7-4.9
bps [64]. Generally, 3D pointing devices offer lower TP due to larger
slower movements in 3D space. Pointing studies with comparable
conditions report TP from 1.5-2.5 bps [22, 31, 56, 59, 65, 66]. Our
controller with the button was in this range at 1.81 bps. This exceeds
the TP of 1.06 bps reported in prior work using low-fi MVR con-
trollers and marker-based selection activation [16]. This suggests
that in the right conditions, a sound-based button can adequately
support selection activation with low-fidelity 3D input devices.

In terms of accuracy, TREs were higher with the controller (see
Figure 3). This may be due to the aforementioned Heisenberg Effect
[33] or participant hand tremor and/or the use of optical tracking;
the tracking notably introduced some input noise causing the ray
to leave the target area. Notably, TREs were lower with GB than
GD, despite GD outperforming GB in all other metrics. This may
be due to participants having to hold their gaze longer with dwell,
leaving more time for the cursor to leave the target area. Participant
feedback supports this, indicating that GB offered both speed and
control over selection, while GD caused discomfort, dizziness, and
nausea due to fast head motions. As previously noted, the possibility
of errors yielded a greater selection distance with the button than
dwell. Missing a target was only possible with button conditions,
increasing selection distance. When comparing button conditions,
CB was significantly less accurate, consistent with TP scores.

To assess button reliability, we examined false negatives by selec-
tion technique; it was 4% (SD = 9%) with head-gaze vs. 8% (SD = 12%)
with the controller. Of all registered clicks, 7.85% were false nega-
tives. Most false negatives (65%) occurred with the controller. This
may be due to how participants operated the button with each
selection technique. With head-gaze, participants could hold the
button stationary and keep their thumb at an optimal position.
However, the controller required frequent re-adjustments of the
thumb position, increasing false negatives and selection time.

Overall, the button offered comparable speed and TP to past
studies with head-gaze [22, 56] and 3D pointing devices [65] with
button activation. While dwell outperformed the button and was
preferred, it is impractical for situations requiring greater control
[14] and yields accidental selections in dense environments. En-
hancing the sound recognition system and button design would
improve overall performance, perhaps surpassing dwell. We discuss
design improvements in the following section.

Based on our findings, we recommend optimal scenarios for each
technique to guide researchers and practitioners. GB is best when
accuracy is paramount, as it supports reliable, controlled selections.
CB is preferable when users need greater input control, as decou-
pling selection from viewpoint control enables precise selection
through fine-grained controller rotations to benefit navigation or
search tasks [76]. For rapid selections and when fatigue is a concern,
consider dwell time instead. User mobility also matters: head-gaze
demands larger neck movements, while the controller and button
require higher finger dexterity.

G1'26, June 03-05, 2026, Waterloo, ON

6.1 Design Improvements

Our goal is to provide a low-cost solution to 6DOF interaction in
MVR that can be widely disseminated. Our results identified areas to
improve the system design by increasing usability and robustness.

6.1.1 Physical Design. A purpose of our work was to provide a
proof-of-concept for adding a button to a 6DOF controller. As such,
the materials and button integration were rudimentary. Participants
sometimes had difficulty making the sound if their thumb slid away
from the optimal spot to press the keyring down onto the lid. This
issue could be mitigated by adding tactile feedback such as a notch,
nub, or texture on the interaction surface, similar to the ridges on
a standard keyboard “f” and “j” keys. A simplified design better
embedding the button into the controller could reduce the pieces
and materials required, negating this issue altogether. A simplified,
integrated design, could also support public distribution. For ex-
ample, a DIY cardboard controller kit, akin to Nintendo’s Labo?®,
could include both button materials and pre-creased cardboard with
printed markers, to be folded into a controller by end-users. Past
work proposed plastic controllers for MVR [30]; however, our DIY
approach offers advantages as it does not require hardware more
expensive than the HMD, and the materials are easily sourced.

6.1.2  System Design. Machine learning could enhance system ro-
bustness without compromising performance in mobile VR en-
vironments, as prior work confirms [9, 77]. False positives from
environmental noise and inconsistencies in user-generated sounds
(e.g., pitch variations due to clicking force [63]) could be mitigated
by adapting filter values to the environment and user when starting
a session. Users could record a sample of button clicks that the
system would use to adjust the filter values to effectively filter out
noise from the environment and identify the user-made sound.
Adaptive filters could further enable user-defined sounds pro-
duced via arbitrary objects or surfaces. Past work shows user-
defined surface gestures improved performance and learnability
[9, 45, 61], suggesting advantages to giving users control over in-
put actuation. This approach offers complete control over what
materials and actions are used to make the sound. This would be
highly convenient and enhance accessibility by supporting input
customized to user’s abilities. Particularly, users with limited hand
or finger dexterity have difficulty operating VR controllers [10].

6.2 DIY for Emerging XR Platforms

The proposed system exemplifies how affordances of everyday ob-
jects can be repurposed for XR interactions. Our system leveraged
the shape and sound of an object, but designers may consider all
factors of everyday objects, such as their texture, reflectivity, or
designed functionalities, and how they can be used to support dif-
ferent feedback modalities or other fundamental tasks; past work
has utilized similar DIY practices to support selection, object ma-
nipulation, and travel [14-16, 18, 32, 68, 72, 73]. Beyond low-fi VR,
DIY practice can be integrated with high-end VR systems to sup-
port custom input and rapid prototyping of input devices [28]. A
more comprehensive discussion on DIY practices to support XR
interaction is available elsewhere [20].

3https://www.nintendo.com/sg/switch/adfu/index.html
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While an advantage of employing DIY practices is providing
cost-accessible interactions, it can also support sustainable alter-
natives. Current cheap input devices, such as Bluetooth controls
contribute to e-waste. Meanwhile, repurposing everyday objects for
XR interactions can not only minimize environmental effects by not
needing batteries and bring low-powered, but can actively reduce
e-waste if old electronics (e.g., wired earbuds [73]) are repurposed.

Historically, Low-fi VR has shaped commercial hardware, bear-
ing in mind the FOV2GO [49] inspired the Oculus Rift DK1. As such,
when creative low-fi solutions are explored, they can inspire unique
design approaches and provide valuable lessons for emerging XR
platforms that may otherwise have remained unexplored.

6.3 Study Limitations

The experiment was conducted in a quiet environment to mitigate
false positives, so all recorded errors were false negatives. Therefore,
system robustness has not been thoroughly explored; registration
accuracy may be worse in noisier environments. We also note the
300 ms dwell time is more appropriate for expert users [22, 43, 47]
while a dwell time of 450 ms, more appropriate for novices [43],
which may influence subjective results.

Nearly half of all outliers were with CB, suggesting issues with
controller tracking and sound recognition increase dramatically
when used together. During the experiment, we noticed a differ-
ence in how participants interacted with the button depending on
the pointing technique. When paired with head-gaze, participants
seemed to have an easier time with the button, resting it in their lap
and continuously clicking. Controller tracking problems disrupted
user flow and we noticed participants more frequently re-adjusted
their thumb placement on the button. While this suggests the but-
ton does not pair well with the controller, improving integration
between the button and controller may improve this.

6.4 Future Work

We plan to evaluate the button’s efficacy in other commands, such as
double click, or using multiple buttons emitting uniquely detectable
sounds. This could increase the complexity of active user input for
MVR, and thus support more interaction techniques common to
high-end VR. With these added commands, we plan to evaluate
the controller and button in interaction tasks beyond selection.
This includes object docking and travel tasks. Unlike buttons, dwell
cannot support multiple input commands. Thus, despite dwell’s
better performance, there is a need for button input in MVR. We
proposed design iterations in section 6.1 that may improve button
performance to be comparable or superior to a dwell time of 450 ms.
Future work can explore how these updates affect the system’s
accuracy and user acceptance, and other possible advantages.

7 Conclusion

Mobile VR provides low-cost and broadly available immersive ex-
periences, offering a potential solution to high-cost VR devices
[26]. However, its poor interaction [16, 17, 33, 41, 54] and limited
selection activation methods [14, 16, 41, 54] motivated our work on
a low-cost unpowered button for MVR that emits clicks detected
via acoustic sensing. An experimental comparison of the button
to dwell indicates the button performance is similar to ray-based
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selection techniques used in prior studies [22, 56, 59, 65, 66] at
2.22 bps when used with head-gaze and 1.81 bps with a controller.
The button had an overall accuracy rate of 92.5% with 7.85% of clicks
registering as false negatives. These results validate the button as a
viable input mechanism for 3D pointing techniques in MVR. Since
dwell performed better overall, we plan to increase the system’s
robustness to improve button reliability. We proposed potential
design updates to improve the button’s usability and potential for
public distribution as a cost-accessible input mechanism for MVR.
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