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Order Up! Multimodal Interaction Techniques for Notifications in
Augmented Reality

Lucas Plabst , Florian Niebling , Sebastian Oberdörfer , and Francisco Ortega

Fig. 1: Modalities used for indication and confirmation of notifications in the experiment. Modalities consist of Gaze, Hand-Pointing,
Speech, and Touch. The resulting interactions are Gaze and Pinch, Gaze and Speech, Point and Pinch, Point and Speech and Touch.

Abstract—As augmented reality (AR) headsets become increasingly integrated into professional and social settings, a critical challenge
emerges: how can users effectively manage and interact with the frequent notifications they receive? With adults receiving nearly 200
notifications daily on their smartphones, which serve as primary computing devices for many, translating this interaction to AR systems
is paramount. Unlike traditional devices, AR systems augment the physical world, requiring interaction techniques that blend seamlessly
with real-world behaviors. This study explores the complexities of multimodal interaction with notifications in AR. We investigated user
preferences, usability, workload, and performance during a virtual cooking task, where participants managed customer orders while
interacting with notifications. Various interaction techniques were tested: Point and Pinch, Gaze and Pinch, Point and Voice, Gaze and
Voice, and Touch. Our findings reveal significant impacts on workload, performance, and usability based on the interaction method
used. We identify key issues in multimodal interaction and offer guidance for optimizing these techniques in AR environments.

Index Terms—augmented reality, multimodal interaction, eye gaze, speech commands, notifications, gestures, 3D user interfaces

1 INTRODUCTION

Notifications are a unique aspect within user interfaces (UI), defined by
their dynamic and temporary nature [24]. Notifications possess a unique
state, capable of conveying critical information and presenting trivial
updates. Their significance stems from their real-time connection to
events, messages, or updates, rendering them inherently time-sensitive.
Yet, their temporary nature sets them apart, as they can quickly lose rele-
vance if the notification-producing event is no longer relevant. Whether
serving as ignorable reminders or vital alerts, notifications try to grab
the user’s attention. Unless they are ignored until they expire, most
notifications are interacted with [52], even if it is just a dismissal, as
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they do not provide relevant information at that time. Due to their inva-
sive nature, the sudden appearance of a notification and the subsequent
interaction with it could cause distraction or frustration. With a smart-
phone, ignoring a notification while the phone is not in use is as simple
as leaving the phone in your pocket until you want to attend it [26].
But what if the display is no longer in your pocket, but is instead worn
on your head? In a future where AR glasses could become our means
of interacting with the digital and the physical world, finding a way to
deal with these distractors is essential. AR can, for example, be a useful
tool in surgery [18]. So imagine a future surgeon operating on a patient
while wearing an AR head-mounted display (HMD). Patient alarms or
other time-sensitive alerts could be directly displayed in the headset
without the surgeon needing to turn away from the patient. However,
these alerts cannot be detrimental to the current task, and it is crucial
that the surgeon can interact with the notifications, such as acknowl-
edging a patient alarm, to ensure the information has been processed
and the situation addressed. Even simple urban navigation could be
impacted by poorly designed pop-ups, since it has been shown that noti-
fications are highly interruptive, even if ignored [65]. To systematically
explore the complexities of AR notifications and their impact on user
performance and experience, we first turned to a more general task: a
simulated cooking environment. This setting allowed us to control vari-
ables and observe the fundamental interactions between users and AR
notifications in a broadly applicable way, before extending insights to
more specialized and high-stakes scenarios. Our primary contributions
in this work are as follows:
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• We provide an analysis of various interaction modalities for AR
notifications, demonstrating how their combinations influence
user perception and performance.

• Our findings show that compared to using each modality on its
own, integrating multiple interaction modalities yields superior
results.

• We identify the ongoing challenges and limitations faced by mul-
timodal interactions in AR environments.

• Based on our findings, we offer suggestions for designing future
AR systems that effectively leverage multimodal interactions.

2 RELATED WORK

2.1 Notifications in Mixed Reality
Notifications have been studied in desktop environments [14, 15] and
more recently in the smartphone field, given their ubiquitous use, with
an estimated 90% of American adults owning and using smartphones
daily [50]. Working adults receive an average of between 45 to 80 noti-
fications per day, with some groups like college students receiving over
400 [1, 60, 39]. Research by Pielot et al. [52] revealed that disabling
notifications for a day led to participants feeling less distracted and
more productive, though they also expressed concern about missing
important information and feeling disconnected from their social net-
works. With Mixed Reality (MR) anticipated to grow at a rate of 30%
annually until 2032 [10], and more companies releasing MR-HMDs, a
future where these headsets become our primary means of computing
is plausible. AR-HMDs have a great potential to become pervasive in
day-to-day life, as they do not isolate the user from their surroundings
and can supplement the real world with helpful information. In this
work, we refer to AR as seeing the real-world with virtual objects
superimposed onto or composited with, following Azuma et al. [6]. We
use MR as an umbrella term referring to a part of the Reality-Virtuality
Continuum [63], containing both AR and VR. Janaka et al. [26] have
demonstrated that messaging using an AR-HMD showed better multi-
tasking capabilities and faster response times than using a smartphone,
and suggest that even now the usage of an HMD as a supplemental
device to the phone can improve messaging during multitasking. Re-
search on notification modalities in VR by Ghosh et al. [19] and in AR
by Lazaro et al. [35] found that combining visual and auditory notifica-
tions improved preference and performance. Participants expressed not
only wanting to receive notifications but also to interact with them.

Another output modality that has been researched is the position of
notifications in AR. Plabst et al. [53] looked at notification placement
in AR and found a bottom-center position in the user’s field of view to
be optimal in general use cases, world placement in stationary tasks,
and body placement in tasks with a lot of digital content. Similar con-
clusions were reached in a study about VR notification placement [59],
as well as in an AR experiment about dual-task scenarios [13]. Imamov
et al. [23] also researched glanceable information in simulated AR
and found that a bottom-center position close to the primary task was
more comfortable and faster than other placements. It is however worth
noting that because of the inherent differences between AR and VR, it
is unclear how the results of VR experiments apply to AR. Rzayev et
al. [58] also showed the effect notification position in AR can have in a
social interaction setting. They found that most participants preferred
receiving notifications on an AR headset rather than a smartphone and
that the position affected the person wearing the headset and the person
not wearing the headset differently. Lee et al. [36] found that the posi-
tion of notifications in AR affected response time, as well as inversely
affecting walking speed, leading to the conclusion that the priority of
the notification content needs to be considered when deciding where
to place them. Another position for glanceable information in AR
was researched by Satkowski et al. [62] who found that the ceiling
or the floor of a physical space are well suited to display secondary
non-critical information in AR without being obtrusive. Looking more
at presentation as well as location, Lucero et al. [41] proposed a mini-
mal notification interface in AR that did not distract participants from
walking in public while still giving them updates. Notifications were

presented as butterflies moving across the field of view, that could
be opened and dismissed using swipe gestures on a finger-mounted
touchpad.

2.2 Augmented Reality Interaction
In their study on general interactions in AR, Wang et al. [66] explored
the fusion of various input modalities. They discovered that a combi-
nation of Gaze, Gesture, and Speech yielded the most efficient results,
although users preferred the combination of Gesture and Speech. Con-
versely, unimodal interactions using solely Gaze or Gestures generally
underperformed compared to the multimodal options. Lee et al. [38]
similarly investigated multimodal versus unimodal inputs in AR, noting
that while participants favored multimodal input over sole Speech or
Gaze, they did not demonstrate objective performance improvements
with it. For accessing generic information on an AR headset, Lu et
al. [40] devised a system enabling users to summon information like
weather updates or sports scores through either head movement or gaze.
They observed that users preferred and performed best with gaze-based
interactions.

Kosch et al. [31] evaluated three AR notification selection techniques
while cycling: gaze with a dwell time, gestures, and gaze for indication
with a physical button press for confirmation. They found that gaze with
dwell time resulted in the lowest error rates, but required more attention
and focus, whereas the gaze with button approach was preferred by
users and had the lowest task completion time. Also using a dedicated
input device for AR, Cai et al. [11] used a circular UI on an HMD that
was controlled with a ring mouse worn on the hand, which they called
ParaGlassMenu. In that experiment, Cai et al. compared this with more
linear displays, voice assistants, and a smartphone in a conversational
setting. They found that the ParaGlassMenu outperformed the other
interactions in performance as well as subjective measures. Plabst et
al. [54] investigated various display types for multiple notifications
in AR, along with unimodal interaction techniques. Their findings
indicated that Touch outperformed Voice or Gaze, and participants
favored having a notification list attached to their hand rather than in
the surrounding environment.

3 EXPERIMENTAL SETUP: KITCHEN ENVIRONMENT

In this work, we researched how we can interact with notifications
in AR using multimodal interaction. Especially because notifications
are usually short-lived, interaction needs to be quick, easy, and not
distracting. For this reason, we set out to answer two research questions:

RQ 1: Is the user’s perceived usability of notifications influenced by
the interaction technique?

RQ 2: Is the primary task performance influenced by the interaction
technique of notifications?

Usability has been defined by the International Organization for
Standardization (ISO) as “the extent to which a product can be used
by specified users to achieve specified goals with effectiveness, effi-
ciency, and satisfaction in a specified context of use” [25]. We built
upon the open-source research environment proposed by Raikwar et
al. [57] to conduct our experiment. While in the cooking environment,
participants engaged with various notifications using the Hololens 2,
an optical see-through (OST) AR-HMD. The OST design of the head-
set not only grants users real-time visibility of their hands and bodies
but also enhances depth perception, which distinguishes it from VR
headsets [29], while also being more accurate for indication and confir-
mation tasks [33]. In comparison with video see-through AR, OST was
found to have better text legibility [16] and better depth perception [2].
The HMD’s eye-tracking functionality demonstrated precision within
a 1.5° visual angle around the intended target, a finding by Kapp et
al. [30]. Hand-interactions, eye-tracking, and voice recognition were
implemented using the Mixed-Reality-Toolkit 2.8.3 [46]. Performance
logs show that the environment runs at a consistent 60 frames per
second, with infrequent drops to around 40.

3.1 Task
In this simulation environment, participants were tasked with fulfilling
customer food orders, representing different real-life situations. These
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Fig. 2: Virtual cooking environment displayed in a large room in Augmented Reality

scenarios can range from high-stress to low-stress environments, al-
lowing users to handle multiple tasks at once or focus on one thing at
a time, moving around or staying in one spot, depending on how the
kitchen was set up. Stress can be regulated by several factors, including
but not limited to the number of customers, the amount of ingredients
on meals, the waiting time for customers, or the time until food is burnt
and needs to be recooked. For our work the kitchen task is used as a
general use case that people could encounter in their daily life, trying
to perform multiple things at once with some time sensitivity. The
use of a virtual cooking environment in our study serves as a model
for understanding interaction techniques with AR notifications. This
environment mirrors several essential elements found in professional
settings, allowing us to draw broader conclusions while also exploring
specific nuances relevant to high-stakes scenarios. Both cooking and
professional environments involve complex task management, where
users juggle multiple tasks simultaneously, requiring attention to detail,
and prioritization. The cooking environment also demands real-time
decision-making, similar to professional settings. A cook must respond
promptly to a timer, much like a mechanic reacts to machinery changes.
This need for timely responses to notifications is common across differ-
ent contexts. The choice of a kitchen reflects the need for a versatile,
general-use scenario that is easy for participants to understand and en-
gage with, while still being representative of the cognitive and physical
challenges encountered in complex, time-sensitive work environments.

The kitchen (see Figure 2) was around 3 meters by 3 meters in size
and had four stations. Participants could use both hands to handle
food and ingredients and were instructed to grab the virtual objects just
like they would with physical ones. At the Customer Station, up to
three customers could order food. Each customer was represented by a
simple human avatar with slight movements. A red tray indicated where
the prepared food had to be served. When an order was accepted by the
user by interacting with a notification, a two-minute timer appeared,
showing how much time was left to finish. No direct interaction with
the avatars occurred. The Coffee Station had a coffee machine with a
pot. Users had to press a button to start the machine, and when enough
for a cup was made, a notification alerted the user. They could then
pour coffee into a cup, and a lid appeared when it was full, signaling
it was ready. The Pizza station and Burger station had ingredients
to assemble the meal and a cooking device. The patty or pizza dough
had to be cooked for at least 10 seconds to be done, upon which a
notification was sent. After 40 seconds, the food would burn and would

not be accepted by the customers. Next to the Pizza station, participants
could find a trash can to discard incorrectly prepared food items. A
movable list was next to the trash can, where notifications would move
after being in the field of view for 8 seconds.

3.2 Notifications
Participants received several notifications throughout their task. Every
notification featured a title indicating its source, with the content of the
notification underneath. Next to this text was an icon corresponding
with the notification’s title for quicker information access [27]. We
limited notifications to task-related ones for privacy reasons, to control
the notification amount, and to ensure participants paid attention to
them, as they directly related to their task.

The notification text was set within the comfortable range for text
size [44], making it easy to read and allowing all notification texts to fit
inside the panel without cutting off the text or decreasing font size to fit.
Text was displayed with a white font and a dark gray background for
optimal readability in most situations [28], as the changing background
in AR environments can lead to contrast issues depending on color
choice. The moment a notification was delivered, a sound was played
to alert the user of its presence, as this leads to better recognition
and performance [35], and ensures that attention is drawn towards
the notifications, so that missing notifications is unlikely. Based on
previous findings [53, 37, 13], the notifications were positioned in
the bottom center of the device’s field of view. This position was
found to be ideal as it does not distract the user from their task too
much while still being noticeable, while also allowing the user to move
around without losing sight of the notification. Notifications were
placed at a distance of 75 - 90 cm, keeping them within the acceptable
range recommended in the development guidelines for the headset [44].
We chose this distance because placing the notifications closer than
75cm could increase eye-fatigue due to the vergence-accommodation
conflict [32], whereas placing them too far away would make touch
interaction impossible, and could introduce text legibility issues.

Notifications had a blue button on the right side that was used for
interaction. Interacting with the button caused an action, depending
on whether it was an order or food notification. Looking at user expe-
rience design patterns [4, 3], they describe two types of notifications:
actionable notifications, which the user has to react to, or informational
notifications, whose purpose is to relay information to the user. The
main difference between the two types is the expectation of interac-
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Fig. 3: Interaction techniques used in the experiment: a) Gaze and Pinch; b) Gaze and Speech; c) Point and Pinch; d) Point and Speech; e) Touch

Fig. 4: A notification for a pizza order.

tion. Whereas informational notifications do not require a response,
actionable notifications at least expect to be attended. For example, a
notification informing a user about today’s weather does not expect a
response, whereas a notification about an incoming phone call or direct
message does expect a response. Since users deal with notifications
differently depending on their context [52], it was important to not only
have a single type of notification in this experiment. The system we
used deploys two types of notifications: order notifications and food
notifications.

Order notifications: An order notification was sent for each new
customer. This notification had to be interacted with to see what the or-
der was, therefore making it an actionable notification. Upon accepting
the order, the notification content would change to show the customer’s
order (see Figure 4). This would also start a visible two-minute count-
down, showing the time remaining to prepare the food, after which the
customer. When the meal was placed on the tray before the customer,
the notification had to be interacted with again to confirm the order. If
the ingredients matched, a “success” tone would play and the notifica-
tion would display “correct order” before disappearing. If the food was
incorrectly prepared, a “failure” tone would play and the notification
would display “incorrect order”. Activating the button again would
cause the “incorrect order” text to disappear and the notification would
display the ingredients for the food ordered again.

Food notifications: Every station produced notifications when the
desired cooking state was reached. Activating the button dismissed
the notifications, making them informational notifications since no
direct action was required by the user as a result of the notification, and
their purpose was strictly to convey information. Interaction with this
notification was not necessary for completing the task, but it could be
dismissed for better organization.

3.3 Interaction Techniques

Plabst et al. [54] researched notification interaction. However, their
work is limited by the fact that they only looked at unimodal interaction
techniques. In our work, we wanted to research multimodal interaction
for notifications, as they might offer more flexibility and performance
improvements, as well as being preferred by users over unimodal in-
teraction techniques [61, 12]. In the work by Plabst et al. [54], touch
interaction was unilaterally found to be the optimal technique, so we
used it as a control condition to compare against multimodal interaction
techniques (see Figure 3). They found several problems with Gaze and
Voice, such as participants’ frustration with the artificial slow-down
in Gaze interaction due to the dwell-time, or issues with selecting the
correct notification in Voice interaction. Our multimodal approach
has the potential to address these issues by allowing users to combine
complementary input methods, eliminating the need for dwell-time or
labels for specific voice commands.

The interaction techniques we used are split into two blocks: Indi-
cation and Confirmation. Bowman et al. [9] classify Indication and
Confirmation as two steps in a 3D manipulation task. The last step in
their classification is Feedback, which is provided in our system by
visual and auditory confirmation of the selection. One modality is used
to indicate the notification the user wishes to interact with, whereas
the other confirms the interaction, in our case the pressing of a but-
ton. The two modalities are used complementarity [42], meaning that
they are processed individually but are merged for a single interaction,
leading to faster interaction. We found that the use of hands, eyes, and
voice are all extensively studied techniques for MR devices [49]. These
modalities are also commonly found and used in state-of-the-art MR
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headsets like the Hololens 2, Meta Quest Pro, or Apple Vision Pro. For
this study, we therefore chose the following techniques:

Point and Pinch (PP): When pointing at something in the envi-
ronment, a ray appears extending from the wrist of the user’s hand.
Notifications could be interacted with by pointing at the button and then
pinching the index finger and thumb together. Correctly pointing at the
button caused it to be highlighted, confirming the target. Notifications
using the pointing interaction were placed at a distance of 90 cm instead
of 75 cm like the others, as the shorter distance would require the arm
to be held in an uncomfortable position. This technique is used as the
primary means of interaction by the Hololens 2 [45], as well as the
Meta Horizon OS (Meta Quest) [43].

Point and Speech (PS): Utilizing the same ray, participants could
point at the notification button and say the command "Select" out
loud while still pointing. Through informal piloting and based on
previous literature showing a preference for short voice commands in
multimodal interaction [48], we chose this keyword, as it was short,
easily recognizable by the Hololens voice recognition, and easy for the
participants to remember. This interaction technique, introduced by
Bolt et al [8], has since been used extensively in 3D environments.

Gaze and Speech (GS): Subjects could use the device’s eye-tracking
capabilities to select the button by looking at it, causing it to turn gray
to reflect the state of being looked at. They could then say the "Select"
keyword to activate the button. Using any confirming action with
Gaze also alleviates the Midas touch problem, where systems cannot
differentiate between basic eye functions like looking from deliberate
interaction.

Gaze and Pinch (GP): Like GS, the button could be highlighted
by looking at it and then activated by pinching the thumb and index
finger together on one hand without needing to point using the hands.
This interaction technique is also used as the primary interaction with
headsets like the recently released Apple Vision Pro [5].

Touch: Each notification button was selected and subsequently
activated by pressing it with the index finger of either hand. Pushing
the button was animated to give the user the appropriate feedback since
mid-air touches cannot provide haptic feedback.

As participants needed to grab objects in the environment using
their hands, there was a potential mismatch between modalities in
the main task and the interaction with the notifications. Our task is a
simulation of a real-world task that requires the use of hands, and in
the real world, the only interaction with digital content would be the
notifications. Also, switching modalities between the UI and the main
task is a common practice in 3D applications like video games, where
the game’s controls and the UI’s controls often differ [55, 56]. For
example, a VR video game might use the controllers as virtual hands
to interact with the environment but use a ray for UI interaction.

4 EXPERIMENT

We used a within-subjects design with one independent variable: in-
teraction technique (GS, GP, PP, PS, and Touch), yielding five total
conditions. Latin-square counterbalancing was applied to set the order
of conditions. Overall, 30 participants were recruited from a university
campus; however, due to technical issues three of them did not com-
plete the experiment. We analyzed data of the remaining 27 participants
(17 male, 9 female, 1 gender-fluid) aged between 19 and 34 (M = 24.4,
SD = 3.7). They were given a $30 US-dollar equivalent gift card as
compensation in local currency. All participants self-reported normal
or corrected to normal vision and English proficiency. Only two par-
ticipants reported using a Hololens 2 (or any OST HMD) before. The
experiment was carried out under the supervision of the Institutional
Review Board (IRB) of Colorado State University.

4.1 Procedure

The experiment occurred in a spacious lecture room, approximately
∼10x6 meters in size. Blinds were lowered to minimize sun-blinding,
and lights were turned on to ensure consistent lighting for all partici-
pants. The cooking environment was positioned in the room, with a
marker for consistent placement among participants. To ensure consis-

tency for comparison, we replicated the procedure used by Plabst et
al. [54].

Upon arrival, participants filled out a demographics questionnaire
and gave their informed consent after reading the consent form. They
were then instructed on how to use and wear the Hololens 2. After
calibration for their eyes, ensuring correct display placement, and eye-
tracking setup, participants entered the virtual cooking environment.
Here, they underwent a tutorial explaining system functions, followed
by a training segment covering all possible notification interactions.
This made sure that the systems worked with the participant, and that
the participant understood the interactions. Subsequently, participants
engaged in a task where they prepared various food items and served
customers at their own pace. Once they felt ready, they informed the
experimenter to start the experiment. Participants had to fulfill six
orders per trial, each comprising a single food type with randomized
ingredients for burgers and pizzas. They had to prepare each food type
twice in a random sequence. Upon completing all orders or letting
them expire, participants were prompted to fill out questionnaires on a
tablet. This process repeated for all five conditions before participants
could remove the headset and complete the post-questionnaire.

4.2 Measures
When an experiment trial was completed, the participants were asked to
fill out questionnaires about their experience with the notifications. A
Raw NASA-Task-Load-Index (TLX) questionnaire [22, 21] was used
to understand the perceived task load. Besides this, we deployed the
System Usability Scale (SUS) questionnaire [20] to understand the sys-
tem’s overall usability. When all trials finished, participants were asked
to rank the interaction techniques according to their usage preference
and explain their ranking. For performance measurements, the device
logged and measured the following metrics during the experiment: For
general task performance, we measured the total time per trial and
the time needed per customer. To understand the accuracy of task
completion, we measured the amount of incorrect orders and expired
orders. Time until an order notification was accepted was measured
to understand the multitasking performance.

5 RESULTS

For all measures, we calculated a repeated-measures ANOVA for the
independent variable interaction technique and conducted post-hoc
analysis by running Tukey pairwise tests. Almost all measures met
assumptions for ANOVA and were tested using Levenes tests (homo-
geneity of variance) and Shapiro-Wilk tests (normal distribution). Time
until order was accepted was found to be not normally distributed, so
we used a Kruskal-Wallis Test for main effect and Wilcoxon rank sum
tests for pairwise comparisons. Overall, we found participants preferred
using Gaze and Speech (GS) less than the other techniques, significant
differences in physical workload as well as usability, significant dif-
ferences in trial time, and that Touch performed better than Point and
Speech (PP) in the time it took to start an order.

5.1 Subjective Measures
Task-Load-Index: We found no significant effect on the overall
TLX score (F(4,104) = 1.964, p = 0.122). Looking at the individ-
ual subscales, we found a significant effect on the physical demand
(F(4,104) = 3.082, p = 0.019). In the post-hoc analysis, we found no
significant differences between individual groups. We found no sig-
nificant differences for mental demand (F(4,104) = 2.343, p = 0.06),
frustration (F(4,104) = 2.364, p = 0.058), effort (F(4,104) = 1.361,
p = 0.253), and performance (F(4,104) = 1.488, p = 0.211).

System Usability Scale: We found a significant effect on the SUS
score (F(4,104) = 5.643, p < 0.001). When conducting post-hoc
analysis, we found no significant differences between individual groups.
When analyzing the SUS, a value of 68 would place a score into the
50th percentile, with any value above being considered good usability.
Looking at the mean values in Figure 2 shows us that only Touch falls
into this range of good.

Preference Ranking: We assigned points for each rank using the
Borda-Count method [17]. If a technique was ranked as the most
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(a) TLX Physical Workload (b) SUS Scores (0-100) (c) Preference (1-5, higher is better)

(d) Total time per trial in seconds (e) Time until order was accepted in s (f) Amount of incorrect orders

Fig. 5: Performance and subjective measures, bars show standard error

Table 1: TLX Scores with subscales (0-100), SUS Scores, and Preference Rankings (values are Mean, SD, Median).

Condition TLX Score Phys. Demand Frustration Ment. Demand SUS Score Pref. Rank
Mean SD Med. Mean SD Med. Mean SD Med. Mean SD Med. Mean SD Med. Mean SD Med.

GP 43.09 23.93 45.0 41.48 31.16 40 38.52 28.21 35 42.59 28.02 40.0 63.4 19.0 67.5 3.15 1.35 3.0

GS 41.67 23.01 45.0 37.22 27.29 30 32.96 25.47 30 41.30 27.82 40.0 59.9 21.7 65.0 2.00 1.36 2.0

PP 41.98 21.70 45.0 45.93 24.65 55 32.22 29.59 25 44.44 24.94 45.0 65.3 21.2 70.0 3.41 1.28 3.0

PS 47.13 24.76 50.0 46.11 28.77 60 45.19 31.55 40 48.33 27.87 50.0 58.6 22.0 55.0 3.11 1.34 3.0

Touch 37.65 20.25 41.6 37.04 25.13 35 29.44 25.73 20 37.22 24.03 35.0 72.8 20.4 72.5 3.33 1.39 3.0

preferable, it received 5 points, whereas the least preferable ranking
was 1 point. We found a significant effect of interaction technique on
the preference ranking score (F(4,104) = 3.924, p = 0.005). When
conducting post-hoc analysis for pairwise comparisons, we found sig-
nificant differences between GS (M = 2.00, SD = 1.36) and Touch (M
= 3.33, SD = 1.39) p = 0.003, GP (M = 3.15, SD = 1.35) p = 0.018,
PP (M = 3.41, SD = 1.28) p = 0.002, and PS (M = 3.11, SD = 1.34) p
= 0.024.

5.2 Performance
Trial Time: We found a significant effect on the time per trial
(F(4,104) = 3.617, p = 0.008). In the post-hoc analysis, we found no
significant differences between individual groups.

Time until order accepted: This measurement was started when
the notification was initially sent and stopped when the participant
acknowledged the order. We found a significant effect on the time until
the order was accepted (Chi square = 14.457, p = 0.006, df = 4). In the
post-hoc analysis, we found significant differences between Touch (M
= 35.40, SD = 27.20) and PP (M = 63.46, SD = 41.96) p = 0.036 and
GS (M = 62.7, SD = 36.9) p = 0.011.

Time per customer: The time per customer began to be measured
when the participant accepted the order. We found no significant effect
on the time spent per customer (F(4,104) = 0.602, p = 0.662).

Incorrect Orders: We found a significant effect on the wrong order
number (F(2.28,59.18) = 5.575, p = 0.004). In the post-hoc analysis,
we found significant differences between GP (M = 3.15, SD = 3.58)
and Touch (M = 0.81, SD = 0.92) p = 0.01, GS (M = 0.85, SD = 1.13)
p = 0.012, and PS (M = 0.81, SD = 1.52) p = 0.01.

Expired Orders: We found no significant effect on the number of
expired orders (F(4,104) = 0.673, p = 0.612).

5.3 Preference Responses

Participants were asked to explain their preference ranking. These
interview responses were then collected into an Affinity-Diagram [7],
where key points were identified from the responses.

Generally, participants had problems with the reliability of some
modalities. Starting with eye-tracking, participants found it to be
sometimes unreliable and expressed that it took the system too long
to recognize that they were looking at the target. P1 said "I did not
find the eye tracking as easy to use because often the headset didn’t
recognize that I was looking at the button," with P13 expressing that
"eye-tracking is also hard as it needed time and was hard on my eyes to
wait until the system recognizes me."

Participants uttered the same issues about the voice recognition, as
they felt that the system did not understand them consistently, with
P16 saying, “Sometimes the speech recognition did not recognize my
command well, and it made the cooking experiment a bit frustrating.”
In addition to the unreliable detection, participants were sometimes
frustrated by needing to keep saying the keyword repeatedly, which
was amplified by needing to repeat a word when it was not recognized.
P1 said that they “also didn’t like the voice commands that much,
because it seemed kind of annoying to have to repeat the word ” with
P13 adding that “Voice command made me self aware.” Most of the
negative comments surrounding voice have to do directly with the
system not understanding them well enough. However, this did not
affect all users, as PS did not score lower on the preference rankings,
with P7 stating that they “felt like they had the most control” when
using PS. This highlights that detection accuracy is a key issue holding
back speech interaction.

Lastly, reliability was also a common theme in the pinching (PP and
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Table 2: Performance Results (values are Mean, SD, Median).

Condition Trial time
in seconds

Time until order
was accepted (s)

Time per
customer (s) Expired orders Incorrect orders

Mean SD Med. Mean SD Med. Mean SD Med. Mean SD Med. Mean SD Med.

GP 318.5 98.3 303.93 48.0 33.8 40.46 66.1 19.2 61.58 1.63 1.78 1 3.15 3.58 2

GS 346.7 123.8 327.51 62.7 36.9 55.20 68.4 16.0 64.72 1.25 1.51 1 0.85 1.13 0

PP 332.7 108.7 313.34 63.5 42.0 52.19 63.1 13.7 60.56 1.15 1.26 1 1.74 4.01 1

PS 338.3 109.4 296.57 62.8 41.4 50.80 69.5 23.1 62.89 1.26 1.81 0 0.81 1.52 0

Touch 273.0 85.6 254.17 35.4 27.2 30.83 66.5 17.1 63.21 1.11 1.57 0 0.81 0.92 1

GP) conditions, as participants had issues getting the headset to detect
the pinching gesture reliably. P27 attributed this to the headset’s small
detection field, saying, “The pinch felt inconsistent because I really
had to make sure my hand was in front of me,” and P5 said that it was
“always hard to register the pinch.” The registration of the gesture seems
to be a trade-off between accuracy and false positives. In their study
evaluating Gaze and Pinch interaction, Pfeuffer et al. [51] observed
many issues with the system falsely registering small hand movements
as a pinch and suggest a more explicit pinch gesture like the one the
Hololens uses. However as we saw in our experiment, if the gesture
is too explicit, the user frustration is still there, as instead of being too
easy to perform, the gesture is now too hard to perform.

We can now also identify an inherent problem of the multimodal
interaction techniques used in this experiment: the latency between
indication and confirmation. Since both recognition systems take time
to register, the interaction relies on both systems registering simultane-
ously so as not to cause a mismatch. If there are underlying delays or
reliability issues with both indication and confirmation, the resulting
interaction can cause frustration. This highlights that even if the inter-
action itself is well-liked and appropriate, a perceived lack of reliability
can dramatically decrease the user’s experience with the system.

Point and Pinch (PP): Participants felt that PP was effective overall
but that it was sometimes hard for them to get the action correct, “as
there are some chances of pointing something else while pinching”
(P9).

Point and Speech (PS): Participants mentioned that while they
found PS convenient to use, they also thought it was uncomfortable and
“annoying, with the disadvantage of having to talk and physically point”
(P10).

Gaze and Pinch (GP): Using GP, participants stated that they felt
there was a disconnect between the indication and confirmation, as “it
felt very unnatural to look at the option and select it with my hand”
(P15) and “I needed to concentrate on both while managing both, it felt
a little bit difficult” (P23).

Gaze and Speech (GS): Comments about GS mostly focused on
the difficulty of maintaining one’s gaze on the target while saying the
keyword. P9 stated: “Eye tracking and voice command [are] very
difficult for me because while talking my eye pointing changes and it
makes me concentrate more on the selection”, with P26 echoing the
complaint: “I found it difficult to look in the specific spot for the button
while telling it to select.”

Touch: Over half of the participants directly expressed liking Touch,
as they felt it was the most intuitive and easy interaction method. P14
said that “We touch things in real life, so it is the most interactive
and realistic.” However, some participants had problems pressing the
button when it popped up initially: “Touch didn’t work well for me.
Sometimes it seemed that buttons were too far” (P2), or when they
wanted to interact with the notifications and the list was not within
reach: “Touch is easiest to use but when there is a list it is difficult to
reach it” (P13).

6 DISCUSSION

Comparing our findings to the results of Plabst et al. [54], we can
see that multimodal interaction techniques mostly close the gap to the
unimodal “winner,” Touch, when compared to unimodal interaction
techniques. In their study [54], touch was rated significantly higher in

preference than the unimodal techniques, while also performing better
and being rated higher in usability. In our study, however, Touch was
not rated significantly higher than the multimodal interactions in pref-
erence, nor did it have higher ratings or performance benefits besides
outperforming PP and GS in order of acceptance times. A challenge we
and our participants encountered with touch interaction is the balance re-
quired in positioning user interface elements. If placed too close, users
may experience discomfort, partly due to the vergence-accommodation
conflict, which remains a concern in MR devices [32]. Given that the
Hololens’ focal distance is approximately two meters [44], only distant
content is unaffected by this issue. While positioning elements farther
away could enhance comfort and mitigate the conflict’s impact, it would
render direct touch interaction impossible. Mentioning input legacy
bias is also still important [34, 67]. Touch interaction is a natural part
of human behavior, spanning both physical and digital environments.
From how we communicate and connect with others through physical
touch to how we interact with touchscreen devices, it’s a fundamen-
tal aspect of our daily lives. Whether shaking hands or swiping on a
smartphone, touch plays a central role in our experiences, making this
interaction more intuitive and efficient. While the task in the exper-
iment was performed using hands, most general daily activities also
require the use of hands, making this a well-suited metaphor for daily
activities. The other techniques we investigated in this experiment are
novel and not commonly found or used in other computing tasks. This
is highlighted by P1: “My favorite options were just the standard touch
or point and pinch, probably because that is more like what I’m used
to doing in real life and in my past experiences with VR/AR systems.”
Exposing subjects to these multi-modal interaction techniques for a
longer time might enhance the user’s abilities with them.

To answer RQ1 (“Is the user’s perceived usability of notifications
influenced by the interaction technique?”), our findings show that GS
was rated as being significantly less preferable than the others. We also
found effects on SUS and physical workload overall but were not able
to find any differences between individual groups. When explaining
their rankings, participants often didn’t directly refer to the multimodal
technique but rather to the individual modalities. More often than not,
they directly mentioned issues with the overall modalities, causing
them to rank techniques containing that modality as less preferable.
Participants frequently encountered challenges in coordinating two
modalities. They reported looking or pointing away before complet-
ing actions like pinching or speaking, resulting in misalignment. This
underscores a challenge in multimodal systems, where latency or recog-
nition errors can significantly impact interaction quality, leading to
frustration and errors. Despite utilizing state-of-the-art eye tracking in
the Hololens 2 [30] in well-controlled environments, reliability issues
persisted, indicating potential challenges in real-world scenarios with
less-than-ideal conditions. Prioritizing the reliability of recognition is
essential in designing effective interactions. Implementing mechanisms
like predicting the selected target based on dwell or pointing time be-
fore executing a manipulation command, or smoothing out pointing
movements, may help alleviate these challenges, but further research is
needed into optimizing complimentary modalities.

Lastly, while both hands could be used in the experiment, the task
could be completed entirely with one hand only. Entirely hands-free
interaction like GS could be more appropriate in situations where both
hands are busy constantly and might also influence the preference
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rating of this specific interaction, as participants always had a hand-
free to interact with. However, tasks requiring both hands could also
demand the user’s full attention, locking their gaze onto the task and
necessitating a break in focus to interact, making the benefits of hands-
free interaction less clear. Since the preference rating did not differ
greatly besides this significantly lower preference for GS, allowing the
user to choose their preferred interaction is something we recommend.

Answering RQ2 ("Is the primary task performance influenced by the
interaction technique of notifications?"), we can see that the number of
incorrect orders, representing the accuracy of the task completion, was
significantly higher with GP than with GS, PS, and Touch. The higher
number can either be attributed to the wrong execution of the food order
or a misinput if there was no food on the tray, where the user wanted
to choose a different notification or none at all but still confirmed the
completion of an order. This means that in more general multitasking
scenarios, the GP method is either a more unreliable interaction method,
or it distracts the user enough to cause a negative performance impact
on whatever they are doing primarily. We also found that the time
until an order was accepted was lower with Touch than with PP and to
an extent PS and GS, telling us that users using Touch were quicker
to accept orders, either because they were multitasking more than in
the other conditions, or because the general interaction was quicker.
Participants using touch interaction were also 46 seconds faster than the
2nd fastest (GP, 318.5s) and 73 seconds than the slowest (GS, 346.7s)
in overall trial time (Mean 320s), which supports this reasoning.

6.1 Design Implications
Based on our findings we want to give some design considerations for
multimodal notification interactions in AR:

• Prioritize touch interaction for tasks requiring speed and effi-
ciency, while allowing user customization of distance and size of
UI elements.

• Give the user options to choose their preferred interaction tech-
nique while giving them a quick way to switch depending on
context.

• Focus on reliability of individual modalities as well as the fusion
of multiple to minimize errors.

• Provide safeguards to ensure successful action completion, such
as briefly maintaining the indication of a target.

6.2 Limitations & Future Work
As participants expressed issues with the reliability of some of the inter-
actions, a limitation of this experiment is, consequently, the systems we
used. Even though we and probably many other developers used imple-
mentations provided by the manufacturer that were optimized for the
device, results may still be impacted by the limitations of current AR
systems. For instance, the HoloLens 2’s limited camera angle may have
impacted hand-tracking accuracy and required exaggerated hand move-
ments. Although these device-specific constraints may have influenced
the perceived reliability of some techniques vs. others, the TLX-score
and the frustration sub-scale did not indicate differences between tech-
niques. The observed trade-offs in multimodal interaction still show
important usability considerations, which we have highlighted in our
implications. For a satisfactory experience with multimodal interaction,
latency must be minimized and perceived reliability prioritized. Future
research on devices with improved capabilities could help isolate the
impact of hardware limitations and validate the generalizability of these
results.

Another limitation of our task was that notifications had only one
action that the user could trigger. In operating systems like Windows
or Android, which run on over 70% of all electronic devices connected
to the internet [64], notifications have at minimum two interactions
depending on program and version: One to dismiss the notification and
one to open the corresponding program. However, our notifications only
had one action, the dismissal or in case of the order-notifications (which
could not be dismissed), the completion of the order. Future work
should therefore look at notification interaction with more complex

actions like quick-replies or image previews, which would increase the
number of interaction targets on each notification. Having more targets
could lead to differences in interaction technique performance.

Another possible future direction is to conduct an experiment where
uni- and multimodal notification interaction techniques can be used at
the same time, to get a better understanding of the context in which
each interaction technique is used, since users might not want to always
interact multimodally all the time [47]. Another future direction is to
look at notification problems in-the-wild.

7 CONCLUSION

We explored different interaction techniques (four multi-modal: Gaze
and Speech, Gaze and Pinch, Point and Pinch, and Point and Speech;
one uni-modal: Touch) to interact with notifications in a virtual cooking
environment. Our findings show that participants did not like using
Gaze and Speech, but had no clear preferences between the other inter-
actions. We also found differences in usability and physical demand,
as well as worse task accuracy with the Gaze and Pinch method com-
pared to the other techniques. Based on our findings, we recommend
supporting multiple multimodal interaction techniques or allowing the
user to choose their preferred interaction if the situation allows it.
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