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ABSTRACT

Virtual reality (VR) technology enhances spatial awareness in the virtual environment, yet current menu design
research seldom explores how this can support interaction. This study investigates how proprioception, users’
sense of body position, can guide menu selection in immersive VR environments. A menu system was developed
to test how users interact with menu items using non-visual senses, supported by visual cues. Across three
usability sessions, participants engaged with the system, and their evolving behaviours were examined through
performance metrics, observations, interviews, and focus groups. Thematic analysis revealed that while users can
learn to use proprioceptive cues for menu selection, they rarely rely on them without visual guidance. Effective
use requires systems that support spatial awareness and familiarity, allowing interactions to become intuitive and
memorised over time. The study also identifies types of visual guidance linked to varying levels of familiarity
with surrounding virtual objects. These findings contribute to VR interaction design by demonstrating how visual
and proprioceptive cues affect user behaviour and support efficient, embodied menu selection.
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1 INTRODUCTION

Virtual reality (VR) technology can provide an immersive experience for users to feel part of a
three-dimensional (3D) virtual environment, making an accessible way for an embodied and
personal experience that may otherwise be challenging, e.g., viewing Mount Everest from the
summit (Sélfar Studios, 2017), or impossible, e.g., inspecting enlarged visualisations of small
animal organs (Liimatainen et al., 2021). These kinds of experiences need different functions
to help users interact with virtual elements in these virtual environments.
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A method for doing so is to make use of a menu system which serves as a navigational tool
that allows users to access functions and features systematically, ensuring that the interaction
with a digital environment is intuitive and productive (Bailly et al., 2016). Well-designed
menu systems facilitate clear pathways to functionalities, thereby reducing cognitive load and
easing learning curves that can accommodate both novice and expert users through structured
layouts and familiar design patterns (Shneiderman et al., 2018). By integrating principles of
usability and user-centred design, menu systems help streamline tasks while also enhancing
overall user satisfaction, making them a crucial aspect of effective user-interface (UI) design.
There is substantial literature that provides usability guidelines and principles

There is substantial literature that provides usability guidelines and principles for menu sys-
tem interactions (Bowman & Wingrave, 2001; Cockburn et al., 2007; Eriksson, 2016). Existing
research on menu system design in 3D virtual environments has emphasised the importance of
enhancing immersion. This is achieved by making menu systems visually believable as part of
the virtual environment, i.e., diegetic (Bailly et al., 2016), enabling more natural interaction
and improving the overall user experience.

Building upon this idea of improving menu systems design by supporting an immersive
experience, the intended outcome of this study was to explore interactions with menu systems
that feel natural and intuitive. Therefore, a more immersive approach was investigated to
support the selection process. Improving the usability of the selection process for menu systems
is important because this action is done repeatedly and rapidly (Argelaguet & Andujar, 2013).

In addition to the visual representation of menu systems, there has been research conducted
to optimise selection by investigating the impact of the layout for menu items (Bailly et al.,
2016). However, this does not include investigating the improvement of menu item selection,
specifically regarding the action of selection for menu systems within the context of immersive
technologies like VR. Virtual reality interactions have also been thoroughly explored, some of
which are used to inform interaction design for menu systems in VR. In VR, where the user
feels part of the virtual space, this feeling can be investigated as a way to consider the use of
spatial awareness of menu items in the virtual space.

Since VR technology can provide an embodied experience, it presents an opportunity to
leverage spatial awareness within the virtual environment to support more intuitive and effect-
ive menu item selection. Visual, audio, and haptic feedback typically contribute to establishing
this spatial awareness, immersing the user in the environment. This awareness of objects and
space is referred to as proprioception (Stillman, 2002). By leveraging these concepts, menu
item selection can be made more intuitive, thereby enhancing the immersive quality of inter-
actions in virtual reality. Guided by these findings, this study aimed to provide deeper insights
into how these sensory inputs contribute to improved user interactions.

Therefore, this study investigated the relationship between visual cues and proprioception
as a way to support menu item selection. As such, this investigation was guided by the follow-
ing research question:

Main research question What is the relationship between proprioception and reliance on visual
guidance with regards to menu item selection?
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The following supporting questions were identified to help address the main research question:

Supporting question SQ1 How can spatial awareness and familiarity with menu items be de-
veloped in a virtual environment?

This study addressed this question by examining how spatial awareness is established in
a virtual environment, drawing on existing literature as well as empirical data collected as
part of this study to explore the relationship between proprioception and spatial awareness.
Literature provided theoretical insights into how proprioception functions in virtual contexts,
while empirical data was collected to assess how users develop and rely on spatial awareness
during interaction with the virtual menu system.

Supporting question SQ2 How can visual cues and haptic feedback support the use of proprio-
ception to interact with menu items?

To address this question, a menu system was designed and tested to support users in developing
awareness of each menu item. Empirical data was collected to examine how the system’s
properties enabled users to trust their proprioceptive senses during interaction. The research
documented in this paper contributes to methods of improving menu systems design for VR by
specifically investigating ways to improve menu item selection. This is done by investigating
the development of user behaviour as a result of familiarity with the menu system that enables
users to rely on visual and proprioceptive senses to guide the selection of menu items.

2 LITERATURE REVIEW

The discussions in this section explored various areas of literature that were used to inform
menu systems design and interactions in a 3D virtual environment.

2.1 Virtual reality interactions

VR technology can provide an immersive experience that has use cases in various fields of re-
search, such as education (Lansberg et al., 2022), marine life protection and awareness (Hof-
man et al., 2022), psycho-therapy (Jiuwei et al., 2020), physical therapy (Lansberg et al.,
2022), and medical training (Zhang et al., 2017). These use cases are typically presented in
a first-person perspective, thereby simulating an embodied experience. Interacting with vir-
tual elements in this way through VR can be perceived as natural and intuitive because these
interactions mimic actions done in the real world, e.g., reaching out with a hand to touch some-
thing, which is made possible through motion-tracking in the head-mounted display (HMD)
and/or two handheld controllers and handtracking technology (Kugler, 2021; Shang & Alena,
2025). This method of interaction is known as directmanipulation which enables intuitive
actions that mimic physical action (Rogers et al., 2023; Shneiderman, 1983).
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To further improve the ease of use for interactions, research has also been done on various
methods to improve selection accuracy, which are known as disambiguation techniques. There
are various techniques for disambiguation with regard to selection which can be categorised
as follows (Argelaguet & Andujar, 2013):

Manual - this refers to the user selecting the virtual object that they want to with no support
from the system to assist in refining the selection, i.e., the method of disambiguation relies
purely on the user’s own ability.

Heuristic - this method uses heuristics to assign rankings to each object and when there is
more than one nearby option then an object with a higher ranking would be selected.

Behavioural - this method makes use of algorithms to dynamically assist the user to select vir-
tual objects. This technique also has various approaches which can be further categorised
into first intersected, last intersected, and closest intersected (Moore et al., 2019).

While understanding how users interact within virtual environments is crucial for shaping
immersive experiences, the effectiveness of these interactions largely depends on the underly-
ing user interface design.

2.2 User-interface (UI) elements

The graphical user-interface (GUI) improved computer interaction by enhancing text-based
systems with visual elements, such as windows, icons, menus, and pointers, that enhance us-
ability and memory (Rogers et al., 2023). A well-designed UI not only improves the user
experience but also streamlines interaction with available tools. This highlights the import-
ance of applying Ul design principles to optimise and support these interactions. Various
alternative interfaces have been developed to make computer interactions more intuitive, in-
cluding gesture-based controls, such as swiping or dragging icons (Bragdon et al., 2011), and
motion-tracking, such as eye-tracking (Menges et al., 2019). In VR, motion-tracking of body
movements, such as the head and hands, enhances immersion by enabling realistic interac-
tions (Slater, 2018).

For immersive virtual environments, these visual Ul elements can be designed for greater
immersion by reconsidering them as follows:

Windows - this virtual space that is typically represented as a rectangular box on a computer
screen can become an entire 3D world that the user can virtually stand in and feel like that
they are a part of it,

Icons - these elements, which are typically represented as small, simple images and symbols,
can become 3D objects that can dynamically change size from pocket-sized for storage to
life-sized objects to engage with (Ahmed et al., 2021; Park & Kim, 2022),
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Menus - sets of tools provided by menus, which are typically represented as a set of panels to
navigate through, can make use of metaphors like backpacks or wristwatches (Bailly et al.,
2016),

Pointers - this tool used for selection is typically represented as a mouse cursor to point and
click on other on-screen elements, which can evolve into intuitive tools like 3D object
grabbing (Ahmed et al., 2021). The menu system is particularly notable for its role in
accessing other tools.

2.3 Use of menu systems

Since the menu system is a Ul element that helps users navigate a virtual environment by
structuring functions (Cockburn et al., 2007), it plays an important role in supporting a user
to carry out a task effectively (Chertoff et al., 2009). In the context of a 2D monitor display,
the Ul is limited to the monitor display. However, VR technologies immerse users in the 3D
virtual environment, allowing the UI to be around the user (Calleja, 2011). Because of this,
the Ul is any interactable virtual object in the virtual environment, thus creating the need to
reconsider how menu systems should be accessed.

Properties of a menu system, such as layout and positioning, affect the ability to learn and
memorise menu items that support the user in completing a main task. Therefore, previous
studies have explored menu layouts such as a linear layout which provides menu items struc-
tured as a straight list, i.e., vertical or horizontal (Chertoff et al., 2009). The linear layout
follows a structure that is commonly used to present options however it comes with the limit-
ation that some items are further away, thus making them more difficult to select (Poupyrev
et al., 1996). To address this issue, a radial menu was designed that made use of a circular
structure to ensure all menu items are equidistant and ensuring that all items require minimal
effort to select (Komerska & Ware, 2004). Various other menu layouts have been explored in
other studies such as contextual menus that display variations of items based on the context
that it was activated in (Rogers et al., 2023), morphing menus that have menu items change
in priority and ease of use the more often an item is used, and finger counting menus that rely
on child-like finger actions for menu item layout and selection (Kulshreshth & LaViola, 2014);
however, a detailed discussion of each of these is beyond the scope of this paper.

Although there are various layouts for menu systems, all of them face the same limitation,
i.e., limited space without causing clutter (Shneiderman et al., 2018). For menu systems that
have a lot of items, multiple layers can be used in the form of submenus where items can
be grouped according to function-based categories. However, multiple layers of submenus
should be approached cautiously, as it can obscure functions from users unfamiliar with their
location (Bowman & Wingrave, 2001). Additionally, repetitive menu selection can lead to
physical strain, which is further intensified in immersive technologies due to the large, full-
body movements required, increasing fatigue (Ren & O’Neill, 2013).

For a menu system to be helpful, menu options should be accessible on-demand and easily
dismissible when they are no longer needed (Bailly et al., 2016; Raskin, 2000). To adhere
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to these properties, existing design solutions have attached menu systems to specific objects
within the virtual environment where the options available are linked to the specific object’s
properties (Rogers et al., 2023). Doing so provides the user with menu options only when they
want to change the properties of the specific object. However, the approach described above
limits the user’s access to their ability to select the object, e.g., being close enough to see or
point at the object. This is particularly relevant when every object in the virtual environment
has an identical set of options in its associated menu as having multiple menus will result in
redundancy. To overcome this limitation and redundancy, menu systems can attach the menu
to the user instead of specific objects, ensuring functions are accessible regardless of the user’s
location in the virtual environment. This proximity also increases user awareness of available
functions.

2.4 Body-relative interactions

Body-relative interaction involves locating items relative to the body, such as finding a pen in a
pocket through touch and proximity (Stillman, 2002). In virtual environments, leveraging this
concept requires immersion, which fosters spatial awareness of the body and nearby objects
through proprioception — a sense guided by the nervous system and motor skills, enabling
intuitive and natural interactions and can improve memory and cognition (Bernard et al.,
2022; Taylor, 2009). Through these sensory experiences, our spatial relationship to objects
supports physical interactions and enhances cognitive functions.

Embodied cognition is a theory suggesting that cognitive processes are influenced by sens-
ory and motor experiences, not just mental activity (Wilson & Golonka, 2013). This idea has in-
spired embodied design in immersive virtual environments, where physical interaction shapes
how users experience and interpret the virtual world (Weijdom, 2022). How we perceive and
engage with our surroundings directly impacts our thoughts and behaviours, extending to our
interactions with people and objects, including those in virtual environments. This highlights
the integral role of the body in shaping cognitive and experiential processes.

Proxemics, which relates to comfort based on proximity to people and objects, parallels how
we experience items near our body (Hall et al., 1968). A study found that humans excel in
close-range tasks, driven by proprioception and visio-tactile perception, however, immersive
environments are currently optimised for interactions at arm’s length (Mohanty et al., 2022),
leaving interactions within closer range underexplored.

A general sense of spatial awareness allows individuals to perceive and interact with ob-
jects near their body more effectively, making these objects easier to familiarise themselves
with (Mine et al., 1997). This interaction that is done without looking is referred to as eyes-off
interaction (Bowman & Wingrave, 2001; Mine et al., 1997). Because of this, several studies
have investigated the usage of this awareness for the virtual environment (Bernard et al., 2022;
Boeck et al., 2006; Yan et al., 2018). To establish spatial awareness through proprioception,
users must be able to sense the virtual objects and environment. VR technology can facilitate
this awareness, which creates a sense of presence in the virtual space, allowing users to feel
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immersed and more easily connect with the virtual objects (Matamala-Gomez et al., 2019;
Petkova & Ehrsson, 2008).
Consideration of the user’s body in designing VR interactions offers three notable benefits:

1. users have a familiar frame of reference for interactions, i.e., their own body,
2. they feel a sense of control, and
3. they can potentially perform eyes-off interaction (Hofman et al., 2022; Mine et al., 1997).

These benefits lend themselves towards supporting users in developing familiarity with a sys-
tem, in this case, a menu system, which can be observed through different user behaviours.

2.5 User behaviours relating to levels of expertise

Interactions with a software system typically exhibit different user behaviours that can be
associated with different levels of expertise (Shneiderman et al., 2018). Users who are learning
to use a system go through different stages that can be identified through user behaviours as
well (Fitts & Posner, 1967). These behaviours can be categorised as follows:

» Novice users are in the cognitive stage where they are actively learning to perform inter-
actions which require careful attention. Because they are actively learning, their actions
are intentional and slow (Ericsson & Harwell, 2019).

+ Experienced users go through the associative stage, where some knowledge is established,
so they focus on improving their interaction skills rather than learning to perform inter-
actions (Cockburn et al., 2014).

» Expert users have reached the autonomous stage where their interactions are habitual
due to extensive practice and their attention is no longer on the interactions with the
system but rather on the task at hand (Schneider & Shiffrin, 1977; Wickens et al., 2021).
Because little attention is given towards interaction with the system, this may result in
multi-tasking and performing eyes-off interaction (Cockburn et al., 2014).

The user behaviours associated with expertise also apply to reliance on visual guidance.
Less experienced users depend on visual cues for interactions, but as they gain confidence,
this reliance decreases. Well-practiced interactions require minimal visual attention, a trait
common among expert users (Schramm et al., 2016). Evidence suggests that body-relative
interactions, proprioception, and visual reliance can indicate expertise progression in a sys-
tem (Bowman & Wingrave, 2001; Shneiderman et al., 2018; Yan et al., 2018). For this reason,
the observation of changes in user behaviours while using a menu system was considered as
a method of identifying progression in expertise. Doing so provided various focal points for
observations so that the user experience with a menu system could be understood. As a result,
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this provided a means to understand how users progressively develop the ability to become fa-
miliar with a menu system and learn to rely on proprioception to support the interactions with
the menu system. Although this has been done for interactions with virtual objects in general,
to the best of the researchers’ knowledge, proprioception has not yet been investigated as a
means to support menu item selection in VR.

Therefore, the current study investigated proprioception and reliance on visual guidance
as user behaviours to understand how these can support menu item selection in a 3D vir-
tual environment. For the purpose of this study, user behaviours were analysed as indicators
of progressing expertise in using a menu system within a virtual environment. Specifically,
proprioception and reliance on visual guidance were investigated to understand how these
two behaviours related to one another as expertise increased.

3 METHODOLOGY

This study adopted a qualitative approach to investigate how participants use proprioception
to interact with a menu system and categorise these behaviours. More specifically, these
behaviours were examined through the lens of the participants’ personal experiences which
were captured by observing their behaviours and self-reported feedback. Performance data
were also used to verify reported experiences.

This approach, centred on the individual’s experience, highlighted how users progressed
from unfamiliarity with the system to expertise, with menu navigation becoming intuitive and
allowing them to focus more on task completion than selecting items. Their experiences were
examined through this transition, providing insights into their behaviours. To understand how
participants’ experiences were shaped by the VR technology used in this study, their previous
experiences were cross-referenced with their current experiences as part of this study (Merriam
& Tisdell, 2015).

User interactions with the Belt Menu were examined through direct, firsthand experience,
allowing for a thorough exploration of how participants navigated VR menu systems. This
method yielded valuable insights into interaction patterns and laid a foundation for under-
standing immersive interface design. Furthermore, by focusing on real-time behaviour, the
study uncovered subtle proprioceptive responses, such as eyes-off interactions, that standard-
ised questionnaires, with their inherent structure, would have been too restrictive to detect.
Objective user performance data were recorded to further validate these findings and account
for potential bias in self-reported performance. Discrepancies between perceived and recor-
ded performance were then analysed to reveal underlying reasons, ensuring that participant
perspectives were fully considered.

While existing studies have explored the use of proprioception in VR interactions (Boeck
et al., 2006; Mine et al., 1997), there is limited empirical research specifically focused on
menu system interactions. To address this gap, usability tests were conducted in a controlled
environment to examine user behaviour while using a menu system to complete an assigned
task.
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3.1 Participants

System testing typically relies on performance metrics and larger sample sizes to identify and
address specific usability issues (Barnum, 2010). These studies often prioritise generalisabil-
ity, which informs the use of broader participant groups. However, appropriate sample size
should be determined by the study’s objective rather than a standard numerical benchmark;
that is, the validity of usability studies is not solely dependent on whether a sample is large
or small (Schmettow, 2012). In this study, the focus was not on pinpointing system flaws,
but rather on understanding users’ experiences and behaviours when interacting with a VR
menu system. Accordingly, an exploratory, qualitative approach was adopted to gain insight
into participants’ firsthand perceptions and interactions. Qualitative research emphasises nu-
anced understanding over generalisability and typically employs smaller, purposefully selec-
ted samples that are sufficient once data saturation, when no new insights are observed, is
reached (Guest et al., 2006).

As part of the recruitment criteria, participants were required to have prior experience
with video games to ensure familiarity with virtual environments and reduce the influence of
novelty on their interaction with the system. Demographic data was excluded due to ethical
restrictions by the EBIT Faculty at the University of Pretoria. To collect enough reliable data
on experience with a system, previous studies have shown that 3-5 participants can identify
80% of usability issues (Nielsen & Landauer, 1993), however, this approach often lacks suf-
ficient data to determine whether these issues are frequent or isolated occurrences (Cazafias
et al., 2017). Samples of 10-20 participants are thus recommended to improve the reliabil-
ity of findings and achieve 90% issue detection (Faulkner, 2003; Lindgaard & Chattratichart,
2007). Accordingly, purposive sampling was employed to recruit 17 participants through per-
sonal networks who matched the aforementioned criteria. These participants represented a
diverse range of experience with VR technology, from no prior exposure to professional de-
velopment with head-mounted displays (HMDs) and motion-tracked controllers, ensuring a
broad spectrum of skill levels within the sample.

3.2 Materials

To fulfil the study’s requirements, a new menu system was developed to support body-relative
interactions for menu item selection, as no existing system supported menu system interactions
around the user’s body. This custom system served as a research tool to investigate the rela-
tionship between proprioception and visual guidance. Participants used it to access functions
and complete structured tasks, allowing for the observation and analysis of their interactions.
To ensure good usability for menu systems design, one set of guidelines and one set of design
goals were identified.

Drawing on concepts from various studies, four key characteristics were identified that a
menu should embody to effectively sustain its intended function and behaviour (Bailly et al.,
2016):
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1. Menus should present a list of items that represent functions, enabling users to efficiently
complete tasks (Foley et al., 1984).

2. Menus items must be presented in a visually organised structure (Dachselt & Hiibner,
2007).

3. Menus should be transient, displaying information temporarily and allowing for easy
dismissal (Jakobsen & Hornak, 2007).

4. Menus should be quasimodal, requiring continuous user interaction to remain active
(Raskin, 2000).

The five requirements listed below provide an appropriate goal to determine what should
be expected from a new menu system (Bowman & Wingrave, 2001):

1. Users should achieve at least the same level of efficiency and accuracy as with other
menu systems if not improved performance.

2. The new system should cause no significant discomfort during use.

3. The new system should not interfere with the user’s ability to interact with the virtual
environment.

4. The new system should be easily usable by both novice and experienced users.

5. After gaining adequate experience, users should be able to interact with the system
without needing to visually focus on it, i.e., perform eyes-off interaction with the sys-
tem.

To facilitate users to rely on spatial awareness that is within the immediate space around
their body, menu items were designed to be in close proximity to the user so that they can take
advantage of the three benefits that come from body-relative interaction (Mine et al., 1997;
Yan et al., 2018):

« familiar space to easily develop spatial awareness of menu items,
« providing a sense of control and mastery,
+ and being more prone to develop the ability to perform eyes-off interaction.

The resulting menu system designed for this study placed menu items around the user
like a utility belt which inspired the name “Belt Menu”. This interface metaphor was chosen
because a utility belt is often used as a convenient way of making tools accessible for a task. To
take further advantage of the utility belt metaphor, interactions within close proximity of the
user would benefit from a familiar method, so virtual hands were employed as the selection
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technique due to their intuitive nature for interactions such as grabbing, i.e., closing the hand,
and releasing, i.e., opening the hand.

Various menu items represented functions that were provided through the Belt Menu: cre-
ating blocks of different shapes, a colouring tool, and a resizing tool. Since a belt is usually
worn around the waist and it could not be assumed that all participants would be the same
height, a function was also provided to adjust the height of the belt to the participant’s comfort.
Based on these facts, the following main menu items were provided (as shown in Figure 1):

* Measure tape Figure 1(a) — measurement is commonly used to determine the size of
objects. This menu item provides tools used for changing the size of the blocks.

« Paintbrush Figure 1(b) - this represents a tool that is commonly used to apply colour to
objects. This menu item provides different colours to apply to the blocks.

* Box of blocks Figure 1(c) — this represents a box from which blocks of different shapes
can be retrieved.

+ Arrow adjuster Figure 1(d) - this indicates the direction in which the Belt Menu can be
moved. This tool is used to adjust the height of the Belt Menu.

(b) (©)

(@ (d)

Figure 1: Belt Menu (top view)

Each menu item also provided submenu items where more specific options can be selected.
These options are described in the list below. All submenu options were shaped as wheel
segments since studies have shown that a radial layout for menus allows for faster selections
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as all menu items are equidistant from the point of activation (Lediaeva & LaViola, 2020), i.e.,
the centre and the wheel segments provided large and easy targets to select. The main menu
items had the following submenu options:

* Box of blocks - options to select three different shaped blocks (L |T | Z), as shown in
Figure 2(a).

« Paintbrush — options to select three different coloured paintbrushes (turquoise | lime |
pink), as shown in Figure 2(b).

« Measure tape — options to select either tool for enlarging (+) or shrinking (-), as shown
in Figure 2(c).

+ Of the four menu items, the arrow adjuster was the only main menu item that did not
have submenu items as it was a tool to adjust the height of the Belt Menu.

(a) (b) (c)

Figure 2: Submenu options

In addition to visual representation, the motion-tracked controller vibrated when touching
menu items to provide haptic feedback in addition to visual feedback. The haptic feedback
was provided in two ways: when touching main menu items, e.g., paintbrush, the controller
would have a continuous but subtle vibration, offering a consistent tactile sensation to indicate
contact; upon touching submenu items, e.g., the lime wheel segment, the controller would
have a short but distinct vibration mimicking the sensation of lightly bumping a solid object to
signal a change in interaction. These two different vibrations were designed to help distinguish
between touching main menu items and submenu items.

To support users in developing familiarity with menu items, the Belt Menu featured consist-
ent design elements, such as submenu items arranged like wheel segments, and incorporated
haptic feedback as additional guidance. These features were provided to support users in
developing habitual movements, enabling more intuitive interactions and allowing efficient
navigation even without visual focus.
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3.3 Procedure

To explore user behaviours with the new menu system, participants completed tasks using the
Belt Menu across three separate sessions (indicated as S1, S2, and S3) that were progressively
more complex. This multi-session design enabled the analysis of changes in behaviours that
indicated familiarity and expertise over time, with data from each session providing insights
into participants’ progression. Each usability test session had a maximum duration of 30
minutes and consisted of two main sections: participants first used the Belt Menu to complete
a task while their interactions were observed (10 minutes), followed by an interview to discuss
their experience (20 minutes).

Observations captured real-time details of an activity (Flick, 2009), i.e., interactions with
the menu system, while the think-aloud protocol encouraged participants to verbalise their
thoughts during the interaction, providing a moment-by-moment account of their experiences
(Pickard, 2019). Although observations usually cause participants to feel self-conscious (Ro-
gers et al., 2023), the use of an HMD in a virtual environment concealed the researcher and
possibly reduced this discomfort (Bowman & McMahan, 2007).

Interviews after each session provided deeper insights into participants’ personal experi-
ences (Flick, 2009). Participants were asked how they located menu items, their awareness of
indicators such as haptic feedback, and whether the locations of menu items were easy to re-
member. These questions, detailed in Appendices A and B, were designed to track behavioural
changes and the progression of expertise. Notes were taken during each interview session.

At the start of the first session, participants were given time to interact freely with the
Belt Menu to familiarise themselves with its functions. During this exploration phase, they
were encouraged to select and experiment with various menu items to understand the tools
available to them. This preparatory interaction ensured that participants had a foundational
understanding of the Belt Menu before using it to complete the required tasks in each session.

The task to be completed required five blocks to be correctly placed in three boxes by
matching the block with the label on the side of the designated boxes. The Belt Menu provided
tools to generate blocks of three different shapes as well as tools to change different properties
i.e., colour and size (as shown in Figure 2) of these blocks. Five blocks of each shape needed
to be placed in the correct box to complete the task, resulting in a total of 15 blocks correctly
placed. As each block is correctly placed in each box, the label on the side would randomly
generate a new requirement of colour and shape for the next block to be matched and placed.

In session 1 (S1), the task was to match and place blocks of different shapes into boxes
labelled with a specific shape (as shown in Figure 3. In this session, tools for changing the
colour and size were unnecessary for completing the task but these tools were still made
available.

The task for session 2 (S2) was to do the same as in session 1, but additionally, the blocks
would need to be in the correct shape (as shown in Figure 4).

The task for session 3 (S3) was to correctly match the shape, colour, and size of blocks that
are to be placed into boxes (as shown in Figure 5).

The system utilised built-in performance tracking to record task completion times and menu
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Figure 4: The virtual environment for the task in session 2 (S2)

item selections. While the number of correct and incorrect blocks placed per box was recorded,
this served only to inform participants of their progress, not as a performance metric. Task
timing began when participants stood on the black pad and grabbed the black sphere (Figure 5),
ensuring they were positioned correctly and familiarised with grab interactions. Timing ended
once five blocks of each shape were correctly placed in the corresponding boxes.
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Figure 5: The virtual environment for the task in session 3 (S3)

Selection accuracy was determined by differentiating each selection as either successful or
unsuccessful and was recorded as follows:

* Successful selections: Occurred when participants touched and grabbed a menu item,
leading to a submenu opening or an item being selected.

+ Unsuccessful selections: Occurred when a grab was attempted near a menu item but did
not result in a selection.

The system identified successful and unsuccessful selections using detection areas around
each main menu and submenu item (shown in Figure 6). These detection areas, represented
by lines and grey areas during development, were hidden from participants during usability
testing.

Selections were recorded only while the timer was active, ensuring that any actions outside
the task were excluded from the menu item selection counts. Although the system utilised
built-in performance tracking for selections, these records alone were considered insufficient
for accurate analysis; further steps to ensure reliability are detailed in Section 4.

After completing all sessions, participants joined focus groups to reflect on their experiences
and share insights. These discussions encouraged critical thinking by allowing participants to
compare their experiences with those of others who interacted with the Belt Menu (Lunenburg
& Irby, 2008). To ensure consistency and comparability across focus group discussions, an
identical set of facilitation questions was used for each session. The complete question set is
provided in Appendices A and B.
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Figure 6: Nearby areas for unsuccessful selections

4 RESULTS

The results in this section draw from observations, interviews, and focus groups to analyse
user behaviours and individual experiences with the Belt Menu. To complement these qual-
itative insights, quantitative performance data were also incorporated to validate reported
experiences from a perspective beyond self-reporting.

4.1 Overall user behaviour related to expertise

The data collected from the observations, interviews, and focus groups were transcribed and
imported into ATLAS.ti 22 for qualitative analysis to identify recurring themes and relation-
ships between these themes.

Thematic analysis was used to identify user behaviours as various codes listed in Table 2.
As discussed in Section 2.5, user behaviours can be related to different levels of expertise,
namely: novice-, experienced-, and expert users. Therefore, these levels of expertise were
used as a priori set of themes to code user behaviours across all 17 participants rather than
segregating participants according to expertise. This approach ensured that the focus of this
study remained on various user behaviours guided by the lens of understanding these beha-
viours according to expertise.

A total of 54 transcriptions (3 interviews per 17 participants plus 3 focus groups) were
manually reviewed by the primary researcher to identify relevant discussions. This continu-
ous review process allowed codes to emerge and evolve throughout the analysis to ensure
accurate data representation. The process continued until all data were reviewed and no new
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codes emerged. User behaviours were then colour-coded based on three themes: body-relative
interactions, memory, and visual guidance, as shown in Table 1. The first two themes were
identified in the literature as supporting proprioception (as discussed in Section 2.4), while
visual guidance has been linked to levels of expertise.

Table 1: Colour codes of user behaviours

Theme Code colour

Body-relative interactions =~ Green

Memory Blue
Visual guidance Purple
Hesitance Orange

Table 2: User behaviours relating to all levels of expertise

Expertise Codes Occurences
All Double checking 39
All Glance 86
All Haptic 69
Novice Clumsy 8
Novice Direct looking 52
Novice Forgetting 2
Novice Function unsure 9
Novice Looked at main menu 4
Experienced Easy to become familiar 84
Experienced = Peripheral vision 38
Experienced Previous session 41
Experienced = Relying on shadows 9
Experienced Spatial awareness 8
Expert Autopilot 9
Expert Eyes-off interaction 45
Average 33.5

The colour coding applied to Table 2 also revealed the variety of codes identified that re-
lated to specific themes. Themes relating to body-relative interactions (orange colour coding)
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had little variety, with only two user behaviours coded, but they were acknowledged to help
with menu selections. User behaviours relating to memory (blue colour coding) were identified
evenly across all three levels of expertise with no overlapping behaviours that all expertise ex-
perienced. However, most of the discussions occurred with experienced user behaviour, which
was indicated by the number of occurrences being above the average of occurrences. There
was a good variety of coded user behaviours identified (seven) that were associated with visual
guidance (purple colour coding). This variety was also evenly distributed across the different
levels of expertise with two codes found across all three expertise levels except for expert user
behaviour where only one user-behaviour was identified.

The colour coding applied to Table 2 also revealed the variety of codes identified that re-
lated to specific themes. Themes relating to body-relative interactions (orange colour coding)
had little variety, with only two user behaviours coded, but they were acknowledged to help
with menu selections. User behaviours relating to memory (blue colour coding) were identified
evenly across all three levels of expertise with no overlapping behaviours that all expertise ex-
perienced. However, most of the discussions occurred with experienced user behaviour, which
was indicated by the number of occurrences being above the average of occurrences. There
was a good variety of coded user behaviours identified (seven) that were associated with visual
guidance (purple colour coding). This variety was also evenly distributed across the different
levels of expertise with two codes found across all three expertise levels except for expert user
behaviour where only one user-behaviour was identified.

All participants were generally expected to exhibit novice behaviour in session 1 since this
was their first time using the Belt Menu. In session 2, user behaviours were investigated to
identify any resemblance of associative behaviour, i.e., having some established knowledge
and exploring new ways to improve their interactions. In session 3, user behaviours were
investigated to identify any resemblance of autonomy that is prevalent among experts, i.e.,
instinctive interactions with little attention required. Some behaviours were prevalent during
all three sessions even though progression in expertise could be observed. The behaviours
that were prevalent in all sessions are listed in Table 2 and labelled as “All”. The themes of
various user behaviours identified and listed in Table 1 will be discussed below. The order
of these discussions begins with more general observations regarding expertise and narrows
down the focus towards themes that inform the use of proprioception and visual guidance
thereby, linking back to addressing the research questions.

4.2 User performance

User performance data were collected to complement observations and self-reporting by offer-
ing additional insights into user behaviour. The focus was on measuring individual progression
in expertise rather than comparing participants. This section highlights data from sessions 1
and 3, showcasing participants’ initial and final interactions with the Belt Menu.

Two performance metrics were analysed: task completion time and selection accuracy.
Task completion time was recorded in every session to evaluate efficiency. As tasks became
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progressively more complex across sessions, longer completion times were anticipated. The
median times for each session were as follows:

» Session 1 — 00:33.362
» Session 2 — 00:54.031
» Session 3 -01:37.744

The median was used to minimise the influence of outliers and ensure a fair comparison
across the three sessions. As each session introduced additional tools, task complexity in-
creased, leading to expected completion time increases, roughly doubling in session 2 and
tripling in session 3. Selection accuracy was determined by successful or unsuccessful selec-
tions, as discussed in Section 3.3. However, this metric does not account for successful but
incorrect selections, such as selecting the wrong size or colour, e.g., choosing a small pink
L-shaped block instead of the required large lime one.

Therefore, to accurately assess selection data, an ideal benchmark for required selections
was established. In session 1, participants needed to place five blocks of each shape (L, T, Z)
into the correct boxes, totalling 15 blocks. Generating each block required two selections: one
from the main menu (box blocks) and one from the submenu (wheel segment for a shape), res-
ulting in the minimum required selections (MRS) being 30. Any selections beyond this would
be considered unnecessary, leading to inefficiency. Unnecessary selections could arise from
selecting the wrong menu item or changing a block’s colour unnecessarily. These additional
selections, while counted as successful, were included in the total number of selections (TNS).
This TNS is also the total for all 17 participants for each of the three sessions, and therefore,
the MRS should then also be multiplied by 17 sessions. The following formula was used to
calculate the percentage of unnecessary selections:

TNS — (MRS x 17 sessions)
TNS

This formula calculates inaccuracy to measure how selections contributed expertise pro-
gression over the three sessions. Figure 7 shows the percentage of unnecessary selections, and
the trend, for sessions 1 to 3.

For session 2, the task required an added selection for the paintbrush tool, doubling the
required selections, resulting in 60 (15x4). The task for session 3, which required both colour
and size adjustments, tripled the selections to 90 (15x6). Despite the task in session 3 being
more than three times as complex as in session 1, the percentage of unnecessary selections
decreased from 56.51% to 51.65% (a 4.86% reduction), indicating improved efficiency. This
suggests participants became more familiar with the Belt Menu, likely developing expert user
behaviours that enhanced their performance.

The user performance data discussed above regarding completion time and accuracy both
indicated positive evidence that participants felt more familiar with the Belt Menu and were
able to increase efficiency as a result.

1)

% of unneccessary selections =
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Figure 7: Unnecessary selections for all three sessions

4.3 Hesitance

Hesitance, as exhibited by participants, refers to uncertainty about what action to take or how
to perform it. For example, a participant might look at a menu item resembling a measuring
tape but pause to contemplate the function it represents. The following discussion examines
the causes of this user behaviour as observed during interactions with the Belt Menu.

In session 1, participants often felt clumsy with their interactions if they were not inten-
tionally focusing on their selections, specifically with main menu items. During the interviews,
Participants PO2 and P10 discussed that they were unsure of some menu items’ functions at
first, especially the measuring tape, but were able understand the function once they started
using them. Participant P02 said: “Measuring tape (ruler) is more to measure length than size.”
and that they “... would’ve preferred a block with arrows going up and down. There could be a
more elegant solution. [It] can be better thought out.”.

Participants P14 and P17 stated that they understood the function of the paintbrush but
were unsure how to use this tool. During their session 1, participant P14 tried to use the
paintbrush on multiple virtual objects, including the boxes and other menu items, before using
them on the blocks. All 17 participants also mentioned that they struggled to remember the
specific positions of the submenu for the different shapes so they had to look at the menu items
before selecting the blocks from the Belt Menu.

This behaviour indicated unfamiliarity and served as a baseline for recording user beha-
viour. While it does not directly address the research questions, it establishes a reference point
for tracking potential changes in familiarity over future sessions.

4.4 Haptic feedback

Haptic feedback, in this context, refers to the vibrations generated by the controller during
interactions with the Belt Menu. The discussion below explores the user behaviours influenced
by this feedback, as well as its impact on their impressions of the Belt Menu and its role in
assisting them with task completion across sessions.
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Even though haptic feedback was designed to provide feedback in addition to visual feed-
back, only some participants mentioned that they noticed the controllers “buzzing”, i.e., provi-
ding haptic feedback, when touching menu items. Participant P14 in particular found this as
a helpful confirmation to indicate that they touched the menu items by stating that the haptic
feedback “gives a good feeling that you [have] really touched it. It gives an idea that you already
reached there. Not a very hard vibration. [The vibration] makes it more real.”. Others (P05,
P11, P16, P17) stated that the “buzzing” was annoying and sometimes made them feel over-
whelmed. In post-session focus groups, participants noted that haptic feedback might carry a
negative connotation, as some video games use it to signal errors, such as crashing or taking
damage. Participant P11 was aware of this connotation before being prompted and made a
mental shift between sessions 1 and 2, leading them to use the haptic feedback to help them
feel the menu items. Some other participants (PO1, P06, PO7, P08, P10) confirmed during the
interviews and focus group discussions that they were only confident of their actions without
looking because the controller provided haptic feedback when touching menu items.

In contrast, participant PO3 stated “I couldn’t recall after a session whether the controllers
vibrated or not or anything highlighted. I just waved in the direction of whatever I wanted” which
suggested that they did not rely on non-visual cues but instead relied only on well-practised
movement and memory.

To summarise, haptic feedback was incorporated as a complementary cue for visual rep-
resentation. Discussions with participants provide a variety of evidence regarding the use
of haptic feedback to support menu item selection. This design directly aligns with research
sub-question SQ2, which partly examines how haptic feedback influences user behaviours.
The findings regarding haptics revealed three distinct user sentiments: helpful, annoying, and
unnoticed.

4.5 Body-relative interactions and memory

This section examines user behaviours resulting from having all menu items positioned within
close proximity, i.e., within arm’s reach, and explores how this arrangement contributed to
their ability to recall the location of each function.

In session 1, all participants found the task straightforward, enabling them to repeatedly
practice interactions with the Belt Menu. In session 2, they easily adapted to using the paint-
brush, as its layout and selection mirrored prior interactions. Participant feedback, such as
“Yes, the previous session helped a lot for feeling familiar with the menu system today” (Participant
P10), indicated that familiarity and memory from prior sessions contributed to their ease of
use. Participant P16 similarly expressed “Today’s session I did not have to figure things out and
just go ahead and use it. So that experience did help”.

During interviews, participants consistently stated that exposure in previous sessions made
the Belt Menu more intuitive, helping them better recall submenu item positions in session
2. This progression reflects the movement from novice to experienced users, aligning with
the associative stage of expertise. Session 3 required the use of all menu items, demanding
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participants to resize and recolour blocks before placement, which involved frequent switching
between tools. Despite this complexity, participants focused on task completion rather than
learning new interactions. Many participants (PO1, PO4, P08, P10) reported feeling confid-
ent and efficient, with selections described as feeling like “autopilot.” Participant PO1 stated,
“I naturally just waved my hand into the option that I wanted,” and Participant P17 noted, “I in-
stinctively moved my hand into the right position.” Several participants (P01, P03, P06, PO7, P08,
P10) reported performing eyes-off interactions, i.e., selecting items without looking, especially
in general directions or when using submenu items. These behaviours reflect proficiency, as
users required minimal attention for menu interactions, achieving a level of autonomy.

The evidence presented in this section on body-relative interactions and memory contrib-
utes to understanding how familiarity with nearby virtual objects can be established within a
virtual environment, as outlined in research sub-question SQ1.

4.6 Reliance on visual guidance

This section discusses various user behaviours related to the use of visual cues for navigating
the Belt Menu.

In session 1, all participants took time to familiarise themselves with the Belt Menu, care-
fully observing each menu item’s feedback, such as blocks changing colour when touched
with a paintbrush, and interacting with other objects. This behaviour aligns with the novice
cognitive stage, where users intentionally learn system interactions.

In session 2, new behaviours emerged where participants P04, P05, PO7, P10, P15, P16,
and P17 frequently glanced at their selections to confirm choices, often noticing submenu
items from “the corner of [their] eye”, i.e., their peripheral vision. Participants P02, P14, and
P15, who preferred to inspect every interaction, reported that as tasks became more complex,
they relied even more on visual confirmation. They noted this behaviour also extended to
their everyday routines.

During the focus groups, participants P04, P05, PO7, P15, and P17 discussed how selecting
submenu items felt easier with less visual guidance compared to main menu items. Observa-
tional data corroborates this by showing that participants typically glanced at the main menu
items before focusing on finalising selections in the submenu. This behaviour indicates that,
with experience, participants relied less on visual cues, often without conscious awareness.
However, the exact reasons for this shift in reliance could not be conclusively determined
from the data.

Previous studies have shown that as users gain expertise, they rely less on visual guidance,
with expert users performing eyes-off interactions (Cockburn et al., 2014; Ericsson & Harwell,
2019; Schramm et al., 2016). Consistent with these findings, participants in earlier sessions
carefully monitored each interaction with the Belt Menu, often looking directly at menu items.
As familiarity grew, participants became more confident, initially glancing, and then using
peripheral vision to confirm selections. Eventually, participants reached a stage where they
could select items without relying on sight, demonstrating eyes-off interaction. Observing
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these behaviours resulted in identifying four categories of user behaviours regarding visual
guidance: directly looking, glancing, peripheral vision, and eyes-off interaction (as shown
in Table 2 in Section 4.1). Overall, the results showed that increased familiarity allowed
participants to use a broader range of visual guidance strategies. Figure 8 illustrates how
these categories correspond to varying levels of familiarity.

Directly Peripheral Eyes-off
looking Glancing vision interaction

Unfamiliar Very
familiar

Figure 8: A representation of the range of visual guidance in relation to famili-
arity

The findings on visual guidance in this section contribute to understanding user behaviours
that reflect the development of familiarity with virtual objects in a virtual environment, ad-
dressing research sub-questions SQ1 and SQ2. Additionally, they provide evidence of how
visual cues support the use of proprioception in menu item selection, further addressing sub-
question SQ2.

4.7 Use of shadows

The following discussion outlines how user behaviour emerged from participants noticing shad-
ows in the virtual environment, which enhanced their awareness of menu items to be selected.

Shadows in the virtual environment were intended solely for realism, yet three participants
used them to locate and interact with menu items. This suggests that shadows could function
beyond aesthetics, similar to physical environments that indicate object presence and move-
ment.

In session 2, participants PO8 and P10 noticed shadows cast by the menu items and their
virtual hands, which helped guide their selections when they were not looking directly at the
menu. Participant P10 noted, “Having the shadows really helped understand where everything is
without looking directly at the menu items.” Participant PO5 also observed the shadows, which
helped them identify two menu items (measure tape, arrow adjuster) that were out of sight
when looking forward.

The discussion on how shadows aid in menu item awareness highlights that indirect per-
ceptual properties can support interactions within a virtual menu system, addressing research
sub-question SQ2.

4.8 Concluding user behaviours

The results stated above provide evidence that participants were unfamiliar with the Belt Menu
at first but as they progressed over three sessions, they noticed more aspects of the Belt Menu
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and became more familiar over time. This can be expected, however, the changes in the user
behaviours linked to the progression of familiarity are of particular interest.

The Belt Menu’s close proximity to the user significantly enhanced accessibility and memo-
ry, enabling participants to select menu items intuitively. While haptic feedback was intended
to support awareness, its effectiveness varied among users. Notably, visual cues were central
to interaction, with behaviours ranging from direct looking to eyes-off interactions evolving as
familiarity increased. Additionally, some participants leveraged shadows as an unanticipated
cue to locate menu items. These findings suggest that integrating multiple feedback mechan-
isms, particularly those that enhance visual guidance, can foster familiarity and support more
efficient, intuitive interaction with VR menu systems.

5 DISCUSSION

The results above highlighted user behaviours that were identified and linked to progression
in expertise. These user behaviours were analysed further to address the research questions
posed in Section 1. The first two subsections below provide discussions that address support-
ing research questions. Based on these two subsections, the main research question will be
addressed.

5.1 Addressing supporting question SQ1

How can spatial awareness and familiarity with menu items be developed in a virtual envir-
onment?

Because proprioception is a sense of spatial awareness and familiarity with the space and
objects around an individual, it is important to discuss how this sense can be supported. The
Belt Menu was intentionally designed to have menu items around the user’s body, which is a
space that the user will already find familiar and virtual objects in this space will always be
accessible.

This study suggests that, while participants initially showed hesitation in the first session,
they developed familiarity with menu item positions around their body through practice, im-
proving memory and recall in subsequent sessions. Using the lens of user behaviours associated
with the levels of expertise as discussed in Section 2.5; the results of this study yielded sim-
ilar evidence with the Belt Menu as well, inferring that familiarity can be developed with a
menu system within close proximity in a virtual environment. Through practice, participants
developed instinctive selection movements, a key indicator of expert behaviour. This progres-
sion of familiarity was further evident as some participants reduced their reliance on visual
guidance as they grew more familiar with the menu system. In addition to the evidence ex-
tracted from user behaviour, the performance data for time completion and selection accuracy
provides evidence of familiarity as these showed increased efficiency over sessions.

The instinctive selection of menu items, requiring minimal conscious effort, indicates that
participants have developed a robust sense of spatial awareness around their body. Learning
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and memorising menu items were further supported by haptic feedback, as discussed in the
next supporting question.

5.2 Addressing supporting question SQ2

How can visual cues and haptic feedback support the use of proprioception to interact with
menu items?

When interacting with a virtual environment, one of the most salient forms of feedback
for interaction with virtual objects is visual feedback, e.g., selecting a menu item results in
a tool that is visibly selected and placed in the user’s hand. Visual feedback enables users
to associate a function with its spatial position, thereby enhancing memory retention. This
effect is particularly evident among novice users, who rely more heavily on visual cues during
the earlier sessions. An unexpected user behaviour relating to the use of visual feedback was
identified, which was the use of shadows. Because shadows behave in the same way in a virtual
environment, some participants realised that they could rely on the virtual shadows to guide
their hands toward menu items for selections when menu items were not in sight. Therefore,
shadows can be used as visual information for users to be aware of their virtual surroundings
as well. Although this visual cue was used in an unintended way, this still provides evidence
that visual cues support the use of proprioception for interacting with a menu system.

A less prominent form of feedback that was mostly used to supplement other forms of
feedback is haptics. While haptic feedback was used in the Belt Menu to create awareness of
menu items when they are touched, evidence shows that there were four sentiments: some
found it to be informative, annoying, unnoticed, or preferred to rely on practised movement
and memory instead. Based on these results, haptic feedback is not essential for menu system
design, but it can enhance users’ awareness of nearby menu items during hand movements,
complementing visual guidance.

The results also suggest that there is a range of user behaviours that were identified with
regard to the reliance on visual feedback to guide menu item selection. These findings are
further discussed in the next subsection to address the primary research question.

5.3 Addressing the main research question

What is the relationship between proprioception and reliance on visual guidance with regard
to menu item selection?

One of the key findings discussed in the results is that as familiarity with the menu system
increases, users rely less on visual cues when selecting menu items. Two additional user beha-
viours were observed to extend this understanding further. First, some participants felt more
confident selecting main menu items without looking but were less confident with submenu
items, likely because selecting a submenu finalises the action, requiring more care. Another
possibility is that submenu item selections are less practised since they require first selecting
a main menu item. Second, some participants always looked at selections to reduce error,
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indicating a personal preference. This could relate to the “paradox of the active user” (Car-
roll & Rosson, 1987), where users resist adopting more efficient methods due to the risk of
temporary performance dips.

Overall, user behaviours regarding visual guidance appear more tied to personal prefer-
ence than expertise progression. Participants in later sessions had more experience, helping
them to rely less on visual guidance, resulting in them using visual cues in a broader range of
ways. For example, an experienced user might focus directly on a primary menu item while
quickly glancing at submenu options. They also rely on peripheral vision to stay aware of ad-
ditional choices and can even select another menu item with their other hand without looking,
demonstrating all four categories of visual guidance.

In contrast, less experienced users are more restricted in using visual guidance, relying on
it more consistently. However, this trend is not universal because some experienced users still
prefer to look at selections to ensure success.

These results thus suggest that placing menu items close to the body enhances memorab-
ility and accessibility, making selection more intuitive in virtual environments. Familiarity
with the interface develops through visual and haptic feedback, with haptic feedback as a sup-
plementary role. Visual guidance is key in developing proprioception, allowing users to locate
menu items near their body. Users’ reliance on visual feedback decreases as they become more
familiar with the menu, ultimately enabling more efficient, eyes-off interaction.

Familiarity aids proprioception in menu selection, with visual guidance helping memorise
the locations of virtual objects. Over time, as spatial awareness improves, users rely less on
visual cues, further supporting proprioception in selecting menu items.

5.4 Limitations

By taking a qualitative approach, this study focused on insight extracted from the experience
of individuals, thus making the outcomes of this study non-generalisable by nature. Making
use of this approach also inherently made use of a small sample size as the focus of the study
was based on understanding the richness of the experiences.

The researchers were not permitted to collect basic demographics such as age or gender
data due to institutional ethics policies; therefore, any inferences that could be based on such
data were not possible. Additionally, since recruitment criteria included experience with video
games, the study did not explore the learnability of the Belt Menu for users with lower tech-
nological proficiency than the included participants.

Bimanual interaction, i.e., the use of two hands for interactions, was acknowledged as part
of this study since the Belt Menu required the use of both hands. Although hand dominance
was investigated as part of a larger study (Ka et al., 2023), it is not extensively discussed here
since it was not the focus of this study.

The validity of the data analysis was supported through triangulation by incorporating
multiple forms of data collection. However, the study’s outcomes could have been further
improved by employing additional reliability measures, such as inter-rater reliability.
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5.5 Implications and future work

This study highlights a direct link between visual guidance and proprioception in supporting
menu item selection within immersive virtual environments. The findings of this study suggest
that developing spatial awareness through well-practised movements is more important than
haptic feedback for fostering proprioception. Findings showed that reduced reliance on visual
guidance complemented proprioception in selecting menu items. These insights provide a
foundation for future studies to use visual guidance categories to better understand user inter-
actions with menu systems in 3D environments. Future studies can build on these findings by
conducting research that quantitatively measures user performance, establishing a benchmark
for comparison with other menu systems in immersive virtual environments.

The Belt Menu was designed for forward-facing tasks, but future studies could explore
body-tracking menu systems for multi-directional movement, such as rotating utility belts in
VR games, to enhance menu selection through proprioception. Since multi-directional tasks
are likely more complex, future studies can use this condition to test the Belt Menu’s feasibility
in supporting users with intricate tasks, providing empirical insights into its effectiveness.

Some participants noted that menu items obstructed their view, particularly when the Belt
Menu was positioned too high. While adjusting the height resolves this, a more innovative
solution could involve dynamically adjusting the transparency of menu items based on the
proximity of the user’s hands. Exploring such designs could yield valuable insights into the
optimal distance from the user’s body, which could help determine when this approach be-
comes necessary to prevent visual obstruction.

An unexpected finding from this study was participants leveraging shadows to enhance
selection and awareness in an immersive virtual environment. This suggests that shadows
may serve purposes beyond increasing realism, potentially improving interaction design. Since
this study focused on selection within arm’s reach, future research could explore how shadows
guide selection techniques beyond this range, such as the Go-Go Interaction Technique (Pou-
pyrev et al., 1996), where shadows remain visible even when the virtual hand is obscured.

6 CONCLUSION

This study set out to investigate the relationship between proprioception and visual guidance
and how these two senses can be used to support menu item selection in a 3D virtual environ-
ment. To do so, a menu system was created using concepts identified from existing literature,
which included body-relative interactions, user behaviours relating to expertise, and levels of
expertise relating to the use of visual guidance. This menu system was then used by parti-
cipants in several usability test sessions so that their user experiences and behaviours could
be investigated for progress over time.

The results provided evidence that participants primarily relied on experience and well-
practised movements to establish spatial awareness and familiarity with menu items, which
allowed them to rely less on visual guidance. Furthermore, with regards to reliance on visual
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guidance, the findings built on existing literature by identifying a range of four categories:
directly looking, glancing, use of peripheral vision, and eyes-off interaction. This range was
inversely related to familiarity, with a strong reliance on visual guidance when users were
unfamiliar with the system. As familiarity increased, users transitioned toward proprioceptive
interaction, enabling more intuitive menu selection from a body-centred interface.
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A INTERVIEW QUESTIONS

Participant Session
VE experience:

Navigation and layout
* Logical placement
» Working through each item
+ Other Comments

SELECTION
In reach

* Were the menu items comfortably in reach?

+ Did you use your dominant or non-dominant hand? Which ones did you use for certain
tools?

Representation

« What indicated to you that you touched?

* Was the function of the tools obvious when you first saw them?

» What about after using them?

* Other
Visibility

» Was the state of the menu changing from menu to submenu clear?
Error recovery

» Was it easy or difficult to fix if you mistakenly selected something?

+ Anything that makes you blame the system for the an incorrect selection
Easy to become familiar

+ Did you find the menu system easy to become familiar with?

+ Do you think your past experience with VEs (or lack thereof) contributed to you finding
the menu system familiar/unfamiliar to you?
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Comfort and fatigue

« Would you say that this menu system would cause more/less/equal amounts of fatigue
compared to other VR interactions you’ve used before?

Eyes-off interaction
+ Did you always look directly at the menu items when you were selecting them?

» Were there any menu items that you had to focus on more than others when selecting
these menu items?
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B FOCUS GROUP QUESTIONS

Focus Group

This menu system design draws inspiration from a utility belt. Utility belts provide quick
access to useful tools without always looking.

1.
2.

Which part of the menu system did you enjoy using the most and why?
Some people pointed out that grabbing the measuring tape was difficult to perform.
(a) What are your opinions about this?

Some people found the vibrations to be annoying when they were just moving their
hands around. It felt like they did something wrong or it just kept buzzing.

(a) How do you feel about this?

(b) Extra: buzzing due to gaming controller experience.
Some people would move the belt menu to a specific position and leave it there for the

whole session. But others moved the belt menu more than once to adjust the positioning
for specific subtasks. a. What are everyone’s thoughts on this?

Some people would position the belt menu so that it is always visible. How do you feel
about that (Extra: potential for HUD)?

Some people mentioned that the menu items would block their view of the size labels.
a. What changes would you make to the menu system to deal with this issue?

The purpose of putting some menu items (e.g. measuring tape) out of direct eyesight
was to see if you would try to select them without looking.
(a) Did any of you try to select menu items without looking at them?

(b) If so, what did you rely on to do so (e.g. vibrations, shadow, gesture/waving based
on position remembered)?

(c) Did you try to apply the tools to the blocks without looking (e.g. painting the
block)?

(d) Do you think that it would be easier to select from the various submenus if “dipping”
was used instead (holding the block and dipping them into different buckets of
paint)?
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8. If there were one or more aspect(s) of the menu system that you could change,

(a) what would it be
(b) and why?

9. Extra: Some people mentioned that they would want to customize the placement of menu
items.

(a) Is there anything else that you would want to be customizable?

(b) If so, how would you want it to be done?

10. Do you think that this kind of menus system is a feasible solution to be used in immersive
3D virtual environments?

11. Extra: Was there any aspect of the task (placing blocks correctly into boxes) that you
struggled with that was not caused by the menu system.

12. Extra: For those who have experience with any other VR equipment (e.g. Oculus Rift),
how transferable do you think this kind of menu system is to other VR equipment?

13. Question 5: Asking about HUD
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