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Abstract. Recent advances in Extended Reality (XR) allow the cre-
ation of immersive fitness and virtual coaching systems. However, it
remains unclear whether immersive visualization modalities influence
users’ perception, understanding, and confidence in performing exercises.
Moreover, it is unclear whether this improves those with respect to a clas-
sical 2D visualization. In this work, we investigate the role of a parametric
3D human model in enhancing workout perception and social presence
within immersive fitness environments. To this date, we have designed
a modular XR system, named XaRNold, that allows the visualization
of single/multi-view video, and a parametric 3D model called Skinned
Multi-Person Linear Model (SMPL) showing how to perform a physical
exercise. We conducted a controlled user study (N=30) to compare par-
ticipants’ cognitive load/understanding, technology acceptance, usabil-
ity, and social perceptions/engagement across visualization modes. We
employ the Fit3D dataset, which provides aligned 2D, multi-view, and
related 3D poses data for diverse physical exercises. The results indicate
that a parametric virtual human model provides a favorable trade-off be-
tween the measured constructs, offering a clearer understanding of why
and how avatar-based guidance can be used and paving the way for more
effective and empathic virtual fitness systems.

Keywords: Immersive Workout - Visual Guidance - Social Virtual Re-
ality - Virtual Humans - Extended Reality
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1 Introduction

Over the past decade, the emergence of the Metaverse and Extended Reality
(XR) technologies has redefined how humans interact with digital environments
across various sectors. XR has enabled novel forms of immersion, embodiment,
and real-time interaction, reshaping domains such as education [47], health-
care [34], and entertainment [23]. These immersive environments offer spatial
presence, contextual reactivity, and the ability to simulate or augment real-world
scenarios, making them particularly attractive for applications where visualiza-
tion and physical interaction are crucial.

Among these domains, physical activity has emerged as a promising XR use
case: compared to traditional screen-based solutions, immersive systems can pro-
vide embodied interaction, spatial awareness, and adaptive feedback, support-
ing more interactive and potentially more engaging exercise experiences [2,43,
21, 28]. Indeed, prior studies have shown that XR fitness can support training,
rehabilitation, and performance-oriented activities in immersive settings, often
reporting benefits in motivation, engagement, and adherence. These effects were
even greater when paired with an embodied virtual instructor [43, 28, 21, 39].
However, the majority of this literature has mainly emphasized affective and
experiential benefits, including enjoyment, immersion, reduced perceived exer-
tion, and sustained interest in exercising [41, 14,28, 21,39]. Therefore, there is
less exploration of how different visual guidance inodalities influence users’ un-
derstanding of physical movements. This also includes virtual instructor demon-
strations, which may also have an iinpact on the social dimension [19], shaping
how the user feels supported and accompanied during exercise.

This leaves an open question: are gains in understanding and performance pri-
marily a byproduct of gamification and motivation, or does the immersive and
socially embodied nature of visualization play a more direct perceptual and motor
role? Isolating these dimensions (visual guidance and social presence) provides
an opportunity to use XR fitness as a testbed to identify which factors most ef-
fectively support exercise comprehension relative to a classical flat video. In this
perspective, comparing widely adopted exercise visualizations (i.e., flat video,
multi-view representations, and embodied 3D guidance) under aligned exercise
content can help clarify which factors most effectively support exercise compre-
hension in immersive settings.

To the best of our knowledge, only a limited number of prior works have moved
in this direction [9,13,10]. However, these studies remain focused on specific
scenarios and do not yet provide a unified comparison framework based on
aligned stimuli, scalable exercise support, and intermediate visualization con-
ditions. This outlines the need for a modular and controlled XR setting able to
disentangle how different guidance modalities influence exercise comprehension
and perceived support.

To address these limitations, we move beyond isolated factor evaluations and
provide an ecologically grounded assessment of how immersive visualization and
virtual social presence jointly influence exercise comprehension and perceived
support. Specifically, we explore whether parametric 3D human representations
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(when compared to aligned flat 2D or multi-view video guidance) can improve
users’ understanding of physical movements and enhance their sense of compan-
ionship during training in VR. To this end, we developed XaRNold * (eXtended
Reality for teAching and social iNteraction in Learning physical exercises), a
modular immersive XR fitness system that supports multiple synchronized visu-
alization modalities for exercise instruction, also including an automatic workout
scheduler. These include traditional 2D single-view video, a composite multi-view
layout, and a fully interactive 3D avatar rendered using the Skinned Multi-Person
Linear Model (SMPL) parametric human model. All these visualizations were
built on top of the Fit3D dataset [17], which provides temporally aligned exercise
poses, allowing us for a direct comparison of user responses across conditions.

We employed XaRNold to define an experimental setting, to answer the fol-
lowing Research Questions (RQs):

— RQ1: When exercise content and showing timing are held constant, how do
the immersive visualization modalities compare to classical flat 2D, in terms
of participants’ general exercise learning?

— RQ2: How do the three visualization modalities differ in terms of perceived
instructor social presence, comfort, embodiment, and affective support dur-
ing XR-based exercise instruction?

— RQ3: Does a parametric 3D avatar improve perceived clarity, workload, and
social presence compared to 2D video modalities?

We employed this system in a controlied within-subjects user study, where
(N=30) participants performed guided exercises (i.e., a simple workout) under
each visualization mode. By isolating the effects of visual modality in a realistic
workout scenario, we seek to provide evidence on whether immersive 3D trainers
offer effective advantages beyond engagement or novelty. It is worth noticing
that, in this study, we did not treat motor learning as an outcome (e.g., execution
correctness or retention). We instead answered our RQs, investigating:

— (RQ1, RQ3) Learning and cognitive self-perceived outcomes related to the
comprehension of the workout exercises (i.e., whether participants felt they
understood how to perform the movement);

— (RQ2) User experience factors such as usability, task-load index, and tech-
nology acceptance;

— (RQ2, RQ3) Affective and social perceptions, including perceived presence
and companionship;

The obtained results indicate that the 3D avatar visual stimuli provide a
favorable trade-off between instructional clarity, perceived usefulness, and social
presence, while classical 2D single-video remains the most familiar baseline, and
multi-view videos tend to sit in-between but can introduce split-attention costs.
This evidence fills a specific literature gap: unlike many XR fitness studies that

4 An exemplar video demo of XaRNold and the experimental settings are available in
the supplementary files.
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analyzed engagement with heterogeneous stimuli, our aligned-stimulus compar-
ison isolates visual guidance modality as the primary factor, offering a clearer
understanding of why and how avatar-based guidance can be used, instead of
resorting to classical 2D baselines.

In summary, the main contributions of this work can be summarized as fol-
lows:

— A modular XR fitness framework (XaRNold) and its implementation, which
enables controlled cross-modality comparison delivering the same temporally
aligned instructional stimulus across three aligned modalities (to isolate vi-
sualization factors while keeping exercise content constant).

— A unified stimulus pipeline based on shared motion sources, describing how a
single exercise representation can be transformed into the three delivery for-
mats, ensuring consistent timing and content to support fair within-subject
comparisons.

— A mixed-methods within-subject evaluation protocol for XR exercise guid-
ance, reporting a controlled user study (N=30) combining validated quan-
titative measures with qualitative feedback to explain observed differences
and derive design implications.

— Empirical evidence and design implications showing how different visualiza-
tion modalities trade off instructional clarity, perceived usefulness, cognitive
load, usability, and social presence in XR fitness guidance.

This manuscript is organized as follows. In Section 2, we review related liter-
ature on immersive fitness, visual guidance, and virtual embodiment. Section 3
details the architecture and features of the XaRNold system. Section 4 describes
the experimental setup, participants, and apparatus. Results and statistical anal-
yses are presented in Section 5. Finally, Section 6 discusses the implications of
the obtained results, this work’s limitations, and outlines directions for future
research.

2 Related Work

XR and, in particular, VR technologies are increasingly adopted in sports sci-
ence and rehabilitation to enhance engagement, motivation, and exercise com-
prehension [30, 32]. XR emerged as a particularly promising application because
embodied interfaces, spatial awareness, and adaptive feedback can provide more
interactive experiences than traditional screen-based platforms [2, 60, 43, 21, 28].
Nowadays, existing systems supports a wide range of activities, including training
in virtual gyms, multiplayer fitness experiences, rehabilitation, and performance
optimization, without being constrained by physical location [43, 28]. Recent re-
search has indeed shown a growing number of XR fitness systems exploiting
sensory environments and gamified designs [2,37,21, 3], with most contributions
developed in VR due to its ability to provide immersion, engagement, and per-
sonalized feedback in real time [28,21,58]. These studies often report increased
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interest in exercising and stronger adherence-related effects with respect to tra-
ditional approaches [28,21,39]. Moreover, including social and co-presence ef-
fects in VR exercise settings, showing that the presence of virtual others (e.g.,
avatars or companions) can enhance performance and enjoyment [41]. This was
also observed in studies focusing on embodiment manipulations (e.g., muscular
avatars or virtual runners) to influence user perception and behavior, measuring
constructs related to embodiment, presence, and motivation, highlighting how
virtual social representation can directly influence immersive experience [41, 14,
54,27,19].

Despite these relevant findings, few studies systematically compare different vi-
sualization modalities with respect to the dimensions that are relevant for guided
exercise systems, including instructional and perceptual clarity, perceived social
presence of the virtual instructor, and usability, workload, and acceptance fac-
tors. As an example, [60] introduced a VR training system integrating a headset,
sensors, and a virtual coach to help beginners learn correct exercise postures,
reporting high usability, motivation, and perceived learning effectiveness. On the
same line, [58] proposed an Al-based adaptive VR sports system that uses deep
reinforcement learning to train virtual coaches for personalized and empathy-
oriented sports guidance. Complementary findings also indicate that employing
a muscular embodied avatar can enhance self-perception and execution perfor-
mance [14]. Such works suggest that visual demonstrations can make kinematics,
joint alignment, posture, and movement patterns easier to interpret, especially
when movements are inspected from informative perspectives [52, 50, 59]. At the
same time, these studies mainly focus on ¢ngagement, motivation, and general
exercise learning and do not compare how different forms of visual guidance
affect exercise comprehension. Moreover, they often under-examine the social
dimension (how the co-presence of a 3D virtual instructor may shape the per-
ceived clarity, support, and companionship of immersive exercise guidance) [57,
14]. This recent literature outlines three outcome families that are especially rel-
evant for XR-based exercise guidance: (i) exercise comprehension and perceptual
clarity of the demonstrated movement, (ii) the perceived social presence of the
virtual instructor, and (iii) user-experience qualities such as usability, workload,
and acceptance.

To the best of our knowledge, only [9,13,10], proposed a contribution on this
line. In [9], ARFit, a mobile AR system that lets users learn exercises through a
3D avatar and compares its effectiveness against step-by-step images and videos,
showing how the avatar in AR provided the highest learning quality with respect
to flat images. In the context of cycling, the authors of [13] showed that combin-
ing HMD with interactive physical tasks increases actual physical effort (higher
breathing rate) and attention, and engagement, with respect to a comparable flat
video and non-VR conditions. The nearest work with respect to the current con-
tribution corresponds to [10], which implemented an AR-based yoga system that
projects a life-sized 3D instructor into the user’s environment, showing improved
empathy, involvement, and motivation compared to traditional 2D videos. These
works indicate that visualization modality may affect at least three distinct di-
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mensions: exercise understanding, the social perception of the virtual instructor,
and broader usability, workload, and acceptance aspects of the experience.
However, they did not examine these dimensions within a unified and controlled
comparison of progressively richer and comparable guidance modalities. In par-
ticular, they do not:

— Focus on general exercise learning, which often results in evaluations tied
to specific tasks or contexts, limiting the generalization of findings across
different exercises or (custom) training scenarios;

— Using real-world visual data for 2D exercises representations, together with
non-aligned 2D /3D stimuli consistent in content and timing, may lead to
instructional demonstrations that differ across modalities in subtle but rel-
evant ways (e.g., timing, joint trajectories, execution quality). Using not
aligned representations makes it difficult to isolate the effect of the visual-
ization modality itself, as differences in movement execution may confound
learning- and perception-related outcomes;

— Developing modular systems capable of supporting multiple exercises re-
stricts scalability, as comparisons are often bound to a small set of ad-hoc
examples and cannot be easily extended to broader exercise repertoires or
reused under different experimental conditions;

— Systematically examining intermediate visvalization modalities, which pre-
vents understanding how different users may benefit from different levels of
visual detail, embodiment, or viewpoint control when learning or recalling
an exercise.

These factors limit the scalability and personalization of the experience (and
the space of experimental investigations), also considering that we now have
parametric human modeling that could be exploited to explore such factors [38§].

We here address these gaps by introducing XaRNold, a modular XR fitness
framework that integrates single-view, multi-view, and parametric 3D visual-
isations for guided workouts. XaRNold provides an ecologically valid tool to
perform a novel comparison of (a) single-view 2D video, (b) multi-view video (in
VR), and (c) an embodied 3D parametric avatar (in VR), where all exercises are
perfectly aligned across conditions (for each exercise, each modality presents the
same structural movements with the same poses and timing). The XaRNold fea-
tures and adopted measurements, distinguishing our works from previous ones,
are summarized in Table 1.

3 Materials and Methods

3.1 System Architecture

The system architecture of XaRNold is visually depicted in Figure 1, and is in
line with a classical stand-alone VR application.

At its core, XaRNold is designed to serve different visualization modalities
(in our case, single-view 2D video, multi-view 2D video, and interactive 3D
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Ours [10] [9] [13]

Systems Features

3D Avatar guidance v v v X
Ecological validity v v X v
Aligned 2D-3D content and timing v v X v
Multi-View Guidance v X X X
Data-Driven system v X X X
3D Parametric Human Model v X X X
Measurements

Social presence v v X
Exercise comprehension v v X X
Usability / Acceptance v v v v

Table 1: Comparison of main focuses vs. state of the art. Binary/ternary flags summa-
rize whether each work covers key design and evaluation aspects. 3D avatar guidance
(exercise guidance by virtual human instructor); Ecological validity (evaluation in a
realistic, workout-like setting and interaction flow); Aligned 2D-8D content and timing
(identical movements and temporal cues across all visualization modalities); Multi-
view guidance (simultaneous, synchronized multi-perspective 2D views of the same
movement); Data-driven system (exercise motion derived f{rom captured human data
(dataset-based), as opposed to purely synthetic/hand-crafted animations); 3D Para-
metric Human Model (use of a parametric body model, e.g., SMPL, to represent hu-
man shape/pose); Social presence (explicit measurement or design targeting perceived
co-presence/companionship); Usability / Aceceptance (explicit evaluation of system us-
ability, cognitive demand, or technology acceptance); Ezercise comprehension (explicit
evaluation of how clearly users understand the demonstrated movement).

avatar representations) that can be rendered according to different kinds of ex-
ercises. As depicted, XaRNold begins with a pair of < modality, exercises >
user request, which queries the centralized Ezercise Knowledge Base (EK B).
EK B is required to contain temporally aligned representations of each exercise
across all supported modalities, allowing consistent delivery of the same exer-
cise through diverse visual stimuli. Once a configuration is selected, the workout
scheduler retrieves the corresponding aligned exercise assets from the Exercise
Knowledge Base and forwards all modality-specific data and metadata to the
modular visualizer described below. In particular, the scheduler parses the con-
figuration layer (e.g., exercise identity, repetitions, pace, viewpoint settings, and
body-related metadata) and dispatches the appropriate stimulus package to the
selected rendering module, whether 2D single-view video, multi-view video, or
3D avatar. The modular visualizer then renders the selected content in the vir-
tual environment while preserving internal synchronization, so that timing, phase
progression, and execution remain identical across modalities. Considering also
aligned motion data, this ensures that differences are only to the visualization
modality with a robust and reproducible approach.
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Fig. 1: System architecture of the XaRNold platform. Each exercise is linked to three
aligned visualizations: single-view 2D video, multi-view 2D videc, and 3D human-pose
stimuli. The system retrieves the appropriate visual content from the Exercise Knowl-
edge Base and delivers it to the VR environment.

3.2 System Implementation

We implemented XaRNold as a stand-alone VR experience. Its implementa-
tion revolves around the novel visualization modalities here introduced, namely
Multi-View 2D Visualization (MV2D) and Parametric 3D Human (P3HU) (vi-
sually depicted in Figure 2).

The MV2D mode presents a synchronized four-camera display of a real hu-
man demonstrator irom lateral perspectives, arranged cylindrically around the
user’s viewpoint. The layout is fixed in view, enabling users to observe pos-
ture and motion from multiple angles without manual navigation, following
prior work on spatial visualization [35,33], maintaining familiarity with stan-
dard video formats. The P3HU mode uses instead the SMPL parametric body
model [38], animated with 3D joint trajectories extracted from real tracked hu-
mans. The avatar is rendered at life-size on a grounded virtual environment,
allowing users to view the motion from any angle. This supports an embodied
interaction paradigm that may foster motor resonance, imitation learning, and
deeper gesture comprehension [57,36], offering an active alternative to passive
video observation. Both visualization modes are integrated into the same virtual
environment and are time-locked for accurate cross-condition comparisons. This
allows us to isolate user responses to different instructional representations of
the same exercise content under controlled yet ecologically valid conditions.

2D Web Interface For the sake of our experimental setting, we also imple-
mented a 2D web interface (named PC), which mimics the same logic functionali-
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Fig. 2: Scheme of the visualization modalities presented in the XaRNold system. On
the top, the 2D multi-view video displays a real human performing the exercise from
synchronized frontal and lateral views. On the bottom, the same exercise is shown
using a 3D parametric avatar, animated from corresponding motion data.

ties of MV2D and a parametric 3D model, but on a classical web interface (which
mimics classical online gym systems). This is visually depicted in Figure 3.

0 A 77 v Flat 2D ]

Fig. 3: Visualization of the classical 2D flat video mode.

The PC-based runs in the browser, without any server-side component (as
for the VR counterpart). In this condition, the interface was displayed on a con-
ventional desktop monitor, outside the VR headset (imitating what users do
while using a classical online training system). The interface provides a video
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sequencer that allows loading the exercise clips from disk, arranging them into
a playlist, and associating each item with the same sequence pattern of other
modalities before the participant interacts with the system. During playback, a
single 2D video is shown with an overlaid countdown and phase label. This tool
ensures that, in the desktop condition, participants are exposed to the same ex-
ercise content and timing structure adopted in the VR modalities, while keeping
the interaction aligned with conventional screen-based fitness experiences. It is
worth noticing that the PC modality serves as a natural baseline reflecting stan-
dard screen-based fitness instruction, allowing assessment of the relative benefits
of immersive alternatives.

Multi-View 2D Videos Visualization In this modality, shown in Figure 4,
the user can view and perform the exercise through four virtual screens arranged
inside the virtual environment.

[ Multi-View 2D Visualization ] |

Fig. 4: Top-View and other perspectives of the M V2D mode for different exercises.

Each screen displays a synchronized recording of a real human demonstrator
captured from a different angle: front-right, front-left, rear-right, and rear-left.
These views are derived from the multi-camera setup of the Fit3D [17] dataset
and are temporally aligned so that all videos show the same movement phase at
the same time. This multi-angle configuration allows participants to inspect the
exercise from complementary perspectives and infer depth, posture, and joint
alignment more effectively with respect to a single frontal view. Such a multi-
view layout provides a clearer and more technically informative depiction of the
movement than a standard 2D viewpoint [17]. The four screens are embedded in
the VR scene as spatially arranged panels, placed at a empirically calibrated dis-
tance of 1.7 m to ensure comfortable visualization, binocular depth perception,
and rapid comparison between angles, without requiring users to walk around or
reorient their whole body. At this distance, users can view two screens simultane-
ously and inspect the full multi-view layout with less than 90° of horizontal head
rotation. Participants were then free to approach or move away by physically
moving within the tracked space. The layout remains fixed with respect to the
user’s main field of view, so that participants can alternate between observing

10
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and executing the exercise while maintaining a stable visual reference. In this
sense, the MV2D modality combines the familiarity of video-based instruction
with the spatial richness of a multi-camera setup, offering an intermediate step
between flat video guidance and fully embodied 3D avatar visualization.

Parametric 3D Human Visualization In this modality, the user can visu-
alize and exercise along with a virtual avatar, which performs the execution of
any workout codified in our EK B. The avatar is generated using a parametric
3D human model (in our case, the SMPL) and animated with preprocessed pose
data corresponding to each exercise. Different views of the same SMPL avatar
performing multiple exercises are reported in Figure 5.

/ ( Parametric 3D Model (SMPL) J \

/

Fig. 5: Top-View and User Visualization Perspectives of the PSHU mode for different
exercises.

This allows for a cousistent and repeatable representation of movement, en-
abling participants to observe the motion from various perspectives in real time.
Moreover, the use of a full-body avatar supports spatial embodiment and per-
ceptual salience of joint articulation and movement transitions [51,57|. In our
implementation, the avatar is embedded in a minimal but spatially coherent VR
environment. The default layout places the avatar centrally in the user’s field
of view. Participant height was handled automatically through the headset’s
built-in tracking system (via the Meta XR SDK in Unity), which continuously
updates eye level and viewpoint. The avatar was instantiated using the dataset
SMPL parameters, preserving the original instructor’s body without rescaling,
and spawned at an empirically calibrated distance of 1.5 m in front of the user,
with a side-facing (profile) orientation. This allows full-body visibility at first
appearance. Participants were then free to approach or move away from the
avatar by physically moving within the tracked space. Participants can move
within the tracked area by taking a step forward or backward, or slightly to the
side, can approach or move away from the virtual trainer, and inspect the move-
ment from different angles. It is worth noting how the PS8HU modality provides
a natural, embodied reference for imitation and motor comprehension, with a

11
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data-driven approach: codifying an exercise means providing a list of joint-linked
spatial coordinates that represent the animation of the exercise itself.

Workout scheduler We design a workout scheduler that, for each session,
allows selecting exercises recorded from subjects of the chosen sex, leveraging
the asset metadata that already encode body-model information (shape and ap-
pearance) together with the motion files, with an approach inspired by [3]. In
particular, the scheduler works with a data-driven approach: it parses a pre-
defined data structure (in our case as JSON) and adapts the virtual interface
according to selected modality, body (and gender) and chosen exercises. In prac-
tice, adding, removing, or reordering workouts only requires specifying the list of
exercises, their associated motion files, and a small set of metadata (e.g., repeti-
tions, pace, or viewpoint configuration) in the configuration layer. This preserves
a consistent structure, simplifies re-targeting across bodies, and ensures that the
rendered avatar matches the participant’s perceived category and visualization
modality. This approach was also used to manages view/perform phases, pauses,
and scene flow, operating on the sex and exercise-specific coufiguration

Fit3D N\ bmiSUP
SMPLX [ Gul AMASS —» Unity Converter ]

Visualization Tools ( Ppel o ] [s.nlng5 M:nag.menl]
3D Joints Camera
Annotation Parameters | |

= Ammauon D
Pre Processor | \__{ Asset ( \

Asset Stru Jl SUPLoader SUPPlayer I Meshbisplay

ya

P
e | . SMPL e SMPL
R Parsin S Animator
bl ‘
= [/ bmisup
\ LKe ’/“ “

[ (©) XaRnold Component () External Component Integration Module J

Fig. 6: Architecture of the custom SMPL-X parser implemented to project EK B an-
notations into an animatable SMPL Avatar in Unity.

SMPL Parser for 3D Avatar To handle motion playback in Unity, we adopted
a custom parser and loader built on top of the bmlSUP plug-in [5]. Figure 6
summarizes the subset of bmlSUP modules we employ in our VR workflow and
the components we omit or replace, enabling preprocessed SMPL sequences to
be streamed in real time encodesnchronized with the virtual scene layout [5].
Starting from Fit3D [17], SMPL-X annotations are converted to SMPL to be

12
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compatible with the bmISUP engine. This procedure is achieved by a custom
middleware component which aims at translating any SMPL-X annotation into
the SMPL encoding structure. Starting from this parsed data, the custom devel-
oped manager component orchestrates bmlSUP components. bmlSUP was origi-
nally designed to visualize motion sequences in 2D interfaces. For this reason, we
reused only its low-level components while discarding all high-level user interface
and playback controls. From the parsed data, we extract all the animation as-
sets employed by the Workout Scheduler to manage which animation is loaded,
played, and rendered. These three actions are respectively implemented through
the SUPLoader, SUPPlayer, and MeshDisplay. The result of this pipeline is the
generation of an animated 3D SMPL avatar.

Knowledge Base The knowledge base of our system is a structured collection
of exercise assets derived from the Fit3D dataset [17] that is composed of records
of two human subjects performing different exercises with synchronized multi-
view 2D video streams and corresponding 3D body poses obtained by fitting a
parametric human model to motion-capture data. These aligned representations
are the central data of our system: all three visual stimuli presented in XaRNold
are rendered from the same recordings. Concerning exercise and avatar selection,
for the sake of our experimental setting, we selected two subjects (male and fe-
male) from the dataset and a subset of exercises following common practices
in the literature, which include six movements: man maker, squat, mule kick,
walk the box, dumbbell biceps curls, and warrior. Exercises were selected based
on prior literature [1, 14, 40, 14, 10]. Indeed, part of this set overlaps with move-
ments that have already been adopted in [14, 10]. The remaining were sampled
to cover both upper and lower-body movements, including actions with different
amplitudes, intensities, and levels of whole-body displacement. No constraints
on exercise dynaniism were imposed due to the use of a head-mounted display,
in order to avoid selection bias and enable a more realistic evaluation under im-
mersive couditions. Below is a description of the selected exercises:

— Man Maker: compound full-body exercise combining push-ups, rowing mo-
tions, and an overhead press, requiring coordinated upper- and lower-body
engagement;

— Squat: a lower-body exercise involving hip and knee flexion—extension, com-
monly used to assess fundamental lower-limb movement patterns;

— Mule Kick: exercise focuses on controlled hip extension performed in a quadru-
pod position, emphasizing lower-limb isolation and balance;

— Walk the box: a dynamic exercise involving coordinated stepping and arm
movements in multiple directions, requiring spatial awareness and whole-
body coordination;

— Dumbbell biceps curl: upper-body isolation exercise characterized by elbow
flexion with minimal trunk involvement

— Warrior: pose that involves a static-to-semi-dynamic stance combining lower-
body strength, balance, and upper-body posture control.
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Following recommendations to treat experimental stimuli as a sample from a
broader population rather than as fixed effects [26], we consider each exercise as
one instance drawn from the larger class of typical instructor-led fitness move-
ments. Our goal is to compare three visualization modalities across a reasonably
diverse and realistic set of workout actions. For every exercise, we extract three
types of assets, associated with a single exercise identifier in our local repository:
(i) a single-view 2D clip for PC baseline condition, (ii) four synchronized camera
views (front-left, front-right, rear-left, rear-right) that feed the MV2D modality,
and (iii) a frame-by-frame 3D pose sequence that drives the SMPL-based avatar
in the P3HU modality [38]. A key strength of this design is that the three vi-
sualization modalities are perfectly aligned at the data level: the 2D videos, the
four-screen multi-view layout, and the SMPL avatar all correspond to the same
physical performance by the same instructor, with matched temporal structure.
As a consequence, when participants switch from one modality to another, they
are always observing and reproducing the same movement; what changes is only
how that movement is presented.

4 Experimental Setting

4.1 Apparatus

XaRNold was implemented using the Unity Ganie Engine (v 6000.0.41f1), target-
ing the Meta Oculus Quest 3 (OQ3) headset as the primary deployment platform
(but is also compatible with the Oculus Quest 2). The system was adapted for
the OQ3, using the Meta XR SDK (v78.00), along with the Meta XR Interaction
SDK (v. 78.00), to support immersive rendering and interaction handling. This
stack was chosen for its balance between performance, cross-platform XR flexi-
bility, and cost-efficiency (which is key for fitness-oriented deployment) in both
research and applied settings. During experimental sessions, the system ran on
the headset in 2 completely untethered setup, granting participants full freedom
of movement; this allowed us to test the solution in a “ready-to-use” form. For
the tests, we adopted a ROG Strix G18 (2023) G814JI laptop, equipped with
an Intel Core 19 CPU, 16 GB RAM, and an NVIDIA GeForce RTX 4070 GPU
(8 GB VRAM). Pre, intra, and post-condition questionnaires were administered
using the Google Forms platform. It is worth noticing that the system architec-
ture does not require servers during runtime, as all stimuli were locally stored
and dynamically loaded at runtime.

4.2 Experimental Procedure

We designed a within-subject 1 x 3 study conducted within a single virtual
scenario, comparing three visualization modalities: 2D Single View (baseline),
MV2D (synchronized multi-view), and P3HU (3D SMPL avatar). The entire
experimental process is illustrated in Figure 7.

At the beginning of the pre-questionnaire, participants provided informed
consent. They then completed, in the subsequent sections of the pre-questionnaire,
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Fig. 7: Schema of the adopted experimental procedure.

items collecting demographic information (age, gender, education) and assessing
familiarity with VR/XR, prior experience with immersive fitness tools, workout
habits, and understanding of digital 3D representations (see Section 4.4). Af-
ter providing informed consent, participants reported demographic information
(age, gender, education) and conipleted a pre-questionnaire assessing familiarity
with VR/XR, prior experience with immersive fitness tools, workout habits, and
understanding of digital 3D representations (see Section 4.4). Participants then
completed a familiarization phase introducing the XaRNold system (navigation
and interpretation of visual stimuli). To avoid influencing performance in the
main task, they performed a neutral warm-up (e.g., arm circles) unrelated to
any of the evaluated exercises [3].

The order of the three scenarios (2D Single View, MV2D, P3HU) was ran-
domized for each participant. In each scenario, participants completed three
trials, each corresponding to a triplet of exercises sampled from the pool of six
workout movements Py (see Section 3.2).

Exercise triplets were pre-generated prior to the study following a constrained
randomization strategy. Specifically, a set of 30 possible triplets was defined in
advance, such that each exercise from the pool appeared the same number of
times across the entire experiment. Each participant was then assigned one of
these pre-generated triplets, ensuring a balanced distribution of exercises across
participants and avoiding stimulus-selection bias. The same triplet of exercises
was used across all three modalities. Within each scenario, however, the order of
the three exercises followed a pre-generated randomized schedule. Additionally,
scenario order was counterbalanced across participants, so each modality ap-
peared equally often in first, second, and third position, mitigating sequence and
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learning effects [24]. To promote user identification and avoid gender-related con-
founds, the instructor/avatar shown in the relevant modalities always matched
the participant’s sex, consistent with previous findings on avatar embodiment
and virtual fitness instruction [16, 51].

Each trial consisted of an observation—execution cycle:

1. Demonstration phase (T; = 40s): participants observed the movement
according to the current visualization modality (frontal 2D, synchronized
MV2D, or P3HU). The duration ensured that at least two complete rep-
etitions were visible at a natural pace while limiting fatigue, in line with
AR/VR fitness protocols relying on brief self-contained segments [10, 1].

2. Preparatory pause (10s): a countdown allowed participants to re-center
and prepare for the execution phase.

3. Execution phase (T, = 60s): participants reproduced the exercise with no
visual stimulus present. In immersive conditions, only the virtual environ-
ment remained visible. This design required reliance on an internal repre-
sentation of the movement rather than real-time mirroring.

4. Post-trial pause (10s): served as recovery before the next trial.

Each cycle lasted approximately 2 minutes (40s + 10s + 60s + 10s), fol-
lowing prior AR/VR protocols that segment the session into short, comfortable
episodes [10,1]. Removing the stimulus during the Execution phase disso-
ciated the influence of the visualization modality from practice and sequence
effects, encouraging performance based on an internalized representation of the
movement. This approach aligns with XR and motor-learning paradigms where
participants practice with rich visnal feedback but are tested in blocks or tri-
als with reduced or no feedback, typically under within-subject counterbalanced
orders [18,45,31]. This procedure was repeated for all three exercises (N=3) in
the participant-specific triplet within each modality, yielding nine executions per
participant.

After each scenario, participants complete a dedicated module questionnaire.
The questionnaire is administered on a PC, and participants respond only to
items related to the specific modality they have just experienced. Besides col-
lecting subjective ratings, this step also acts as a wash-out (structured break
between modalities). In practice, filling in the questionnaire provides a short pe-
riod in which participants can rest to reduce fatigue and mitigate positional or
viewpoint-related biases before entering the next scenario, in line with general
recommendations to interleave active segments with brief off-headset pauses [24].
The order of the internal questionnaires followed the scenario order, so that rat-
ings were always provided immediately after the corresponding modality, while
the experience was still fresh in participants’ memory.

Upon completing all three scenarios, participants fill out a comprehensive
post-questionnaire (see Section 4.3). This final survey gathers comparative feed-
back on the entire XaRNold experience, including perceived effectiveness of each
visualization mode, overall preference, and future willingness to use the system
in a real training context. Participants are also asked to rank the three visual-
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ization modes from best to worst and to provide free-text comments to justify
their top choice for qualitative analysis.

4.3 Measurements

Beyond demographics, we focused our measurement strategy on three key as-
pects: (i) background and prior experience of participants, (ii) modality-wise
evaluation of usability, technology acceptance, workload, perceptual clarity, and
social aspects, and (iii) post-experience comparative judgments on clarity, mem-
orability, and social presence across visualization modes. Unless otherwise stated,
agreement-based items were rated on a 5-point Likert scale. In the post-experience
questionnaire, instead of repeating full Likert blocks for each modality, compar-
ative questions were implemented as ranking and forced-choice items in which
participants ordered the three modalities (PC, MV2D, P3HU) according to given
criteria (e.g., clarity of technique, overall learning support). Moreover, the post-
experience questionnaire was designed as a mixed-method analysis to capture
the reasons behind participants’ ratings and rankings and to identify recurring
design factors not fully captured by fixed-response items. All the single-furnished
items are detailed in the Supplementary Files. To make explicit how the mea-
sured constructs map into the RQs and study objectives, we here introduce
Table 2, which reports their conceptual organization.

Table 2: Conceptual organization of the construct families adopted in the evaluation.

Construct family Evaluation focus Measures

Assesses how effectively each modality
Learning & supports the understanding, interpreta-

Cognitive Outcomes tion, and perceived reproducibility of the PER, CM
(RQL, RQ3) demonstrated exercise.
System Quality & Evaluates the perceived quality of interac-  SUS, TAM
Technology Acceptance tion with each modality in terms of usabil- (PU, PEOU),
(RQ2) ity, workload, and acceptance as a tool for NASA-TLX
exercise support.
Captures the extent to which the instruc-
Social-Affective tor is perceived as socially present, natural,
Perception 5 i . SP,C-S0C
P supportive, and comfortable to follow dur:
(RQ2, RQ3) ing the exercise experience.

Pre-questionnaire (demographics, training, and VR background). Be-
fore the experimental session, participants completed a pre-questionnaire col-
lecting demographic information and background on physical training and XR
usage. Demographic items recorded age, gender, and highest level of education. A
set of items (PRE6-PRE11) assessed regular physical activity and fitness habits,
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including whether participants regularly practice physical activity, the average
number of training sessions per week, the main training setting (home, gym,
outdoor, mixed), practice of team sports and type of sport, how they mainly
learned their current exercises (e.g., in-person instructor, online videos), and
whether they had a gym membership in the last 12 months. A second block
(PRE12-PREL15) focused on VR/AR experience, asking participants to self-rate
their XR experience level, report whether they had ever used a VR/AR HMD,
specify which devices they had used (e.g., Meta/Oculus Quest, other HMDs,
Cardboard, HoloLens), and indicate how often they experienced typical cyber-
sickness symptoms (nausea, dizziness, eyestrain, headache) when using such de-
vices. These data were primarily used to describe the sample and explore possible
moderating effects of training and VR familiarity on the subsequent measures.

Internal modality-wise questionnaire

System usability (System Quality & Technology Acceptance, RQ2). For each
visualization modality, we evaluated perceived usability through the System Us-
ability Scale (SUS, 10 items), a standardized instrument widely used to gauge
subjective usability of interactive systems [8,3]. In line with common practice,
we report the conventional SUS total score on the 0-100 scale as the primary
summary measure [8]. However, we also retained a diagnostic decomposition of
SUS into positively and negatively worded items (SUS-POS and SUS-NEG) to
support interpretation, as already did in related works [18,53]. This allowed us
to distinguish between overall satisfaction (e.g., “I think that I would like to
use this system frequently”) and residual frustrations or perceived complexity
(e.g., “I found the systeni unnecessarily complex”), providing a nuanced picture
of usability across the three visualization modalities. In practice, this separation
gave us an additional layer of usability interpretation in terms of concrete design
factors, and it complements the SUS total score rather than replacing it.

Technology acceptance (System Quality € Technology Acceptance, RQ2). User
acceptance of each modality was assessed using a customized version of the
Technology Acceptance Model (TAM), which includes both perceived usefulness
(PU-z items) and perceived ease of use (PEOU-z items) [15]. Items were adapted
to explicitly frame each modality as a tool to learn workout ezercises (e.g., “This
modality helps me better understand the key aspects of the exercise technique”,
“Interacting with this modality is simple”). This choice was driven by the same
methodology adopted in [3], considering that our interest was focused on the
perceived usefulness and ease of use of each visualization mode, more than on
broader technology acceptance and behavioral usage, which are more production-
oriented; for this reason, Attitude Toward Using and Behavioral Intention were
not assessed.

Cognitive workload (System Quality & Technology Acceptance, RQ2). Perceived
mental and physical workload were measured through the classical NASA-TLX
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scale [20]. We here state that we adopted the raw TLX (unweighted) version
and we reverse-coded the unique positive item (i.e., NASA-TLX-4), so that all
of them have the same direction. Participants rated mental demand, physical
demand, temporal demand, effort, perceived performance, and frustration on
10-point scales after each condition (from 1 = Low to 10 = High), as did in [18,
53]. This allowed us to test whether immersive visualization (MV2D and P3HU)
imposed additional cognitive or physical demands compared to the PC baseline
and to relate usability and acceptance scores to the subjective cost of using each
modality.

Perceptual effectiveness of the instructional content (Learning & Cognitive Out-
comes, RQ1, RQ3). While SUS, TAM, and NASA-TLX provide valuable infor-
mation about overall usability, acceptance, and workload, they do not directly
capture how well users can visually parse, understand, and remember the demon-
strated movements. Standard instruments generally treat the system as a generic
interactive interface, without explicitly modelling key affordances of visual exer-
cise instruction such as clarity of joint articulation, depth perception, or support
for self-correction. To address this, we introduced a custom construct to as-
sess how effectively each modality supports the perception and understanding
of the movement (PER-z items). The PER block included 13 items evaluating:
(i) visual clarity (e.g., visibility of critical angles and range of motion), (ii) spa-
tial understanding (e.g., depth, joint alignment), (iii) temporal guidance (e.g.,
ability to follow rhythm and timing), (iv) perceived error detection and self-
correction ability, and (v) confidence in task execution and memory retention.
Example items include “The modality made joint alignments clear (e.g., knee-
foot, back-pelvis)” and “I feel able to correct myself autonomously when using
this modality”. All the selected items for perceptual effectiveness were derived
and adapted from validated scales in the literature on XVR yoga, exergames, and
motion-based training systems [10, 60, 1,32, 12,25, 56]. The modality-wise ques-
tionnaire thus aims at evaluating how well each visualization modality supports
users in understanding the exercise, together with its usability and workload,
anticipating potential benefits for long-term exercise comprehension.

Social presence and perception of the instructor (Social-Affective Perception,
RQ2, RQ3). To capture the social dimension of guidance in each condition,
we included a dedicated Social Presence construct (SP-z items) within the in-
ternal, modality-wise questionnaire. After each scenario, participants responded
to the same seven statements referring to the “instructor”, intended as the per-
son shown in the 2D or MV2D videos in the PC-based conditions, and as the
Avatar in the P3HU condition. The scale evaluated the perceived social pres-
ence, comfort and spatial proximity, and relatability of this instructor across all
three visualization modes. Items covered three main facets: (i) co-presence and
companionship (e.g., feeling that the instructor was “there” exercising together
with the participant, rather than being a purely instrumental visual reference:
“I perceived the instructor’s social presence alongside me”), (ii) comfort and spa-
tial appropriateness (e.g., adequacy of distance, size, and position in the field
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of view: “The instructor’s distance and scale were appropriate for learning”),
and (iil) relatability and naturalness (e.g., feeling at ease with the instructor
and perceiving movements as natural rather than mechanical: “I felt comfort-
able interacting with the instructor”). The wording of these items was informed
by adaptations of social presence questionnaires used to evaluate social involve-
ment with an instructor’s lessons [10] and by prior work on how embodiment
and avatar design influence social and affective responses in VR [14,16]. Fol-
lowing the rationale adopted in the yoga study [10], we emphasized empathy
and behavioural coupling (e.g., the extent to which one’s actions depend on the
instructor’s actions). Reliability analyses (Section 5.2) confirmed acceptable in-
ternal consistency for this construct, and SP scores were computed separately
for each modality, yielding a social presence profile for PC, MV2D, and P3HU
conditions.

Post-experience questionnaire

Comparative clarity and preference (Learning & Cognitive Outcomes, RQ1, RQS).

Following the completion of all experimental conditions. participants were asked
to complete a comprehensive post-experience questionnaire aimed at comparing
the three visualization modalities in terms of clarity and preference. In the initial
design, we considered administering additional 5-point Likert scales per modal-
ity; however, this would have led to substantial redundancy with the modality-
wise constructs (SUS, TAM, NASA-TLX, PERC) and to an excessively long
questionnaire, leading to reduced efficiency and diminished reliability of the re-
sponses. Moreover, previous work on subjective assessment and user experience
has shown that, in within-subject designs where participants evaluate multiple
alternatives of the same underlying content, comparative judgments such as pair-
wise choices, rankings, or relative preferences can yield more discriminative and
internally cousistent data than repeated absolute ratings on Likert scales [61,
11,42]. For this reason, the comparative section was implemented using a more
compact set of forced-choice and ranking items, focusing on the relative ordering
of the three modalities rather than on repeated absolute ratings.

The first section consisted of a comparative modality assessment block, where
participants expressed their preferences and comparative judgments across the
PC-based, MV2D, and P3HU conditions. These items captured participants’ per-
ceived ability to understand the exercise technique from each modality (CM-x
items) by interpreting visual information to replicate the gesture with confidence.
In line with comparative UX research that favors comparative judgments over
repeated absolute ratings to reduce scale—use variance [61], and with VR quality
og experience studies that adopt rank-based protocols for immersive content [11,
42|, we collected rank-order preferences across the three modalities (PC, MV2D,
P3HU) rather than full pairwise comparisons. Specifically, CM items asked par-
ticipants to classify the modalities from best to worst for clarity-related aspects
(e.g., “clearest visual information for learning”, “easiest to follow”), while FC
items used single forced-choice prompts to select the overall best (e.g., “Which
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modality worked best for you?” / “Which was clearest to learn the technique?”).
This design preserves the benefits of comparative judgments without the cogni-
tive load of exhaustive pairwise comparisons, and matches the structure of our
post-experience questionnaire.

Additionally, participants were asked to indicate their preferred modality
overall and their willingness to use it in future training (FC-z items), as well as
to provide a rank for the three modalities in terms of overall instructional sup-
port. Together, CM and FC provide a direct and user-centric summary of which
visualization is perceived as the most effective teaching medium, complementing
the condition-wise Likert constructs with an explicitly comparative perspective,
while following recommendations to use compact comparative protocols to keep
VR studies manageable in duration and cognitive load [11].

Comparative social experience across modalities (Social-Affective Perception, RQ2,
RQ3). The second section of the post-experience questionnaire focused on per-
ceived social interaction (C-SOC-z items), including which modality made the
instructor or guide feel most socially present and appropriate. Participants com-
pared the three modalities in terms of perceived co-presence, sense of being
accompanied during the exercise, and appropriateness of the instructor’s dis-
tance and scale. The wording of these comparative items was directly inspired
by the same social presence formulations used for the SP construct, where social
involvement with a remote teacher is explicitly assessed [10]. At the same time,
our C-SOC items were framed at a relative level (e.g., “In which modality did
you feel most accompanied by the instructor?”) to directly compare the three
visualization modes on these social dimensions, in line with broader conceptual-
izations of social presence in XR that emphasize comparative judgments across
media configurations [44]. As with CM and FC, we opted for concise compara-
tive questions and ranking items instead of full Likert scales for each modality,
to avoid excessive duplication of social items already present in the modality-
wise Social Presence construct (SP) while still capturing the relative ordering of
modalities from a social perspective. In this sense, the C-SOC block reuses the
same underlying social presence dimensions defined for SP, but translates them
into a compact, comparative format motivated by the considerations on ranking
and forced-choice protocols discussed above for CM and FC.

Qualitative Items. Qualitative data were collected to explain the mechanisms
behind observed quantitative differences across modalities and to provide design
implications. In particular, we collected open-ended feedback (think-aloud and
free-text) to complement the quantitative findings at the end of the experimen-
tation (and so after trying all three experimental modes). This has the goal of
clarifying why specific modalities were perceived as better/worse, and to pro-
vide concrete user-centered design implications that cannot be fully captured by
quantitative analysis alone. At the same time, this allowed us to outline explicit
limitations of the XaRNold system, laying the basis for future advancements.
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4.4 Participants

In our experimental setting, we recruited 30 participants (Mgge = 27.33, SD =
4.58), most of whom were based in central Italy. Participants were recruited
through convenience sampling from both the university environment and the
local community. Recruitment was conducted via university channels, including
faculty-shared announcements, in-class invitations, and on-campus outreach, as
well as through word-of-mouth dissemination across personal and academic net-
works. Participation was voluntary.

The sample was mostly gender-balanced (43.5% female and 56.5% male).
In terms of educational background, the sample was well-educated: 14 held a
Master’s degree, 7 a Bachelor’s degree, 6 a Doctoral degree, and 3 a high school
diploma or equivalent. Most participants reported being physically active, with
23 regularly engaging in physical activity and 18 having held a gym membership
in the past 12 months. On average, participants trained 2-3 times per week,
primarily in gyms, at home, or outdoors, with a few reporting mixed settings.
Regarding exercise learning sources, most participants reported learning through
in-person instruction in either individual (personal training; 8) or group-based
formats (structured classes; 6), followed by self-guided methods such as online
videos (3) or fitness apps (1).

Self-rated exercise experience averaged 3.35 oil a 5-point scale. In terms of
XR exposure, 18 participants had previously used a VR/AR headset, predomi-
nantly Meta/Oculus Quest devices, with some variety of other devices, including
smartphone-based headsets, HTC Vive, and PlayStation VR. While most users
reported mild or no VR-related discomifort (11/18), a slightly smaller subset
experienced symptoms such as eyestrain or dizziness (7/18).

4.5 Ethics

Written consent to participate in this experimental study was collected from
each subject. The entire experimental session was possible thanks to the proto-
col adopted in September 2025 by the Comitato Etico della Ricerca di Ateneo of
the University of Macerata (Ethical Committee for Research, Protocol n. 117651,
17 September 2025), granting consent to carry out these experiments. This pro-
tocol allowed participants to safely employ the devices available in our laboratory
(VRAI Lab). Each participant went to the Lab location and participated in a
single session, which lasted, on average, 40 minutes.

5 Results

5.1 Statistical Analysis Framework

In this section, we present the rationale behind our statistical analysis. First,
we assessed the reliability of our questionnaire constructs through Cronbach’s
alpha. The recommended threshold of @ > 0.7, indicates acceptable internal
consistency and construct reliability [55]. We applied this to all the constructs
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included in the within-subject internal questionnaire.

Then, to answer our RQs, we structured our analysis towards two main processes:
the Visualization Modality Comparison and the Comparative Percep-
tion Analysis. The former examines how user responses to each construct differ
across the three visualization conditions: PC, MV2D, and P8HU. This compar-
ison aims to evaluate whether the immersive and embodied nature of 3D avatar
guidance provides measurable benefits over conventional 2D video-based repre-
sentations (even multi-view). The latter focuses on measuring a final and direct
comparison across the three modalities through a ranking approach. Finally, we
included a qualitative analysis, summarizing user comments collected through
our think-aloud approach.

Considering the Visualization Modality Comparison, given the large num-
ber of measured dimensions and the heterogeneity of the investigated constructs,
we adopted a two-layer analysis strategy, aiming at providing a diagnostic under-
standing of why one modality differs from another. We so report (i) construct-
level scores as descriptive outcomes (i.e., aggregated scores computed by aver-
aging the items belonging to the same construct), and (ii) item-level statistical
analysis as a fine-grained explanatory layer that highlights which specific facets of
a construct drive observed differences. This choice was motivated by our scope
(i.e., comparing visual guidance interfaces for fitness, to discover fine-grained
preference leading factors) and inspired by previous works [18,53,10].
Considering (ii) we first assessed the variable distributions using the Shapiro-Wilk
test [48]. We here anticipate that, since all variables did not conform to normal-
ity, we adopted the non-parametric Wilcoxon signed-rank test [49] for pairwise
within-subject comparisons across modalities. This test was chosen because it
identifies significant differences between two non-parametric distributions. The
results of the test (two-tailed) are first visually presented through annotated box-
plots using the following significance coding: * (1.00 x 1072 < p < 5.00 x 10~2),
(1,00 x 1073 < p < 1.00 x 1072), *** (1.00 x 10~* < p < 1.00 x 1073), and
okokok (p < 1.00> 10——4).

When significant differences were found (in the two-tailed test), we identify the
direction (e.g., higher/lower for one modality), through the matched-pairs rank-
biserial correlation (RBC) as effect size (r), a non-parametric measure of associ-
ation quantifying the degree to which one condition tends to yield higher scores
than the other across participants [29]. If no statistical significance was observed,
the comparison was retained in descriptive form only. We here state that for all
our analyses, we set p < 0.05.

While discussing the obtained results, considering that item-level testing entails a
large number of pairwise comparisons (which increases the probability of Type-I
errors if unadjusted p-values are interpreted at face value), we applied a test-
correction employing False Discovery Rate (FDR) across each family of item-level
Wilcoxon tests using the two-stage Benjamini-Hochberg [6, 46]. We report FDR-~
adjusted p-values (prpr) and base significance decisions on the corrected values.
Regarding the Comparative Perception Analysis, we directly compare the
ranking given by our participants, through a data-visualization-supported anal-
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ysis.

We here state that all our analyses were conducted in Python 3.10 using the fol-
lowing library versions: pandas (v 2.3.2), numpy (V 2.2.6), matplotlib (v 3.10.6),
seaborn (v 0.13.2), scipy (v 1.15.3), pingouin (v 0.5.5), statannotations (v 0.7.2),
statsmodels (v 0.14.5), and pingouin (v 0.5.5).

5.2 Reliability Analysis

The results obtained by applying Cronbach’s « test are reported in Table 3,
which exhibits reliable scores for all of the constructs. Although the obtained
results are aligned with the literature for the well-established SUS, TAM, and
NASA constructs, it is worth mentioning that: (i) our custom PER scale, de-
signed to capture gesture perception and self-correction ability, shows acceptable
reliability (a ~ 0.76); (ii) the social presence scale achieves a high reliability
level (a ~ 0.85), indicating that perceptions of the instructor’s presence, com-
fort, identification, and behavioral naturalness are measured consistently across
items.

Construct Cronbach’s o  95% Ci

PER 0.765 [0.683, 0.833]

SP 0.850  [0.794, 0.894]
TAM-PU 0916 [0.884, 0.940]
TAM-PEOU 0.820  [0.765, 0.879]
SUSSCORE*  0.807  [0.742, 0.861]
SUS-POS 0.778  [0.696, 0.843]
SUS-NEG 0.743  [0.649, 0.819]
NASA-TLX" 0.751  [0.662, 0.823]

Table 3: Cronbach’s alpha values and confidence intervals for each con-
struct (*negative items were reverse-coded).

5.3 Visualization Modality Comparison

To provide first insights on how our users perceived the different modalities,
we here report aggregated statistics for each main construct, included in our
internal questionnaire, in Table 4. The results indicates a consistent advantage
of the P3HU modality across most constructs: users reported higher social pres-
ence (SP), better perception (PER), higher perceived usefulness (TAM-PU), and
higher satisfaction (SUS-POS) when interacting through the avatar-based inter-
face. However, the SUS-score outlined a negligibly higher usability with respect
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to the P3HU, in particular concerning SUS-NEG items. The same phenomenon
was observed for the TAM-PEOU construct. The P3HU condition also shows
lower workload (NASA-TLX), reinforcing that users perceived the interaction
as less demanding. However, it is worth noticing that the MV2D condition gen-
erally outperforms PC, particularly in SP, PER, TAM-PU, and SUS-POS, indi-
cating that immersive visualization (even without a full avatar) provides value
over traditional desktop visualization and interaction. To confirm these descrip-
tive insights, we now proceed to report statistical evidence, with the approach
described in Section 5.1.

Construct \ PC \ MV2D \ P3HU
PER (1) 3.110 (£1.25) |3.476 (£1.16) [3.710 (+1.22)
SP (1) 2.860 (£1.36) | 3.287 (£1.24) |4.053 (+0.96)

TAM-PEOU (1)| 4.360 (+1.00) | 4.040 (+0.89) | 4.280 (£0.94)
TAM-PU (1) | 2.813 (£1.07) |3.700 (£1.07) (4.012 (+1.03)
SUS-SCORE (1)|76.83 (+17.26)(68.67 (+14.85)! 76.08 (--13.99)
SUS-NEG (}) | 1.627 (+0.95) | 2.200 (+1.15) | 1.940 (40.94)
SUS-POS (1) | 3.773 (£1.26) |3.693 (£1.00) [4.027 (+0.95)

NASA-TLX (]) | 4.000 (+2.43) |4.256 (i2.32)‘3.506 (+1.96)

Table 4: Descriptive statistics (mean and standard deviation) for each construct across
the three visualization modalities. Best results are bolded, while second-best results
are underlined.

Exercise Perception As illustrated in Figure 8(a), statistically significant dif-
ferences emerged for the first three perception-related items (PER-x), favoring
both MV2D and P3HU conditions, also when considering both uncorrected p-
values and FDR-corrected significance (prpr). For PER1 (viewpoint clarity),
both immersive modalities were significantly more effective than PC: PC vs
MV2D and PC vs P3HU were significant in the uncorrected analysis (p < 0.05)
and remained significant after correction (pppr < 0.05), with W = 28.0 and
a large effect (r = 0.797) for PC vs MV2D, and W = 31.0 with a large effect
(r =0.847) for PC vs P3HU. In addition, MV2D vs P3HU was significant both
before and after correction (p < 0.05 and prppr < 0.05), with W = 54.5 and
a medium effect (r = 0.528), indicating that P3HU provided clearer and more
exploitable viewpoints than MV2D.

For PER2 (joint alignment clarity), both immersive modalities again outper-
formed PC robustly: PC vs MV2D (W = 19.0, » = 0.850) and PC vs P3HU
(W = 15.0, r = 0.915) were significant both before and after correction (both
p < 0.05 and prpr < 0.05). In contrast, MV2D vs P3HU did not reach signifi-

25



C. Sirocchi et al.

*% * *

J— —_—

o

o o
12 el N \)
A -

<]

B PC E= Mva2D BN P3HU I PC = Mva2D N P3HU
(a) PER (perceptual clarity) scores. (b) SP (social presence) results.

Fig. 8: Boxplots with annotation of statistically significant difference in two-tailed
Wilcoxon-test. Reported statistical analyses are FDR-corrected.

cance (both p > 0.05 and pppr > 0.05), suggesting that both immersive formats
similarly improved perceived joint alignment clarity relative to PC.

For PER3 (gesture boundaries), PC vs MV2D and PC vs P3HU showed nomi-
nal uncorrected differences (p < 0.05) with W = 35.0 (r = 0.591) and W = 63.0
(r = 0.502), respectively, indicating a tendency for clearer initial/final position
understanding in immersive forinats. However, both effects did not remain sig-
nificant after applying FDR correction (pppr > 0.05); therefore, we interpret
them as trends ouly. No difference emerged between MV2D and P3HU (both
p > 0.05 and prpr > 0.05).

Items PER4 through PERT did not show significant differences in either un-
corrected or corrected analyses (all p > 0.05 and all prpgr > 0.05), indicating
comparable perceptions of visual confusion, self-monitoring, autonomous correc-
tion, and confidence in repeating the gesture across visualization modes.
Overall, these results indicate that PC provides the weakest support for perceiv-
ing viewpoint-relevant details and joint alignment cues. MV2D improves per-
ceptual clarity by adding complementary perspectives, but its benefit is more
limited than P3HU for viewpoint clarity (PER1). PS3HU yields the clearest per-
ception of movement, consistent with a life-scale representation that supports
viewpoint inspection and reduces ambiguity in critical visual cues.

Social Presence Figure 8(b) reports comparisons for items evaluating the per-
ceived social presence of the virtual instructor. Significant results emerged for
four out of five items. Significant differences emerged on Social Presence (SP)
items when considering both uncorrected p-values and FDR-corrected signifi-

cance (PFpR)-
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For SP1 (co-presence), P3HU was rated significantly higher than both PC and
MV2D: PC vs P3HU and MV2D vs P3HU were significant in the uncorrected
analysis (p < 0.05) and remained significant after correction (pppr < 0.05),
with W = 15.0 and a large effect (r = 0.921) for PC vs P3HU, and W = 26.0
with a large effect (r = 0.840) for MV2D vs P3HU. In contrast, PC vs MV2D
showed a nominal uncorrected trend (p < 0.1) with W = 85.5 and a moderate
effect (r = 0.430), but it did not reach significance (and therefore is not inter-
preted as a reliable difference).

For SP2 (distance/scale appropriateness), both immersive modalities were per-
ceived as significantly more appropriate than PC, and P3HU was also preferred
over MV2D. Specifically, PC vs MV2D (W = 15.5, r = 0.819) and PC vs P3HU
(W = 11.0, r = 0.932) were significant both before and after correction (p < 0.05
and pppr < 0.05). Moreover, MV2D vs P3HU was significant both before and
after correction (p < 0.05 and pppr < 0.05), with W = 16.5 and a medium-
to-large effect (r = 0.725), indicating that the instructor’s scale/distance was
perceived as most appropriate in P3HU.

For SP3 (comfort with the instructor), both immersive modalities outperformed
PC, and P3HU further outperformed MV2D. PC vs MV2D (W = 26.0, r =
0.660), PC vs P3HU (W = 14.0, » = 0.907), and MV2D vs P3HU (W = 18.5,
r = 0.805) were all significant both in the uncorrected analysis (p < 0.05) and
after correction (prpr < 0.05).

For SP4 (relatability /identification), no statistically significant effects were ob-
served in either uncorrected or corrected analyses (all p > 0.05 and all pppr >
0.05), indicating comparable ratings across modalities regarding identification
with the instructor.

For SP5 (naturalness/supportiveness), P3HU was rated significantly higher than
both PC and MV2D: PC vs P3HU and MV2D vs P3HU were significant in
the uncorrected analysis (p < 0.05) and remained significant after correction
(prpr < 0.05), with W = 48.0 and a medium effect (r = 0.584) for PC vs
P3HU, and W = 38.5 with a medium-to-large effect (r = 0.667) for MV2D vs
P3HU. In contrast, PC vs MV2D did not show a significant difference (both
p > 0.05 and prpr > 0.05).

Overall, PC yields the lowest sense of co-presence and companionship, MV2D
increases social comfort and perceived appropriateness of instructor placement
relative to PC, and P3HU is consistently perceived as the strongest modality for
social presence. This pattern is consistent with life-scale embodiment and view-
point affordances in P3HU, which can foster a stronger sense of “being with” the
instructor than fixed 2D video layouts.

Usability, Cognitive Load and Technology Acceptance We begin con-
sidering factors detailed in the NASA-TLS, TAM, and SUS scale. Figure 9 re-
ports visually annotated statistical differences that emerged in the former, across
modalities.

Significant differences emerged on NASA-TLX items when considering both
uncorrected p-values and FDR-corrected significance (prpr).
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Fig.9: NASA-TLX analysis annotated boxplots. Reported statistical analyses are
FDR-corrected.

For NASA1 (Mental Demand), MV2D vs P3HU was significant in the uncor-
rected analysis (p < 0.05) and remained significant after correction (pppr <
0.05), with W = 41.0 and a medium-to-large effect (+ == 0.610), indicating
that participants experienced lower cognitive load in P3HU than in MV2D. The
remaining NASA1 comparisons were not siguificant after correction (pppr >
0.05).

For NASA2 (Physical Demand), MV2D vs P3HU was significant in the uncor-
rected analysis (p < 0.05) and remained significant after correction (pppr <
0.05), with W = 9.0 and a large effect (r = 0.850), indicating that participants
perceived P3HU as less physically demanding than MV2D. In contrast, PC vs
P3HU showed only a nominal uncorrected difference (p < 0.05) with W = 43.0
and a medium-to-large effect (r = 0.547), but it did not remain significant after
applying FDR correction (prpr > 0.05); therefore, we interpret it as a trend
only. The PC vs MV2D comparison was not significant (both p > 0.05 and
prpr > 0.05).

For NASA3 (Temporal Demand), MV2D vs P3HU showed a nominal uncor-
rected difference (p < 0.05) with W = 79.0 and a moderate effect (r = 0.473),
suggesting that MV2D was perceived as more rushed than P3HU. However, this
effect did not remain significant after applying FDR correction (pppr > 0.05);
therefore, we interpret it as a trend only. The remaining NASA3 comparisons
were not significant after correction (pppr > 0.05).

No statistically significant effects were observed for the other comparisons and
for NASA4, NASA5, and NASAG in either the uncorrected or corrected anal-
yses (all p > 0.05 and all pppr > 0.05), indicating that perceived task success,
effort, and frustration were comparable across visualization modes.

Regarding cognitive load, the preference tends towards P3HU (as also indicated
in Table 4 but being statistically valid only for a couple of items.

Figure 10 reports statistically significant comparisons for both TAM-PEOU
and TAM-PU constructs.
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Fig.10: Item-level comparisons for (a) TAM-PEOU and (b) TAM-PU constructs
across PC, P3HU, and MV2D conditions. Reported statistical analyses are FDR-
corrected.

Significant differences emerged on TAM constructs when considering both
uncorrected p-values and FDR-corrected significance (prpr).
For TAM-PEOU (Figure 10(a)), only TAM-PEOUL1 revealed a significant
difference between the two VR modalities: MV2D vs P3HU was significant in
the uncorrected analysis (p < 0.05) and remained significant after correction
(prpr < 0.05), with W = 24.0 and a medium-to-large effect (r = 0.686), in-
dicating that P3HU was perceived as simpler to interact with than MV2D. In
contrast, the remaining PEOU items did not show significant differences after
correction (all ppppr > 0.05), including comparisons involving the PC baseline.
Notably, TAM-PEOU2 (PC vs MV2D) showed a nominal uncorrected effect
(p < 0.05) with W = 34.0 and a medium-to-large effect (r = 0.556), but it did
not remain significant after applying FDR correction (prpr > 0.05); therefore,
we interpret it as a trend only. Similarly, TAM-PEOUS5 (PC vs MV2D) did not
reach uncorrected significance (p > 0.05) and was not significant after correction
(prpr > 0.05).
For TAM-PU (Figure 10(b)), immersive modalities consistently outperformed
the PC baseline across all items. For TAM-PU1, both PC vs MV2D (W = 31.5,
r = 0.790) and PC vs P3HU (W = 37.5, r = 0.802) were significant both be-
fore and after correction (p < 0.05 and prpr < 0.05), indicating higher per-
ceived usefulness of immersive modalities for understanding key aspects of the
exercise technique. Similarly, TAM-PU2 and TAM-PU3 showed significant
advantages of both MV2D and P3HU over PC (all prpr < 0.05), with large
effects especially for PC vs P3HU (TAM-PU2: W = 14.0, » = 0.907; TAM-PU3:
W =10.0, r = 0.938). TAM-PU4 and TAM-PUS also confirmed significant
benefits of both immersive formats over PC after correction (all prpgr < 0.05),
with medium-to-large effects (TAM-PU4: PC vs MV2D W = 46.0, r = 0.562; PC
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vs PSHU W = 41.0, r = 0.676; TAM-PU5: PC vs MV2D W = 47.0, r = 0.552;
PC vs P3HU W = 37.5, r = 0.750).

In contrast, no statistically significant differences were observed between MV2D
and P3HU for any TAM-PU item after correction (all prpr > 0.05). While
some MV2D vs P3HU comparisons showed nominal uncorrected tendencies (e.g.,
TAM-PU3 and TAM-PUS5, both 0.05 < p < 0.1), these did not meet the cor-
rected significance criterion and are therefore interpreted as trends only.

These results suggest that both immersive modalities improved perceived useful-

ness relative to the PC baseline, whereas their relative differences tend in favor
of P3HU.
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Fig. 11: SUS item-level comparisons across PC, P3HU, and MV2D modalities. Ques-
tions were indexed according to their index as Negative or Positive answers. Reported
statistical analyses are FDR-corrected.

Figure 11(a) reports the SUS-score according to modality. As reported, PC
and P3HU obtained comparable overall usability scores, while MV2D showed
a lower descriptive tendency (which is below the commonly adopted usability
acceptability threshold, which is 70 [8]). However, no statistically significant
differences emerged among the three modalities. Therefore, we proceeded to
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item-level analysis to identify which specific usability aspects contributed to the
observed pattern. On this line, Figure 11(b) and Figure 11(c) present the SUS
item-level analysis. Significant differences emerged on SUS items when con-
sidering both uncorrected p-values and FDR~corrected significance (pppr). For
the SUS-NEG items (Figure 11(b)), statistically significant differences were
observed mainly for perceived complexity and required support. SUS-NEG1
(system unnecessarily complex) showed that PC vs MV2D was significant in
the uncorrected analysis (p < 0.05) and remained significant after correction
(prpr < 0.05), with W = 32.5 and a medium-to-large effect (r = 0.658), indi-
cating higher perceived complexity in MV2D than in PC. In contrast, MV2D vs
P3HU showed only a nominal uncorrected difference (p < 0.05) with W = 53.5
and a moderate effect (r = 0.490), but it did not remain significant after correc-
tion (prpr > 0.05); therefore, we interpret it as a trend only.

SUS-NEG?2 (need support of a technical person) confirmed a robust familiarity
advantage for the PC baseline: both PC vs MV2D (W = 40.0, » = 0.710) and
PC vs P3HU (W = 75.5, r = 0.535) were significant in the uncorrected analysis
(p < 0.05) and remained significant after correction (prppr < 0.05), indicating
that participants felt they would require less external support in PC than in
both immersive modalities (outlining MV2D as the worst). No difference was
observed between MV2D and P3HU (both p > 0.05 and prpr > 0.05).

For the remaining negative items, no effects remained significant after correc-
tion (all prpr > 0.05). Notably, SUS-NEG4 (cumbersome to use) showed a
nominal uncorrected difference for PC vs MV2D (p < 0.05) with W = 40.0
and a medium-to-large effect (r = 0.579), but it did not remain significant after
FDR correction (pppr > 0.05), and is therefore interpreted as a trend only.
Similarly, SUS-NEG5 (needed to learn a lot before getting going) showed only
a nominal uncorrected difference for PC vs P3HU (p < 0.05) with W = 39.0
and a medium-to-large effect (r = 0.544), but it did not remain significant after
correction (pppg > 0.05). SUS-NEGS3 (inconsistency) did not show signifi-
cant differences in either uncorrected or corrected analyses (all p > 0.05 and all
prpr > 0.05)

For the SUS-POS items (Figure 11(c)), fewer robust differences were observed
after correction, but they highlight complementary strengths of P3HU and PC.
SUS-POS1 (like to use frequently) revealed a significant difference between the
two VR modalities: MV2D vs P3HU was significant in the uncorrected analy-
sis (p < 0.05) and remained significant after correction (prpr < 0.05), with
W = 28.0 and a large effect (r = 0.634), indicating higher willingness to use
P3HU frequently compared to MV2D.

SUS-POS3 (functions well integrated) showed that PC vs P3HU was significant
in the uncorrected analysis (p < 0.05) and remained significant after correction
(prpr < 0.05), with W = 18.0 and a large effect (r = 0.789), indicating higher
perceived integration for P3HU than PC.

SUS-POS4 (most people would learn quickly) highlighted a learning advantage
for the PC baseline over MV2D: PC vs MV2D was significant in the uncorrected
analysis (p < 0.05) and remained significant after correction (pppr < 0.05),
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with W = 52.0 and a medium-to-large effect (r = 0.589). In contrast, PC vs
P3HU showed a nominal uncorrected difference (p < 0.05) with W = 49.5
and a medium effect (r = 0.529), which remain significant after correction
(pFDR < 0.05).

All remaining positive items did not show significant effects after correction
(all prpr > 0.05). In particular, SUS-POS2 (easy to use) showed a nominal
uncorrected difference for MV2D vs P3HU (p < 0.05) with W = 30.0 and a
medium-to-large effect (r = 0.608), but it did not remain significant after FDR
correction (prpr > 0.05); thus, it is interpreted as a trend. SUS-POS5 (confi-
dence using the system) did not show significant differences.

To summarize, PSHU was mostly perceived as a useful modality with respect
to the others (TAM) while yielding lower or comparable cognitive and physical
demands (NASA). By contrast, the PC modality was consistently rated as the
easiest to use, with users tending to prefer P3HU over MV2D.

5.4 Comparative Perception Analysis
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Fig. 12: Item-level comparisons for CM-X items constructs across PC, P3HU, and
MV2D conditions. Rank-z indicates the number of participants who placed a modality
in z-place (z € {1,2,3}); stacked bars show ranking frequency.
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We here delineate the analysis of our post-questionnaire results, which ex-
ploits CM, FC, and C-SOC constructs to directly assess which modality was
perceived as best. Figure 12 illustrates CM-x items ranking across the three
modalities.

In terms of the four core instructional clarity dimensions, gesture comprehen-
sion (CM1), visual information quality (CM2), boundary identification (CM3),
and followability (CM4). Across all constructs, the P3HU modality emerged as
the top-ranked condition, receiving the highest number of rank-1 votes. In con-
trast, the PC modality was most frequently ranked last. Regarding the FC-x
items, the comparative user feedback (Figure 13) reinforces the perceived in-
structional superiority of the P3HU modality.
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Fig.13: Item-level comparisons for FC-X items constructs across PC, P3HU, and
MV2D conditions. Chart (a) reports counts for FC-1 (preferred modality) and FC-
2 (perceived clarity of gesturc execution) across modality. Chart (b) reports FC3 as
a rank-based comparison: rank-z indicates the number of participants who placed a
modality in z-place (z € {1, 2, 3}); stacked bars show ranking frequency.

In terms of both preferred modality (FC1) and clarity of gesture exe-
cution (FC2), P3HU received the highest number of endorsements, nearly dou-
bling the counts of PC and MV2D. Moreover, in the final instructional ranking
(FC3), P3HU dominated the first-rank choices, while PC was overwhelmingly
relegated to third place. These patterns underline the strong user preference
for embodied, immersive instruction, particularly in contexts requiring precise
spatial and motion understanding.

Regarding the C-SOC items, the user’s scores confirm the improved social
dimension of the P3HU modality. As shown in Figure 14, for both the C-SOC1
(preferred and clearest instructional modality) and C-SOC2 (best overall in-
structional experience) items, P3HU received the highest number of rank-1 en-
dorsements (in case of C-SOC1, the P3HU was always preferred with respect to
the other two).
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Fig. 14: Rank-based comparisons for C-SOC constructs across PC, P3HU, and MV2D
conditions. Rank-z indicates the number of participants who placed a modality in z-
place (z € {1, 2, 3}); stacked bars show ranking frequency.

5.5 Qualitative Analysis

To analyze in depth the aspects outlined in our quantitative analysis, and to
provide a complementary perspective, we report insights inferred from partici-
pants’ open-ended (qualitative) comments.

Specifically, we adopted a structured thematic coding procedure inspired by the-
matic and directed qualitative content analysis [22, 7]. The initial codebook was
defined deductively from the analytical siructure of the study, namely: (i) the
three compared modalities (PC, MV2D, P3HU), (ii) the constructs already ana-
lyzed quantitatively (perceptual clarity, social presence, usability, workload, and
technology acceptance). and (iii) the modality-specific interpretations. This di-
rected content analysis allowed us to define initial codes with prior theory and
considering the analytical framework of the study [4].

The resulting codes captured positive modality-related aspects, negative modality-
related aspects, and cross-modality experiential limitations. Positive elements
included: P3HU free-viewpoint inspection, P3HU spatial and joint-alignment
clarity, PBHU embodiment support, MV2D multi-angle visibility, and PC fa-
miliarity. Negative elements instead, amounts to: MV2D confusion and cogni-
tive overload, PC negative preference, lack of own-body feedback in immersive
modalities, VR visual issues, and VR fatigue or proprioceptive discomfort. Cross-
modality experiential limitations included general design requests or constraints,
such as audio-guidance requests, timer and layout improvements, mixed-reality
or smart-mirror suggestions.

Each response was manually inspected and assigned one or more thematic labels,
allowing multiple themes to be associated with the same participant. Counts are
reported as the number of unique participants mentioning each theme, consider-
ing only those who provided at least one qualitative response (each participant
contributes at most once per theme, even if the same aspect was mentioned mul-
tiple times within same response). Overall, 20 out of 30 participants provided
at least one open-ended comment, while 10 participants did not provide us with

34



XaRNold

any comment; therefore, the following counts are reported over the (M=20) par-
ticipants who answered.

First, comments indicate that P3HU was repeatedly appreciated (14/20) for free-
viewpoint inspection (3/20), improved spatial understanding of joint alignments
and range of motion (6/20), and the overall sense of realistic guidance (13,/20).
This directly complements the quantitative findings where P3HU achieved the
most favorable scores in perceived perceptual clarity and social presence, and
was frequently ranked as the clearest modality for learning and remembering
the technique.

Second, MV2D was positively described (5/20) as enabling multi-angle visibil-
ity and richer visual information compared to a single view, which aligns with
its intermediate positioning in the quantitative comparisons for clarity-related
outcomes. However, some participants reported negative aspects (3/20) related
to disorientation (3/20), difficulty deciding where to look (3/20), and cognitive
overload caused by the simultaneous display of multiple panels (3/20). These
comments complement the quantitative results obtained with higher perceived
cognitive load with MV2D.

Third, the PC baseline was described as familiar and simple (6/20), which is
consistent with quantitative trends indicating PC as the easiest to use. At the
same time, some participants commonly noted that PC provides limited support
for depth perception and detailed joint alignment parsing (5/20), which aligns
with lower perception scores and clarity rankings compared to immersive condi-
tions.

Finally, across both immersive modalities, several users (12/20) explicitly men-
tioned missing visual feedback of their own body during execution (6,/20) and rec-
ommended complementary design elements, including self-avatar overlays (6/20),
mirrored views (1/20), skeletal cues (1/20), and audio (4,/20) timing (3,/20) guid-
ance. Moreover, it is worth mentioning that a few users (4/20) outlined some
issues related to immersive VR settings, including too strong virtual illumination
(1/20), VR proprioceptive fatigue (2/20), and mental effort (1,/20).

All those comments complements the quantitative analysis in two ways: (i) they
offer a plausible explanation for improvements of P3HU modality with respect
to MV2D and PC ones; and (ii) motivate concrete future directions aimed at re-
ducing the observed limitations, considering both user interface and multimodal
stimuli, to increase even more perceived self-correction ability.

6 Discussions, Limitations and Future Works

We discuss here how the obtained results answer our RQs. Concerning RQ1
(“When exercise content and showing timing are held constant, how do the im-
mersive visualization modalities compare to classical flat 2D, in terms of partici-
pants’ general exercise learning?”), the results indicate that immersive guidance,
and especially the PSHU condition, more effectively supports perceived exercise
understanding than the classical flat-video baseline. Across PER, CM, and FC,
P3HU consistently emerged as the most preferred condition, while MV2D was
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generally placed between P3HU and PC. This trend was also reflected in the
inferential results: both immersive modalities significantly outperformed PC on
clarity-related dimensions (PER1 and PER2, all p < .05). In addition, P3HU
received the highest number of top-ranked votes across all CM items and was
also judged as the clearest and most preferred modality in FC. This pattern
was also coherent with the TAM-PU results, which showed that both immer-
sive modalities were systematically and statistically significant (all p < .05 for
all items) as more useful than the PC baseline, with P3HU again showing the
most favorable overall profile, even if not significantly different from MV2D.
These findings suggest that, when exercise content is held constant, richer and
more spatially inspectable visualizations can better support the interpretation of
posture, gesture dynamics, and movement execution, with multi-view guidance
already improving comprehension over flat video and embodied 3D guidance
providing a further advantage.

Moving to RQ2 (“How do the three visualization modalities differ in terms of
perceived instructor social presence, comfort, embodiment, and affective support
during XR-based exercise instruction?”), our findings indicate that the P3HU
enhances the perceived social presence and affective connection with the vir-
tual instructor. This is supported by significantly higher ratings in multiple SP
items, in particular SP1, SP2, SP3, and SP5 where PSHU outperformed both
MV2D and PC (all p < .05) and also by the C-SOC constructs (where P3HU
modality always exposes the highest ranked score). We justify this considering
the spatially embedded nature of the animated avatar, which is directly linked
to an increase in the sense of presence aiid companionship. Additionally, the
P3HU condition yielded significantly lower scores in both mental and physical
workload compared to MV2D (NASA1 and NASA2, p < .01), indicating supe-
rior comfort during interaction. Moreover, it was not perceived as significantly
different from the basic PC condition, which is a particularly relevant result,
as it suggests that the benefits of the embodied 3D instructor were achieved
without sacrificing perceived ease and interaction comfort. Moreover, it is worth
mentioning that while some participants reported symptoms such as eyestrain
or dizziness in their previous VR experiences (7/30), we did not detect patterns
of sickness when reviewing workload scores, usability ratings, and open-ended
comments. Indeed, only a few individuals noted some experiential issues during
our experimental trial (only 4 participants, as reported in Section 5.5). This is
crucial, considering that VR-related discomfort could influence subjective per-
ception and so evaluations. Even though experiential issues weren’t a tracked
outcome, the weight of both quantitative and qualitative results did not reveal
clear patterns of impact on subjective ratings. These findings are further cor-
roborated by SUS-Positive items, where P3HU was preferred for frequency of
use (SUS-POS1), and integration (SUS-POS3). Nonetheless, certain usability
challenges were noted. Indeed P3HI was penalized, along with MV2D, for the
need of support to use, while MV2D was considered the most complex in the
SUS-Negative subscale (SUS-NEG1 and SUS-NEG2 p < .05) with respect to
PC. Moreover, while P3HU was preferred over MV2D for ease of interaction
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(TAM-PEQOUTL, p < .01), it exhibited non-significant differences for all the other
constructs, reflecting users’ familiarity with standard 2D videos. These results
underscore a critical trade-off between immersive representational richness and
cognitive accessibility, highlighting the importance of designing XR-based sys-
tems that balance experiential depth with intuitive interaction and onboarding,
especially for novice users.

Considering RQ3 (“Does a parametric 3D avatar improve perceived clarity and
social presence compared to 2D video modalities?”), our findings provide empir-
ical support for the instructional potential of parametric avatar-based visual-
ization. The P3HU modality emerged as the most effective condition across all
comparative constructs. Specifically, the rank-based results for the CM-x items
(Figure 12), covering gesture comprehension (CM1), visual information qual-
ity (CM2), boundary identification (CM3), and followability (CM4) revealed
that PSHU received the highest number of rank-1 preferences across the board,
clearly outperforming both MV2D and PC. Complementarily, post-experience
preference data from the FC-x items (Figure 13) reinforced this trend. In both
the preferred modality (FC1) and perceived clarity of execution (FC2), P3HU
was endorsed by the majority of participants. Moreover, the final overall in-
structional ranking (FC3) showed P3HU consistently placed first, while the PC
modality was most frequently ranked last.

These considerations about our RQs outline that employing parametric 3D mod-
els as immersive fitness guidance increases comprehension, social, and functional
user perception. Following RQ1 and RQ3. both immersive modalities improved
key clarity-related dimensions over PC. This pattern is coherent with prior work
suggesting that XR-based guidance can improve the intelligibility of posture
and movement cues, and with studies such as [9,10] indicating the potential
advantage of 3D virtual instructors over more conventional formats. However,
our results extend this in a more controlled fashion, showing that such ben-
efits persist even when the underlying exercise stimulus is fully aligned across
conditions, and revealing that a multi-view representation already improves com-
prehension over flat video. From RQ2 and RQ3, we also understand that P3HU
enhanced the perceived social presence and affective quality of the instructor,
in line with prior work on co-presence, avatars, and embodied guidance [44, 14,
10]. Tt is worth noticing that the results from RQ2 show how such an advan-
tage did not lower user experience. Indeed, P3HU yielded a comparable mental
and physical workload to PC and was inferior to MV2D, and was positively
evaluated on several usability and acceptance dimensions, whereas MV2D was
more often penalized for complexity. This indicates that representational rich-
ness, if coherently organized for the user, may provide a positive impact. In
this sense, the embodied avatar appears to provide not only a more complete
visualization but also a more effective instructional interface, capable of sup-
porting how users interpret, trust, and follow exercise guidance. Finally, it is
worth noticing that, beyond these users’ experiential factors, XaRNold also con-
tributes methodologically, since its modular and data-driven use of a parametric
human model avoids the need for manually recorded and registered performers
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for each exercise variation, making the framework more scalable, customizable,
and reusable for future experimentation and adaptive workout generation. Our
study showed that avatar-based XR guidance is not simply a more engaging al-
ternative to video, but as a structured design choice that can improve exercise
comprehension, strengthen perceived companionship, and support more flexible
exercise-delivery pipelines [9, 13, 10].

Despite such positive outcomes, our work has limitations that should be men-
tioned:

— Our contribution is focused on perceived instructional clarity and perceived
social presence under aligned stimulus conditions, and do not measure actual
exercise correctness, so it cannot determine whether users’ improved percep-
tions in immersive conditions translate into better motor performance.

— The participant pool comprised mostly young and well-educated adults, a
population more likely to be familiar and comfortable with immersive tech-
nologies.

— XaRNold best supports users with typical motor abilities and stable bal-
ance, and lacks multimodal guidance or adaptive pacing for individuals with
mobility or cognitive constraints. Moreover, we included only a prototype
male and female avatars, reducing the diversity of body types and cultural
identities.

Considering these limitations, in future works, we will implement objective eval-
uation modules leveraging pose estimation to assess execution accuracy in real
time and to study retention across repeated sessions. Second, we aim to inte-
grate LLM-based adaptive workout generation by analyzing user performance
logs to personalize future exercise sessions. Third, we plan to explicitly account
for XR experience in follow-up experiments (e.g., stratified recruitment and/or
longitudinal designs) to quautify and control potential novelty effects and extend
to a more diverse demographic (including older adults or individuals with less
technological exposure), pursuing generalizable insights. Finally, we will design
adaptive pose generation mechanisms to dynamically adjust avatar demonstra-
tions based on individual user needs (including inclusive support for users with
physical impairments). These enhancements will enable XaRNold to evolve from
a perceptually optimized system into an adaptive, intelligent, and inclusive train-
ing companion.
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