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Abstract

Virtual reality (VR) is a rapidly evolving technology that offers immersive experiences
by simulating realistic environments and interactions. In the context of motor learning
and rehabilitation, VR has emerged as a promising tool because of its ability to provide
controlled, customizable and engaging training scenarios. A key factor in the effectiveness
of VR-based interventions is the sense of embodiment, which refers to the user’s perception
of being present in the virtual environment and having control over a virtual body. This
thesis investigates the influence of different sensory feedback modalities on the sense of
embodiment and task performance in VR-based motor learning. Through two studies, we
examine how the combination of visual and tactile feedback affects embodiment perception
and motor task performance in VR environment. In the first study, we explore the effects
of pressure feedback on task performance and embodiment in VR-based mirror therapy.
Twenty-two able-bodied participants were divided into two groups, with one group receiving
the pressure feedback on their thumb and index fingertips during a pick-and-place task.
The results indicate that the group with haptic feedback achieved a 15.07% higher task
success rate and reported a 12.80% higher embodiment perception compared to the control
group. The second study extends the investigation to the impact of vibrotactile feedback
in a ball-and-beam control task. Nineteen participants were exposed to four conditions:
No Feedback, Vibrotactile Feedback only, Visual Feedback Only and Both Vibrotactile and
Visual Feedback. The condition with Both Vibrotactile and Visual Feedback had a 14.52%
improvement in task performance and a higher embodiment perception compared to other
conditions. Overall, this thesis contributes to the understanding of how sensory feedback
modalities can be effectively integrated into VR systems to enhance embodiment and motor
learning, suggesting that incorporating haptic feedback into a visual interaction may be
associated with higher embodiment and improved motor task performance. These insights
have implications for the design of more effective VR-based interventions for training and
rehabilitation purposes, emphasizing the value of multisensory feedback in these contexts.
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Chapter 1

Introduction

Virtual reality (VR) is an evolving technology that has impacted the way we perceive and
interact with digital environments by immersing users in a virtual three-dimensional world
[3]. In recent years, VR has found a significant application in the field of rehabilitation,
offering a safe and controlled environment for patients to practice physical, cognitive, and
motor skills without the risk associated with real-world activities [123]. For example, stroke
survivors can use VR. to engage in virtual exercises that help improve their motor functions
and regain lost abilities [127], while individuals with cognitive impairment can participate
in virtual scenarios designed to enhance memory, attention, and problem-solving skills [64].

An essential aspect of immersive VR experience is the sense of embodiment, defined
as “...the ensemble of sensations that arise in conjunction with being inside, having, and
controlling a body, especially in relation to virtual reality applications” by Kilteni et al. [63].
This concept is important for motor learning and rehabilitation, as it influences how users
perceive and interact with their virtual environment. Several factors impact the sense of
embodiment in VR. First, proprioception, the awareness of body position and movement,
is essential for maintaining balance and coordinating movements [67]. Second, visual feed-
back, such as seeing one’s limbs move, reinforces the connection between the body and
self-perception [44]. Third, sensory input from skin, muscles, and joints helps individuals
gauge their body’s orientation and movements in space [38]. Lastly, motor control and
agency, the ability to initiate and control voluntary movements, further strengthen the
sense of embodiment as individuals feel in charge of their physical actions [13].

Despite the advancements in VR technology, several challenges remain unaddressed,
particularly in the context of motor learning. One such challenge is the translation of
effects or learning from virtual scenarios to real-world tasks. In some cases, individuals
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may learn a task in VR and improve their performance within the virtual environment, but
this improvement does not necessarily translate to enhanced performance in real-life tasks
[49]. This issue could be attributed to a lack of embodiment and Immersion in the VR
experience. When users do not feel fully embodied or immersed in the virtual environment,
the skills and abilities they develop may not effectively transfer to real-world scenarios.

Motor learning, the process of acquiring and improving motor skills through practice,
is a complex process affected by various factors, including sensory feedback [82]. When
performing a motor skill, the brain relies on sensory information from the environment and
the body itself to refine movements and improve performance. In VR environments, the
lack of realistic sensory feedback, particularly tactile feedback, can hinder the effectiveness
of motor learning compared to real-world practice [58]. This highlights the importance
of investigating the relationship between motor learning and embodiment in VR environ-
ments.

In this thesis, we aim to explore how different sensory feedback modalities, including
visual representations of hands and tactile feedback, influence the sense of embodiment
in VR and how this, in turn, correlates with improvements in task performance in motor
learning. We hypothesize that the combination of visual and tactile feedback will lead
to a higher sense of embodiment compared to visual feedback alone, thereby enhancing
motor learning performance. To address this, we conducted two experiments in a VR
environment:

1. VR-based mirror therapy (see chapter 3): a pick-and-place study (N=22, 11 for each
group) where one group (with haptics) received haptic feedback (pressure on thumb
and index fingertips) with a haptic glove (Weart TouchDIVER, Italy), and the other
(without haptics) did not.

2. Ball and beam (see chapter 4): a positional control study (N=19) where participants
were exposed to four conditions of No feedback (NHV), Haptic (vibrotactile) feedback
(H), Visual feedback (V), and haptic and visual feedback (HV).

By examining the impact of cutaneous haptic feedback on the sense of embodiment
and motor task performance, our findings contribute to a deeper understanding of how
multisensory feedback can be leveraged to enhance embodiment and motor learning in
VR. This research has implications for the design of more effective VR systems for training
and rehabilitation purposes, further motivating the exploration of embodiment as a factor
in VR-based motor learning.
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Chapter 2

Related Work

In this chapter, we review related work in Embodiment Perception, Haptics, and Mirror
Therapy, especially as it relates to VR.

2.1 Embodiment Perception in VR

The sense of embodiment in virtual reality (VR) has been extensively studied, with re-
searchers exploring various factors that contribute to this phenomenon. Slater et al. [136]
showed that the visual representation of the hands significantly enhances the sense of
embodiment in VR. Building on this, Petkova et al. [107] further demonstrated that the
perspective from which the virtual body is viewed can influence the strength of the em-
bodiment illusion.

Tactile feedback has been found to reinforce the sense of embodiment by providing
congruent multisensory information. For example, Cui [18] highlighted the impact of tactile
feedback on improving the realism of hand appearance and the sense of interactivity in VR.
Similarly, Richard et al. [118] studied the sense of embodiment in VR shared experiences
and found that social presence and co-presence can enhance the feeling of embodiment in
a virtual environment.

While these studies provide insights into the factors affecting embodiment, the rela-
tionship between embodiment and task performance, particularly in motor learning tasks,
remains an area that warrants further exploration. For instance, Iwasaki et al. [59] exam-
ined how the level of embodiment affects attention distribution and task performance in
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dual-task scenarios, yet the direct link between embodiment and motor learning is still not
fully understood.

The influence of locomotion techniques on embodiment and presence in VR has been
investigated by Waltemate et al. [147], revealing that different techniques, such as walking
in place or using a joystick, can significantly affect the user’s sense of presence and connec-
tion to the virtual environment. Similarly, the role of avatar appearance in immersive VR
has been studied by Suk and Laine [139] and Gonçalves et al. [39], demonstrating that the
visual representation and controllability of the avatar are critical factors in enhancing the
sense of embodiment. These studies underscore the importance of carefully designing both
movement mechanisms and avatar aesthetics to optimize the user’s immersive experience
and sense of self within virtual worlds.

The concept of embodiment extends beyond VR to augmented reality (AR), with stud-
ies by Choudhary et al. [15] and Matamala-Gomez et al. [86] exploring its implications
for interpersonal distance perception and self-perceived body awareness, respectively. The
embodiment of photorealistic avatars and its influence on the perception of body weight
in VR has been studied by Wolf et al. [151]. Kokkinara et al. [67] also investigated the ef-
fects of visuomotor calibration on perceived space and body in immersive VR. They found
that visuomotor adaptation can change the perception of space; for example, adjusting the
mapping between real-world movements and their virtual counterparts can make a virtual
room appear larger or smaller. However, its effects on the perception of the body differ
depending on the type of distortion. For instance, altering the size of the virtual hand can
affect how users perceive the size and reach of their own hand, but this perception might
not change uniformly across all types of distortions.

Research has expanded our understanding of embodiment in VR across diverse appli-
cations, illustrating its significant impact on user experience and performance. Phillips
et al. [108] examined the impact of avatar embodiment on distance perception accuracy
in non-photorealistic immersive virtual environments used for architectural design. They
discovered that avatar embodiment can enhance distance perception accuracy in virtual
environments, which is important for accurate architectural design and spatial planning.
In the cognitive domain, Kocur et al. [66] found that both self-perception and external
perception of avatars can influence task outcomes, suggesting that avatar design should
be carefully considered to support cognitive tasks in VR. Additionally, Borrego et al. [9]
highlighted the therapeutic potential of embodiment in VR, showing that both healthy
individuals and those recovering from stroke can experience enhanced presence and en-
gagement when interacting with virtual tasks, pointing to promising applications in reha-
bilitation. Together, these studies indicate the various applications of embodiment in VR,
from enhancing professional tasks to supporting health and rehabilitation.
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The exploration of embodiment in virtual reality (VR) has expanded to various aspects
of human perception and interaction, providing insights into the intricate relationship be-
tween virtual experiences and our sense of self. Perez-Marcos et al. [105] worked on the
neurophysiological correlation of embodiment, and revealed that VR can be a powerful
tool in enhancing motor-cognitive neurorehabilitation by leveraging motivational factors
and the sense of presence. Pritchard et al. [112] examined the intricate interplay be-
tween visual form, touch, and position cues, highlighting their non-hierarchical influence
on embodiment, agency, and presence in VR, suggesting that a balanced integration of
sensory inputs is essential for a compelling sense of self in virtual environments. Popat
[110] discussed the broader implications of embodiment in VR, proposing that it signifi-
cantly shapes our experience and understanding of virtual spaces, with potential impacts
on performance and learning. Vecchiato et al. [146] investigated the neurophysiological
reactions to virtual architectural environments, indicating that the sense of embodiment
can influence aesthetic appreciation and emotional responses, underscoring the potential
of VR in fields beyond gaming, such as architecture and design.

While existing studies have laid a foundation for understanding the factors influencing
embodiment in VR, there is a clear gap in understanding how these factors translate
to improved task performance and learning outcomes. This gap motivates our work to
explore the role of multisensory feedback in enhancing embodiment and its impact on
motor learning in VR.

2.2 Haptics in VR

Incorporating haptic feedback into (VR) environments has garnered significant research
interest, particularly within the domain of motor skill learning and rehabilitation. Haptic
feedback, encompassing both tactile and force feedback modalities, serves as an important
element in improving the realism and immersion of VR experiences by providing users with
simulated touch sensations [116]. This technology presents promising applications across
diverse domains, including training and education, as well as therapeutic and rehabilitative
interventions.

Research in this area has explored various aspects of haptic feedback in VR. Marchal-
Crespo and Reinkensmeyer [84] investigated the efficacy of haptic guidance in motor learn-
ing, showing its potential to facilitate learning through physical assistance during the initial
stages. However, they also cautioned against the risk of dependency which could hinder
skill acquisition. Cuppone et al. [21] examined the effects of robot-assisted proprioceptive
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training with added vibrotactile feedback, finding significant improvements in somatosen-
sory and motor performance. These studies, along with others like the development of the
TIKL suit by Lieberman and Breazeal [77], which demonstrated improvements in target
motion tasks, further emphasize the importance of haptic feedback in enhancing motor
learning and rehabilitation in VR settings.

Technological advancements in haptic feedback systems have led to innovative appli-
cations. The TIKL suit, a wearable vibrotactile feedback system developed by Lieberman
and Breazeal [77], showed a 27% improvement in accuracy and an accelerated learning
rate of 23% for target motion tasks. Holden [53] discussed the potential of VR combined
with haptic feedback for neurorehabilitation, highlighting its ability to provide controlled
and repeatable training environments. Oagaz et al. [97] developed a VR system for table
tennis training that provides real-time feedback, showing significant improvements in pos-
ture and technique. Lee and Choi [71] implemented an adaptive haptic guidance system
in a VR-based motor learning task, observing improved learning outcomes compared to
constant guidance.

While these studies highlight the potential of haptic feedback, challenges remaining. [1]
reviewed the limitations of current vibrotactile feedback systems, emphasizing the need for
improved realism for effective motor learning in VR training. Levac et al. [75] and Poyade
[111] echoed these concerns, highlighting the limitations of current haptic technology in
replicating real-world interactions and its potential to improve motor skill acquisition.
Muresan et al. [93] further emphasized the importance of realism in haptic feedback for
effective VR training compared to conventional techniques.

Research is ongoing to optimize haptic feedback for VR training. Morris et al. [92]
demonstrated that active haptic guidance in the formal of a correcting force enabled effec-
tive learning of complex movements. Esen [27], Esen et al. [28] designed a similar active
haptic assistance paradigm using a correcting force for learning force patterns. Srimath-
veeravalli and Thenkurussi [138] presented VR training systems that used active haptic
guidance for handwriting, focusing on character shape and exerted pencil pressure. Ro-
dríguez et al. [121] compared the effectiveness s of continuous and error-based active haptic
assistance, finding no significant difference, suggesting further research is needed in this
area.

Lee and Choi [71] proposed the concept of haptic disturbance, where haptic cues inter-
fere with the learner’s movements during training. This method, using noise-like forces,
showed promise in expediting motor learning. Lontschar et al. [80] investigated the impor-
tance and immersion provided by haptic feedback in a VR learning environment, finding
correlations that support its effectiveness for specific learning tasks.
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Overall, haptic feedback holds significant promise for enhancing motor skill learning
and rehabilitation in VR environments. While challenges remain regarding the realism of
haptic interaction, ongoing research is exploring methods to optimize its application and
effectiveness in VR training.

2.3 Mirror therapy

Mirror therapy (MT) has emerged as a popular rehabilitation technique for hemiparesis,
i.e., weakness in moving limbs on one side of the body, for instance, due to stroke [72, 141],
upper phantom limb pain [31, 65], or lower phantom limb pain [81]. It also has the potential
to help with rehabilitation for hemiplegia [45], the inability to move limbs on one side
of the body. At its core, the method leverages the manipulation of visual feedback to
induce positive effects on motor function [142]. The aim is to create visual stimuli that
imply movement in one limb, while the actual movement is performed by the opposite
limb. The main factors involved are the mirror-neuron system, which triggers the motor
process associated with moving the amputated limb when observing the phantom’s motion
[124, 120], and the increase in the spatial attention to the paretic (i.e., partially paralyzed)
limb [91]. Therapists typically achieve this optical illusion by positioning a mirror between
the two limbs; participants can observe the active limb’s reflection in the mirror, and the
movement of the active limb is overlaid onto the opposite one [130].

The use of a physical apparatus for MT, which we refer to as conventional MT, was
initially explored as a treatment for phantom limb pain by Ramachandran and Rogers-
Ramachandran [114]. They were able to demonstrate the brain’s malleability by inducing
synesthesia in patients; the visual illusion generated kinesthetic sensations in the paretic
limb, essentially tricking the brain into perceiving full motor control over the affected ex-
tremity. This paved the way for a new approach to pain management. Subsequent studies
extended these findings by examining the efficacy of conventional MT in motor rehabil-
itation for different patient populations. Thieme et al. [142] reviewed the effects of MT
on individuals who had a stroke, reporting positive outcomes for upper-extremity motor
function for both chronic and acute stroke populations, based on the Fugl-Meyer Assess-
ment [34]. Cacchio et al. [11] studied the effects of MT on upper limb complex regional
pain syndrome patients, where they found significant improvements in pain and motor
control as well as greater long-term improvements (after a 6-month follow-up). Similarly,
Gygax et al. [45] studied MT in the context of hemiplegic children and Tilak et al. [143]
on amputees, and showed that MT is able to reduce pain as well as strength enhancement.
Overall, the aforementioned experiments have shown that conventional MT has the poten-
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tial to enhance motor recovery and alleviate sensory deficits, both for upper [72] and lower
limbs [23].

Despite the positive outcomes associated with conventional MT, this method faces
several limitations. The visibility of the physical mirror as well as the non-paretic limb
may distract patients [54, 89]. This may take away from the intended illusion, reducing
the effectiveness of the therapy. A conventional MT setup is also physically constrained in
terms of space, which in addition to making it time-consuming to set up and align properly,
can restrict patients’ movements [5]. Further, it limits the therapists’ ability to customize
therapy environments [22], which may prevent them from adequately addressing individual
patients’ needs. To alleviate these issues, researchers have recently been exploring how MT
can be modified to leverage new digital technologies such as virtual reality (VR) [145].

VR-based neurorehabilitation methods offer advantages such as enhanced immersion,
customization, and the integration of multi-sensory stimulation [105, 4, 76]. Specifically
in the context of MT, da Silva Jaques et al. [22] reported similar usability scores for VR-
based MT and conventional MT, with study participants feeling less distracted in the
VR setup. Other works exploring VR-based MT include Heinrich et al. [48] and Weber
et al. [149], where researchers developed immersive VR-based systems and demonstrated
potential motor recovery for post-stroke patients. Hsu et al. [55] also developed a VR-based
MT system and compared it with conventional MT in sensorimotor performance for chronic
stroke patients. Adjacent to this study, Lin et al. [78] performed a comparative evaluation
between stroke patients with mild-to-severe hemiparesis and able-bodied participants in
VR-based MT. Both works showed that their systems have a potentially positive impact
on the upper extremity sensorimotor performance of different populations.

Although both conventional and VR-based MT primarily rely on visual illusions to
induce positive motor control effects, the role of haptics in enhancing therapy experiences
can be similarly significant. Adding synchronized haptic feedback to MT can form a
reinforcement loop that modifies the body schema, utilizing a multi-sensory percept that
enhances the perceived realism of the experience, as seen in the rubber hand illusion [61].
Prior research has shown that the inclusion of haptic feedback in MT enables patients
to perceive their movements and interactions better due to higher spatial and temporal
information processing bandwidth [95]. This facilitates more effective motor learning and
neuro-rehabilitation [73]. Even so, few works have explored the effects of including haptic
feedback in the context of conventional MT. This may be due to practical reasons such
as the disruption of visuals due to extra haptic apparatuses that need to be worn and
the limited amount of physical space available within which the visual illusion can be
maintained.
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Illustrating the utilization of haptic feedback in conventional MT, Lin et al. [79] incor-
porated a mesh glove and showed significant improvements in the performance of patients
with chronic unilateral stroke. In another work, Hung et al. [56] used tactile, thermal, elec-
trical, and vibration stimulation during the therapy, and showed that vibration emerged as
the most effective stimulus type for post-stroke sensorimotor recovery. Similarly, Hunter
et al. [57] found that vibrotactile feedback on the arm added to the benefits of MT in terms
of improving phantom limb awareness. Further, the positive effects of vibration were also
supported by [128], where vibration was used in tandem with MT for amputees, and a
significant reduction in pain in their limbs was observed.

In a VR environment, where visual immersion is prioritized, the inclusion of tactile
feedback can enhance the perception of presence [37] and may lead to more effective motor
rehabilitation outcomes [125]. Sense of Embodiment is critical to maintaining immersion
in VR applications and is known to depend on Tactile Sensation [85]. Previous studies
have explored different modalities of haptic feedback including vibration [24] as well as
the texture and shapes of small objects [104] and electrical stimulation [87] in conventional
MT. Similarly, vibration has been applied to VR-based MT [119], showing improvements in
participants’ range of motion. However, none of them have evaluated how haptic feedback
may impact embodiment perception in VR-based MT.

The incorporation of haptic feedback in VR-based MT is especially important for repli-
cating the sense of touch and physical interaction, allowing patients to feel the virtual
objects they are manipulating. Tactile feedback in the context of VR-based rehabilitation
not only enhances immersion but also enables a more realistic representation of physical
interactions in line with real-world experiences. This ultimately leads to improved motor
learning and functional recovery through enhanced sensory-motor integration [152]. Some
examples that have integrated haptics into VR-based MT include [119], where tendon
vibration was added to the hand and wrist, showing significantly higher extension in the
movements of healthy participants. Closely related to this direction of research, Spiss et al.
[137] examined how touch stimuli can influence the proprioceptive cues between the user’s
virtual and real arms. A theoretical framework for instantiations of sensory illusions was
developed by Farrington et al. [29]; this work, done on the unilateral lower limb amputee
population, showed that interacting with a haptic slide bar increased the sense of pres-
ence for participants’ amputated limb, potentially enhancing the effect of mirrored visual
feedback through the use of multi-sensory illusions.

Although the potential of MT in rehabilitation has been well-documented, the inte-
gration of VR and haptic feedback presents a novel avenue for enhancing the efficacy of
MT. This thesis aims to bridge the gap in understanding the impact of cutaneous hap-
tic feedback on the sense of embodiment and motor learning in VR-based MT. Previous
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research has predominantly focused on the visual aspects of VR-based MT, with limited
exploration of how tactile feedback can augment the sense of embodiment and subsequently
influence motor task performance. By investigating the combination of visual and tactile
feedback, this research contributes to a deeper understanding of multisensory feedback’s
role in optimizing VR interventions for rehabilitation. The novelty of this work lies in its
comprehensive examination of how different sensory feedback modalities, particularly cu-
taneous haptic feedback, can enhance embodiment and motor learning, providing insights
for the design of more effective VR systems for training and rehabilitation purposes.

2.4 Motor learning in bimanual tasks

Transitioning from unimanual tasks such as mirror therapy, we discuss the bimanual coor-
dination here. Bimanual tasks involve the simultaneous use of both hands and are critical
for various daily activities. Our comprehension of bimanual tasks is significantly enhanced
by examining how the brain processes sensory feedback during these activities.

Our understanding of bimanual coordination is enriched by studies investigating how
the brain processes sensory feedback during these tasks. For example, Nazarahari et al.
[94] explored visual feedback in bimanual circle drawing. They discovered that the non-
dominant hand’s performance improved significantly when it received a combined visual
representation of both hands’ positions (composite feedback), especially when the dominant
hand received normal visual guidance. This suggests that tailored visual feedback strategies
hold promise for enhancing bimanual coordination.

However, bimanual coordination is not simply a superposition of two independent hand
movements. Studies by Kagerer [60] and Kasuga and Nozaki [62] highlight a phenomenon
called "interference." They found that sudden changes in visual feedback for one hand
can disrupt the movement of the other hand. This reveals a delicate balance within the
nervous system that controls bimanual movements. Interestingly, this interference is not
symmetrical; disruptions to the dominant hand tend to have a greater impact on the
non-dominant hand, which highlights an asymmetrical nature in bimanual interference.

Further complexity arises from the concept of arm dominance. Dounskaia et al. [25] ob-
served that the non-dominant arm has a reduced capability to control interaction torque,
leading to instability in symmetrical movements, especially during asymmetrical tasks.
This observation emphasizes the importance of considering individual differences in motor
control strategies, and the need to tailor motor control strategies when designing rehabili-
tation programs.
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The underlying neural mechanisms of bimanual coordination are also being explored.
Cattaert et al. [14] proposed a neural cross-talk model to explain interference effects in
bimanual tasks. Their model suggests that communication between brain hemispheres sig-
nificantly contributes to the observed interference. Kagerer [60] built upon this by exam-
ining how handedness influences interference patterns. He found that left-handers exhibit
different interference patterns compared to right-handers, suggesting weaker lateralization
in the brain for left-handed individuals.

The importance of hemispheric specialization and integration in motor control is fur-
ther emphasized by Serrien et al. [131]. Their review highlights the dynamic interplay
between the brain’s hemispheres in regulating bimanual behaviour. They propose that
both segregation and integration of brain functions are essential for skilled and adaptable
motor behaviour.

The existing body of research on bimanual coordination has mainly focused on the
impact of visual feedback and its role in synchronizing the movements of both hands.
Studies have explored how visual cues can enhance performance, particularly emphasizing
the dominant hand’s influence over the non-dominant hand and the intricate neural mech-
anisms involved in managing coordinated actions. However, this literature predominantly
overlooks the potential impacts of multisensory feedback, including tactile sensations and
proprioceptive inputs, particularly from the perspective of embodiment in motor tasks.
This oversight highlights a significant gap in the current understanding, suggesting that
future research should incorporate these elements to provide a more holistic approach to
the study of bimanual coordination. Such an approach could lead to more effective re-
habilitation techniques that engage the entire sensory apparatus, thereby fostering better
integration and functionality of both hands in daily activities.
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Chapter 3

The Impact of Pressure Feedback on
Task Performance and Embodiment in
Virtual Reality-based Mirror Therapy

Based on the concepts discussed in chapter 2, this chapter aims to explore how pressure
feedback, as a form of tactile sensation, affects motor task performance and the sense of
embodiment in a VR environment. In particular, we the objective of this chapter is to see
if individuals can improve the performance of their non-dominant hand by observing the
dominant hand performing a motor task, and whether the addition of pressure feedback
can boost their performance. For this purpose, we employ a pick-and-place task, a common
rehabilitation exercise.

A total of twenty-two able-bodied participants were recruited for this study and were
divided into two groups: one receiving pressure feedback through haptic gloves and the
other serving as a control group without such feedback. The experimental design consisted
of three main conditions: Baseline, Training (with mirrored scene), and Testing, allowing
for a comprehensive evaluation of the participants’ performance and subjective experiences
across different stages of the intervention.

The chapter presents a detailed analysis of the task performance, measured through
success rates and task completion times, and embodiment perception, assessed through a
modified version of the Avatar Embodiment questionnaire 1.

1This chapter has been submitted to IEEE Transactions on Haptics and is currently under review.
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Figure 3.1: Components of the virtual environment: (1) Instruction panel, (2) Trap, (3)
Target, (4) Avatar’s visible hand, and (5) Block. Participants were instructed to pick the
block with the avatar’s hand and place it on the target. Depending on the condition,
whether it was mirrored or not, the participants had to control the avatar’s hand with
their dominant or non-dominant hand. Each time the red block was placed on either the
target or the trap, the trial was considered finished, the block would reappear at its initial
position, and the target and trap were randomly positioned within the participant’s task
space.

3.1 Task Environment

For this study, we designed a VR-based pick-and-place task that includes a variety of
rehabilitation movements such as elbow flexion and extension as well as grasping and
pinching. The virtual environment consisted of a closed room with decorations to simulate a
comfortable space. A table was located at the center of the virtual room, with a 3×3×3 cm3

red block and a 3×3 cm2 white square target surrounded by a 1 m grey margin as the trap.
The experiment consisted of a simple precision-based pick-and-place task (see Figure 3.1).
The task required to pick the red block and place it on the target while avoiding the trap.
Once the block is placed on either the target or the trap, the trial is completed and the new
trial will be started with the block being reset to the initial position and the target being
randomly positioned within the participants’ task space to minimize the memorization
effect (see Figure 3.4).

The task was performed in the virtual reality environment designed in the Unity 3D
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Figure 3.2: (A): Experimental setup: a participant performing the pick-and-place task
with (1): Vive pro HMD, (2): Leap Motion Controller 2 and (3): TouchDIVER haptic
gloves. (B) The with haptics group experienced constant force of 3 N on their thumb and
fingertips while touching the virtual block.

game engine (Unity Technologies, Inc., United States), interfaced using a Vive Pro head-
mounted display (HMD) (HTC Corp., Taiwan). The real-time visualization of the upper
limbs is achieved by using a Leap Motion Controller 2 (Ultraleap Inc., CA, United States)
at 120 fps refresh rate mounted to the front of the HMD at 90 fps refresh rate. Additionally,
constant force of 3 N on the thumb and index fingertips of the actual non-dominant hand
was rendered using the TouchDIVER haptic gloves (Weart, Italy) (see Figure 3.2-A).

3.2 Participants

Our study included an experiment with details described in Experimental Procedure. Typ-
ical studies in this field often involve between 10 and 20 participants, which guided our
recruitment of 11 able-bodied participants per group. This was further supported by a
power analysis. Anticipating a medium effect size (Cohen’s d = 0.5), with a power of 0.8
and a significance level of 0.05, and assuming a standard deviation of the measurements as
0.5, the power analysis suggested that a minimum of 11 participants per group would be
required. A total of 22 able-bodied right-handed participants (as a convenient sample size)
took part in the study and were divided into two groups. One group experienced constant
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force of 3 N on their thumb and index fingertips when these fingers touched the block
in the virtual scene (Figure 3.2-B), while the other group did not have haptic feedback
rendered on their fingers. We refer to the former as the with haptics group and the latter
as the without haptics group. The with haptics group had a mean age of 27.6 years (SD =
4.7) with nine identifying as male and two as female, while the without haptics group had
a mean age of 26.1 (SD = 2.9), with nine identifying as male and two as female. All par-
ticipants provided their written informed consent to participate in the study prior to the
experiment. Study protocols and procedures were approved by the University of Waterloo
Research Ethics Boards (ORE# 45062).

3.3 Experimental Procedure

Figure 3.3 demonstrates the experimental procedure in brief. The experiment was per-
formed in a single-session in-lab visit for each participant. After consenting to participate
and providing demographic information, the participants were asked to fill out the hand-
edness questionnaire [99], and they were informed about the virtual environment and their
tasks in the experiment. Then, they were asked to wear the HMD and adjust it based on
their head size. After the HMD adjustment, the experimenter assisted them in wearing the
thimbles on their thumb and index fingertips. Once the devices were worn, the participants
were given approximately five minutes to become comfortable with the environment. This
familiarization phase lasted until the participants verbally informed they were comfortable
with starting the experiment. Then, the experimenter reminded them of their tasks and
started the main phase of the experiment.

The experiment consisted of three main conditions: Baseline, Train, and Test.

• Baseline: participants would observe their non-dominant hand in the virtual scene
and had to control it with their actual non-dominant hand (Figure 3.4-A).

• Train (mirrored): participants would see their non-dominant virtual hand, but
had to control it with their actual dominant hand (Figure 3.4-B).

• Test: similar to Baseline, participants controlled their non-dominant virtual hand
with their actual non-dominant hand (Figure 3.4-A).

Each condition consisted of 60 trials. After every 15 trials, participants were given 20
seconds of rest time to minimize the impact of fatigue. Once the 60 trials of each condition
were completed, they were given 30 seconds of rest before exposure to the next condition.
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Figure 3.3: A flowchart depicting the stages of the experimental procedure.
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Figure 3.4: Different conditions of the experiment and the participants’ observations in
the VR scene (A) Normal, and (B) Mirrored. Normal scene (A) was used in Baseline and
Test conditions, and the mirrored scene (B) was used in the Train condition.

Once the three conditions were completed, they were asked to take off the devices and
fill out the avatar embodiment and the NASA-TLX questionnaires for every condition.
Overall, each participant’s lab visit took between 60 to 75 minutes.

3.4 Measures

In this study, we included four measures which are described as follows:

3.4.1 Success rate

We used the participants’ success rate (i.e., their task scores) as a measure of performance.
Throughout the experiment, whenever the block would hit the target, the score was in-
creased by one. Otherwise, the score would remain unchanged. In other words, the scores
show the number of successful trials for each participant.

17



3.4.2 Time

We measured the time of each trial, starting from the instant that the participant picked
up the cube, and ending in the instant that the cube hit either the trap or the target. For
each condition, we recorded 60 values for time, calculated the mean for each participant
over the trials, and then calculated the mean for each group over the participants.

3.4.3 Avatar Embodiment

Participants were asked to respond to the categories of the Avatar Embodiment question-
naire on a 7-point Likert scale varying from -3 to +3 denoting "Strongly disagree", "Dis-
agree", "Somewhat disagree", "Neither agree nor disagree", "Somewhat agree", "Agree"
and "Strongly agree", respectively. The categories included Body Ownership, Agency and
Motor Control, Tactile Sensation, and Location of the Body. The final embodiment score
was derived by normalizing each response to [0, 1], and calculating the sum of the weighted
scores for each category. Since we hypothesized that haptic feedback improves task per-
formance, the weights for Body Ownership and Location of the Body were assigned as
20, and the weights for Agency and Motor Control, and Tactile Sensation were set to 30.
Subcategories of the questionnaire with the questions and the score calculation are shown
in Table 3.1. In this study, the External Appearance category presented in [41] was not a
focal point, and consequently, it was excluded from the embodiment questionnaire.

3.4.4 Task Load Index

Participants were asked to respond to the NASA-TLX categories, including Mental De-
mand, Physical Demand, Temporal Demand, Performance, Effort, and Frustration, on a
scale of 1 to 21. Then, their response was normalized to [0, 1], and the final task load
index was obtained by calculating the sum of the weighted scores. The weights for Mental
Demand, Physical Demand, Temporal Demand, and Performance are assigned to 20, and
the weights for Effort and Frustration are set to 10.

3.5 Results

Here, we present the results of the experiment as well as the participants’ responses to the
avatar embodiment and the task load index questionnaires in the form of box plots as well
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Table 3.1: Modified version of the Avatar Embodiment questionnaire used for the mirror
therapy experiment.

Category Questions Score

Body Ownership Q1: I felt as if the virtual hand was my hand. s1 = Q1 − Q2 +
Q3

Q2: I felt as if the virtual hand I saw was some-
one else.
Q3: It seemed as if I might have more than one
hand.

Agency and Motor
Control

Q1: It felt like I could control the virtual hand
as if it was my own hand.

s2 = Q1 + Q2 +
Q3 −Q4

Q2: The movements of the virtual hand were
caused by my movements.
Q3: I felt as if the movements of the virtual
hand were influencing my own movements.
Q4: I felt as if the virtual hand was moving by
itself.

Tactile Sensations Q1: It seemed as if I felt the touch of the hand
in the location where I saw the virtual hand
touched.

s3 = Q1 − Q2 +
Q3 +Q4

Q2: It seemed as if the touch I felt was located
somewhere between my physical hand and my
virtual hand.
Q3: It seemed as if the touch I felt was caused
by the cube touching the virtual hand.
Q4: It seemed as if my hand was touching the
cube.

Location of the
Body

Q1: I felt as if my hand was located where I saw
the virtual hand.

s4 = Q1 − Q2 +
Q3

Q2: I felt out of my body.
Q3: I felt as if my real hand was drifting toward
the virtual hand or as if the virtual hand was
drifting toward my real hand.

Overall S = 20s1,n +
30s2,n + 30s3,n +
20s4,n
si,n = normal-
ized si
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as reporting the mean (M) and the standard deviation (SD) for the mirror therapy study.
Prior to analyzing the data statistically, we performed the Shapiro-Wilk test and confirmed
that the data followed a normal distribution by visually inspecting the Q-Q plots of residu-
als. We then employed statistical tests to assess the significance of the observed differences
by conducting two distinct types of comparisons: (1) within-participant comparisons in
fixed groups using one-sample t-test and (2) between-participant comparisons in fixed con-
ditions using two-sample t-test under various conditions. Furthermore, to report the effect
size, we adopted robust Cohen’s distance [2].

In analyzing the Task Performance, we compare the results of each group individually
between their Baseline and Test, as well as comparing the two groups with each other in
Test. In analyzing Avatar Embodiment and Task Load Index, we compare the groups in
Train to see the efficacy of the haptic information.

3.5.1 Task Performance

The performance of the participants is shown in Figure 3.5-A. Both groups performed sim-
ilarly in Baseline, without haptics had slightly lower success rate than with haptics (without
haptics : 50.00% ± 7.07%; with haptics : 55.92% ± 14.17%), and their score dropped in
Train (without haptics : 33.78% ± 11.50%; with haptics : 36.98% ± 15.73%). Both groups
performed better in Test (without haptics : 66.37% ± 5.62%; with haptics : 76.37% ±
6.40%), and significant differences were observed by comparing each group’s performance
between Baseline and Test (One-sample t-test: with haptics : p = .001, Cohen’s d = 1.41;
without haptics : p < .001, Cohen’s d = 2.01), and with haptics did significantly better
than without haptics in Test (Two-sample t-test: p < .001, Cohen’s d = 1.38).

The duration of the task performance for each group is shown in Figure 3.5-B. Both
groups performed similarly in Baseline (with haptics : 1.32 s ± 0.29 s; without haptics : 1.46 s
± 0.31 s). In Train, both groups performed slower than Baseline (with haptics : 1.79 s ±
0.36 s; without haptics : 1.64 s ± 0.21 s) but were able to recover and perform faster in Test
(with haptics : 1.23 s ± 0.32 s; without haptics : 1.31 s ± 0.27 s). However, one-sample t-test
showed no significant differences for each group amongst different conditions. Two-sample
t-test did not show any significant difference between the two groups in Test either.

3.5.2 Avatar Embodiment

The score for Body Ownership is shown in Figure 3.6-A. Both groups responded similarly
to Baseline (without haptics : 4.82 ± 3.87; with haptics : 5.09 ± 2.34), while their scores
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Figure 3.5: Performance of the participants in terms of (A): Success rate which is the
number of successful trials reported in percentage, and (B): Task duration. Box plots
present the minimum, 25% percentiles, median, 75% percentiles and maximum of each
metric for all conditions. Both groups were significantly more successful in their Test
compared to their Baseline with ** p < .05 for with haptics and *** p < .001 for without
haptics, respectively. With haptics had higher success rate than without haptics during
Test with *** p < .001.

dropped in Train (without haptics : 2.45 ± 4.30; with haptics : 3.27 ± 2.37). In Test, with
haptics scored slightly higher than without haptics (without haptics : 3.45 ± 2.84; with
haptics : 5.00 ± 2.86). Two-sample t-test showed no significant differences between the
groups in Train.

Figure 3.6-B depicts the participants’ response to Agency and Motor Control. In all
conditions, with haptics scored slightly higher than without haptics (In Baseline: without
haptics : 3.45 ± 4.23; with haptics : 5.45 ± 2.88. In Test: without haptics : 3.55 ± 4.03; with
haptics : 5.36 ± 3.53) and in Train they scored the lowest compared to the other conditions
(In Train: without haptics : 0.82 ± 4.47; with haptics : 4.45 ± 3.11). Two-sample t-test
showed no significant differences between the groups in Train.

The score for Tactile Sensation is illustrated in Figure 3.6-C. With haptics scored slightly
higher than without haptics in Baseline (without haptics : -2.27 ± 3.80; with haptics : 0.91
± 3.81). Both groups reported lower scores in Train (without haptics : -3.82 ± 3.22; with
haptics : 1.09 ± 2.91). However, in Test, the with haptics group reported a higher score
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Figure 3.6: Participants’ response to different categories of the embodiment perception
questionnaire (A): Body Ownership, (B): Agency and Motor Control, (C): Tactile Sensation
and (D): Location of the Body. The responses are presented in the form box plots showing
the minimum, 25% percentiles, median, 75% percentiles, maximum of each metric and
outliers for all conditions. The with haptics group scored significantly higher than without
haptics in Tactile Sensation during Test (with ** p < .01).

than Baseline while without haptics reported similar to Baseline (without haptics : -2.27 ±
3.82; with haptics : 2.00 ± 3.32), resulting in promising differences between the two groups
in the Train (Two-sample t-test: p = .001).

The Location of the Body score is represented in Figure 3.6-D. No specific trends were
observed for each group between the conditions (In Baseline: without haptics : M = 1.64 ±
2.34; with haptics : 1.73 ± 2.00. In Train: without haptics : -0.73 ± 3.69; with haptics : 0.36
± 2.11. In Test: without haptics : 2.00 ± 2.10; with haptics : 1.28 ± 2.45). Two-sample
t-test showed no significant differences between the groups in each condition.
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The overall score of the embodiment is shown in Figure 3.7-A. Based on the figure,
the with haptics group achieved higher scores than their counterparts in all conditions
(In Baseline: without haptics : 54.65% ± 13.73%; with haptics : 65.53% ± 10.02%. In
Train: without haptics : 48.17% ± 14.58%; with haptics : 60.97% ± 7.57%. In Test: without
haptics : 57.65% ± 9.55%; with haptics : 66.17% ± 12.07%). Even though the score of each
group in Train is the least, with haptics’ was significantly higher than without haptics’ in
this condition (Two-sample t-test: p = .018, Cohen’s d = 0.95).

A B

With haptics Without haptics

Figure 3.7: Participants’ overall score in (A): Embodiment Perception, (B): Task Load
Index. The scores are presented in the form box plots showing the minimum, 25% per-
centiles, median, 75% percentiles, maximum of each metric and outliers for all conditions.
The with haptics group scored higher in overall embodiment perception than the without
haptics group during Test (with * p < .05).

3.5.3 Task Load Index

The result of the overall NASA-TLX score for the two groups is shown in Figure 3.7-B. In
Baseline and Train, the without haptics group scored slightly higher than with haptics (In
Baseline: without haptics : 52.81 ± 10.81; with haptics : 44.46 ± 18.69. In Train, without
haptics : 60.65 ± 14.75; with haptics : 50.09 ± 14.16). Both groups performed similarly in
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Test (without haptics : 41.13 ± 16.79; with haptics : 43.64 ± 18.30), and two-sample t-test
showed no significant differences between the two groups in Train.

In addition to the overall task load index, the category-wise scores are shown in Fig-
ure 3.8. Significant differences between the two groups were observed for the Physical
Demand and Temporal Demand categories during the Train condition. The participants
in the with haptics group reported significantly lower Physical Demand compared to their
counterparts (two-sample t-test: p = .008). They also found the task to be less temporally
demanding than the without haptics group (two-sample: p = .029). Two-sample t-test
showed no significant differences were found between the two groups during the Train
condition in other categories.

3.6 Discussion

In this section, we discuss the interpretation of our results from the mirror therapy exper-
iment in terms of Task Performance, Avatar Embodiment, and Task Load Index. Further-
more, we discuss additional insights and acknowledge the limitations of our work.

During Baseline, the two groups exhibited similar task scores (Figure 3.5-A). The sub-
sequent decline in observed scores for both groups in Train (by 32.43% in with haptics and
33.86% in without haptics) can be attributed to the fact that the Train condition involved
mirroring the scene and participants had to perform the task with their dominant hand
while seeing their virtual non-dominant hand in motion. In other words, the misalignment
of visual feedback is a plausible explanation for the drop in scores.

The divergent performance observed in Test stands out as a significant aspect of the
results. In line with the previous investigations on the potential of the mirror neurons’
effect on motor learning [10, 122], in Test, it was expected that both groups would score
higher than their previous conditions. However, the with haptics group exhibited a sub-
stantial improvement from Train and significantly outperformed the without haptics group
by 15.07%. The with haptics also performed the task in the Test condition slightly faster
than the without haptics group (Figure 3.5-B). This demonstrates that the improved per-
formance in the with haptics group was not attained by sacrificing fast movements, which
is known as speed-accuracy trade-off [30]. The integration of haptic feedback could have
affected the motor performance in multiple ways. It might have enabled the with hap-
tics group to refine their skills more effectively, resulting in improved scores; the tactile
cues might have provided an additional feedback loop for participants to fine-tune their
actions, leading to the observed superior performance in Test. The difference observed in
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With haptics Without haptics

Figure 3.8: Participants’ responses to the task load index questionnaire in the categories
of (A): Mental Demand, (B) Physical Demand, (C): Temporal Demand, (D): Performance,
(E): Effort, and (F) Frustration. The responses are presented in the form of box plots
showing the minimum, 25% percentiles, median, 75% percentiles, maximum of each metric
and outliers for all conditions. The with haptics group responded significantly lower than
without haptics in Physical Demand (with ** p < .01), and Temporal Demand (with *
p < .05) during Train.
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the task accuracy (Figure 3.5-A) between the two groups in the Test condition may also
be attributed to differences in cognitive load; haptic feedback could have alleviated cog-
nitive strain by offering direct tactile cues [134]. This reduced cognitive load [150] might
have empowered the with haptics group to make decisions more swiftly and accurately,
contributing to their performance advantage. Furthermore, the observed improvements in
task performance is not due to participants adapting to the technology. This is supported
by the experimental design, which included a 5-minute familiarization phase and 60 trials
of baseline to ensure that participants were well-accustomed to the VR setup before the
actual testing began. This setup was intentionally structured to minimize any novelty
effects or adaptation to the technology, which could otherwise skew the results.

In terms of Avatar Embodiment, even though the analysis of Body Ownership scores
(Figure 3.6-A) did not show any statistically significant differences between the two groups,
the with haptics group scored slightly higher as compared to the without haptics group in
Test. This may indicate that tactile feedback did not affect the Body Ownership perception
substantially.

For the agency and motor control category (Figure 3.6-B), the with haptics group ex-
hibited marginally higher scores than the without haptics group even though this difference
did not register as statistically significant. This pattern could suggest a trend toward in-
creased agency and motor control perception in the presence of haptic cues. Nonetheless,
the absence of a pronounced effect warrants further investigation into the interplay of
haptic cues and participants’ sense of control over their avatars. Similarly, no significant
changes were observed in the Location of the Body (Figure 3.6-D) across conditions and
groups.

Out of all categories in Avatar Embodiment, haptic feedback was observed to create
the most pronounced impact in the Tactile Sensation category (Figure 3.6-C). The with
haptics group reported significantly higher scores than the without haptics group during the
Train condition. This finding highlights the influence of haptic feedback on participants’
perception of tactile interactions with their avatars, increasing their awareness of and
connection to the virtual experience. Moreover, this result is in line with [57], where an
experiment with amputees showed that vibrotactile feedback combined with conventional
MT was shown to strengthen awareness of phantom limbs; we thus suggest that pressure
feedback may also be effective in terms of improving the learning effects of VR-based MT.

The overall embodiment analysis shows that the with haptics group reported increased
overall embodiment perception during the Train phase (Figure 3.7-A), and demonstrated
markedly improved task performance in the subsequent Test condition (Figure 3.5-A).
This suggests that the amplified sense of embodiment experienced during training may
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have influenced and positively impacted task execution during the test phase. This agrees
with a study on rubber hand illusion by [96] that reported the improvement in single-
handed task performance with an enhanced embodiment, as well as a study by Iwasaki
et al. [59] that reported similarly on dual-handed task performance. Our study suggests
similarly in VR-based MT, that the improvement in embodiment during the Train phase,
when the non-dominant arm is inactive, may contribute to the enhanced task performance
in the Test phase.

The overall task load index (Figure 3.7-B) shows that without haptics found Train
slightly more difficult than with haptics. Further details of it can be seen in category-
wise comparison (Figure 3.8) where the participants answered the questionnaire on a scale
of 1 to 21. Both groups found Train slightly more mentally demanding than the other
conditions. The Performance category shows that both groups thought they performed
slightly better in Test compared to the previous conditions. Interestingly, they thought
they were performing slightly better in Train than Baseline, while this is not in line with
Figure 3.5-A. Furthermore, without haptics exerted slightly more effort in all conditions
than their counterpart. No major trend was observed in Frustration, except that both
groups scored slightly higher in Train than other conditions. This outcome implies that
the absence of haptic cues might lead to a heightened perceived workload in the task.

Considering the overall task load index (Figure 3.7-B), both groups exhibited similar
scores, albeit with a slight elevation in the group without haptics. This result indicates
that while haptic feedback influenced workload perceptions within specific dimensions, the
cumulative effect on overall workload perception was relatively marginal. The implications
of this study are relevant for designing virtual environments to optimize user experiences
and task performance. Incorporating haptic feedback could be particularly beneficial for
tasks involving physical and temporal demands, as it appears to alleviate perceived work-
load during training. However, the subtle effect on the overall workload score suggests that
designers should consider a holistic approach that considers various dimensions of workload
perception.
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Chapter 4

The Impact of Vibrotactile Feedback on
Task Performance and Embodiment in a
Motor Task

While chapter 3 focused on the application of pressure feedback in mirror therapy, this
chapter explores a different aspect of motor learning through the ball and beam study.
This shift in focus is motivated by the need to understand the impact of embodiment and
sensory feedback in a broader range of motor tasks. The ball and beam study offers an
opportunity to investigate bimanual coordination and the role of embodiment in tasks that
require precise control and balance. Unlike mirror therapy, this study involves bimanual
interactions, providing insights into how the sense of embodiment influences coordination
between both hands.

In this chapter, the main objective is to explore the relationship between the sense of
embodiment and the motor learning in a bimanual task. For this purpose, we designed
a ball-and-beam control task, where participants were required to balance a virtual ball
on a beam by controlling its rotation. Nineteen able-bodied participants were subjected
to four experimental conditions in random order: No feedback, Vibrotactile feedback only,
Visual feedback only, and both Vibrotactile and Visual feedback. In the study design,
we considered that the visual feedback would modify the sense of embodiment, indirectly
influencing motor learning. In contrast, the haptic feedback not only alters the embodiment
but also provides information directly relevant to the motor task, thereby holding a direct
relationship with motor learning. The study measured task performance through kinematic
data, muscle activity via electromyography, and subjective responses through embodiment
and task load questionnaires.
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The results indicated that the presence of vibrotactile feedback, especially when com-
bined with visual feedback, enhanced participants’ task performance and sense of embod-
iment. The findings suggest that multimodal sensory feedback can improve motor control
and perceptual integration in VR-based tasks. This research contributes to the under-
standing of how different sensory feedback modalities can be leveraged to enhance motor
learning and embodiment in VR, with potential implications for the design of VR systems
for rehabilitation and training purposes.

4.1 Task Environment

For this study, we designed a VR-based ball-and-beam control task. The virtual environ-
ment consisted of a beam balanced on a pivot, normal to the frontal plane and located
at the centre of the virtual room. Participants were required to hold two controllers with
their fingertips (see Figure 4.1-A), which represented the virtual beam. Ideally, to make
the design more realistic, and to minimize the lateral movement of the arms, we thought
about connecting the controllers with a rod. However, the vibrotactile feedback rendered
from each controller appeared to affect the other controller and in turn, be disruptive
throughout piloting. A virtual ball with a radius of 2 cm was placed on the centre of the
beam, and the task was to control the rotation of the beam such that the ball would remain
on a specified target area, which was a 3×3 cm2 white square (see Figure 4.1-B).

On the background of the environment, a grey wall was placed as the instruction panel,
on which the state of the experiment was shown, as well as a coloured circle point. The
experiment state could be either "Go", "Stop", or "Ready". The experiment would start
with a 10-second countdown and the state of the experiment would turn into "Go" and
the circle on top of the script would turn into green. In this phase, the target would start
moving on a predefined trajectory of p = Asin(ωt) (where A = 0.4m is the amplitude
and ω = 0.2π is the angular velocity) along the beam, and participants had to control the
rotation of the beam to control the position of the ball. After 10 seconds, the experiment
state would turn into "Stop" and the state circle would turn red when the participants had
to put their hands on their laps and rest for 7 seconds. After the rest time, the experiment
state would turn into "Ready", and the state circle would turn yellow. In this state, the
participants had to lift their hands, make the beam horizontal and prepare themselves for
the next trial. In this state, a horizontal white transparent beam would appear so that
the participants could adjust the beam with reference (see Figure 4.2). This cycle was
repeated 50 times for each condition.

The task was performed in the virtual reality environment designed in the Unity 3D
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Figure 4.1: (A) Apparatus of the ball and beam experiment including (1): Vive pro HMD
and controllers (HTC Corp., Taiwan), and (2) Trigno electromyography sensors (Delsys,
UK). (B) Components of the virtual environment in the ball and beam experiment including
(1) Instruction panel, showing the experiment state and the remaining trials, (2) Beam, (3)
Target, (4) Ball, and (5) Occluder. Participants were instructed to control the rotation of
the beam such that the ball would remain on the target. Each trial would last 10 seconds
unless the ball would fall out of the beam.

Figure 4.2: States of the ball and beam experiment including (A) Go, where the target
would start moving on the beam, and the participants had to control the rotation of the
beam to control the position of the ball such that it would follow the target for 10 seconds.
(B) Stop, where the participants had to put their hands on their laps and rest their muscles
for 7 seconds. (C) Ready, where the participants had to lift their hands, make the beam
horizontal, and prepare themselves for the next trial in 3 seconds. In this state, a horizontal
white transparent beam would appear as a reference. This cycle was repeated 50 times for
each condition of the experiment.
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game engine (Unity Technologies, Inc., United States), interfaced using a Vive Pro head-
mounted display (HMD) (HTC Corp., Taiwan). Participants sat on a chair during the ex-
periment (see Figure 4.1-A). Muscle activity was recorded using electromyography (EMG)
sensors (Trigno, Delsys, US) at 1,926 Hz (synchronized with Unity). EMG sensors were
attached to the biceps brachii, triceps brachii and anterior, middle, and posterior deltoid
of each arm. To enhance the quality of the EMG signals, the EMG electrode sites were
shaved and cleaned with alcohol swabs prior to attachment.

4.2 Participants

The ball and beam study included an experiment with details described in Experimental
Procedure. Typical studies in this field often involve between 10 and 20 participants, which
guided our recruitment of 19 able-bodied participants (8/11 females/males, age: 25 ± 3
years). This was further supported by a power analysis. Anticipating a medium effect
size (Cohen’s d = 0.5), with a power of 0.8 and a significance level of 0.05, and assuming
a standard deviation of the measurements as 0.8, the power analysis suggested that a
minimum of 19 participants would be required. All participants provided their informed
written consent to participate in the study before the experiment. The study protocols
and procedures were approved by the Research Ethics Boards of the University of Waterloo
(ORE # 45062).

4.3 Experimental Procedure

Figure 4.3 demonstrates the experimental procedure. The experiment was performed in
a single in-lab session for each participant. After consenting to participate and providing
demographic information, participants were informed about the virtual environment and
their tasks in the experiment. Then, they were asked to wear the HMD and adjust it based
on their head size. After the HMD adjustment, the experimenter assisted them in holding
the VR controllers. The participants were then given two trials of each condition to become
familiar with the environment. Then, the experimenter reminded them of their tasks and
started the experiment. The conditions were exposed to the participants in random order.
Unlike the previous study, the selection of within-participant over the between-participant
guarantees consistency across conditions for the same individuals, and facilitates a direct
comparison of the impact of different feedback modalities on the same individual. After
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every condition was finished, the participants were asked to remove the HMD and respond
to the Avatar Embodiment and NASA-TLX questionnaires.

The experiment consisted of four main conditions:

• No feedback (NHV): Participants only observe the experimental components with
neither the virtual representation of the hands nor the haptic sensation (Figure 4.4-
A).

• Haptics only (H): Participants do not observe the virtual hands but feel the vi-
bration from the controllers (Figure 4.4-A).

• Visual only (V): Participants observe virtual hands and do not feel haptic feedback
(Figure 4.4-B).

• Haptics and visual (HV): Participants observe the virtual hands and feel the
haptic feedback (Figure 4.4-B).

For the conditions that contained haptic feedback, vibration was rendered on both VR
controllers with the frequency of 50Hz and a logarithmic amplitude representing the ball’s
position on the beam for tactile funnelling:

AL = 0.2 log(dR + 1) (4.1)
AR = 0.2 log(dL + 1) (4.2)

where AL and AR are the amplitude of the vibration rendered on the left and right con-
troller, and dR and dL are the distance between the ball and the right and left hands,
respectively [103]. Similarly, the amplitude of the vibrotactile feedback was fine-tuned
through piloting. The selection of a 50 Hz frequency in the VR controllers was informed
by preliminary piloting. During the pilot tests, participants expressed a preference for
lower frequencies for the feedback, as these frequencies were found to be more indicative
of the slow motion of the ball on the beam. This choice was further supported by the fact
that such a frequency is within the range that effectively stimulates mechanoreceptors in
fingertips, particularly the Meissner corpuscles[109] and Pacinian corpuscle [8].

Each condition consisted of 50 trials of 10 seconds each. Participants were given 7
seconds of rest after each trial to minimize the impact of fatigue and 3 seconds to prepare
for the next trial. Once each condition was completed, they were asked to remove the
HMD and respond to the embodiment and NASA-TLX questionnaires.
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19 able-bodied participants

Reviewing and signing the 
consent forms

Attaching the EMG and 
run the MVC test

Wearing the VR headset

Familiarization

Condition i
50 trials:
• 10 seconds main trial
• 7 seconds rest
• 3 seconds preparation

𝑖 ∈ {1, 2, 3, 4}

Questionnaire i

Figure 4.3: A flowchart depicting the ball and beam experimental procedure.
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Figure 4.4: Participants observation in the Go state of the ball and beam experiment in
(A) No feedback and the Haptic only conditions (B) Visual only and both haptics and
visual conditions.

4.4 Measures

In this study, we include four sets of measures that are described as follows:

4.4.1 Kinematic measures

Kinematic data, including the trajectory of the ball, target and controllers were recorded
with the HTC Vive pro setup. Then, for each trial, we calculated the following kinematic
metrics:

1. Maximum absolute trajectory error: The maximum absolute value of the difference
between the trajectory of the target and the trajectory of the ball, similar to [88].

2. Cross-correlation: To quantify the similarity between the target trajectory and the
ball trajectory, we employed Pearson cross-correlation coefficient fixed at zero-lag.

3. Zero crossing: The number of times the ball passes the target per trial as a measure
of smoothness, reported as the average over the first and the last ten trials.

4. Early and late slopes of the learning curve (maximum absolute error), calculated by
averaging the slope of the early and late 10 trials of conditions, which is derived as:

Sk =
Ek+1 − Ek

(k + 1)− (k)
, (4.3)

where Sk and Ek are the slope and the maximum absolute error of the trial k.
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4.4.2 EMG measures

EMG signals were band-passed filtered (4th order Butterworth, cut-off frequencies of 10
and 500 Hz). Then, each signal was full-wave rectified and smoothed by calculating the
root-mean-square of the signal (window length = 50 ms) and normalized by maximum
voluntary contraction (MVC) [68]. Preprocessed EMG data were then segmented based
on the start/end of each trial. Two metrics were computed for EMG data of each segment:

1. Mean muscle activity: The mean value of the normalized EMG data was calculated
for each muscle for each trial [68].

2. Co-contraction of muscles: Coactivation between a pair of muscles (Biceps-Triceps,
and Posterior deltoid-Anterior deltoid) was calculated for each trial [94]:

Ck
ij =

∫ tkend

tkstart
ei(t)ej(t)dt

tkend − tkstart
(4.4)

We included this metric of to ensure that participants were not stiffening their joints
as a strategy to perform the task, which could mask true skill acquisition or adapta-
tion.

4.4.3 Avatar Embodiment

Participants were asked to respond to the categories of the Avatar Embodiment question-
naire on a 7-point Likert scale varying from -3 to +3 denoting "Strongly disagree", "Dis-
agree", "Somewhat disagree", "Neither agree nor disagree", "Somewhat agree", "Agree"
and "Strongly agree", respectively. The categories included Body Ownership, Agency and
Motor Control, and Tactile Sensation. The final embodiment score was derived by aver-
aging the response of each category, and then calculating the sum of the weighted scores
for each category. The weights for all conditions were assigned as 1. Subcategories of the
questionnaire with the questions and the score calculation are shown in Table 4.1. In this
study, the categories Location of the Body and External Appearance presented in [41] were
not a focal point and consequently were excluded from the embodiment questionnaire.

4.4.4 Task Load Index

Similar to the previous study (chapter 3), participants were asked to respond to NASA-TLX
categories, including Mental Demand, Physical Demand, Temporal Demand, Performance,
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Effort, and Frustration, on a scale of 1 to 21. Then, their response was normalized to [0, 1],
and the final task load index was obtained by calculating the sum of the weighted scores.
The weights for Mental Demand, Physical Demand, Temporal Demand, and Performance
are assigned to 20, and the weights for Effort and Frustration are set to 10.

4.4.5 Embodiment perception and motor learning relationship

For further analyzing the effect of the sense of embodiment on motor learning, we assumed
the no-feedback condition as the reference and decided to see the difference between the
embodiment score and the kinematic data with the difference. For the motor learning
metric, we took the maximum absolute error of the test (last 10 trials) of each condition,
normalized it with the baseline (first 10 trials) of the same condition and subtracted them
from the same value obtained from the no-feedback condition. We call this ∆Error, which
is be obtained as:

∆Errori =
Errori,T est

Errori,Baseline

− ErrorNHV,Test

ErrorNHV,Baseline

, (4.5)

where Errori is the maximum absolute error of the condition i, Baseline is the first ten
trials, and Test is the last 10 trials of that condition.

For the embodiment metric, we computed the difference between the embodiment score
of each condition with the NHV condition:

∆Embodimenti = Embodimenti − EmbodimentNHV . (4.6)

We assumed a linear model for the relationship between the embodiment perception
and motor learning. To fit lines, we employed robust least squares regression with manual
weighting. The weights for the potential outliers were assigned as 0.2, and for the rest of
the datapoints were assigned as 1.

To identify statistical difference between the slope of the lines, we employed ANCOVA
test with a significance level of 0.05 to test group-level differences. Following the ANCOVA
test, we conducted pairwise comparisons, between the lines, using T-test. To account for
multiple comparisons between the three lines, we applied the Bonferroni correction.

4.5 Results

Here, we present the results of the experiment as well as the participants’ responses to
the avatar embodiment and the task load index questionnaires in the form of box plots,
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Table 4.1: Modified version of the Avatar Embodiment questionnaire used in the ball and
beam experiment.
Category Questions Score

Body Ownership Q1: I felt as if the virtual hand was my hand. s1 = Q1 − Q2 +
Q3

Q2: I felt as if the virtual hand I saw was some-
one else.

s1 = s1/3

Q3: It seemed as if I might have more than one
hand.

Agency and Motor
Control

Q1: It felt like I could control the virtual move-
ment of the ball on the beam as if I was manip-
ulating it with my own hands.

s2 = Q1 + Q2 +
Q3 −Q4

Q2: The movements of the ball along the beam
were directly influenced by my movements.

s2 = s2/4

Q3: I felt as if the movements of the ball along
the beam influenced the movement of my hands.
Q4: I felt as if the ball was moving along the
beam independent of my movements.

Tactile Sensations Q1: It seemed as if I could feel the position or
movement of the ball on the beam in my hands,
corresponding to where I saw it on the beam.

s3 = Q1 − Q2 +
Q3

Q2: It seemed as if the sensation of the ball’s
movement on the beam was felt somewhere be-
tween my physical hands and the position of the
ball on the virtual beam.

s3 = s3/3

Q3: It seemed as if the tactile sensations I felt
were caused by the ball’s movements along the
virtual beam.

Overall S = (s1 + s2 +
s3)/3
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as well as reporting the mean (M) and the standard deviation (SD) for the ball and beam
study. Before statistical analysis of the data, we performed the Shapiro-Wilk test and
confirmed that the data followed a normal distribution by visually inspecting the Q-Q
plots of residuals. We then employed statistical tests to assess the significance of observed
differences by conducting within-participant comparisons in fixed population using one-
sample T-test. Furthermore, to report the effect size, we adopted robust Cohen’s d model
[2].

4.5.1 Kinematic data

The maximum absolute error between the ball and target positions in the trials is shown in
Figure 4.5, and the comparison between the baseline (first 10 trials) and the test (last 10
trials) of each condition is represented in Figure 4.6. According to this figure, all conditions
are observed to have a downward trend (Average of the test trials of NHV: 0.90 ± 0.05;
H: 0.86 ± 0.054; V: 0.89 ± 0.05; HV: 0.85 ± 0.03). Comparison between the baseline and
test with a fixed condition showed significant differences in Haptic only, Visual only, and
Haptic and visual feedback conditions (One sample T test: pH < .001, Cohen’s d = 1.41;
pV = .038, Cohen’s d = 0.82; pHV = .0014, Cohen’s d = 2.32). Comparison between the
test trials of different conditions did not show any significant differences.

The cross-correlation coefficient between the ball and the target position in the baseline
and test trials of each condition is shown in Figure 4.7. Across conditions, trajectories
between the ball and the target showed consistency from baseline to test trials, except the
haptic-only condition, which exhibited a statistically significant difference (HBaseline: 0.83
± 0.16; HTest: 0.90 ± 0.09; One sample T-test: pH = .024, Cohen’s d = 0.38).

The number of zero crossings is shown in Figure 4.8. It can be seen that overall,
participants were more likely to control the beam such that the ball would pass the target
more frequently during the test trials compared to the baseline trials in all conditions
except the haptic-only condition. However, one sample T-test did not show any significant
differences between the baseline and the test in fixed conditions. The overall zero crossings
of each condition can be seen in Figure 4.9. One-sample T-test did not show any significant
differences between different conditions.

The average slope of the maximum absolute error between the baseline (first 10 tri-
als) and the test (last 10 trials) of different conditions with the order of exposure to the
participants is shown in Figure 4.10. The average slope was significantly lower in the base-
line of the first condition compared to the test of the same condition (One-sample T-test:
p = .004, Cohen’s d = 1.27).
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Figure 4.5: Maximum absolute error between the position of the ball and the target over
the trials in different conditions (NHV: no feedback, H: haptic feedback only, V: visual
feedback only. HV: haptic and visual feedback).

4.5.2 EMG data

The mean muscle activity of the dominant and the non-dominant hand for each condition
is shown in Figure 4.11. Based on the figure, participants activated their non-dominant
hand’s muscle more than their dominant hand in almost all the measured muscles across all
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Baseline Test

Figure 4.6: The maximum absolute error between the baseline (first 10 trials) and the
test (last 10 trials) of different conditions (NHV: no feedback, H: haptic feedback only, V:
visual feedback only. HV: haptic and visual feedback). The values are normalized with
the baseline of every condition. Box plots present the minimum, 25% percentiles, median,
75% percentiles and maximum of each metric for all conditions. Also, the + sign shows
the mean for each metric. Significant differences were observed between the baseline and
the test trials of H, V and HV (with * p < .05, ** p < .01 and *** p < 0.001).

conditions. However, this activation became significant in the anterior deltoid in the visual
only and the haptic and visual conditions (One-sample T-test: pV = .046; pHV = .045).

The mean muscle activity of the dominant hand for the baseline (first 10 trials) and the
test (last 10 trials) of each condition is shown in Figure 4.12. Based on the figure, partic-
ipants’ muscle activations were similar between the first and last trials of each condition,
and the Friedman test did not show any significant difference between the baseline and
test trials of any conditions. Among the measured activations, the anterior deltoid and
the posterior deltoid had the highest and lowest activations under all conditions (average
in all conditions: Anterior deltoid: 19.92% ± 8.13%; Posterior deltoid: 11.53% ± 6.29%).

The co-contraction of different muscle pairs of the dominant and the non-dominant
hand across different conditions are shown in Figure 4.13-A to Figure 4.13-D. Based on the
figures, co-contraction of anterior-posterior deltoid of the dominant hand (Figure 4.13-C)
is observed to be the lowest (with an average of less than 3% for all conditions), and the
co-contraction of the same pair in the non-dominant hand is observed to be the highest
(with the average of approximately 4%). One-sample T-test did not show any significant
differences across different conditions for fixed agonist-antagonist muscle pairs.
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Figure 4.7: Cross-correlation factor between the target and the ball trajectory in baseline
(first 10 trials) and the test (last 10 trials) of different conditions (NHV: no feedback, H:
haptic feedback only, V: visual feedback only. HV: haptic and visual feedback). Box plots
present the minimum, 25% percentiles, median, 75% percentiles and maximum of each
metric for all conditions. Also, the + sign shows the mean for each metric. Baseline and
test trials of the H condition were found to be significantly different from each other (with
* p < .05).

4.5.3 Embodiment perception and task load index

To identify the statistical differences in the subjective questionnaires, we initially employed
a Friedman test with a significance level of 0.05 to test condition-level differences. Following
the Friedman test, we conducted pairwise comparisons, between the conditions, using the
one-sample T-test. To account for multiple comparisons between the HV, we applied the
Bonferroni correction.

The overall score of the embodiment is shown in Figure 4.14-A. Based on the figure,
the participants scored a higher sense of embodiment in both haptic and visual feedback
compared to single feedback and the no-feedback conditions (NHV: ± 0.30; H: 0.33 ± 0.47;
V: 0.08 ± 0.56; HV: 0.63 ± 0.43). Significant differences in haptic and visual feedback
were observed compared to the other conditions (Friedman: p < .001, One-sample T-test:
pNHV,HV < .0003, Cohen’s d = 1.16; pH,HV = .003, Cohen’s d = 0.50; pV,HV = .0004,
Cohen’s d = 1.22).

The overall task load index is shown in Figure 4.14-B. Participants responded similarly
to the NASA-TLX questionnaire under different conditions (NHV: 42.71% ± 11.06%; H:
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Baseline Test

Figure 4.8: Zero crossing between the target and the ball trajectory in baseline (first 10
trials) and the test (last 10 trials) of different conditions (NHV: no feedback, H: haptic
feedback only, V: visual feedback only. HV: haptic and visual feedback). Box plots present
the minimum, 25% percentiles, median, 75% percentiles and maximum of each metric for
all conditions. Also, the + sign shows the mean for each metric.

Figure 4.9: The overall zero crossing between the target and the ball trajectory of different
conditions (NHV: no feedback, H: haptic feedback only, V: visual feedback only. HV:
haptic and visual feedback). Box plots present the minimum, 25% percentiles, median,
75% percentiles and maximum of each metric for all conditions. Also, the + sign shows
the mean for each metric.

44.20% ± 9.73%; V: 40.51% ± 9.04%; HV: 43.15% ± 10.42%), and Friedman did not show
any significance in the difference in the overall task-load index between the conditions.
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Baseline Test

Figure 4.10: The average slope of the maximum absolute error amongst baseline (first 10
trials) and test (last 10 trials) across different conditions. The conditions are sorted with
the order of exposure to each participant. Box plots present the minimum, 25% percentiles,
median, 75% percentiles and maximum of each metric for all conditions. Also, the + sign
shows the mean for each metric. Comparison in the average slope of the baseline and the
test of the first condition showed a significant difference (with ** p < .01).

4.5.4 Embodiment perception and motor learning

Figure 4.15-A shows data for each participant as well as the fitted lines. The fitted lines
parameters are shown in Table 4.2. The comparison between each linear model and the
constant model showed significant differences for the Visual only and the Haptic and Visual
conditions (F-test, pV = .017; pHV = .025). The comparison between the lines showed
significant differences between the Haptic only and the Visual only conditions, as well as
the Haptic only and the both Visual and Haptic groups (ANCOVA: p = .012; T-test:
pH,V = .012, pH,HV = .011).

Figure 4.15-B shows the centroid of each condition, which are obtained by averaging
the x and y values of the datapoints from Figure 4.15-A. The centroids coordinates are as
follows:

CH = (0.29,−0.06) (4.7)
CV = (−0.01,−0.11) (4.8)
CHV = (0.58,−0.05), (4.9)

where Ci = (xi, yi) is the centroid of the condition i, xi and yi are the ∆Embodiment and
the ∆Error for condition i (with respect to the NHV condition), respectively.

43



Dominant hand Non-dominant hand

Figure 4.11: The mean muscle activity of the dominant and the non-dominant hand for
different muscles across different conditions (NHV: no feedback, H: haptic feedback only,
V: visual feedback only. HV: haptic and visual feedback). Box plots present the minimum,
25% percentiles, median, 75% percentiles and maximum of each metric for all conditions.
Also, the + sign shows the mean for each metric. Comparison of the mean activity of
the anterior deltoid in V and HV conditions showed significant differences between the
dominant and the nondominant hand (with * p < .05).

4.6 Discussion

Figure 4.5 and Figure 4.6 present the effect of haptic, visual and combined feedback on the
maximum absolute error in performing the task. Initially, we observed in the NHV condi-
tion that participants demonstrated a high degree of variability in performance, with no
significant reduction in errors over the course of 50 trials (Figure 4.5). This was supported
by the lack of improvement between the baseline and test trials shown in Figure 4.6, sug-
gesting that in the absence of feedback, participants were unable to self-correct or improve
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Figure 4.12: Mean muscle activity of the dominant hand between the baseline (first 10
trials) and the test (last 10 trials) for the muscles (A): Anterior deltoid, (B): Middle
deltoid, (C): Posterior deltoid, (D): Biceps, (E): Triceps across different conditions (NHV:
no feedback, H: haptic feedback only, V: visual feedback only. HV: haptic and visual
feedback). Box plots present the minimum, 25% percentiles, median, 75% percentiles and
maximum of each metric for all conditions. Also, the + sign shows the mean for each
metric.

their performance effectively, which is in line with prior research done by Sigrist et al. [134].

Figure 4.6 provides a comparative analysis of the normalized error across the four con-
ditions, illustrating a clear trend in error reduction in the haptic-only (H), the visual-only
(V) and the combined (HV) feedback conditions. Although both types of feedback individ-
ually lead to improvement, the visual condition did not outperform the haptic condition,
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Figure 4.13: Muscle co-activations for Biceps-Triceps of the dominant hand (A), non-
dominant hand (B) and Anterior-Posterior deltoid of the dominant hand (C) and non-
dominant hand (D) across different conditions (NHV: no feedback, H: haptic feedback
only, V: visual feedback only. HV: haptic and visual feedback).

which could challenge the expected dominance of visual feedback in spatial accuracy tasks
[132].

The combined feedback condition (HV) provided evidence of a synergistic effect, result-
ing in the most substantial error reduction. This is exemplified by statistically significant
enhancement from baseline to test trials and the consistently low errors across trials in
Figure 4.5. These findings invite a deeper examination of how individual differences in
sensory integration may contribute to the effectiveness of feedback modalities, aligning
with research exploring the balance between sensory inputs during motor learning [50].
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Figure 4.14: Subjective responses to the embodiment perception and the NASA-TLX
questionnaires across different conditions (NHV: no feedback, H: haptic feedback only, V:
visual feedback only. HV: haptic and visual feedback). Box plots present the minimum,
25% percentiles, median, 75% percentiles and maximum of each metric for all conditions.
Also, the + sign shows the mean for each metric. The participants scored a higher sense
of embodiment in the HV condition compared to other conditions (with *** p < .0003 and
** p < .003).

Table 4.2: Fitted lines parameters. The comparison between each line with constant
showed significant difference (with * p < .05).

Condition Slope Intercept F-test

Haptic only (H) 0.04 -0.13 p > .05
Visual only (V) -0.36 -0.20 * p = .017
Haptic and vi-
sual (HV)

0.46 0.22 * p = .025

Figure 4.7 shows the similarity factor between the ball and the target trajectories in
baseline and test trials of each condition. The initial lower performance in the H con-
dition suggests that participants may rely more on visual cues when first learning the
task. However, as they receive haptic feedback, they learn to integrate this information
effectively, significantly improving their performance during test trials. Another possible
scenario is that the exposure to haptic feedback may have initially disrupted participants’
performance, resulting in lower proficiency during the baseline trials. As the participants
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Figure 4.15: Embodiment perception score and the normalized maximum absolute error of
each participant with respect to the no-feedback condition. ∆ shows the difference of the
value with respect to the no-feedback condition, (A) shows the participants as well as the
fitted lines for each condition, (B) shows the centroid of each condition (NHV: no feedback,
H: haptic feedback only, V: visual feedback only. HV: haptic and visual feedback).

adjusted over time, their performance improved.

The analysis of zero crossings offers an alternative perspective on participants’ motor
control abilities under various conditions. A lower number of zero crossings in the test
trials in the haptic-only condition (Figure 4.8) suggests that participants are learning to
anticipate and correct their movements, which results in ball trajectories deviating less
frequently from the target path, increasing in the smoothness of the motion. This could
imply that participants are becoming more capable of predicting the target’s movement
and adjusting their actions accordingly.

The analysis of zero crossings across other conditions (Figure 4.8 and Figure 4.9) shows
that the presumed advantage of combined feedback in promoting a smooth motion may
not be straightforward. Without any feedback (NHV), participants maintained a consis-
tent motion path, showing that even in the absence of external cues, a certain level of
intrinsic control was present. When haptic feedback was introduced (the H condition), a
noticeable improvement in this intrinsic control was observed, indicating that tactile cues
may enhance the precision of movement. Conversely, the high variability observed with the
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visual feedback (V) condition suggests that while visual cues were processed and utilized
by the participants, they did not consistently result in precise motor control. This could
suggest that visual cues in this context were not as important for fine-tuning movements,
potentially due to the cognitive demand of processing such feedback or because the cues
provided were not directly related to the crucial aspects of the task that influence motion
control.

Figure 4.10 shows the average slope of the maximum absolute error across different con-
ditions, aligned with the order of exposure for the participants. The marked improvement
in the First condition highlights the effect of initial exposure on learning, often referred to
as the early learning effect [36]. This phenomenon reflects the rapid acquisition of skills at
the beginning of practice, likely due to the novelty of the task and the steep part of the
learning curve that individuals typically experience. However, the negative slope in the
following conditions indicates that learning is still occurring, albeit at a slower rate, rather
than reaching a plateau with a slope of zero or almost zero. Additionally, the moderate
slopes in the test part of the first condition and similar test trials of later conditions suggest
that the learning due to novelty does not significantly bleed into the subsequent conditions.
This indicates a more isolated impact of the early learning effect, without a substantial
carryover into later stages of the experiment. Furthermore, the consistent motor strategy
used by participants across different conditions, as learned in the baseline, supports the
idea of a sustained learning effect without significant deviation in approach.

Figure 4.11 shows the mean muscle activity of the dominant and non dominant hand
of the participants across conditions. A notable observation from the plots is that there is
a bilateral representation of muscle activity across all conditions, suggesting that the tasks
were not performed unimanually. Indeed, both the dominant and non-dominant hands
show varied levels of muscle activity. Specifically, the anterior deltoid in both Visual only
and combined feedback (HV) conditions demonstrates significant differences in activity
between the dominant and non-dominant hands. This implies that although there may have
been a dominant hand that was expected to be more active, the non-dominant hand was
also highly engaged during the task, negating the possibility that the task was conducted
with one hand only. The balanced engagement across both hands suggests that participants
were likely using both hands simultaneously or alternating between them during the task
performance, indicating a bimanual coordination rather than a unimanual task execution.

The mean muscle activities of participants across different conditions can be seen in
Figure 4.12. This figure suggests that the different feedback conditions do not significantly
affect the mean muscle activity in this specific task, as indicated by the relatively stable
muscle activation across all conditions and muscles. The lack of variation in muscle activity
between the baseline and test phases for each feedback condition indicates that participants
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are likely using similar motor strategies throughout the task regardless of the type of
feedback received. This uniformity in muscle activation could imply a few possibilities: the
task demands are consistent and well within the participants’ capabilities; the participants
do not modify their motor strategies significantly after feedback is introduced or throughout
the trials; or the feedback provided does not require or elicit changes in muscle activation
patterns.

The consistent muscle co-activation (Figure 4.13) across different feedback modalities
suggests that participants were able to maintain a stable motor strategy throughout the
task. Given this stability, it is clear that the observed reduction in error (Figure 4.6), as
discussed previously, is likely due to other factors unrelated to muscle co-contraction. Such
factors might include improved sensorimotor integration, enhanced cognitive strategies, or
better anticipation of the task demands, rather than a change in the fundamental neuro-
muscular activation patterns.

Figure 4.14 highlights the psychological impact of feedback on task engagement and
perception. The significant increase in embodiment perception (Figure 4.14-A) in the HV
condition suggests that multimodal feedback can lead to a more immersive and integrated
experience for participants, potentially enhancing the quality of interaction and the perfor-
mance in the task. Also, the lower median and higher variability in the V condition could
potentially be attributed to the participants’ experience of the avatar hands. Without
the tactile confirmation provided by haptic feedback, participants may have found it more
difficult to accept the virtual hands as extensions of their own, leading to a weaker sense of
embodiment. Visual feedback alone, while informative, may sometimes lack the immersive
quality that haptic feedback provides, which can be critical in reinforcing the connection
between the user and the avatar or virtual environment.

The absence of a significant difference in NASA-TLX scores (Figure 4.14-B) between
conditions indicates that while the type of feedback affects the sense of embodiment, it
does not necessarily influence the perceived workload, which aligns the findings in [113].
This could mean that even if participants feel more connected to the task with certain
types of feedback, they do not necessarily find it more demanding.

Figure 4.15 provides insights into how different types of feedback influence the par-
ticipants’ sense of embodiment and error rates. While there is individual variability, the
general trend in the HV condition suggests that combining haptic and visual feedback may
enhance the sense of embodiment and reduce errors more effectively than either type of
feedback alone.

The variability shown in Figure 4.15-A indicates that the relationship between embod-
iment and error reduction is not straightforward. While some participants may experience
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increased embodiment alongside reduced errors, this is not a uniform effect across all indi-
viduals. The centroids in Figure 4.15-B provide a clearer picture of the average shifts due
to each feedback condition, and here we see a potential advantage for combined feedback
in positively influencing both perceived embodiment and performance.

Overall, the absence of feedback led to high variability and no significant improve-
ment in performance, underscoring the essential role of external sensory feedback in motor
learning, as supported by previous research Sigrist et al. [134]. The findings demonstrated
that while both haptic and visual feedback individually improved performance, the com-
bined feedback condition resulted in the most significant error reduction and the highest
sense of embodiment. This superposition effect suggests that multimodal feedback is su-
perior to unimodal feedback in enhancing both task performance and sensory integration,
challenging the expected dominance of visual feedback alone. These outcomes align with
existing literature that emphasizes the balance between sensory inputs for effective motor
learning [50], and highlight the potential of combined feedback to create more immersive
and integrated virtual experiences, thereby enhancing both the quality of interaction and
performance in virtual tasks.
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Chapter 5

Conclusion and Outlook

In this thesis, we explored the impact of different sensory feedback modalities, including
visual representation of hands and the proposed tactile feedback, on the sense of embodi-
ment in VR and its correlation with improvements in task performance in motor learning.
Our findings demonstrate that the combination of visual and tactile feedback leads to a
higher sense of embodiment compared to visual feedback alone. This enhanced sense of
embodiment correlates with improved task performance in motor learning tasks, as demon-
strated in the VR-based mirror therapy and ball-and-beam control task studies. We also
observed more improvement in motor learning in the ball and beam task when participants
were presented with haptic feedback rather than visual appearance of the hands. This can
be partly attributed to the improved embodiment as well as the task relevant information
of position of the ball on the beam coded in the haptic feedback. While the appearance of
hands on the beam does not have any relevant information to the motor task, but has an
embodiment effect.

In the VR-based mirror therapy experiment (chapter 3), we found that providing pres-
sure feedback on the index and thumb fingertips significantly increased the embodiment
perception during training and the task success rate during testing, while also reducing the
task load index. These results suggest that tactile feedback (pressure on the fingertips) can
enhance the effectiveness of VR-based mirror therapy for motor learning and rehabilitation.

In the ball-and-beam control task study (chapter 4), we observed that the presence
of vibrotactile feedback improved participants’ performance in terms of kinematic metrics
such as absolute trajectory error and correlation between the ball and the target trajec-
tories. Our muscle activity analysis did not show any change of muscle co-contraction
when the participants were presented with additional vibrotactile and/or visual modali-
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ties. This suggests that the improved results are not due to adopting a different motor
control strategy, e.g., high gain feedback control or increase of joint impedance. Further-
more, participants reported a higher sense of embodiment in the condition with vibrotactile
feedback, which supports the notion that adding a tactile dimension can enhance the sense
of presence and performance in VR-based motor tasks. While the visual appearance of
hands may contribute to a sense of embodiment, it is the tactile feedback that represents
a distinct sensory dimension in this study.

Overall, this thesis contributes to the understanding of how cutaneous haptic feedback
can be leveraged to enhance embodiment and motor learning in VR. These findings have
implications for the design of more effective VR systems for training and rehabilitation
purposes, highlighting the potential of incorporating cutaneous haptic feedback to improve
user experience and task performance.

5.1 Limitations and Future Work

After summarizing the findings of this thesis, we acknowledge the limitations of our work
which offer avenues for future research.

One limitation is the limited demographic of participants used in the studies. Future
research should include a more diverse range of participants, encompassing individuals with
different motor disabilities, to improve the generalizability of the findings.

Another limitation of this work was a lack of understanding of the participants’ prior
familiarity of VR environment. Assessing familiarity with VR could provide insight into
its potential impact on the outcomes of VR-based interventions. A deeper understanding
of how previous exposure to VR affects a user’s performance in motor learning tasks and
their sense of embodiment could help tailor VR interventions to individual users more
effectively.

In the first study (chapter 3), one of the limitations is that the simplicity of the task may
have led to saturation in learning outcomes among able-bodied participants. Although the
task was intended to simulate a rehabilitation exercise, the task, which was inspired by [89],
might not have been sufficiently challenging to fully test the capabilities and adaptations of
individuals without disabilities. Furthermore, the haptic gloves used, while adding realism
through pressure feedback on the thumb and index fingertips, also introduced additional
weight on the thimbles. This could potentially alter the participants’ natural strategies
for picking up the cubes, adding an unintended layer of complexity to the task that could
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influence performance and perception outcomes in ways not accounted for by the study
design.

One of the limitations of the ball and beam study(chapter 4), is the proprioceptive
accuracy was challenged due to the configuration of the virtual hands shown to the par-
ticipants. Although the hands were intended to represent the participant’s own in the VR
environment, they may not have perfectly mirrored the natural positioning and movement
needed for manipulating the virtual beam. This discrepancy might have affected the users’
proprioceptive integration and their performance on the task, which might have hindered
their embodiment scores in the V and the HV conditions. Future studies could aim to op-
timize the alignment of the virtual hands with the participants’ actual hand positions and
movements, thereby enhancing the proprioceptive congruence and potentially improving
the effectiveness of the training.

The studies were conducted in short sessions, focusing primarily on early motor learning
rather than longer-term skill acquisition and retention. To understand the long-term ef-
fects of enhanced embodiment on motor learning and rehabilitation outcomes, longitudinal
studies are necessary. These studies should investigate the role of improved embodiment or
additional sensory feedback on skill consolidation and retention, assessing the sustainabil-
ity of the observed effects and their implications for long-term skill transfer. Furthermore,
future systems could benefit from incorporating adaptive feedback mechanisms that cus-
tomize the sensory feedback based on individual user needs, preferences, and progress.
Personalized feedback could potentially enhance the effectiveness of VR-based interven-
tions for motor learning and rehabilitation.

Incorporating neuroimaging or electrophysiological techniques, such as electroencephalo-
gram (EEG) or functional magnetic resonance imaging (fMRI), could provide deeper in-
sights into the neural correlates of embodiment and its relationship with motor learning.
Understanding the neural mechanisms underlying embodiment could result in designing
more effective VR interventions for motor learning. Translating the findings into practical
VR applications for specific rehabilitation or training scenarios would be a valuable step
forward. Developing and testing VR interventions in real-world settings could facilitate
their adoption in clinical and educational environments.

Exploring more sophisticated haptic feedback systems, such as providing force feedback
or rendering different textures, could further enhance the sense of embodiment and task
performance. Additionally, incorporating sound as a sensory modality in future studies
could provide a more immersive experience and potentially improve user engagement and
learning outcomes. Investigating the effects of varying levels of haptic complexity and
auditory feedback on user experience and learning outcomes could inform the design of
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more immersive and effective VR systems. Furthermore, future work could benefit from
interdisciplinary collaboration between fields such as neuroscience, psychology, engineering,
and education. Such collaboration could lead to innovative approaches to integrating
sensory feedback in VR and a deeper understanding of its effects on human cognition and
behaviour.

In addition to the aforementioned limitations, it is important to note that in this re-
search, embodiment perception was primarily recorded through subjective data obtained
from questionnaires. Although this approach provides valuable insights into the partici-
pants’ experiences, measuring embodiment perception in real-time using objective methods
could offer a deeper understanding of its dynamics and fluctuations during VR interactions.
Real-time measurement techniques, such as physiological monitoring or behavioural analy-
sis [46], could provide a more continuous and detailed picture of embodiment, allowing for
a deeper exploration of its relationship with motor learning and task performance. Inte-
grating such objective measures in future studies could enhance the precision and richness
of the data, leading to more robust conclusions and further advancing VR-based motor
learning and rehabilitation.

Moving forward, it would also be beneficial to explore sensory weighting in these stud-
ies. This approach investigates how the relative emphasis on different sensory modalities
(visual, haptic, auditory) can influence learning outcomes. VR systems have the potential
to dynamically adjust the weight given to each sense based on the specific task and user
characteristics. For example, a system might prioritize haptic feedback for tasks requiring
manipulation like grasping objects, while increasing visual feedback for tasks focused on
spatial awareness like navigating a virtual environment. Investigating how to optimize this
sensory weighting based on individual needs and learning styles could be a key factor in
enhancing the effectiveness of VR interventions for motor learning and rehabilitation.
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