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ABSTRACT 

 Supervising Professor:  Paul A. Fishwick, Co-Chair 
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The focus of the research presented here is on the embodying of a virtual avatar in immersive 

virtual reality (VR). The sense of embodiment is towards a virtual avatar can be described and 

measured with three factors; self-location, agency, and body ownership. These three sub-factors 

are typically improved through a variety of stimulation techniques. The research presented 

explores visuomotor synchrony, tracking fidelity, and avatar presentation stimulation techniques 

for inducing stronger virtual embodiment.  

Full-body tracking techniques are explained in detail, and different techniques are used below to 

provide visuomotor synchrony between user movements and avatar movements. We will initially 

present and discuss a full-body tracking solution comprised of inertial measurement units 

(IMUs). This system uses forward kinematics, or each joint orientation and position building off 

the previous joint in a chain, to provide body segment tracking for each main rigid body segment 

of a body. An initial training application using the IMU-based tracking solution is discussed 

along with the benefits and limitations of the system. 
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A shift in availability of consumer virtual reality hardware also created a shift in the hardware 

used in our research. With the onset of new tracking options integrated with VR development 

software, we will later present and discuss research investigating embodiment performed with an 

off-the-shelf consumer virtual reality system, the HTC Vive and additional trackers. This system 

demonstrates the use of inverse-kinematics (IKs) to estimate the untracked joints from a user’s 

body. We use this system to investigate avatars, body tracking fidelity, and embodiment in 

immersive virtual reality. Methods for measuring embodiment are discussed and a self-report 

measure, the Embodiment Short Questionnaire (ESQ), is presented and initially validated. 
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INTRODUCTION 

 

 

1.1 Motivation 

Virtual reality (VR) in the last five years has become widely available to consumers and 

researchers in the form of portable and inexpensive systems. With more than 2.7 million users of 

virtual reality systems on Steam alone, the prevalence of consumer VR is self-evident and grows 

every year. Academic research on the effects of virtual reality systems, applications, and 

affordances has boomed. Virtual reality is being used in a wide variety of applications from 

entertainment, medical training, product demonstrations, and more. 

Full-body tracking availability is one of the most notable advancements in recent years. Full-

body tracking through the use of sensors, such as the additional trackers for the HTC Vive, and 

algorithms for inverse kinematic (IK) solutions, such as the Final IK library by RootMotion, has 

provided the means for avatar embodiment in a manner not feasible before. 

Current research on embodiment, the sense that emerges when the properties of a virtual body 

are processed as if they were the properties of one’s own physical body [58], is a relatively 

recent occurrence. The origination of embodiment research being used in virtual reality is with 

Botvinick and Cohen’s research on what has become known as the “rubber hand illusion” [10]. 

Their research utilized visuotactile stimulation on a rubber hand located near a participant’s 

physical hand, and they found that participants experienced a sense of ownership of the rubber 

hand. This research has sparked a large body of work on inducing embodiment of virtual limbs 

and bodies. 
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Virtual reality is now the primary domain for embodiment research with most research 

conducted within immersive virtual environments. The influences of different stimulation 

techniques for inducing a stronger sense of embodiment have been investigated. These 

techniques include visuotactile [10], threat [36], and visuomotor [130] stimulation and avatar 

fidelity [57]. Tracking fidelity has also been investigated for its effects on embodiment by 

comparing full-body motion capture with IK body tracking [34, 118] and tracking latency, noise, 

and errors [62, 140]. However, varying levels of fidelity with IK-based full-body tracking have 

not been investigated. 

In addition to determining how to influence embodiment, it is important to have a validated 

method to measure embodiment. There have been calls for standardized questionnaires to 

measure embodiment [35] in the same way as there are measures for presence [41, 144]. Some 

researchers have recently presented work to establish validated self-report measures for 

embodiment [23, 35, 119], but there is still a space for a brief measure that may also be quickly 

administered within VR environments, which has been called for [2, 137]. 

1.1.1 Virtual Reality 

Virtual reality is an approach that uses displays, tracking, and other technologies to immerse the 

user in a virtual environment [74]. A virtual environment is a synthetic, spatial, (usually 3D) 

world seen from a first-person point of view. The view of a virtual environment is under the 

control of the user [74]. Within this environment, a user may interact with and experience a wide 

variety of applications, including games, simulation and training, medicine, art, education, and 

more [74]. 
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The technology that drives virtual reality experiences includes not only the hardware of the 

system, but also the software implementations. Head-mounted displays and tracked controlled 

form the base for the majority of virtual reality systems to provide immersive environments and 

controls to the user. Software enables the functionality of the system and the creation of the 

experiences. Through algorithms, such as inverse-kinematics, and applications, such as a VR 

game, virtual reality experiences combining complex interactions, immersive environments, and 

more are possible. 

1.1.2 Full-Body Tracking 

Full-body tracking is the capturing of motion data from user movement for mapping onto full-

body avatars. There are a variety of methods that can do so, and some are better than others 

depending on the given application. The different techniques vary depending on the hardware 

and software implementations. Using one-to-one tracking to map motion data to a virtual avatar 

is frequently used for the creation of animations in movies and games, while estimated tracking 

of motions from tracking only a portion of a user’s body is useful for applications that only focus 

on the extremities, the head, hands, and feet, for interactions. 

Typically, one-to-one motion tracking involves large optical tracking systems tracking 

markers, or, as is seen below, many individual sensors attached to each rigid body segment 

reporting each segment’s current transform. This tracking usually requires a lengthy calibration 

period, and is ergonomically lacking. Estimated tracking techniques often use inverse-kinematics 

to calculate the positions for in-between, untracked joints. This allows a much-reduced burden 

on calibration while retaining the motion tracking required for full-body avatars. 



 

4 

1.1.3 Embodiment 

Embodiment is the sense that emerges when the properties of a virtual body are processed as if 

they were the properties of one’s own physical body [58]. Embodiment according to Kilteni et al. 

[58] is constructed by three underlying structures: self-location, agency, and body ownership. 

These aspects of embodiment work together to form one cohesive sense of embodiment. 

Embodiment is considered a personal experience or feeling, so subjective self-report measures 

are a common method for capturing one’s overall sense of embodiment. Most prior research 

studies have employed their own questionnaires to measure embodiment or one of its subfactors, 

such as body ownership [35].  

Gonzalez-Franco and Peck [35] have identified a number of aspects of embodiment and 

experimental conditions used to manipulate the effects. There are six categories of experimental 

conditions that researchers have used to investigate and stimulate the sense embodiment, 

including perspective, visuotactile, threat, visuomotor, avatar fidelity, and tracking fidelity. 

Below, the definition of each sub-factor of embodiment and the known effects of particular 

experimental conditions on each sub-factor are detailed. 

Perspective is either a third person or first-person perspective of a virtual body. Visuotactile 

stimuli is the receiving of tactile sensations while viewing the virtual body being touched. Threat 

stimulation is related to visuotactile, but is the perceived possible harm that could be caused to a 

virtual body. Visuomotor synchrony is when a user’s sees their own movements control the 

movements of a virtual body. Avatar fidelity is the degree to which a virtual avatar matches the 

user’s own body. Tracking fidelity is the degree to which a user’s tracked movements are applied 

to a virtual body’s movements. 



 

5 

1.1.3.1 Self-Location 

Self-location is the localization of oneself within the spatial limits of a body [4]. Self-location 

has been measured through a variety of techniques. Synchronous visuotactile stimulations have 

been shown to significantly improve self-location [27, 113]. Third-person perspectives 

significantly reduce self-location [63, 88]. Visuomotor synchrony [105, 108, 112] and avatar 

embodiment [108] have also been used to investigate effects on self-location. 

1.1.3.2 Agency 

Agency is the intention and execution of actions that includes the feelings of controlling one’s 

own body movements and, through those actions, the events in the external environment [141]. 

Synchronous visuotactile sensations have been used to significantly increase the sense of agency 

[23, 87]. Third person perspectives significantly reduce agency [30, 63, 88]. Synchronous 

visuomotor sensations have been used to investigate agency [8, 71, 104]. Additionally, tracking 

fidelity issues have been found to significantly reduce the sense of agency [51, 62, 119]. 

1.1.3.3 Body Ownership 

Body ownership is the sense that one’s own body is the source of any sensations felt [141]. 

Synchronous visuotactile stimulation significantly improves body ownership [109, 110, 130]. 

Also, a greater sense of body ownership leads to a greater response to threats [113]. Third person 

perspectives also decrease significantly the sense of body ownership [109, 110, 130]. Body 

ownership has also been investigated with visuomotor synchrony [11, 59]. Embodying an avatar 

also increases body ownership [108]. Issues with tracking fidelity have been shown to 

significantly decrease the sense of body ownership [119]. 
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1.2 Problem Statement 

There is a large variation of full-body tracking implementations. The diversity of tracking 

techniques includes markerless, computer-vision tracking [71], optical motion tracking 

using retroreflective markers [57], and extremity tracked, inverse-kinematic tracking [102]. 

Most research in embodiment tends to involve motion capture technologies that focus on 

either optical, infrared tracked markers to generate one-to-one tracked avatar motion or no 

body tracking at all. Many embodiment research stimulation techniques do not rely on any 

visuomotor stimulation to induce embodiment, so partial or full-body tracking was not a 

requirement. Most of the research involving visuomotor stimulation have utilized full 

optical motion tracked solutions. 

Therefore, understanding feasible technologies, that can enable full-body tracking with 

consumer technologies, is important to provide widely accessible full-body interactions and 

research. Additionally, in order to better understand the effects embodiment in immersive 

virtual reality, it is important to not only determine the effects of IK tracking fidelity and 

avatar presence, but also determine the proper method to evaluate the sense of embodiment.  

1.3 Research Questions and Methodologies 

The goal of this research was to investigate the feasibility of using consumer VR full-body 

tracking technologies to investigate its effects on the sense of embodiment. To this end, we have 

identified four main research questions on the topics of tracking technologies, avatar and 

tracking fidelity, and embodiment measures. 
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1.3.1 Tracking Technologies 

1.3.1.1 RQ1: What are feasible full-body tracking technologies for consumer VR? 

H1: Our hypothesis was that a small form-factor system would be a feasible full-body 

tracking technique for consumer VR. Our initial design was with an array of inertial 

measurement units using forward kinematics to control the virtual avatar. During the course of 

research, newer tracking technologies became available, and new tracking methods became 

available with technology like the HTC Vive trackers using an inverse-kinematic solution which 

seemed to provide a low barrier of entry on cost, portability, ergonomics, and calibration.  

1.3.1.2 Methodology 

Chapters 3 and 4 use an IMU-based tracking solution. With this system, we were able to not only 

create a functioning full-body tracking solution that required no external tracking hardware, but 

also utilize it to create a training application for donning and doffing personal protective 

equipment. 

With the advent of consumer virtual reality systems in the last five years, we re-evaluated our 

tracking system and determined that using an off-the-shelf system would allow us to better 

investigate other aspects of full-body tracking. When the Vive trackers came onto the market, we 

switched over to them for Chapters 5 and 6. Our expectation was that the utilization of off-the-

shelf tracking technology that functions along with an existing virtual reality system combined 

with IK solutions is best. 
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1.3.2 Avatar and Tracking Fidelity 

1.3.2.1 RQ2: Does the presentation of a full-body avatar increase body ownership? 

H2: Our expectation is that a full-body avatar should increase the sense of body ownership. 

Higher fidelity in virtual reality immersion often provides higher levels of spatial presence. Our 

consideration was that higher levels of body ownership would result from the increased 

immersion of a full-body avatar over the lack of a virtual body, regardless of other aspects of 

fidelity, such as tracking. 

1.3.2.2 RQ3: How does body tracking fidelity affect embodiment? 

H3: In the way that increased fidelity improves spatial presence, our hypothesis is that 

increasing the fidelity of body tracking for a virtual avatar would lead to an increased sense of 

embodiment on all its sub-factors. Our expectation is that high fidelity tracking would provide a 

greater sense of self-location, by more closely aligning the motions of the virtual body to the 

physical body; agency, by providing the feeling that a user could actually affect the virtual 

environment with their tracked virtual body; and body ownership, by the virtual avatar being 

more closely aligned with their own body. 

1.3.2.3 Methodologies 

Chapters 5 and 6 present two studies utilizing the HTC Vive with additional trackers and a full-

body inverse kinematic solution to enable full-body tracked avatar in virtual reality. These 

studies investigate avatar presentation and varying levels of tracking fidelity. Our expectation 

was that the increased immersion afforded by the full-body tracking and visible avatar would 
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provide the system necessary to evaluate the sense of spatial presence and embodiment from 

participants.  

The studies expose certain parameters of the avatar for participants to affect to more closely 

align it to their own physical body. There is also a portion of the studies dedicated to participants 

standing, walking, leaning, and crouching in a collection game to experience the avatar’s 

movements. In order to measure the sense of embodiment and its sub-factors, self-location, 

agency, and body ownership, we administered a questionnaire with embodiment questions in the 

manner of prior related research. 

1.3.3 Embodiment Measures 

1.3.3.1 RQ4: How should embodiment be measured? 

H4: Related work, previously, has measured embodiment or its sub-factors, self-location, 

agency, and body ownership, through the administration of informal self-report questionnaires 

given after the immersive experience. Our hypothesis is that a validated short self-report measure 

utilizing wording and questions identified by our literature review for evaluating embodiment 

would be able to measure embodiment and its sub-factors. 

1.3.3.2 Methodology 

We administered to the participants from the two studies presented in Chapters 5 and 6 a self-

report questionnaire with an initial set of questions identified by previous literature as questions 

evaluating self-location, agency, and body-ownership of a virtual avatar in immersive virtual 

reality. Those factors together make up overall sense of embodiment a participant has in 

immersive VR. 
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We validated our questionnaire in Chapter 6 through a series of statistical analyses and 

exploratory factor analyses to ensure that the individual items that make up the final 

questionnaire would accurately evaluate all the sub-factors of embodiment. The initial set of 10 

items was reduced down to the final 5 question measure. This short questionnaire, the 

Embodiment Short Questionnaire (ESQ), is also short enough to be easily administered in-VR 

and in-the-wild VR studies. 

1.4 Contributions 

Our research contributions fall into a few main categories. We have identified a number of 

requirements for consumer virtual reality systems and why it is important. We have also found a 

number of effects that virtual avatars and tracking fidelity have on the sense of embodiment, 

including its subfactors of self-location, agency, and body ownership. Lastly, we have created 

and validated a brief questionnaire to evaluate embodiment in immersive virtual reality 

experiences. 

1.4.1 Requirements for Consumer Virtual Reality 

1. We have shown that accurate sensor calibrations are necessary for high fidelity 

IMU-based body tracking. (Ch. 3-4) 

2. We demonstrate a need for the elimination of sensor drift for high fidelity IMU-

based body tracking. (Ch. 3-4) 

3. We have shown a need for good ergonomics for donning, wearing, and doffing 

sensors. (Ch. 3) 
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1.4.2 Effects of Virtual Avatars and Tracking Fidelity on Embodiment 

1. We have measured that the presentation of a virtual avatar increases body 

ownership, a sub-factor of embodiment, in immersive virtual reality. (Ch. 6) 

2. We have shown that body tracking fidelity increases embodiment in immersive 

virtual reality. (Ch. 5-6) 

3. We have observed that foot tracking induces more self-location and agency, sub-

factors of embodiment, in immersive virtual reality. (Ch. 5-6) 

4. We have demonstrated that body tracking fidelity affects spatial presence with a 

positive correlation. (Ch. 5) 

1.4.3 Measuring Embodiment with Subjective Response 

1. Developed and validated the Embodiment Short Questionnaire (ESQ) as a self-

report measure of subjective response for evaluating embodiment in virtual reality. 

(Ch. 6) 

1.5 Dissertation Roadmap 

Before presenting our systems and studies, we present a review of related literature regarding 

virtual reality, full-body tracking, and embodiment in Chapter 2. We discuss our initial tracking 

system implementation in Chapter 3, which details the setup of full-body segment tracking using 

inertial measurement units for portable immersive virtual reality. In Chapter 4, an 

implementation of the portable tracking solution for training donning and doffing of personal 

protective equipment is presented along with an initial pilot study.  
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Figure 1.1: Dissertation chapter flowchart showing which chapters address which research 

questions. The hardware systems used are identified in the short chapter descriptions. 

After the research in Chapter 4, new virtual reality technologies were released. We began new 

research with this off-the-shelf consumer VR system, the HTC Vive. Chapter 5 presents two 

formal studies on the effects of body tracking fidelity on virtual avatar embodiment. We present, 

validate, and discuss the Embodiment Short Questionnaire (ESQ) for evaluating embodiment in 

Chapter 6, which is based on our previous literature review and results from our studies. Finally, 

in Chapter 7, we summarize and conclude our research and discuss potential future research. 
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LITERATURE REVIEW 

 

 

2.1 Overview 

This chapter will provide an overall background of research in virtual reality, full-body tracking 

techniques, and virtual embodiment. Each subsequent chapter will provide a more detailed 

related works section that pertains to each chapter specifically. To better understand the research 

presented later, a foundational understanding of virtual reality, full-body tracking, and 

embodiment is provided here. 

The virtual reality section covers the affordances of VR through hardware and software 

implementations and user perception and experience. As a quick look, immersion, usability, and 

interaction are all the hardware and software techniques used to enable virtual reality, while 

presence and performance are what a user experiences in virtual reality. Section 2.2 will also 

cover the different measures used to evaluate virtual reality experiences through subjective 

response and user performance measures. This section will also briefly cover some of the 

challenges and effectiveness of virtual reality experiences. 

Section 2.3 will cover full-body tracking affordances and the various tracking techniques used. 

There are many more tracking techniques and systems in use than there is discussed in this 

chapter, so the focus is on the techniques used for this dissertation, and the tracking methods 

commonly in use. Both hardware tracking methods and software interventions of tracked data is 

discussed. The primary discussion for hardware will detail inertial tracking techniques and 
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optical tracking techniques. Software discussion will focus on the use of inverse-kinematic 

algorithms for tracked joints driving un-tracked joints. 

Embodiment will be discussed in section 2.4. Embodiment increases the effectiveness of a 

number of other aspects of virtual reality experiences and will be discussed below. Virtual 

embodiment is made up of a number of other sub-factors and a body of research on determining 

these factors will be discussed. This section will also discuss current methods for measuring 

embodiment. Furthermore, each topic of related research will be expanded in each subsequent 

content chapter focused on the research content within. 

2.2 Virtual Reality 

Virtual reality provides users the ability to explore virtual worlds in immersive experiences that 

other interfaces cannot achieve. The evaluation of these experiences can be very subjective, but 

many aspects are still quantifiable. A user’s perceived presence while immersed influences 

cognition and memory retention. The intuitiveness of the interaction techniques affects user 

performance and cognition. Comfortable use of the immersive system can prevent degradation of 

user performance and cognition due to simulator sickness.  

Evaluation in these examples is primarily determined from user performance and a series of 

questionnaires about user experience. This combination of performance metrics and subjective 

responses is traditionally how effectiveness is determined for immersive virtual reality 

experiences in academic research. This can provide an evaluation of whether a given experience 

is effective, but this does not mean everyone will find that experience effective.  

Virtual reality experiences can provide lasting impressions on users. Knowing what is 

effective for virtual reality depends on the application. Training experiences are effective if they 
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impart knowledge to the user, so they can use that knowledge in performing the trained task. 

Entertainment applications are successful if they hold a user’s attention among many other 

metrics. Scenarios in virtual reality should provide impactful simulations for users that are 

memorable and useful in real world situations. 

The quantifiable components of effectiveness can be broken down into three main groups of 

presence, usability, and user comfort. Many researchers have explored the effects of different 

environments, hardware, immersion levels, and interaction techniques as they relate to these 

components. Immersion and perceived presence are focused on what the user experiences and 

feels during virtual reality. Usability and intuitive interaction are concerned about user 

performance, ease of use, and naturalness of interaction techniques. User comfort research 

strives to improve the physical experience of the experience by reducing physical discomfort and 

simulator sickness, a result of sensory mismatch in virtual reality applications. 

2.2.1 Perceived Presence and Immersion 

Immersion and presence are two elements of virtual reality that are closely correlative. 

Immersion, as it pertains to virtual reality, is the objective factors of field of view, display 

resolution, and degree of interactivity [131]. Presence is the psychological and behavioral 

response to these objective immersive factors [131]. A system with high immersion usually 

provides high levels of perceived presence from users. Immersion is important in creating high 

quality virtual reality applications, but the impact of presence is useful for task performance and 

recall, yet not fully understood in its impact on education. 

Slater, Usoh, and Steed [86] show the importance of presence in a user study comparing two 

different navigation techniques, walking-in-place and steering, and their effects on presence. The 
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closer the navigation technique is to a user’s proprioceptive senses, the higher their degree of 

association with the virtual body, and the higher their subjective presence is reported. While 

users preferred the steering technique for movement because they did not need to move their 

while body, virtual walking provided greater virtual body association which correlated with a 

higher presence. 

Usoh et al. [142] replicated the previous study to also include real walking in the comparison 

study. Their findings confirmed the Slater, Usoh, Steed study that virtual body association is 

positively correlated with presence, and they also suggest more potential presence gains from 

tracking all user limbs. These two studies [86, 142] were focused on two elements of immersion, 

the proprioceptive senses for interaction techniques and virtual avatar embodiment. 

McMahan, Bowman, Zielinski, and Brady [91] evaluated display and interaction fidelity in a 

multi-factor study to investigate the effects of increasing fidelity. The four conditions of the 

study were the combinations of low and high fidelity of display and interactions. The findings of 

greatest presence and engagement in the study were in the high-display, high-interaction fidelity 

condition. This condition was also found to provide significantly more presence to users than the 

other three conditions. The results also point toward the finding that display and interaction 

fidelity should be of equivalent fidelity for improved user performance, but higher fidelity on 

both is significantly more usable. 

Bowman and McMahan [13] found that there are many effects of hardware on immersion. 

Spatial understanding was found to increase with increased immersion specifically with 

stereoscopy, head tracking, and a wide field of regard, the total range of virtuality surrounding 

the user. Bowman and McMahan also found that task performance was much faster in high 
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immersion conditions and question responses were many times more accurate. This shows that 

having a high degree of immersion greatly contributes to an effective experience, particularly for 

training. 

2.2.2 Intuitive Interaction and Usability 

Intuitive interaction techniques are important for ease-of-use and reduced cognitive load when 

performing tasks. Bowman, Kruijff, LaViola, and Poupyrev [68] performed a survey of 

interaction design philosophies and determined that natural interaction methods should be used 

when replication of physical actions is important, but other interfaces should be used when 

productivity and efficiency is needed. Natural interactions are important for training gross motor 

skills which can be afforded by virtual reality [123], but interactions that provide better 

performance and less cognitive load is more important for tasks focused on cognition. Bowman 

et al. also recommend limiting the degrees of freedom for input to reduce cognitive load and help 

guide user input, and they say to choose techniques that meet the requirements of the application 

as not all techniques will work well in every situation. 

McMahan et al. [90] also show that more natural input methods do not necessarily produce 

better performance than non-natural techniques. Their study involving the different control 

methods used in Mario Kart Wii showed that the natural control methods that simulate a steering 

wheel had worse performance over the non-natural joystick input methods for steering, but it is 

noted that many players did have more fun with the natural control method. Naturalness can 

provide more engaging interactions and should be used if task performance is not the focus of the 

application. 
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Sherman and Craig [126] stress the importance of using metaphors for interaction design to 

relate a new technique with something the user is already familiar with. A natural virtual reality 

interface needs to have metaphors to real life interactions for familiarity, and relying too much 

on metaphors from other media, such as desktop user interfaces may create suboptimal 

interfaces. Studies to test new interaction techniques are vitally important for creating general 

knowledge of the medium and for determining the efficiency of particular interfaces for virtual 

reality. 

2.2.3 Ergonomics and Comfortable Use 

A very important aspect of virtual reality experiences to maintain is ergonomics and a low 

occurrence of simulator sickness. Simulator sickness involves symptoms similar to motion 

sickness, and is caused by a sensory difference between the visual and vestibular senses [56, 74]. 

In particular, it is caused by visual movements that do not match the real world vestibular 

sensory stimuli, which is the inverse of motion sickness. The impairments that a user may 

experience after using an immersive virtual reality system can include lack of precision when 

manipulating objects in the real world, balance issues, and eye strain. 

When creating a virtual reality experience, user comfort should be one of the metrics of 

evaluation as poor user comfort can negatively affect user performance and presence [74]. In a 

study determining the effects of different navigation techniques on presence and virtual body 

association, Usoh et al. [142] found that oculomotor discomfort reduces the sense of presence in 

virtual navigation techniques. Oculomotor discomfort is one of the diagnostic subscales that are 

found in the simulator sickness questionnaire created by Kennedy et al. [56] for virtual reality 

applications. Usoh et al. found that oculomotor discomfort did not affect presence in the real 
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walking navigation technique likely due to the greater presence and proprioception afforded for 

the users. 

Kolasinski [65] in his 1995 survey on simulator sickness provides a couple theories on what 

causes simulator sickness. The primary theory is cue conflict, the disparity between senses, 

primarily, the visual, vestibular, and proprioceptive senses. Kolasinski also details the main 

effects of simulator exposure which are ataxia, or balance issues that may stem from visual-

vestibular mismatch; dark focus shifts, a change in the physiological resting position of 

accommodation for the eyes which is caused by the inability of virtual reality systems to 

replicate true accommodation distance of objects; and eye strain, or other oculomotor problems 

thought to come from minor visual errors in virtual reality.  

Akiduki et al. [1] also backs up the visual-vestibular conflict theory causing ataxia and 

subjective simulator sickness. Their research found that participants who experienced the forced 

visual and vestibular sense mismatch condition had significantly higher subjective symptoms of 

sickness. Postural instability, or balance, was also significantly higher than the control condition. 

This study reconfirms that reducing visual-vestibular mismatch is an important component for 

maintaining user comfort in virtual reality applications. 

2.2.4 Subjective Evaluation of Virtual Reality Experiences 

Virtual reality researchers have many methods by which to measure the effectiveness of virtual 

reality applications and the different techniques used. The primary metrics that are used include 

task performance and user preference involving subjective presence questionnaires, usability 

questionnaires, and simulator sickness questionnaires. The main measure of effectiveness is 

whether or not an application allows a user to achieve the intended result of task completion, 
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knowledge retention, or therapy. For task completion, an effective system would allow a user to 

complete a task better, easier, and faster than an alternative all while preventing frustration and 

uncomfortable use [74]. Knowledge retention is needed for training and educational applications 

for procedure and subject learning. Therapy applications are successful if users have lasting 

improvement for either physical or psychological symptoms. 

User preference is the subjective perception of an experience by a user. Normally, responses 

are received through the use of questionnaires with a mix of qualitative and quantitative 

responses. Subjective preference questionnaires are often useful when comparing two systems, 

but there are many questionnaires that are see standard use in the virtual reality research domain. 

User preference evaluation in virtual reality experiences requires a more metrics than standard 

user interface evaluation. 

Presence and user comfort are very important for virtual reality applications to provide better 

experiences and to avoid simulator sickness or other physical discomfort. Evaluation of the 

specific application is also important for determining the efficacy of educational or therapeutic 

experiences. In this section, metrics for presence, usability, simulator sickness, and emotion will 

be explored. 

2.2.4.1 Presence Questionnaires 

There are a number of questionnaires that are used in virtual reality studies to determine user 

presence. Slater, Usoh, and Steed state that user presence is psychological sense of “being there” 

in the virtual environment [86], and their presence questionnaire focuses on the visual elements 

of a virtual experience to evaluate presence. This short questionnaire is easily administered to 
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users shortly after a condition in a study to determine presence based on memory recall of the 

virtual environment in comparison to real world space memories. 

Witmer and Singer’s [144] definition for presence is “the subjective experience of being in 

one place or environment, even when one is physically situated in another.”  They have 

developed a different questionnaire that is much more detailed and covers many aspects of an 

experience including visual, aural, and memory. The questionnaire that is used in a study should 

be determined by the primary elements of the experience itself. Quick visual experiences should 

use the Slater, Usoh, and Steed questionnaire, while longer more detailed studies on presence 

might prefer to use the Witmer and Singer questionnaire.  

Hartmann et al. [41] have also presented their questionnaire, the Spatial Presence Experience 

Scale (SPES). Hartmann et al. provides their definition of spatial presence as a “two-dimensional 

construct that comprises a user’s self-location and perceived possible actions in a media 

environment”. Their questionnaire evaluates two factors of their definition of spatial presence, 

self-location and possible actions. This questionnaire is an 8-item measure that may be quickly 

administered after a condition. Each of the above questionnaires provide responses on Likert 

scales for quantitative evaluation of subjective user presence to determine significance. 

2.2.4.2 Usability Questionnaires 

There have been many methods that virtual reality researchers have used to evaluate usability. 

Bowman, Gabbard, and Hix [12] have provided a survey of the different usability evaluation 

methods. They have defined usability as ease of use and usefulness along with learnability, and 

user satisfaction. Usability is an integral part of interaction technique development as it informs 

development on appropriate task requirements. Bowman, Gabbard and Hix provide two 
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approaches to virtual reality usability evaluation, the test bed evaluation approach and the 

sequential evaluation approach [12]. 

The test bed evaluation approach empirically evaluates interaction techniques outside of the 

context of the application. This method tries to evaluate the techniques in generic contexts and 

attempts to correct for outside factors, obtain performance metrics and compare with other 

techniques [12]. The sequential evaluation approach first performs user task analysis to develop 

an interaction technique, and then it is guided by heuristics, streamlined after a formative 

evaluation, and then iteratively refined for a final summative evaluation. Both of these 

techniques are mainly focused on user task performance and user preference during evaluations. 

Brooke [15] developed the System Usability Scale questionnaire to provide a global view of 

subjective assessments of usability. It uses ten questions on Likert scales designed to evaluate the 

usability of a given system while identifying the benefits and detriments. It also alternates 

positive and negative items to help prevent response biases by requiring users to think about each 

question. This is used after the user has used the system being evaluated before any other 

discussion. The questionnaire is robust and applies to a large variety of systems to measure 

usability. 

2.2.4.3 Simulator Sickness Questionnaires 

User comfort and simulator sickness is the other primary user preference metric for virtual reality 

experiences. Kennedy, Lane, Berbaum, and Lilienthal [56] developed a simulator sickness 

questionnaire to quantify subjective simulator sickness. This questionnaire evaluates many 

symptoms of simulator sickness from nausea to oculomotor discomfort and dizziness. As 
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simulator sickness can drastically reduce user comfort and performance [74], it is important to 

evaluate this physical discomfort of users during the use of any virtual reality experience. 

2.2.4.4 Emotion Evaluation 

When evaluating a user’s psychological state, the use of Izard’s Differential Emotions Scale [50] 

is often used in virtual reality. Boyle [14] evaluated the use of this questionnaire and says that, 

although relying on self-reporting, it has much to offer. The Behavioral Avoidance Test 

developed by Mineka, Mystkowski, Hladek, and Rodriguez [94] is a measure for determining 

clinical progress in overcoming phobias and is used in the study by Hoffman et al. [45]. Users 

evaluate their anxiety level from no anxiety to panic-level anxiety after an exposure session. 

2.2.5 User Performance 

User performance of tasks is focused on the completion quality of specific tasks. Time to 

completion, placement accuracy, number of errors, learning effectiveness, and spatial awareness 

are all elements that should be assessed for interaction techniques [74]. All these values can be 

recorded during user studies for comparison with other techniques. These can provide objective 

measures for evaluating effectiveness for virtual reality experiences. Successful interaction 

techniques due to better task completion benefit all kinds of applications from training to 

entertainment. Another way to measure user performance is through physiological measuring for 

comparing physical responses to virtual environments and physical realities. Memory retention is 

important to evaluate when conducting training and education applications, so a method to 

determine retention after the experience is needed. 
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2.2.5.1 Physiological Measures 

Various instruments are used in the medical and academic fields to determine the physiological 

state of a user and example instruments used are electromyography (EMG), 

electroencephalogram (EEG), and electrocardiogram (EKG) to detect electrical activities in the 

muscles, brain, and heart respectively, and galvanic skin response (GSR) to detect the sweat 

levels of a user. These measures are useful to determine the level of physical exertion that a 

system uses. GSR is also useful to determine the physiological response of fear and has positive 

results for use in virtual reality according to Sanchez-Vives and Slater [122]. 

2.2.5.2 Memory Retention 

There are two types of exercises that can be conducted to determine memory retention for short-

term use. A recognition exercise is a test that requires the user to recognize information after 

being prompted or provided memory aids. This is used to determine if an interface affords 

effective instruction, and an example of this is a multiple-choice memory test. The other exercise 

is a recall test that requires a user to recall knowledge without any aids. This is better for 

determining effective instruction through the use of a free response due to the increased 

difficulty of recall over recognition. For determining efficacy of training in long-term situations a 

follow up appointment with users can be conducted to administer the same exercises and 

comparing the results to the initial responses. 

2.2.6 Challenges and Affordances of Measuring Effectiveness 

Measuring effectiveness in virtual reality can be difficult due to a large number of confounding 

variables. Quantitative analysis of task completion time, errors made, and other metrics that can 
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be counted by a system are possible to perform, but many elements of virtual reality are 

qualitative. These qualitative metrics can include subjective perceptions of users regarding 

presence, virtual body association and ownership, simulator sickness, and behavior. These 

metrics sometimes vary greatly from user to user, and confounding variables can include the 

novelty of new technology, previous experience with virtual reality, varying levels of immersion 

or other impacts when determining presence. 

As long as the effectiveness of a scenario can be measured in a virtual reality experience, the 

resulting information can be used to help guide future work. Development of training simulations 

can learn from the effects body association and other subjective metrics to create better learning. 

Virtual reality applications can globally improve if the causes of simulator sickness are identified 

and designed around. While some elements of virtual reality are difficult to analyze and there is 

still discussion as to the best ways for analysis, virtual reality can only stand to benefit from 

measuring the effectiveness of a given system, both hardware and software. 

2.2.7 Experiences Change Effectiveness 

Depending on the scenario, the metrics to measure effectiveness should also change. Different 

experiences have varying goals. Training simulations should have a goal of teaching and 

practicing skills, so effective learning and memory should be evaluated as discussed by Ruiz et 

al. [121]. Therapy applications intend to improve the state of a user’s physical or psychological 

ailment, and metrics used should assess user behavior and clinical improvement as shown in the 

studies by Hoffman et al. [45] and Krijn et al. [67]. Entertainment applications should maintain a 

user’s attention and provide impactful experiences, and they should focus on quantitative metrics 
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of user performance of techniques and qualitative evaluation of subjective preference as 

evaluated in the study by McMahan et al. [90].  

Interaction technique development in each of these will vary depending on the need. Task 

focused applications should evaluate techniques based on completion time, errors made, and 

other performance related metrics. Applications focused on natural interactions should evaluate 

on the presence, virtual body association, and intuitive use. Different virtual reality scenarios 

require different interaction styles. An application for therapy should use natural techniques like 

real walking and virtual hand with a full-body avatar to aid in embodiment and presence. 

Simulations focused on completion of a given task should utilize techniques that perform better 

even if it causes breaks in natural interaction. Natural interactions have been shown to be more 

enjoyable than high performance techniques [90]. 

2.3 Full-Body Tracking 

Virtual reality allows many forms of user actions interpreted by input devices to interact with 

virtual environments and objects. Some of these input devices only allow head movements and 

simple button inputs while some allow full-body interactions for varied interaction methods. 

Full-body interactions and avatars can provide users many ways to explore a virtual environment 

in impactful ways. Full-body interactions can provide realistic techniques for affecting virtual 

environments and objects in natural ways. Virtual full-body avatars can also provide ancillary 

benefits of increased presence [77, 124, 138] and task performance [133]. 

Full-body interactions for virtual reality allow the use of the user’s whole body for input. Input 

from the user’s entire body can provide a range of benefits from a wider array of interaction 

techniques to less tangible effects including presence [77, 124, 138] and improved cognition 
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[133]. With full-body motion tracking, a full-body virtual avatar can be controlled by the user 

that is collocated with their real body.  This provides matching visual, vestibular, and 

proprioceptive feedback which can also reduce simulator sickness [24, 73]. Full-body 

interactions can also allow the practice of gross psychomotor skills in training [75]. 

Capturing the motions of a user’s whole body can be done in a variety of different ways. Full-

body optical tracking using motion capture suits with an array of infrared cameras is how full-

body movements have been historically captured for virtual reality [44, 102]. Some researchers 

have investigated the use of inertial measurement units for full-body tracking [84, 115].  

Most full-body implementations concentrate on six main points of tracking, the head, hands, 

feet, and waist. These points of tracking allow a large amount of information for full-body 

tracking, and many algorithms can be used to estimate in-between joint locations. Full-body 

interactions, for this paper, will be defined as techniques that require movements of multiple 

trackers that are spread out over the user’s body. 

The level of immersion a system creates and the resulting sense of presence that a user may 

achieve is an important part of virtual reality. Research has shown that a tracked full-body avatar 

is positively correlated with presence [86, 131, 142]. Slater et al. [86] hypothesize that the degree 

of presence experienced depends on the match between proprioceptive and sensory data. A 

virtual body that follows the user’s movements can give the user a greater representation of self 

in the virtual environment, which can improve cognition [136] and communication [24]. 

Another aspect of having a full-body avatar may be the increased naturalness of interaction, 

especially for interacting with simulations of the physical world is important [68]. The virtual 

embodiment in virtual reality, the feeling that a virtual body is your own, may be elicited for the 
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user through the user’s real body and the virtual body being co-located [128]. This can be useful 

when investigating the lasting effects of virtual reality on the user [130]. 

Full-body interactions provide many different ways to interact with virtual reality. For real 

world interaction analogues, full-body techniques provide the closest interaction methods and the 

most natural when paired with a virtual avatar. The benefits of presence [86, 131, 142], 

performance [136], communication [24], embodiment [64, 89, 128, 130], and naturalness [68, 

126] from full-body interactions should be utilized when developing virtual reality applications. 

Many interaction techniques are not possible without full-body tracking, and techniques should 

be created to find new ways to interact with virtual worlds.  

2.3.1 Tracking Techniques 

Capturing motion data from user input for mapping onto full-body avatars can be done with a 

variety of different methods, and some methods are better than others depending on the given 

application. Tracking methods vary on both hardware and software implementations. Using one-

to-one tracking to map motion data to a virtual character or avatar is used in many commercial 

and academic applications, while estimated tracking of motions from incomplete full-body 

tracking is still useful for applications that only concentrate on extremities, the head, hands, and 

feet, for interactions. Other indirect techniques for capturing motion data include gestures and 

action recognition to trigger animation states and other system functions. 

Motion capture mapping techniques for full-body animations have many hardware differences 

for full-body tracking, and algorithms to estimate untracked joints are unneeded. Different 

tracking technologies discussed in the next sections include vision-based, optical, and inertial, 

and magnetic tracking types. Discussion will be focused on tracking techniques implemented in 
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the research performed for this dissertation, namely, inertial and optical tracking. One-to-one 

extremity tracking usually uses inverse kinematics or other algorithms to estimate locations of 

in-between joints on the skeleton, and it can be used with most hardware tracking methods 

except for inertial tracking because of its lack of accurate position tracking. Further details 

relating to tracking techniques are discussed in Chapters 3-5. 

2.3.2 Sensor Technologies 

Most tracking technologies require a large number of sensors or markers for each joint that is 

tracked by the system. The notable exception to this requirement is vision-based tracking 

because it uses infrared depth cameras to define the user’s body and limbs and sometimes the 

resolution needed for finger tracking. Optical tracking methods use either infrared cameras to 

detect an array of retro-reflective markers within a defined tracked space or an array of optical 

sensors to detect instances of infrared emitters.  

Inertial tracking methods utilize inertial measurement units that detect orientation relative to 

real-world coordinates for joint chain tracking of a series of rigid bodies. Electromagnetic 

tracking uses an electromagnetic field to detect a series of small electro-magnets to obtain 

position and orientation within a limited tracking space. This section will discuss inertial and 

optical tracking techniques along with primary hardware types of tracking and their benefits. 

2.3.2.1 Inertial Tracking 

A lot of research has been poured into inertial tracking for virtual reality uses of virtual avatar 

animation. Many applications utilize inertial measurement units (IMUs) for short joint lengths 

instead of full-body tracking, but some full-body research has been performed. IMUs are 
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portable, relatively inexpensive sensors that provide orientation data, but they are prone to drift 

errors that accumulate over time. Mannesson et al. [84] created a system that uses triangulation 

of radio signals to correct IMU drift, and were successful in creating a semi-portable system for 

virtual reality. 

Many researchers are utilizing IMUs for arm interaction and rehabilitation. While this use 

does not track the full body, the concept is the same. Prayudi et al. [115] and Prayudi and Kim 

[114] developed an IMU-based arm capture system, and Kim et al. [60] also have created a 

rehabilitation system for the upper arms.  Both systems utilize joint chains with defined lengths 

for position of the next joint which allows for translation of joints down the chain similar to the 

human skeleton. Chapter 4 will discuss the utilization of a full-body inertial tracking for personal 

protective equipment training using the system described in Chapter 3. 

Full-body IMU research is more experimental as there are more tracking problems to solve. 

The larger number of sensors required for full-body tracking adds to error accumulation, and the 

need for inside-out relative tracking to update position requires special algorithms. Jung et al. 

[55] designed a full-body solution using IMUs for the full body, but also added smart shoes with 

pressure sensors for detecting heel and toe strikes to determine movements for updating the 

absolute tracking space. Yun et al. [146] and Bachmann et al. [5] approached foot motion for 

position updates in a different way by creating a novel complementary filter for the IMU filter 

that corrects for drift and results in a position that is within 1% of the total distance traveled 

when used along with consistent movements. While this was shown to be effective in their study, 

it has not been tested in actual use case scenarios. 
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Off-the-shelf virtual reality systems almost all use internal inertial measurement units to 

provide high frequency orientation updates in the head-mounted displays, hand-held controllers 

and additional tracking devices. The orientation data in these systems are regularly corrected for 

drift with the optical tracking methods that update at lower frequencies, so error accumulation is 

slight. LaValle et al. [73] describes how the Oculus Rift uses inertial tracking to provide 

orientation updates to the tracked objects and is corrected with computer vision-based tracking of 

a constellation of active infrared LEDs on the devices. The HTC Vive also uses internal inertial 

sensors to aid in responsive orientation changes for the user and corrects drift by determining 

position from the emitter sweeps. 

2.3.2.2 Optical Tracking 

Optical sensors utilize cameras to detect visual elements for object recognition for motion 

tracking. Vision-based systems do not use markers, but use color and infrared depth sensing 

cameras to identify position and orientation data of a user’s body. Common examples include the 

Microsoft Kinect and the Intel RealSense depth cameras. Infrared passive marker systems, such 

as Vicon and Optitrack systems, use an array of infrared cameras to detect a user wearing a suit 

of markers. Vision-based systems are typically used in small-scale, budget application while 

infrared marker systems are used with larger tracking environments and higher precision 

applications. 

Most optical passive marker tracking uses outside-in tracking methods in which fixed cameras 

observe moving markers worn by the user. Optical tacking is the main tracking solution for 

motion capture for the entertainment development domain and for full-body interaction research 
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in virtual reality. While these systems are normally bulky and expensive, they provide precise 

and robust tracking solutions for data capture and processing.  

Retro-reflective markers attached onto a motion capture suit worn by the user provide the 

necessary position information for the software to generate a set of skeletal data than can be 

mapped to a virtual character or avatar. The main benefits of optical tracking include high 

precision levels for high quality animation and large tracking spaces that can allow multiple 

users for virtual reality applications. System detriments become apparent in the size and cost of 

the system as the system is cumbersome to set up and can cost hundreds of thousands to 

purchase for high end systems. 

Large tracking areas allow varied types of interactions including multiple participants. Dodds 

et al. [24] developed such an application that works with a Vicon optical tracking system to 

study communication in virtual reality with varying levels of avatar control. Lee et al. [75] has 

also worked with a Vicon system for full-body motion capture. They used this system to record 

and create a database of full-body animations that could be referenced for future playback for 

controlling a virtual character. Normand et al. [102] paired an Optitrack full-body capture system 

and a CAVE with head and hands Intersense IS-900 tracking for multi-user interactions.  Their 

system directly mapped the tracking in real-time to virtual avatars for remote practice sessions 

for theater performance. 

A new method for optical marker-based tracking developed by Valve, called the Lighthouse 

Tracking System, uses an inside-out approach where an array of optical infrared light sensors is 

arranged on an object for tracking as reported by Hilfert and Konig [44]. These sensors track two 

main emitters that project lasers in alternating vertical and horizontal sweeps across the tracking 
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space. The result is the software can determine the location of the tracked objects based on the 

time that the sensors detect the laser sweeps. These locations are relative to the known locations 

of the emitters for position and orientation information. A head-mounted display, the HTC Vive, 

and an unreleased head-mounted display from LG use this tracking system for virtual reality 

applications. 

One of the strongest elements of infrared marker tracking is the ability to define new objects 

for tracking. With the Vicon and similar large-scale systems, new marker placements can be 

created to track objects for animation or passive haptics in virtual reality. The Lighthouse system 

will be able to track new objects with sensors that will be available soon. These new objects can 

be held props or environmental objects that a user can interact with in real-time. With the 

Lighthouse system, they can provide tracking of the lower body for interaction techniques and 

lower-body animation on avatars. 

2.3.3 Software Algorithms 

Another, often required, approach to motion capture for virtual characters is to modify the 

existing tracking data through either an algorithm like an inverse kinematic solution or by being 

blended with pre-made animations to change the resulting animation. Meredith and Maddock 

[93] designed a process to adjust full-body animations to produce limps and other adjustments to 

motions through inverse kinematics. Gratch et al. [39] describes an implementation that uses 

inverse kinematics to adjust body animations for goal-directed tasks in a virtual environment. 

Lee et al. [75] uses inverse kinematics and pre-made animation retrieval to create smooth 

blending of virtual character animation over uneven terrain. 
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2.3.3.1 Inverse Kinematics 

Inverse kinematics is normally used with extremity tracking of the head, hands, and feet to 

provide orientation and position estimates for in-between joints. While some applications just 

provide floating hands and feet for immersive virtual reality, many use inverse kinematics to 

provide extra body section information. Inverse kinematics is the typical approach to estimating 

in-between joints for extremity tracking, but there are other approaches that are also used to find 

joint locations. 

An inverse kinematic algorithm estimates the location of in-between joints in a chain by 

taking the joint chain, the chain’s root, and the endpoint goal as inputs. The result is a possible 

solution for the joints to be positioned and oriented. Various algorithms have been created, but 

there are specific versions made for human motions. Zhao and Badler [148] designed one of the 

earlier versions of inverse kinematic algorithms for full-body human characters. Wu et al. [145] 

designed a different example of this for controlling the joints of the human body. 

Tracking the head, hands, and feet can provide enough information to estimate the rest of the 

human body with inverse kinematics. This style of tracking has also been used in the academic 

research space for full-body research. Dodds, Mohler, and Bulthoff [24] used this technique 

when they ran their communication study. Participants had their head, hands, feet, and back 

tracked to provide enough information for inverse kinematics to solve the other joints. 

Head and hands only tracking has become more common for virtual reality due to the 

availability of off-the-shelf systems that only provide head and hands tracking, but researchers 

like Tedjokusumo, Zhou, and Winkler [139] have worked with this limited tracking an 

application that does not need robust tracking. Normand et al. [102] and Luciano, Banerjee, and 
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Mehrotra [80] have used head and hands tracking to produce upper-body tracking solutions using 

InterSense tracking systems in CAVEs. Their solution either provides a static neutral lower-body 

model or only shows the avatar from the hips up. Inverse kinematics provide torso and arm 

locations, but lower-body animation is non-existent. 

Another implementation is to use inverse kinematics to adjust pre-made animations or 

tracking to create a desired result, such as lift an arm to touch a location with a hand. An 

example of this method was used in a small application by Ortiz et al. [103] to produce virtual 

human characters for guiding a user through a museum. This can be used easily with virtual 

characters, but should not be used with virtual avatars or the user’s perception of the virtual body 

would break down due to the algorithm producing actions that are not their own. 

2.4 Embodiment 

Embodiment of virtual human avatars can be used in a variety of ways to enhance the 

effectiveness of a virtual reality experience. By providing a high level of immersion from 

providing a tracked full-body avatar, presence and perception can increase [142]. The 

effectiveness of a system may also be related to a user’s sense of presence in a virtual 

environment. Cognitive load can also be improved by using a full-body avatar [136] which can 

improve user performance. Communication and social experiences in virtual reality applications 

can also be improved with a full-body avatar [24]. Embodiment may also contribute to a user’s 

perception and psychological experience in virtual reality by improving the connection between 

the user and the virtual world [130]. 

The use of full-body tracked avatars provides greater embodiment through its synchronous 

visuomotor stimulation [137]. Research by Slater et al. [128, 130] has been investigating the 
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embodiment of virtual limbs. In the first paper [128], Slater et al. found that ownership of virtual 

bodies may engage the same perceptual, emotional, and motor processes that we feel with our 

own biological bodies. Slater et al. [130] also found that in immersive virtual reality, a person 

can see and hear through a virtual avatar as a substitute for their own, and people have some 

subjective and physiological responses as if it were their own body. The action of looking down 

and seeing a virtual body where one’s own should be provides not only an important tool for 

virtual reality and presence research, but also to help understand what Slater et al. calls the 

neurobiology of self-consciousness. 

More research by Maselli and Slater [89] has further investigated embodiment and has found 

that it is essential to use a first person perspective to elicit virtual embodiment. They also found 

that identical locations of the virtual and physical bodies can be enough to cause virtual 

embodiment with the correct visual and proprioceptive cues. A realistic appearance of the virtual 

body can also improve the strength of the illusion. Multisensory and sensorimotor effects can 

reinforce embodiment when congruent, but they have a damping effect when not [89].  

Kokkinara and Slater [64] also investigated the effects of elapsed time on embodiment. The 

results suggest that visuomotor synchronous stimulation contributes the greatest to the attainment 

of the illusion, but a disruption to the visual or motor stimuli equally affects the probability of a 

break in the illusion. Their results also hint that congruent visuomotor stimulations produce the 

illusion better than visuotactile stimulations. Full-body avatars, therefore, should allow a 

consistent method to activate virtual embodiment. Chapters 5 and 6 will go into greater detail on 

current embodiment research. 
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2.4.1 Embodiment Definition and Research Origins 

Embodiment in virtual reality is the sense that emerges when the properties of a virtual body are 

processed as if they were the properties of one’s own physical body [58]. Kilteni et al. [58] have 

identified three structures underlying the sense of embodiment: self-location, agency, and body 

ownership. Self-location is the localization of oneself within the spatial limits of a body [4]. 

Agency is the intention and execution of actions that includes the feelings of controlling one’s 

own body movements and, through those actions, the events in the external environment [141]. 

Body ownership is the sense that one’s own body is the source of any sensations felt [141]. 

Altogether, these three sensations contribute to one’s overall sense of embodiment.  

Current embodiment research originated with Botvinick and Cohen’s research on what has 

become known as the “rubber hand illusion” [10]. They investigated the effects of visuotactile 

stimulation of a rubber hand that was located near the participant’s real hand. They found that 

participants experienced an induced sense of ownership of the rubber hand. The rubber hand 

illusion has since sparked a large body of research on inducing embodiment of virtual limbs and 

bodies.  

Much embodiment research is now conducted in the virtual reality (VR) domain. Researchers 

have investigated both congruent (i.e., co-located) [112, 113, 137] and incongruent (i.e., not co-

located like the original Rubber Hand Illusion) [88, 105, 143] virtual bodies in studies of 

different stimulation techniques. Means of inducing embodiment beyond visuotactile stimulation 

have been investigated, including threat stimulation [36], avatar fidelity [57], and visuomotor 

stimulation [130]. Banakou and Slater [8] have shown that visuomotor stimulation alone is 

effective in inducing embodiment, and many studies have relied on inducing embodiment with 
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body tracking alone [30, 63, 104–106, 109, 110, 112, 117]. Other researchers have investigated 

the effects of body tracking on embodiment beyond simply whether it is provided or not. Prior 

studies have investigated inverse kinematics (IKs) versus full-body motion capture [34, 118], 

tracking latency [51, 62, 119, 140], tracking noise [62, 140], and tracking errors [51, 62, 140]. 

However, different levels of IK body tracking fidelity have not been previously investigated. 

2.4.2 Measures of Embodiment 

Dobricki and de la Rosa [23] published the first attempt to construct and validate an embodiment 

questionnaire. Their 27-item questionnaire addressed three factors: self-identification, agency, 

and spatial presence. Their self-identification factor combined the concepts of self-location and 

body ownership into a single factor, based on the classifications later presented by Gonzalez-

Franco and Peck [35]. The spatial presence factor of their questionnaire, which addresses the 

feeling of “being there” [127], is generally considered to be independent of the sense of 

embodiment [35, 58, 119]. The questionnaire also includes several items that assume the VR 

experience involves an incongruent avatar (i.e., a virtual body presented from a third-person 

perspective), which was the scenario employed in the two studies that Dobricki and de la Rosa 

[23] used to construct and validate their questionnaire. These questions limit the general 

applicability of the overall questionnaire, especially since Maselli and Slater [89] have identified 

first-person perspectives a necessary condition for the full-body ownership illusion.  

Gonzalez-Franco and Peck [35] reviewed over 30 embodiment studies that used 

questionnaires since 1998, when the first rubber hand illusion experiment was published by 

Botvinick and Cohen [10]. Through their review, they identified six main categories of questions 

that had been previously used: body ownership, agency and motor control, tactile sensations, 
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location of the body (i.e., self-location), external appearance, and response to external stimuli. 

For each of these categories, Gonzalez-Franco and Peck [35] selected a set of questions that was 

most often used in prior studies. This review-based approach yielded a 25-item questionnaire, 

which Gonzalez-Franco and Peck [35] proposed as a possible standardized embodiment 

questionnaire. However, Gonzalez-Franco and Peck [35] did not empirically validate their 

questionnaire, and to the best of our knowledge, it has not yet been validated. Additionally, like 

the questionnaire presented by Dobricki and de la Rosa [23], the questionnaire presented by 

Gonzalez-Franco and Peck [35] includes several questions regarding specific scenarios, such as 

virtual mirrors, tactile sensations, and incongruent avatars. 

Most recently, Roth and Latoschik [119] have presented the construction and validation of the 

VEQ in a preprint. The VEQ is a 12-item questionnaire that addresses agency, body ownership, 

and changes in the body schema (e.g., skin tone, height, weight). Roth and Latoschik [119] used 

four studies to validate their VEQ, which controlled for the level of immersion (i.e., visual 

display fidelity [91]), user-performed personalization of the virtual body, the behavioral realism 

of the virtual body’s movements, and the effects of tracking latency and jitter. It is important to 

note that while the VEQ does address agency and body ownership, it does not address the sense 

of self-location (i.e., being within the spatial boundaries of the virtual body [58]). Due to how 

recent the preprint of Roth and Latoschik [119] became available, we were not aware of their 

VEQ when we started our current research. 

2.5 Summary 

The bulk of the literature discussed above provides a foundational knowledge for the subsequent 

chapters. The virtual reality literature not only provided a base for the development of this 
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research, but also the means to measure the results. Not only does it provide the information to 

develop quality interactive virtual environments, but it also informs how qualitative and 

quantitative evaluation of user performance and experience provides insight into virtual reality 

research and results. 

The section on full-body tracking help form decisions on which system was useful and 

feasible for the implementation of full-body tracking in this dissertation research. The tracking 

techniques described aided in providing a system which the embodiment research in the 

following chapters could utilize. Research into virtual embodiment is booming, and many 

researchers are working to discover new and effective ways to measure embodiment.  

My research below explores new methods for full-body tracking in a portable form in 

Chapters 3 and 4. Chapter 5 explores using a full-body tracking solution with inverse-kinematics 

to investigate the effects of avatar and tracking fidelity within an IK avatar tracking solution.  

Chapter 6 will present an initially validated measure of embodiment, the Embodiment Short 

Questionnaire, to help fill a need in embodiment research for validated embodiment 

questionnaires.  

Deeper dives into more literature suitable to each individual chapter will be provided in each 

related work section in Chapters 3-6. Chapter 3 will cover more on inertial tracking systems, 

portable VR, and low-cost full-body VR. The related work in Chapter 4 covers existing methods 

of training personal protective equipment donning and doffing and virtual reality training. 

Chapter 5 will more extensively cover current experimental evaluations of embodiment and 

research on perspectives, embodiment factors, tracking fidelity factors, and effects of 
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embodiment. Finally, Chapter 6 will cover more on prior embodiment questionnaires and 

evaluations of embodiment factors. 
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Abstract. This paper presents a portable virtual reality (VR) system that affords full-body 

tracking by using inertial measurements units (IMUs) and several aspects of human 

biomechanics. The current implementation uses a commercial IMU-based full-body tracking 

system that only reports the orientations of body segments. We have developed an 

anthropometry-based method that uses this orientation data to derive accurate body-segment 

positions. In turn, we use kinematics and heel-based translations to provide a theoretically 

infinite tracking space. A head-mounted display (HMD) is used to provide visual feedback of the 

user’s full-body avatar and to convey physical locomotion through the virtual environment. We 

discuss key challenges to making this system usable in everyday environments, including 

calibration, ergonomics, drift, and collision avoidance. 

3.1 Introduction 

Historically, immersive VR has rarely been seen outside of the lab. This is primarily due to the 

expensive and stationary devices required to implement these interfaces. Precise tracking 

systems, such as Intersense or Vicon, cost several thousands of dollars and are not feasible to 

move due to potentially damaging the expensive devices and needing major recalibration. The 

Animazoo Gypsy 7 system allows for mobile tracking, but its rigid exoskeleton design limits the 

user’s range of movements. Newer devices, such as the Microsoft Kinect and Oculus Rift, have 

enabled VR outside of the lab by being portable, but are normally limited in one of two ways.  

The first common limitation of newer portable tracking systems is a restricted field of regard 

(FOR), the total size of the visual field in degrees surrounding the user. This is normally due to 

using an optical tracking approach with a single camera device, such as the Microsoft Kinect. 
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With a narrow optical field of view (FOV), the Kinect requires a direct line of sight to track the 

user and even then, has difficulty when the user turns around due to the nature of computer 

vision techniques. In order to create a full 360° FOR with tracking, multiple Kinects are required. 

Interference between multiple Kinects can cause problems due to multiple infrared sources for 

depth recognition. While there are methods to work around the problem, such as a shuttering 

approach [124], they still require a lengthy period of time to set up and calibrate, which 

diminishes their portable qualities.  

The second common limitation of newer portable systems is a lack of full-body tracking 

capabilities. While both versions of the Oculus Rift HMD provide a full 360° FOR, neither is 

capable of tracking more than the user’s head. The upcoming Sixense STEM system uses 

electromagnetic tracking to offer five tracked objects, but it still will not provide full-body 

tracking capabilities, which have been shown to increase presence [132] and improve depth 

estimations [97] through avatars.  

We have developed a portable full-body tracking system with an unrestricted FOR and a 

theoretically infinite tracking area. We have combined this tracking system with an Oculus Rift 

Development Kit 1 (DK1) HMD to provide a portable VR system that can be used outside of the 

lab and in everyday environments, such as living rooms and office spaces. Unlike other portable 

VR systems, our system affords full-body avatars and 360 degrees of full-body interactions.  

The heart of our portable VR system is our full-body tracking system, which relies on IMUs to 

measure inertia and relative orientations while a biomechanics-based algorithm tracks global 

positions of the user’s body segments. Our system’s current implementation uses the YEI 3-

Space motion capture system. While this commercial system reports accurate body-segment 
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orientations, it does not measure or track any global translations of the user. Hence, any physical 

locomotion techniques are impossible to implement with the 3-Space system’s application 

programming interface (API).  

To circumvent the limitations of the 3-Space system’s API, we have developed a 

biomechanics-based method to afford a tracking area for physical locomotion that is theoretically 

infinite in size. First, we use anthropometrics to accurately measure the user’s body segments, 

which we represent with a rigid-body skeleton. By applying the orientations reported by the 3-

Space system to each respective skeleton segment, we derive body-segment positions that are 

more accurate than those reported by the system’s API. Next, we use principles of human 

kinematics to track the user’s global position by defining heel-based translations in accordance 

with the user’s current direction of movement.  

In this paper, we describe the details of our portable full-body tracking system and the 

biomechanics-based algorithm that drives it. We also present a preliminary informal study of our 

portable VR system to determine its feasibility and usability. We discuss issues that we have 

identified as key challenges to making our portable VR system usable in everyday environments. 

These include more-accurate calibrations, improved ergonomics for wearing the IMU sensors, 

improving tracking accuracy by addressing drift (i.e., error accumulation), and helping the user 

to avoid collisions with real-world objects. We conclude with our current efforts and planned 

future work. 

3.2 Related Work  

Since our portable VR system relies on IMUs, we first cover related works on inertial tracking 

systems. We then discuss other VR systems that are portable or offer low-cost full-body tracking.  
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3.2.1 Inertial Tracking Systems  

Previous work in inertial tracking has shown viability for motion capture. In a paper on an IMU-

based motion capture system [115], Prayudi et al. have shown the ability to capture the motion of 

an arm through a serial-chain network of IMUs and microcontrollers. Fur her research by 

Prayudi and Kim [114] has shown feasibility of using a pre-defined pose to calibrate sensors and 

create offsets for frame calibration. This allows for a calibration method that can be used for any 

user and is simple to define.  

Other research in IMU-based tracking done by Mannesson et al. [84] relies on radio 

triangulation to derive position while using orientation derived from IMUs. This method utilizes 

existing radio infrastructure, but involves an issue with signal scattering when indoors. The 

researchers are unsure of the exact limits and imperfections of the system, but it does allow low-

cost IMUs to be used with the aid of radio signal information.  

Recently, Jung et al. [55] have published similar research in creating a mobile tracking system 

based on IMUs. Their system requires a special setup to determine tracking states with smart 

shoes that sense ground reaction forces. The system allows for full-body tracking and obtains 

human posture by combining the vectors that correspond to body segments. This creates a 

system that can approximate positions through orientation tracking.  

While researchers have made much progress with developing IMU-based tracking systems, 

there has been little consideration to how IMU-based tracking affects users in VR systems. Also, 

while researchers have taken advantage of some aspects of human biomechanics, such as 

kinetics, other aspects of biomechanics, such as anthropometry, have yet to be leveraged.  
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3.2.2 Portable Virtual Reality  

Commercial products are not the only foray into portable VR, as researchers have also been 

investigating such systems.  

Basu et al. have created a demo of a system that allows for a portable and un-tethered 

configuration [9]. This system utilizes an electromagnetic tracker on a wearable belt to track the 

user’s hands. A smart phone HMD is used as the primary display with the phone’s internal IMU 

providing orientation. A handheld device is used for navigation, as the system only supports 

rotational head tracking and not translational movements, such as walking.  

Bachmann et al. [6] have been working with a portable immersive virtual environment system 

that utilizes IMUs placed on the feet and head. They use zero-velocity updates to derive nearly 

accurate positions and orientations of the sensors. In outdoor applications, a GPS is used for 

position tracking, and an ultrasonic transducer is used to plot the landscape in front of the user to 

create redirected walking paths and prevent the user from walking into obstacles.  

While these systems provide portable VR experiences, neither system supports full-body 

tracking capabilities.  

3.2.3 Low-Cost Full-Body Virtual Reality  

While there are many VR systems with full-body tracking, only a few systems are relatively 

inexpensive.  

Livingston et al. [77] have worked with the Kinect to determine if it is suitable for full-body 

gestural recognition. They found that it could function for that goal, but that its latency for a VR 

system could be as long as 500ms, which is too lengthy and may cause user discomfort. This can 
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be a major problem if using the derived skeletal structure from the Kinect to drive head tracking, 

as simulator sickness will likely onset.  

One way to increase the capabilities of the Kinect is to increase the number of Kinects in a 

given space and have them track a user in a calibrated space. Research by Satyavolu and others 

has shown this is a viable option for low-cost tracking in VR applications [124]. There are issues 

with using multiple Kinects in a single space though due to infrared interference. Additionally, 

occlusion can cause discrepancies in tracking because some portions of the body may be hidden 

from view.  

Researchers have also investigated full-body interactions within VR environments with off-

the-shelf hardware. A recent demo by Takala and Matyeinen [138] has shown a working and 

affordable system is possible with a Microsoft Kinect, PlayStation Move, Razer Hydra, and 

Oculus Rift. The researchers demonstrated that the interactions afforded by the system can be 

very robust. Ladder climbing and simulated physics interactions are two examples, but 

locomotion is still accomplished virtually through a controller.  

Kinect-based systems have been demonstrated as promising inexpensive solutions to full-body 

VR. However, these systems are still limited to small tracking volumes due to the Kinect’s FOV 

and are often not very portable due to complex setups.  

3.3 Portable Full-Body Tracking System  

The centerpiece of our portable VR system is our portable full-body tracking system. It relies on 

IMU sensors to determine the orientations of the user’s body segments. A calibration process is 

used to synchronize the sensors and the body segments. Our biomechanics-based approach uses 

anthropometrics to define accurate body-segment positions through rigid-body dynamics and 
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human kinematics to track the user’s global position based on heel strikes and the current 

direction of movement.  

3.3.1 Inertial Measurement Units  

Our current implementation uses 17 wireless YEI 3-Space sensors as IMUs for determining the 

orientations of the user’s body segments. Each sensor consists of a 3-axis accelerometer, a 3-axis 

gyroscope, and a 3-axis magnetometer. The 3-Space API provides direct access to each of these 

nine data values. Additionally, the API will report a relative orientation for each sensor based on 

an initial orientation. Orientations are determined by sensor fusion, with the accelerometer’s 

gravity vector and the magnetometer’s compass vector used to correct the gyroscope’s angular 

velocity.  

With the sensors attached to the user’s hands, arms, upper arms, shoulders, feet, calves, thighs, 

waist, chest, and head, the 3-Space system accurately reports the orientation of each body 

segment. However, it does not report or measure any global translations of the segments. Hence, 

it cannot be used to track any of the user’s physical locomotions or movements through the real 

world. Our biomechanics-based approach, described below, manages this.  

3.3.2 Sensor Calibrations  

Because we use a rigid-body skeleton to drive our biomechanics-based approach it is necessary 

that the initial orientations of the sensors and user’s body segments match the initial orientations 

of the skeleton’s segments. Hence, the sensors must be calibrated before our approach can be 

applied. Currently, this process involves the user standing in a T-pose in order to define an 
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orientation offset for each sensor. The orientation offset conforms the reported sensor 

orientations to the orientations of the skeleton’s joints.  

3.3.3 Anthropometric Rigid-Body Dynamics  

Many IMU-based tracking systems use rigid-body dynamics to track the movements of the 

user’s body segments relative to the user’s pelvis. These systems use the orientations of the 

sensors as the orientations of a skeleton’s joints. Due to forward kinematics and rigid-body 

dynamics, the positions of the skeleton’s segments roughly conform to the positions of the user’s 

body segments. The absolute accuracy of these positions depends on how closely the user 

matches the skeleton in terms of height and other measures of body-segment lengths. If the 

user’s measurements are drastically different from the skeleton’s, these positions will be 

inaccurate.  

To improve the accuracy of this approach, we have integrated anthropometrics (the study of 

human measurements) into our rigid-body dynamics. Our base skeleton model is sized to be six 

feet tall with average body segment proportions as laid out by Drillis, Contini, and Bluestein 

[25]. In our current system, we input the user’s total height and hip height to scale the body 

segments of the skeleton according to the body proportions surveyed by Drillis, Contini, and 

Bluestein. This creates a one-to-one, full-body mapping between the skeleton and the user. In 

turn, this mapping results in more-accurate body segment tracking for the measured user. For 

future work, we plan to investigate additional measurements, such as knee height, shoulder 

width, and arm lengths, to further improve this body segment mappings. 
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3.3.4 Heel-Based Kinematics and Global Tracking  

While IMU sensors and rigid-body dynamics can be used to track the user’s body segments, 

these segments are tracked relatively to the user’s pelvis. This is apparent when users crouch 

down, as their skeleton counterparts appear to levitate off the ground with their knees above the 

waist. To provide absolute tracking of the user’s body segments and to afford global positioning, 

we have developed a heel-based kinematic approach.  

Our approach translates the pelvis origin of the skeleton based on the frame-to-frame changes 

in position of an active heel anchor point relative to the pelvis. For example, assume the right 

heel is the current anchor point and the user’s gait cycle is in the single-limb stance period, just 

before the left foot strike. During this period, we calculate the difference between the pelvis 

position and the right heel position every frame. We then subtract the previous frame’s pelvis-

heel difference from the current frame’s pelvis-heel difference and translate the pelvis by that 

amount. This in turn translates the entire skeleton forward relative to the heel, essentially turning 

the active anchor point into the skeleton’s transformation origin (see Figure 3.1).  

Our current implementation uses the left and right heels as potential anchor points. Each frame 

both points are compared to determine which is closest to the ground. The lower heel is then 

defined as the active anchor and remains in a static position within the tracking space while all 

other body segments move relative to it. At the time of the opposite foot strike, the other heel 

becomes the active anchor, which allows the skeleton to perpetually move forward. This affords 

a theoretically infinite tracking area.  

Our heel-based algorithm affords tracking during walking, crouching, strafing, and even 

stepping backwards. There are some issues currently for any action that requires both feet to 
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leave the ground, such as jumping. If a user jumps with the current system, then the skeleton will 

still keep one foot on the ground as an anchor point, which breaks the one-to-one mapping 

between the user’s position and the skeleton’s. For future work, we plan to use the accelerometer 

data to develop predictive algorithms for these types of cases to improve tracking accuracy.  

 

Figure 3.1: Definition of the skeleton’s transformation origin based on the active heel anchor 

point. 

3.4 Portable Virtual Reality System  

Using the portable full-body tracking system described above, we have created a portable VR 

system (see Figure 3.2). Our current implementation uses an Oculus Rift DK1 HMD for visual 

output and Nintendo Wii Remotes for wireless bimanual input. A Dell Precision Mobile 

Workstation laptop runs our biomechanics-based tracking system, processes input from the Wii 

Remotes, and renders graphics to the DK1 using the Unity game engine. Due to our 
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anthropometric-based approach, the user’s viewpoint in the virtual environment matches his or 

her real-world height.  

Our VR system supports two modes of usage: portable and completely mobile. In the portable 

mode, we use a backpack to carry a wireless HDMI receiver, the Oculus Rift control box, and an 

external battery that powers both the receiver and the control box. A wireless HDMI transmitter 

is then used to push video to the Rift from the laptop sitting on a table within 30 ft. This mode is 

fairly easy to set up and avoids weighing the user down with equipment. In the completely 

mobile mode, we place the laptop in the backpack and remove the HDMI transmitter/receiver 

pair. In this mode, the VR system is only bounded by the real-world environment, but can 

quickly fatigue the user due to the weight.  

 

Figure 3.2: Our portable virtual reality system includes 17 3-Space IMU sensors, an Oculus 

Rift DK1 HMD, two Nintendo Wii Remotes, and a backpack with wireless HDMI capabilities. 
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3.5 Preliminary Informal Study  

To judge the feasibility and usability of our portable VR system, we conducted a preliminary 

informal study of the system. Four male participants from our laboratory volunteered for this 

study. All of the participants had several prior VR experiences.  

At the start of the study, each participant was measured for total height and hip height to scale 

the tracked skeleton proportionately. After equipping our portable VR system, participants stood 

in the T-pose to calibrate the sensors. Each participant then performed locomotion and 

interaction tasks within a testing environment to observe how well the system tracked the 

participant’s movements. The testing environment consisted of a 4m x 4m virtual space with 

boundaries that corresponded to the testing room to avoid running out of physical space. Within 

the boundaries, a green box, a red pillar with a blue sphere on top, and an orange wall were 

spaced out. The participants maneuvered around the objects while walking, crouching, and 

reaching. The participants were also asked to perform some calisthenics and observe the 

movements of the virtual avatar as it corresponded to their own physical movements. After the 

testing environment, the participants filled out a usability questionnaire, the Slater-Usoh-Steed 

Presence Questionnaire [131], and the Simulator Sickness Questionnaire [56].  

The results of our informal study were promising. The usability questionnaire showed that the 

avatar moved nearly as expected for users, though physical locomotion and the point of view 

need some minor improvements. Participants reported low simulator sickness ratings with only 

two of the four reporting slight general discomfort and fullness of head. Presence questionnaire 

results showed moderate levels of presence for three of the participants with a mean score of 
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4.33. However, one participant reported a mean score of 1.5. We believe this was due to a poor 

calibration.  

3.6 Key Challenges for Everyday Environments  

3.6.1 More-Accurate Sensor Calibrations  

During our informal study, we observed that the quality of the VR experience and the full-body 

tracking was majorly dependent upon the user’s T-pose during sensor calibrations. One 

participant in particular complained of the avatar’s virtual hands not aligning when physically 

clapping their real hands together. During the calibration phase, the participant likely let one arm 

rest lower during the T-pose, causing the corresponding virtual arm to appear higher than the 

physical arm during the VR experience. To address this issue, we are investigating different 

poses and postures for sensor calibrations. We expect that a standing pose with the arms down by 

the sides may produce the best result.  

3.6.2 Improved Ergonomics for Wearing Sensors 

In our current system, the YEI 3-Space sensors are secured to the user’s body segments with 

Velcro straps. In practice, it requires approximately 5 minutes to put on and strap all 17 sensors. 

We consider this setup time to be too long for an everyday system. As future work, we plan to 

integrate the sensors directly into articles of clothing for rapid donning and doffing. Instead of 

donning 17 sensor straps, users will put on overalls and a jacket. This should significantly reduce 

setup time.  
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3.6.3 Eliminating Drift  

While we have not yet evaluated the degree of drift (i.e., error accumulation) in our current 

implementation, we are certain that drift will be a major issue for the system to maintain a high 

degree of tracking accuracy over long periods of time. We have already experienced some drift 

during testing due to interfering magnetic fields. We have not yet measured the drift as we are 

currently working on improvements to our sensor fusion algorithms. One potential method for 

eliminating or at least reducing drift is to use computer vision techniques to occasionally 

recalibrate the tracking system. With mobile HMDs, such as the Samsung Gear VR, the outward-

facing camera can be used to determine absolute movement by tracking visible landmarks and 

observing optical flow. Also, as users bring their hands and other body segments within view of 

the camera, corrections can be made to any body segment drift.  

3.6.4 Real-World Collision Avoidance 

Assuming that HMDs with outward-facing cameras will be used anyway to eliminate drift, 

simultaneous localization and mapping (SLAM) techniques can be used to avoid real-world 

collisions. SLAM techniques can be used to recognize objects within the near physical 

environment. The size and other qualities of the displayed virtual environment can then be 

dynamically updated to help the user avoid colliding with these real-world objects. For example, 

redirected walking can be used to steer the user away from tripping over a chair. Additionally, if 

the user maintains a collision path with an object, the outward view of the physical environment 

can be faded in over the virtual environment view to notify the user of the upcoming collision.  
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3.7 Conclusion and Future Work  

We have developed a portable VR system capable of full-body tracking with an unrestricted 

FOR and a theoretically infinite tracking area. It relies on IMU sensors, anthropometric rigid-

body dynamics, and heel-based kinematics to track the user’s global position and body segments. 

This system has shown itself to be easily usable in spaces not traditionally considered for 

immersive VR, such as small rooms and office spaces.  

Currently, we are in the process of evaluating the tracking accuracy of our portable full-body 

tracking system by comparing it to an optical Vicon tracking system. We are investigating ways 

to make the biomechanics-based algorithm more robust for atypical movements. We are also 

creating a new environment for testing based on an office space to facilitate tests of distance 

perception and interactions using the hands. In the near future, we plan to begin development of 

clothing articles with the sensors sewn in for better ergonomics and faster donning and doffing. 

We are collaborating with electrical engineers to reduce sensor costs.  
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Abstract. This paper presents a full-body, portable virtual reality prototype for training personal 

protective equipment procedures to surgical staff. The system consists of a head-mounted display 

for viewing the virtual world, inertial measurement units that track the user’s full-body 

movements, and handheld controllers for bimanual interactions. With these capabilities, our 

system affords the development of gross psychomotor skills, in addition to knowledge-based 

cognitive skills. The system hardware is designed to be portable and does not require a dedicated 

space for usage. The system software includes two training modules. An instructional module 

uses an error-avoidant training approach to teach trainees correct actions. A practice module uses 

an error-management approach that allows trainees to rehearse their skills while receiving 

automated assessments on their mistakes. Future work includes an evaluation of the prototype 

with medical subject-matter experts. 

4.1 Introduction 

Personal protective equipment (PPE) is an important aspect of medical procedures that protects 

healthcare workers and patients from infectious diseases [95]. PPE protects against droplet, 

contact, and airborne transmissions of pathogens [147]. When used consistently, PPE reduces 

transmissions and protects both the healthcare workers and patients [96]. However, PPE must be 

correctly donned and doffed to minimize the risk of exposure. It has been shown that failure to 

adhere to PPE protocols provide opportunities for infections to be transmitted [95]. 

Despite its importance, researchers have observed that PPE compliance is modest and 

practiced procedures vary greatly among healthcare workers. Mitchell et al. [95] observed that 

only 34% of healthcare workers donned all required PPE. Using eye protection was particularly 

an issue, with only 37% of workers complying. In another study, Zellmer et al. [147] observed 
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that less than half (43%) of healthcare workers removed PPE in the correct order. In their meta-

analysis of many studies, Erasmus et al. [28] found that only 40% of healthcare workers 

complied with hand hygiene protocols, including glove use. Similarly, Manian and Ponzillo [83] 

observed that only 41% of surgical healthcare workers properly complied with gown use. 

Considering these issues, training interventions are needed to improve PPE use and 

compliance with protocols [95]. In fact, 9% of healthcare workers have reported never receiving 

formal training on PPE [54]. However, there are some challenges for such interventions. First, 

different institutions and educators use heterogeneous methods and curriculums, which result in 

education and training experiences of variable quality and content [69]. To further complicate 

varying interventions, Puro and Nicastri [116] have revealed that separate medical organizations 

recommend conflicting PPE protocols. Another challenge for training interventions is the need 

for periodic refreshers, in order to maintain knowledge and competence [100]. Some hospitals 

have developed eLearning modules to address these challenges [21], but research indicates that 

these eLearning interventions might only be effective for healthcare workers with less than one 

year of experience [46]. Furthermore, most psychomotor skills cannot be learned from online 

interventions, only from physical practice [18]. 

Virtual reality (VR) provides the opportunity to develop unique interventions that overcome 

the challenges of training. Like eLearning modules, VR can provide consistent computer-based 

lessons that do not vary in quality or content [20] and afford automated assessments [121]. 

However, unlike other computer-based interventions, VR provides the opportunity to practice 

gross psychomotor skills [123], and with force-feedback devices, fine-motor skills [38]. 

Additionally, by leveraging the sense of “being there” (i.e., presence [86]), VR has been used to 
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arouse greater levels of fear [17], which afford better memory recall [32]. This could be 

beneficial to experienced healthcare workers receiving periodic refreshers. Finally, VR also 

provides benefits compared to real-world simulations, such as more training opportunities due to 

the ability to instantly reset a training simulation and negligible recurring costs, as virtual 

supplies are free compared to real-world ones.   

Considering the benefits of VR, we have developed a prototype of a VR system for training 

surgical PPE protocols. The system hardware consists of an Oculus Rift head-mounted display 

(HMD), a full-body portable tracking system comprised of inertial measurement units (IMUs), 

two Nintendo Wii Remotes for bimanual interactions, and a high-performance laptop worn in a 

backpack. Together, these hardware components make the system completely portable and easy 

to store, which are important requirements for hospitals with limited space [121]. The 

prototype’s software consists of an instructional module and a practice module; both focused on 

hand hygiene and the donning of PPE. The instructional module employs error-avoidant training 

techniques that ensure trainees are only exposed to correct actions [42]. However, the practice 

module employs an error-management approach, which uses errors as opportunities to learn and 

encourages experimentation [26]. The practice module also supports automated assessments 

based on the actions of the trainee.  

After discussing related interventions, we discuss the requirements that we identified for using 

VR as a training intervention for PPE. We then describe how the system hardware and software 

for our initial prototype addresses these requirements. We conclude with our plans to evaluate 

the prototype with subject-matter experts and how the prototype can be extended to become a 

viable training intervention for PPE. 
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4.2 Related Work  

Two types of interventions have been used for training PPE use and its importance. In situ 

simulations, which involve replicating real-world events through simulated scenarios, have been 

used to assess the use of PPE by hospital staff. Phin et al. [111] conducted an in situ simulation of 

an influenza pandemic and observed the PPE use of the hospital staff. While they concluded that 

the simulation increased the confidence and preparedness of the staff, they noted that it required 

large quantities of PPE and generated a large amount of clinical waste. As mentioned, VR would 

avoid such issues. 

A second type of intervention has been the use of eLearning modules. These modules often 

focus on the cognitive skills associated with donning and doffing PPE, such as identifying the 

correct sequence. In one example [48], trainees use a mouse to click and drag available PPE to 

the appropriate body parts of a virtual avatar while the simulation monitored incorrect 

placements and sequences. However, prior research indicates that these eLearning modules may 

only benefit healthcare workers with little experience [46]. Furthermore, psychomotor skills 

cannot be learned this way [18]. 

4.3 Intervention Requirements 

The goal of our research was to develop a prototype of a VR system for training PPE protocols. 

As different healthcare professions have different PPE protocols [83], we decided to limit the scope 

of our prototype to surgical technologists. Surgical technologists are responsible for preparing 

operating rooms (ORs) for surgery, managing supplies and equipment during operations, and 

cleaning up the OR [150]. The Association of Surgical Technologists (AST) has clearly defined  
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Table 4.1: Donning and surgical task requirements based on AST standards. 

Task Details Location 

1. Don head cover • Cover all head and facial hair Changing room 

2. Don scrub suit • Tuck shirt into pants 

• Completely cover undershirts 

Changing room 

3. Don shoe covers • Disposable shoe covers should be worn if 

contact with body fluids is anticipated 

Changing room 

4. Don surgical mask • Completely cover nose and mouth 

• Contour pliable noseband to fit nose 

Scrub room 

5. Don safety eyewear • Tape top of mask to prevent fogging Scrub room 

6. Perform surgical 

scrub 
• Prewash the hands and forearms with non-

antimicrobial soap 

• Clean nails with disposable nail cleaner under 

running water 

• Scrub all four sides of one hand and forearm 

from the fingertips to 2 inches above elbow, 

including between fingers 

• Hold hand higher than elbow so that water runs 

from fingertips to elbow 

• Repeat for other hand and forearm 

• Completely dry hands and arms 

Scrub room 

7. Don sterile gown • Open gown package on the prep table 

• Face the sterile field 

• Hand circulator tag to tie gown in back 

Operating room 

8. Don sterile gloves • Use the cuffs of the sterile gown to keep the 

hands covered 

• Open gloves package on the prep table 

• Insert cuff-covered hand in one glove 

• Insert cuff-covered hand in other glove 

• Pull cuffs of gloves over the gown cuffs 

Operating room 

standards for PPE, including surgical attire [150] and surgical scrub (i.e., the process of 

removing microorganisms from the nails, hands, and forearms) [151]. Using the AST standards 

as a requirements document, we identified the donning and scrub training tasks seen in Table 4.1. 

In addition to training-task requirements, there are several logistical requirements for making a 

VR intervention feasible and practical to use. First, the VR system must be affordable and not 

cost-prohibitive [16]. Second, the VR system should be located within or near the hospital’s 
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skills lab for accessibility [85]. Third, the system should be compact or easy to store, considering 

the limited space that most hospitals struggle with [121]. Finally, it should be easy to operate and 

require little maintenance [99]. 

4.4 System Hardware 

After considering the identified intervention requirements, we decided to use a full-body, portable 

VR system similar to the one described in [29]. The system consists of four major components. 

An Oculus Rift Development Kit 2 (DK2) HMD provides an immersive visual display for the user 

to view the virtual world. IMU sensors strapped to the user’s major body segments provide full-

body tracking capabilities. Two Nintendo Wii Remotes allow for bimanual interactions. Finally, a 

high-performance laptop runs the training modules and renders the graphics to the HMD. Together, 

these components provide a full-body VR system that is portable and affordable. 

4.4.1 Head-Mounted Display 

Our original portable VR system used an Oculus Rift DK1 as an HMD [29]. Since then, Oculus 

released the DK2, which uses a low-persistence display to reduce simulator sickness [149]. The 

DK2 provides a 100° diagonal field of view (FOV) with a display resolution of 960x1080 pixels 

per eye. It also has a goggle-like form factor with elastic straps and weighs approximately 440g. 

In addition to being the visual display, we use the DK2’s internal IMU to track the orientation of 

the user’s head. 
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4.4.2 Full-Body, Portable Tracking System 

The full-body, portable tracking system uses 16 wireless YEI 3-Space IMUs strapped to the user’s 

hands, arms, upper arms, shoulders, feet, calves, thighs, waist, and chest. Again, head tracking is 

provided by the DK2’s internal IMU. Each IMU includes a 3-axis accelerometer, a 3-axis 

gyroscope, and a 3-axis magnetometer. Using sensor fusion, the accelerometer’s gravity vector 

and the magnetometer’s compass vector are used to correct most of the drift (i.e., error 

accumulation) incurred by the gyroscope’s angular velocity readings. This allows each IMU to 

accurately report the orientation of the body segment that it is attached to.   

 

Figure 4.1: While our system uses forward kinematics to track relative movements, 

anthropometrics are used to ensure absolute movements that match the user’s real-world 

movements. 

Because the IMUs can only report acceleration and not accurate translations, we use a rigid-

body skeleton to track the relative movements of the user’s limbs. By applying the reported 

orientations of the user’s body segments to the corresponding joints, the rigid-body skeleton 



 

66 

mimics the relative motions of the user due to forward kinematics. However, this does not 

provide an absolute position for the skeleton. 

As explained in [29], we use an algorithm based on the kinematics of the heels during gait to 

provide absolute tracking of the skeleton’s position. Whenever a heel joint strikes the ground, we 

identify it as the new anchor for the rigid-body skeleton. As the user moves, the skeleton’s 

segments move relative to the pelvis, which serves as the origin of the tracking hierarchy. This 

results in the anchor no longer being in the same position, as the heels are constantly moving 

relative to the pelvis during gait. By translating the skeleton’s pelvis to restore the heel to its 

original position when it became the anchor, the skeleton is propelled through the virtual world 

in the same manner that the user is moving in the real world.  

Another important aspect to our full-body tracking system is the use of anthropometrics (i.e., 

the study of human measurements) to improve the accuracy of the absolute tracking. As seen in 

Figure 4.1, the lengths of the avatar’s body segments have a large impact on the overall position 

of the limbs, despite having the same joint orientations. Hence, in order for the avatar’s 

movements to absolutely match the user’s physical movements, the body segments of the avatar 

must be scaled to match the lengths of the user’s actual body segments. To avoid measuring each 

of the user’s body segments, we use anthropometric proportions identified by Drillis et al. [25] to 

estimate the segment lengths given only the user’s total height and hip height. This improves the 

accuracy of the tracking system without lengthening the setup time. 

4.4.3 Bimanual Handheld Controllers 

While our full-body tracking system reports the positions of the user’s hands, it is not capable of 

determining if the user is grasping or interacting with a virtual object. To afford bimanual 
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interactions, the system includes two Nintendo Wii Remotes. These wireless handheld controllers 

provide discrete button inputs via Bluetooth for creating 3D interaction techniques. While pressing 

a button to grab an object is not as realistic as closing one’s fist, we have found that discrete button 

events are much more usable than noisy input streams, such as electromyography devices (e.g., 

the Myo armband) and computer vision techniques (e.g., the Leap Motion). However, to mimic 

the biomechanics of making a fist, we require both the thumb and index finger buttons are pressed 

to grab and hold a virtual object.  

4.4.4 High-Performance Laptop 

We use an Alienware 15 laptop for computing power in our VR system. In addition to running our 

training applications, the laptop processes the input data of the DK2, YEI IMUs, and Wii Remotes. 

It also renders the graphics for the DK2. To keep the system portable, we place the 3.2Kg laptop 

in a mesh backpack that the user wears.  

4.4.5 Advantages and Limitations 

Our VR system hardware offers several advantages in consideration of the intervention 

requirements. The DK2 allows users to immersively view the virtual world, PPE, and their avatar, 

which should afford greater presence [91]. The full-body tracking system and Wii Remotes 

provide opportunities to practice gross psychomotor skills, such as prewashing the hands (see 

Figure 4.2). Altogether, the components cost less than $7.5K, which is attractive compared to many 

medical simulators [69]. The system is also self-contained and wireless, which makes it portable 

and easy to store.  
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However, there are limitations to our current system. Foremost is the inability to practice fine-

motor skills, such as scrubbing between the fingers and using the cuffs of the gown while 

donning the sterile gloves. In many cases, we have been able to design interactions for 

simulating these fine-motor skills, such as grabbing near the top of the mask to simulate 

contouring the pliable noseband. But the lack of precise finger tracking and accurate haptic 

feedback is prohibitive to developing some psychomotor skills, such as using the cuffs to don 

gloves. 

Another limitation of our system is a lengthy setup time. Altogether, it takes approximately 10 

minutes for a user to be measured, strap on the IMUs, put on the backpack and HMD, and 

calibrate the tracking system. Additionally, this requires at least one technician to aid the user

 

Figure 4.2: Left: User using the full-body tracking system to interact with the virtual world. 

Top Right: A third-person perspective of the user’s avatar. Bottom Right: The user’s first-person 

perspective of the virtual world and avatar. 
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during setup. However, most medical simulators require technicians to facilitate, so this does 

not invalidate our system’s feasibility. 

4.5 System Software 

We used Unity 5, a game engine development platform, to create the software for our VR training 

prototype. Unity 5 has built-in support for certain VR devices, such as the DK2. However, we had 

to create custom software packages to integrate data from the YEI IMUs and the Nintendo Wii 

Remotes. Using these packages and Unity, we have prototyped an instructional module and a 

practice module for training interventions. 

 

Figure 4.3: The instructional module uses textual popup windows and audio to explain the 

tasks. 
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4.5.1 Instructional Module 

Our instructional module serves as an introduction to the training tasks. It employs an error-

avoidant training approach, in which the trainee is only allowed to perform correct actions [42]. 

First, the tasks are presented in order to ensure trainees learn the proper sequence of PPE. For each 

task, a series of steps is presented to the trainee via textual popup windows and corresponding 

audio (see Figure 4.3). The trainee must properly complete each step before the module will move 

onto the next step. Additionally, interactions not involved with the current step are disabled. For 

example, the trainee cannot prewash the hands and forearms before donning the safety eyewear. 

This ensures introductory trainees are not exposed to incorrect actions. 

 

Figure 4.4: The practice module uses tracked actions to provide an automated assessment. 

4.5.2 Practice Module 

After completing the instructional module, the practice module provides the trainee opportunities 

to rehearse the sequence and donning of PPE and performing the surgical scrub. It uses an error-
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management approach, in which trainees are permitted to experiment with their decisions and 

actions, in order to actively learn from their mistakes [26]. Unlike the instructional module, the 

practice module does not proactively provide task information to the trainee. Additionally, all of 

the task interactions are available at all times. Hence, the trainee can prewash the hands and 

forearms before donning the safety eyewear. Meanwhile, the system software records the actions 

of the trainee, including their sequence. This tracked information is used at the end of the module 

to provide an automated assessment (see Figure 4.4). This assessment includes feedback on 

incorrect or missed actions so that the trainee may correct them. 

4.5.3 Trigger-Based Interactions 

As mentioned, both the instructional module and the practice module provide numerous 

interactions, such as prewashing the hands and forearms or donning the safety eyewear. During 

development, we had to choose between using physics-based and trigger-based interactions. For 

example, in a physics-based implementation, donning the safety eyewear would require precisely 

positioning the eyewear to rest on the ears and nose of the avatar. While easier to implement, as a 

developer can rely on Unity’s physics engine, these types of interactions are difficult to accomplish 

and are usually unrealistic, despite being based on physics. Instead, we developed a series of 

triggered actions and joint-based deformations for each PPE. For instance, if the trainee grabs one 

end of the surgical mask and releases it near the avatar’s ear, the mask end will be automatically 

jointed to the avatar’s ear.  
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4.5.4 Current Limitations 

As a prototype, the system’s current software has limitations. Due to limited resources and time, 

we have not prototyped all of the tasks, PPE, and locations identified in the intervention 

requirements. Because the first three training tasks (i.e., donning the head cover, scrub suit, and 

shoe covers) usually occur only once a day, we decided to focus on the remaining tasks that should 

occur each time the healthcare worker enters the OR. This avoided having to model a third 

environment (i.e., the changing room) and eliminated some of the more complex trigger-based 

interactions (e.g., tucking the scrub shirt into the pants).  

4.6 Refining the Prototype 

In the near future, we are planning to use the Rapid Iterative Testing and Evaluation (RITE) 

method [92], with medical subject-matter experts, to evaluate the potential usefulness of such a 

VR training intervention and to improve upon our prototype. We have identified a local hospital 

and medical center to collaborate with on the RITE process. We will be recruiting medical 

students, residents, and surgical staff for it. 

4.7 Conclusions and Future Work 

PPE protocols are important, as they protect both healthcare workers and patients. However, 

research indicates that PPE compliance is modest and that training interventions are needed. In 

situ and eLearning interventions have been investigated, but VR provides new opportunities and 

advantages over these prior methods. To explore these potential benefits, we have developed a 

full-body, portable VR prototype for training PPE protocols to surgical staff. We first used 

standards defined by the Association of Surgical Technologists as intervention requirements, and 
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then developed system hardware and software components to address those requirements. The 

hardware includes an HMD, an IMU-based tracking system, handheld controllers for bimanual 

interactions, and a high-performance laptop for portable computing power. The software includes 

an instructional module for introducing the training tasks and a practice module for rehearsing 

skills and learning from mistakes. In the near future, we will use the RITE approach to evaluate 

and improve upon the prototype using subject-matter expert feedback. 
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Abstract. Many research studies have investigated avatar embodiment and its effects on self-

location, agency, and body ownership. Researchers have also investigated the effects of various 

external stimuli and avatar appearances during embodiment. However, the effects of body 

tracking fidelity while embodying an inverse-kinematic avatar are relatively unexplored. In this 

paper, we present two studies using a set of six trackers that investigate four levels of body 

tracking fidelity during avatar embodiment for male participants only: Complete (head, hands, 

feet, and pelvis trackers), Head-and-Extremities (head, hands, and feet trackers), Head-and-

Hands (head and hands trackers), and No-Avatar (head and hands trackers; only controllers 

visible). Our results indicate that tracking the head, hands, and feet significantly increases the 

sense of embodiment and the sense of spatial presence when embodying an inverse-kinematic 

avatar for male participants.  

5.1 Introduction 

The sense of embodiment toward a virtual body is the sense that emerges when the properties of 

that body are processed as if they were the properties of one’s own physical body [58]. Kilteni et 

al. [58] have identified three structures underlying embodiment: self-location, agency, and body 

ownership. Self-location refers to localizing oneself within the spatial borders of a body [4]. 

Agency refers to intending and executing actions, including the feelings of controlling one’s own 

body movements and, through them, events in the external environment [141]. Body ownership is 

the sense that one’s own body is the source of sensations [141].  

Current embodiment research originated with Botvinick and Cohen’s research on what has 

become known as the “rubber hand illusion” [10]. They investigated the effects of visuotactile 

stimulation of a rubber hand that was located near the participant’s real hand. They found that 
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participants experienced an induced sense of ownership of the rubber hand. The rubber hand 

illusion has since sparked a large body of research on inducing embodiment of virtual limbs and 

bodies.  

Much embodiment research is now conducted in the virtual reality (VR) domain. Researchers 

have investigated both congruent (i.e., co-located) [112, 113, 137] and incongruent (i.e., not co-

located like the original Rubber Hand Illusion) [88, 105, 143] virtual bodies in studies of different 

stimulation techniques. Means of inducing embodiment beyond visuotactile stimulation have been 

investigated, including threat stimulation [36], avatar fidelity [57], and visuomotor stimulation 

[130]. Banakou and Slater [8] have shown that visuomotor stimulation alone is effective in 

inducing embodiment, and many studies have relied on inducing embodiment with body tracking 

alone [30, 63, 104–106, 109, 110, 112, 117]. Other researchers have investigated the effects of 

body tracking on embodiment beyond simply whether it is provided or not. Prior studies have 

investigated inverse kinematics (IKs) versus full-body motion capture [34, 118], tracking latency 

[51, 62, 119, 140], tracking noise [62, 140], and tracking errors [51, 62, 140]. However, different 

levels of IK body tracking fidelity have not been previously investigated.  

In this paper, we present novel research investigating the effects of body tracking fidelity and 

avatar presence on inducing embodiment of a congruent, full-body IK avatar. We conducted two 

studies to compare varying levels of tracking fidelity and avatar presence. The results from our 

studies show that full-body tracking improves embodiment scores for a congruent, IK avatar for 

male participants. We also found that while a pelvis tracker is not required for high levels of 

embodiment, foot tracking is essential. We discuss these results and how full-body tracking should 
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be implemented when embodiment is important in dynamic scenarios. We also discuss the 

limitations of our small, non-representative sample.  

5.2 Related Work 

In this section, we discuss several aspects of prior research on embodiment evaluation and their 

designs in VR, mixed reality (MR), and real-world studies. For those readers interested in a more 

in-depth discussion of embodiment, we recommend reading the survey work of Gonzalez-Franco 

and Peck [35]. 

5.2.1 Evaluations of Embodiment 

To better understand embodiment stimulation techniques and measurement techniques, we have 

reviewed many studies on inducing embodiment and its effects. These included studies performed 

in the real world, MR, and VR. 

Of the studies, several involved passive observation from the participant without moving (e.g., 

[10, 49, 79, 129]). A number of these studies did not allow the user to move their head. The 

majority of the studies are direct evolutions of the original rubber hand illusion study [10], while 

the other research evaluate embodiment using other techniques. Two other methods are used to 

elicit an embodiment response, visuomotor stimulation and threat stimulation. It has been shown 

that visuomotor stimulation is enough to induce embodiment and often improves the sense when 

compared to just visuotactile stimulation [64]. Threat stimulation has been shown to induce 

embodiment when presented without visuotactile or visuomotor stimulation [36]. First-person  
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Table 5.1: Comparison of related work and our work in terms of the user’s perspective and 

factors affecting embodiment. 
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[23, 43, 76]  X  X     

[27] X  X X    

[125] X  X  X   

[137] X    X X  

[88] X X X     

[109, 130] X X X X    

[11] X X X X X   

[30, 63] X X   X   

[34] X X   X X X 

[33]  X      

[10, 49, 79, 101, 129]  X X     

[110, 113]  X X X    

[64, 66]  X X X X   

[59]  X X  X   

[78, 87]  X X  X X  

[47]  X X   X  

[36]  X  X    

[37]  X  X X   

[3, 81]  X  X X X  

[8, 104, 105, 108, 112, 117]  X   X   

[7, 40, 53, 57, 71, 72, 106, 120, 143]  X   X X  

[119]  X   X X X 

[51, 62, 118, 140]  X   X  X 

Our Work  X   X X X 

perspective may be a major factor in full-body embodiment [88, 110, 130]. Table 5.1 compares 

the studies that we reviewed to our current work, in terms of the perspectives and factors 

investigated. 
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5.2.1.1 Embodiment Perspectives 

Most studies seem to focus on first-person perspectives as a result of the greater prevalence of 

VR head-mounted displays (HMDs) in recent years. Third-person perspective studies grew out 

of the original rubber hand illusion study [10] investigating the effects of visuotactile stimulation 

on an incongruently located limb. Most of the third-person perspective studies investigate 

visuotactile stimulation on an entirely separate mannequin or virtual body. Our current studies 

focus on first-person perspectives, using an HTC Vive Pro.  

5.2.1.2 Common Embodiment Factors 

There are four main factors of embodiment stimulation that prior studies have investigated: 

visuotactile, visuomotor, threat, and avatar visual fidelity. The majority of early research focuses 

on visuotactile stimulation with visuomotor stimulation tending to be evaluated later in 

immersive VR studies. Threat-induced embodiment research has had intermittent combined 

investigation with other stimulation techniques, and one study has investigated the effects of 

threat independently [36]. Most investigations into the effects of avatar fidelity on embodiment 

have been more recently evaluated, but some initial embodiment research investigated the effects 

of avatar fidelity early on [78].  

5.2.1.3 Tracking Fidelity Factors 

Some researchers have investigated the effects of body tracking on embodiment, beyond simple 

visuomotor stimulation. Roth et al. [118] compared a five-point (head and extremities) IK 

tracking solution to a full-body motion capture system and found no significant differences 

between the two tracking conditions in terms of agency and body ownership. In a recent study, 
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Fribourg et al. [34] found that users significantly preferred full-body motion capture to a six-

point (complete) IK tracking solution. However, it is important to note that they implemented 

their IK condition using an inertial motion tracking system, which is prone to drift (i.e., error 

accumulation) [74]. In our study, we used the HTC Vive Pro tracking system, which relies on 

optical tracking. 

Aside from IK tracking versus full-body motion capture, researchers have also investigated 

tracking issues related to latency, noise, and errors. Jeunet et al. [51] found that separately inducing 

both tracking latency and errors caused agency scores to significantly decrease. In a similar study, 

Koilias et al. [62] found that tracking noise, latency, motion jumps, and offset rotations all 

significantly reduced agency during self-observations and mirror-based observations, but not 

observations during locomotion. In another study, Toothman and Neff [140] found that latencies 

greater than 300 ms significantly reduced embodiment, but they did not find any significant effects 

of tracking errors alone. Roth and Latoschik [119] have found that increased latency significantly 

reduces both agency and body ownership.    

In our current work, we investigate three embodiment factors: visuomotor, avatar fidelity, and 

tracking fidelity. We use a full-body IK avatar to provide visuomotor cues. We also vary avatar 

fidelity, by investigating a controllers-only representation, which is common in many consumer 

VR applications. Finally, we investigate the effects of tracking fidelity on embodiment of our IK 

avatar, by varying which trackers control the IKs.   

5.2.1.4 Effects of Embodiment 

A number of studies have also investigated inducing embodiment to observe its effects. 

Researchers have evaluated the effects of embodiment on task performance [78, 105], behavior 



 

81 

[33, 57, 117], size and distance estimation [47], racial bias [7, 106], and self-counselling [30, 

104]. 

5.2.2 Body Tracking Techniques and Modifications 

Though our work is the first to investigate the effects of tracking on embodiment, prior studies 

have employed a wide range of tracking techniques and tracking modifications. Table 5.2 provides 

a summary of these tracking techniques and modifications.  

5.2.2.1 Tracked Body Segments 

Some prior studies involved no body tracking and relied on static positions, such as the original 

rubber hand study [10]. Several VR studies have used only head tracking to provide the user with 

the capability to look around. Other studies have also only used head and hand tracking. A few 

studies have used head tracking with some combination of hands, feet, and torso while some 

studies tracked all four body segments [34, 40, 43]. Finally, many studies used motion capture 

techniques to provide full-body tracking, as opposed to relying solely on consumer VR tracking 

technologies.  

More recent research has focused into more immersive systems. This means that more body 

segments are typically tracked. The real-world studies [10, 79] and some of the MR studies, with 

large displays [129], projectors [49], and camera feeds [27, 47, 109, 110], track few or no segments 

and only evaluate a participant’s passive observations of an artificial body. 

More recently, studies began to start implementing more than just head and hand tracking. Since 

the introduction of consumer VR HMDs, many studies have implemented more than head and 

hand tracking. Of these studies, two investigated embodiment effects of just the legs and feet [64, 
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88], some have investigated partial-body racking involving more than head and hand tracking, and 

several featured full-body motion capture. Only three studies, to the best of our knowledge, have 

investigated embodiment effects with head, hands, feet, and torso tracking [34, 40, 43]. 

Table 5.2: Comparison of related work and our work in terms of body tracking and any 

tracking modifications. 
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[10, 27, 47, 49, 79, 109, 110, 129]         

[23, 33, 36, 53, 76, 88, 130] X        

[63, 108] X       X 

[112] X     X   

[3, 51, 78, 87, 101, 117] X X       

[105, 113] X X     X  

[37] X X     X X 

[59] X X    X X  

[64] X  X    X  

[11] X X X    X X 

[118] X X X   X X X 

[125] X   X     

[57] X X  X  X   

[40] X X X X   X  

[43] X X X X  X   

[34] X X X X  X X X 

[7, 30, 104, 106, 140]     X X   

[8, 62, 66, 71, 72, 81, 119, 120, 137, 143]     X X  X 

[34, 118]     X X X X 

Our Work X X X X  X X  

In our study, we use the HTC Vive Pro HMD and controllers to track the user’s head and hands, 

respectively. We also used three Vive trackers to track the user’s feet and pelvis.  
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5.2.2.2 Tracking Modifications 

There are three main modifications used in VR to alter the perception of tracking: avatar 

calibration, inverse kinematics, and virtual mirrors.  

Avatar calibration happens when the virtual avatar is scaled to the participant’s body segment 

lengths and sizes. In several studies, researchers discussed that avatars were calibrated to the 

participants, and only a few did not use full-body motion capture. 

Inverse kinematics (IKs) algorithms are used to approximate the location and orientation of in-

between joints given known locations of end joints. Only nine studies talk about implementing 

some form of IKs for the virtual avatar. Of these studies, two implemented IKs for the arms [37, 

105], one implemented the legs [64], two implemented the upper body [59, 113], and four 

implemented the arms and legs [11, 34, 40, 118]. 

Virtual mirrors are used in a number of studies to provide an indirect view of the virtual avatar 

to the participant, and the mirrors work in the same manner as their real-world counterparts. This 

view allows participants to observe their body being tracked without directly looking down. From 

our review, we found several studies that implemented a virtual mirror. 

5.3 Experimental Design 

The goal of our research was to evaluate the effects of body tracking fidelity on embodiment of an 

IK avatar. We created our IK avatar by using RootMotion FinalIK and VRIK component, a 

commercially available full-body solver designed for consumer VR. We used an HTC Vive Pro 

HMD, controllers, and three additional trackers to provide the head, hand, feet, and pelvis tracking 

for the solver. We were able to investigate the effects of tracking fidelity by disabling the trackers 
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to force the full-body solver to approximate those missing body segments. Additionally, we also 

investigated a condition with no avatar and only visual representations of the controllers, which is 

common in consumer VR applications and prior embodiment studies [108]. 

 

Figure 5.1: The virtual office environment used in our research. 

5.3.1 Tasks 

We developed a VR application designed to investigate virtual avatar body parameter values and 

to provide a simple coin-collection game task for virtual avatar observation. The application 

replicates a small office environment (4m x 4m), in which the participant is able to move around  

and observe their avatar. In order to avoid potential confounds due to the skin color of the avatar 

not matching the participant’s skin color, we placed a pair of winter gloves on the virtual avatar. 

We then placed a frosty window with a view of a snowy outdoor scene in our office environment 

to provide a rational explanation for the gloves.  
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Our application involved two tasks completed in succession: adjusting parameters of the virtual 

avatar body and then collecting coins randomly placed around the environment in a minigame. For 

the first task, the application presented the user with a floating window of sliders. Each slider was 

labeled identifying which parameter of the virtual avatar it controlled. For our studies, we 

investigated the following adjustable parameters: elbow position, knee position, arm length, and 

leg length. These parameters correspond to the arm bendGoalWeight, leg bendGoalWeight, 

armLengthMlp, and legLengthMlp variables of the FinalIK VRIK solver, respectively. 

Participants were encouraged to manipulate each slider to experience what each slider changes on 

the virtual avatar. Once the participant had chosen the body parameter values that they felt were 

the most realistic, they selected the “Next” button to start the second task. 

 

Figure 5.2: First-person perspective of our coin-collection minigame. 

 The second task presented a coin-collection minigame in which the participant was encouraged 

to collect as many coins as possible in one minute. The coins appeared every five seconds with a 

spatial audio chime to aid in discovery. Coin placement varied to provide a diverse range of motion 
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to participants during the collection process, and placements were randomly ordered to avoid 

potential learning effects. Participants had to walk, reach up, lean, crouch, and turn to collect all 

the coins. The intent of this task was to provide movement tasks for the participant to observe how 

their virtual avatar moves (see Figure 5.2). 

 

Figure 5.3: The physical setup used for our two studies. 

These two consecutive tasks described above were repeated for a total of three times per tracking 

fidelity condition. Repeating the tasks allowed participants to refine and reevaluate their virtual 

avatar body parameters during the repetitions after experiencing movement during the first coin-

collection minigame. At the end of the condition, a window was displayed asking the participant 

to choose the iteration that they thought was the most realistic. This process was repeated three 

times, once for each condition. 
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5.3.2 Materials 

We used an HTC Vive Pro system, including the HMD, two handheld controllers, and three 

additional Vive trackers, to run our VR application. The Vive Pro HMD provided 110° diagonal 

field of view with a display resolution of 1440 x 1600 pixels per eye and a 90Hz refresh rate. The 

additional trackers were attached to participants using straps at the arch of each foot and at the 

waist (see Figure 5.3). The application was developed using Unity and maintained a framerate of 

90 frames per second (fps) to match the Vive Pro HMD refresh rate. Based on recent research 

[134], the motion-to-photon latency of our system was approximately 55 ms. The SteamVR plug-

in for Unity was used to process the Vive input data, and the FinalIK plug-in was used for the IK 

avatar. 

5.3.3 Independent Variable 

For our research, our within-subject independent variable was body tracking fidelity for the IK 

avatar. In total, we investigated four levels of body tracking fidelity: Complete (head, hands, feet, 

and pelvis tracking), Head-and-Extremities (head, hands, and feet tracking), Head-and-Hands 

(head and hands tracking), and No-Avatar (head and hands tracking but only controllers are 

visible). In the Complete condition, the full-body avatar was controlled by all six devices, 

including the pelvis tracker, which better approximated the bend of the participant’s knees (see 

Figure 5.4A). In the Head-and-Extremities condition, the pelvis tracker was disabled, but the 

avatar’s feet were still controlled by the participant’s tracked feet (see Figure 5.4B). In the Head-

and-Hands condition, the feet and pelvis trackers were disabled, so the feet positions and 

orientations were estimated by an algorithm that auto-stepped at a distance threshold to keep the 



 

88 

feet under the head (see Figure 5.4C). Finally, in the No-Avatar condition, the participant could 

only see the two virtual handheld controllers without any other avatar representation (see Figure 

5.4D). 

 

Figure 5.4: The four body tracking conditions investigated in our research: A) Complete, B) 

Head-and-Extremities, C) Head-and-Hands, and D) No-Avatar. Active IK trackers are 

highlighted green. 

To avoid burdening our participants with too many conditions and a lengthy procedure, we 

decided to investigate our four body tracking conditions across two studies, using the Complete 

and No-Avatar conditions as high- and low-fidelity controls in both studies. The first study also 

investigated the Head-and-Extremities condition, while the second study also investigated the 

Head-and-Hands condition (see Table 5.3). The within-subject conditions were counterbalanced 

between subjects, using the full-factorial permutation, to negate any potential ordering effects.  
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Table 5.3: Overview of our tracking conditions across both studies. 

Fidelity Condition Study 1 Study 2 

Highest Complete X X 

High Mid Head-and-Extremities X  

Low Mid Head-and-Hands  X 

Lowest No-Avatar X X 

5.3.4 Dependent Variables 

After completing each condition in the VR application, we administered three questionnaires via 

Qualtrics at a nearby computer: the Simulator Sickness Questionnaire (SSQ) [56], the Spatial 

Presence Experience Scale (SPES) [41], and a 10-question embodiment questionnaire (see Table 

5.4). The SSQ was given to ensure that participants were not experiencing moderate to high levels 

of simulator sickness that would warrant expulsion from the study for their safety. The SPES was 

used to measure the participant’s sense of presence during the VR experience. 

The embodiment questionnaire was administered to measure the level of embodiment that 

participants experienced with the IK avatar during each tracking fidelity condition. In general, 

researchers have used a wide array of questions to assess embodiment and many are scenario 

specific (e.g., [23]). Gonzalez-Franco and Peck [35] have systematically reviewed the literature 

for embodiment questions and have proposed a standardized questionnaire. We selected a subset 

of five questions from their embodiment questionnaire (#1-5 in Table 5.4). We also included five 

embodiment questions that we modeled after the SPES question structures (#6-10 in Table 5.4). 

Each question was ranked from 1 (“I do not agree at all”) to 5 (“I fully agree”).  
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Table 5.4: The list of embodiment questions used in our studies and the underlying structures 

that they address. Each question was ranked from 1 (“I do not agree at all”) to 5 (“I fully agree”). 

No. Embodiment Question Structure 

1 
Overall, I felt as if my body was located where I saw the virtual body 

to be. 
Self-Location 

2 
Overall, I felt that the virtual body was my own body. Body 

Ownership 

3 The movements of the virtual body were caused by my movements. Agency 

4 
It seemed as if I might have more than one body. Body 

Ownership 

5 
Overall, I felt that the virtual body belonged to someone else. Body 

Ownership 

6 I felt like my body was actually there in the environment. Self-Location 

7 I felt like my body appeared in the environment. Self-Location 

8 I felt like my bodily movements occurred within the environment. Agency 

9 I felt like my body affected the environment. Agency 

10 
I felt like the environment affected my body. Body 

Ownership 

5.3.5 Procedure 

The following procedure was reviewed and approved by the University of Texas at Dallas 

Institutional Review Board (IRB).  

The study consisted of one session lasting up to one hour for each participant. During informed 

consent, participants were informed that the purpose of the study was “to increase our 

understanding of how full-body avatars may be represented in VR applications”, but they were 

naïve to the nature of the conditions during the experiment because they donned all of the 

equipment in all of the conditions.  

After informed consent, each participant was assigned to one of the full-factorial condition 

orderings to counterbalance the potential effects of ordering. Each participant experienced three 

conditions: Complete, No-Avatar, and either Head-and-Extremities (Study 1) or Head-and-Hands  
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Figure 5.5: A flowchart of our study procedure. 



 

92 

(Study 2). The study began with a background survey on the participant’s gender, age, height, 

weight, education, and technology experience. The participant then donned the additional trackers, 

straps, controllers, and HMD. The experimenter then configured the VR application to match the 

avatar’s gender to the participant’s gender and calibrated the avatar’s height, using a T-pose from 

the participant. The experimenter then explained the two tasks described in section 5.3.1, and the 

participant completed the three repetitions for their first tracking fidelity condition, assigned based 

on their assigned presentation order. After successfully completing the VR tasks, the participant 

filled out the SSQ, SPES, and embodiment questionnaires. Each condition took approximately 20 

minutes (5 minutes to adjust the sensors and calibrate the avatar, 10 minutes to complete the VR 

tasks, and 5 minutes to complete the questionnaires). The participant repeated this process for the 

remaining two tracking fidelity conditions. The study concluded with the participant completing 

an exit survey to obtain open-ended responses regarding the study experience. See Figure 5.5 for 

a flow chart of this procedure. 

5.3.6 Research Questions 

RQ1. Which body tracking condition will induce the most embodiment?  

H1. We hypothesized that the higher the tracking fidelity, the greater the embodiment. We 

expected the Complete condition to result in the highest embodiment scores, followed by the Head-

and-Extremities condition, and then the Head-and-Hands condition. The No-Avatar condition was 

expected to perform worst with the lowest embodiment scores. We hypothesized this because 

previous studies have shown that increased first-person perspective avatar visual fidelity leads to 

increased embodiment [7, 40, 53, 57, 106, 143], and we expected increased avatar tracking fidelity 

to result similarly. 
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RQ2. Which body tracking condition will afford the most presence? 

H2. We hypothesized that the tracking conditions with a visible avatar (Complete, Head-and-

Extremities, and Head-and-Hands) would provide a higher level of presence over the No-Avatar 

condition due to increased interaction fidelity [91] and because prior research has shown increases 

to presence from increased avatar fidelity [143]. 

5.3.7 Participants 

A parametric a priori power analysis for a medium effect size (f = 0.25) revealed that a total sample 

size of 28 participants would be needed to obtain statistical power at a 95% confidence level with 

the three repeated measures for two groups (males and females). Because larger samples are 

recommended for nonparametric tests, such as those often used for analyzing questionnaires, we 

intended to recruit 48 participants (24 males, 24 females) for each study, using the six full-factorial 

permutations to counterbalance.  

Due to the COVID-19 pandemic, we were unable to conduct all of the planned participants. For 

the first study involving the Head-and-Extremities condition, we only completed 23 males and 7 

females. For the second study involving the Head-and-Hands condition, we only completed 11 

males and 3 females. Due to the highly disproportionate number of males to females and the 

potential confound introduced by the gender-matched avatar, we only consider our male 

participant data for our analyses. Furthermore, all of our male participants ranged in age between 

18 and 25 years, except for one 51-year-old participant. Due avoid a potential confound due to 

age, we also excluded his data. 

Our analyses of the first study, which involved Head-and-Extremities, included a total of 23 male 

participants. Their average age was 19.8 ± 2.1. Based on self-reported background data, 21 
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participants played video games on a regular basis (i.e., at least one hour per week), and 19 had 

prior VR experiences. Our analyses of the second study, which involved Head-and-Hands, 

included a total of 10 male participants. Their average age was 20.3 ± 2.1. All 10 participants 

played video games on a regular basis, and 8 had prior VR experiences.  

5.3.8 Results 

For our dependent variables, we conducted a Friedman test at a 95% confidence level, as the non-

parametric alternative to a one-way repeated-measures ANOVA, to investigate the main effect of 

body tracking fidelity. Wilcoxon signed-ranked tests were used to identify significantly different 

conditions when a significant main effect was found.  

5.3.8.1  Embodiment 

Our embodiment questionnaire had high reliability with a Cronbach’s Alpha of α = 0.813 for all 

10 questions averaged across both studies. However, recent research suggested that some of our 

questions (#4 and #5) were likely less reliable [108]. Hence, we maximized Cronbach’s Alpha at 

α = 0.911, by removing questions #4, #5, and #10. Hence, our overall embodiment scores are 

based on the average of the remaining seven questions.  

For study 1, we found a significant main effect of body tracking fidelity on Overall Embodiment 

Score, χ2(2) = 14.315, p = 0.001, W = 0.311. The post hoc tests showed that the Complete, Z = -

3.542, p < 0.001, and Head-and-Extremities, Z = -3.258, p = 0.001, conditions induced 

significantly more embodiment than the No-Avatar condition. However, there was not a significant 

difference between the two avatar conditions, Z = -0.261, p = 0.794. See Figure 5.6.  
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For study 2, we found a significant main effect of body tracking fidelity on Overall Embodiment 

Score, χ2(2) = 15.846, p < 0.001, W = 0.792. The post hoc tests showed that the Complete condition 

induced significantly more embodiment than the Head-and-Hands, Z = -2.805, p = 0.005, and No-

Avatar, Z = -2.803, p = 0.005, conditions. There was not a significant difference between the Head-

and-Hands and No-Avatar conditions, Z = -1.365, p = 0.172. See Figure 5.7.  

 

Figure 5.6: Boxplot of overall embodiment score for study 1. Red dots represent mean scores. 

Asterisks indicate significantly different body tracking conditions. 

 

Figure 5.7: Boxplot of overall embodiment score for study 2. Red dots represent mean scores. 

Asterisks indicate significantly different body tracking conditions. 
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To determine if there were significant differences between our two samples, we conducted 

Mann-Whitney U tests to compare the control conditions between the two studies. We did not find 

a significant difference between the studies for the Complete condition, U = 69.5, p = 0.074. We 

also did not find a significant difference for the No-Avatar condition, U = 106.0, p = 0.724.  

 

 

Figure 5.8: Boxplot of overall presence score for study 1. Red dots represent mean scores. 

Asterisks indicate significantly different body tracking conditions. 

 

Figure 5.9: Boxplot of overall presence score for study 2. Red dots represent mean scores. 

Asterisk indicates significantly different body tracking conditions. 
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5.3.8.2 Presence 

For our SPES results in study 1, we found a significant main effect of body tracking fidelity on 

Overall Presence Score, χ2(2) = 8.535, p = 0.014, W = 0.186. The post hoc tests showed that the 

Complete, Z = -2.798, p = 0.005, and Head-and-Extremities, Z = -2.785, p = 0.005, conditions 

afforded significantly more presence than the No-Avatar condition. However, there was not a 

significant difference between the two avatar conditions, Z = 0.000, p = 1.000. See Figure 5.8. 

We found the same significant differences for Self-Location, χ2(2) = 8.988, p = 0.011, W = 

0.195, and for Possible-Action, χ2(2) = 6.167, p = 0.046, W = 0.134. 

In study 2, we found a significant main effect of body tracking fidelity on Overall Presence 

Score, χ2(2) = 6.788, p = 0.034, W = 0.339. The post hoc tests showed that the Complete condition 

afforded significantly more presence than the Head-and-Hands condition, Z = -2.527, p = 0.012. 

There were not significant differences between the Complete and No-Avatar conditions, Z = -

0.422, p = 0.673, or between the Head-and-Hands and No-Avatar conditions, Z = -1.402, p = 0.161. 

See Figure 5.9. We found the same significant difference that Complete was significantly better 

than the Head-and-Hands condition for Self-Location, χ2(2) = 8.722, p = 0.013, W = 0.436. We 

did not find any significant differences for the Possible-Action, χ2(2) = 2.294, p = 0.318, W = 

0.115. 

5.4 Discussion 

In the next sections, we discuss how body tracking fidelity affects embodiment and presence. We 

also discuss the limitations of our work. 
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5.4.1 Body Tracking Fidelity Increases Embodiment 

The results of our studies indicate that body tracking fidelity affects embodiment. In our first study, 

we found that the Complete and Head-and-Extremities tracking conditions induced significantly 

more embodiment than the No-Avatar condition. However, we did not find a significant difference 

between the Complete and Head-and-Extremities conditions in terms of the overall embodiment 

score. These results partially support our H1 hypothesis that the Complete condition would induce 

more embodiment than the Head-and-Extremities condition, which would induce more than the 

No-Avatar condition.    

In our second study, we found that the Complete tracking condition induced significantly more 

embodiment than both the Head-and-Hands and No-Avatar conditions. However, we did not find 

a significant difference between the Head-and-Hands and No-Avatar conditions in terms of overall 

embodiment. These results partially support our H1 hypothesis that the Complete condition would 

induce more embodiment than the Head-and-Hands condition, but not our hypothesis that the 

Head-and-Hands condition would induce more than the No-Avatar condition.  

Based on the results above, we recommend that VR developers and researchers should increase 

body tracking fidelity when attempting to induce embodiment. This recommendation supports the 

approach of using a full-body motion capture system in prior research [7, 8, 30, 66, 81, 104, 106, 

137, 143]. For consumer VR systems, we recommend using additional tracking sensors when 

available, such as for the HTC Vive and Vive Pro systems.  
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5.4.2 Foot Tracking Induces More Embodiment 

Despite having fewer participants in our second study than our first study, we found that the 

Complete tracking condition afforded significantly more embodiment than the Head-and-Hands 

condition in the second study while we found no significant difference between the Complete and 

Head-and-Extremities conditions in terms of overall embodiment, for the first study. This indicates 

that tracking the feet, the only difference between the Head-and-Extremities and Head-and-Hands 

conditions, induces significantly more embodiment over a full-body IK avatar, like the one used 

in our studies.  

This result is not surprising considering the nature of the FinalIK VRIK full-body solver. When 

foot tracking is not available, the solver auto-steps at a distance threshold to keep the feet under 

the head. As a result, when the participant steps forward with their right foot, the VRIK algorithm 

may respond by auto-stepping their virtual avatar’s left foot forward. Clearly, these types of 

incongruencies can negatively impact embodiment.  

Considering the results between our studies, we recommend that VR developers and researchers 

at minimum should include foot tracking when using a full-body IK avatar and attempting to 

induce embodiment.  

5.4.3 Body Tracking Fidelity Affects Presence 

The results of our studies indicate that body tracking fidelity also affects the sense of presence. In 

our first study, we found that the Complete and Head-and-Extremities tracking conditions afforded 

significantly more presence than the No-Avatar condition, in terms of both self-location and 

possible action. This result supports our H2 hypothesis that a visible avatar would provide a higher 
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level of presence over the No-Avatar condition. In our second study, we found that the Complete 

condition afforded significantly more presence than the Head-and-Hands condition. In that study, 

we did not find a significant difference between the Complete and No-Avatar conditions or 

between the Head-and-Hands and No-Avatar conditions. This lack of differences was most likely 

due to our small sample size (10 participants) and does not support our H2 hypothesis that the 

Complete and Head-and-Hands conditions would provide greater presence than the No-Avatar 

condition.  

More research needs to be conducted to better understand the effects of body tracking fidelity on 

the sense of presence. The results of our first study indicate that increasing fidelity increases 

presence, similar to prior results indicating that increasing interaction or display fidelity improves 

presence [91]. However, the results of our second study do not clearly support that concept. 

5.4.4 Limitations of Our Work 

As currently presented, there are two limitations of our work: 1) our results are based on a non-

representative sample, and 2) our small sample likely did not capture some significant differences 

among our evaluated tracking fidelity conditions.  

As described above, we were forced to end our studies prematurely due to the COVID-19 

pandemic, and as a result, we only have 30 completed participants for the first study and 14 

completed for the second study. Due to a disproportionate number of males to females in both 

studies (23 to 7 in the first, and 11 to 3 in the second), we decided to only consider our male 

participant data for the current work. This decision was to avoid potential confounds due to 

differences in the male and female avatars used in our studies. We also excluded one male 

participant’s data due to his age being a significant outlier. Hence, our results are only 
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representative of young, male users. Therefore, our results should be further confirmed with a 

more-representative sample of the general population, especially since Peck et al. [107] have 

recently shown that changes in simulator sickness are systematically associated with the proportion 

of female participants to male participants.  

In addition to our non-representative sample, our sample was small (23 participants in the first 

study, and 10 in the second). Hence, it is likely that our results did not capture some significant 

differences among the four tracking fidelity conditions. For example, with more participants, we 

may find that the Head-and-Hands condition affords significantly more embodiment than the No-

Avatar condition. However, despite our small sample sizes, we did find significant differences 

among our tracking fidelity conditions in terms of both embodiment and the sense of presence. 

Hence, we believe this work will serve as a foundation for future researchers to expound upon and 

better understand the effects of body tracking fidelity on embodiment of a full-body IK avatar.  

5.5 Conclusion 

Full-body virtual avatars are commonly used to aid in visuomotor stimulation of embodiment. We 

found that there is robust investigation into embodiment stimulation techniques, avatar appearance, 

and synchronicity and congruency of avatars, but we found a gap in the evaluation of embodiment 

with regard to the degree of body tracking fidelity. We have presented one of the first works to 

investigate the effects of body tracking fidelity on embodiment of a full-body IK avatar. The results 

of our studies indicate that increased body tracking fidelity induces more embodiment and likely 

affords more presence. Furthermore, comparison of our conditions shows that foot tracking 

increases embodiment by avoiding poor approximations of steps that may conflict with the user’s 
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physical steps. However, it is important to note that our results are based on a small, non-

representative sample of young, male participants.   
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TOWARDS THE EMBODIMENT SHORT QUESTIONNAIRE (ESQ): A BRIEF SELF-

REPORT MEASURE FOR VIRTUAL EMBODIMENT 

 

Abstract. Consumer virtual reality (VR) technologies have made embodying a virtual avatar 

during an immersive experience more feasible. The sense of embodiment towards that virtual 

avatar can be characterized and measured along three factors: self-location, agency, and body 

ownership. Some measures of embodiment have been previously proposed, but most have not 

been validated or do not measure the three individual factors of embodiment. In this paper, we 

present the construction and initial validation of a short questionnaire that not only addresses 

these factors of embodiment but can be used as an in-VR questionnaire. We call this brief 

questionnaire the Embodiment Short Questionnaire (ESQ). Using the ESQ, we provide results 

indicating that an avatar significantly improves body ownership and that foot tracking 

significantly improves self-location and agency. 

6.1 Introduction 

The prevalence of virtual reality (VR) becomes more apparent every year, as more consumer 

technologies become available and more academic research is published. One notable 

advancement in recent years is the increased feasibility of enabling the user to embody a full-

body avatar through additional sensors, such as HTC Vive trackers, and consumer inverse 

kinematic (IK) solutions, such as the Final IK library by RootMotion. This advancement has 

naturally led to an increase in embodiment research. 
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Embodiment is the sense that emerges when the properties of a virtual body are processed as if 

they were the properties of one’s own physical body [58]. Kilteni et al. [58] have identified three 

structures underlying the sense of embodiment: self-location, agency, and body ownership. Self-

location is the localization of oneself within the spatial limits of a body [4]. Agency is the 

intention and execution of actions that includes the feelings of controlling one’s own body 

movements and, through those actions, the events in the external environment [141]. Body 

ownership is the sense that one’s own body is the source of any sensations felt [141]. Altogether, 

these three sensations contribute to one’s overall sense of embodiment.  

Because embodiment is considered a personal experience or feeling, subjective self-report 

measures are a common method for capturing one’s sense of embodiment. Most prior research 

studies have employed their own questionnaires to measure embodiment or one of its subfactors, 

such as body ownership [35]. There have been a few attempts toward establishing a standard 

embodiment questionnaire. Dobricki and de la Rosa [23] published a 27-item questionnaire 

focused on self-identification, agency, and spatial presence (i.e., the cognitive feeling of being in 

a place [127]), which they validated using a third-person perspective, visuotactile experiment. 

Gonzalez-Franco and Peck [35] published a 25-item questionnaire based on a review of more 

than 30 embodiment studies that focused on self-location, agency, body ownership, tactile 

sensations, external appearance, and response to external stimuli. However, it is important to 

note that Gonzalez-Franco and Peck [35] did not empirically validate their questionnaire, and to 

the best of our knowledge, it has not been validated since. Most recently, Roth and Latoschik 

[119] have presented in a preprint the Virtual Embodiment Questionnaire (VEQ), which is a 12-

item questionnaire focused on agency, body ownership, and change in the perceived body 
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schema. Roth and Latoschik [119] validated their VEQ through four studies that investigated the 

effects of immersion, personalization, tracking fidelity, and tracking latency. While the VEQ 

does address agency and body ownership, it does not address the sense of self-location.  

The goal of this research was to construct and validate an embodiment questionnaire that 

addresses self-location, agency, and body ownership. In addition to addressing all three factors of 

embodiment, we aimed to develop a short questionnaire that could be reasonably administered 

within VR at the end of an experience, as opposed to through a web form or paper version 

outside of VR. Alexandrovsky et al. [2] have recently compared administering questionnaires in 

VR to outside VR in the physical world, and found comparable questionnaire results. However, 

they also found that the majority of their participants enjoyed the in-VR questionnaires more and 

preferred them to the out-of-VR questionnaires. Furthermore, as “in the wild” VR studies 

become more prevalent, in which data is collected from VR devices owned by consumers in 

uncontrolled settings [135], it will become more important any questionnaires, such as 

embodiment, can be easily administered in VR. 

In this paper, we present the construction and initial validation of the Embodiment Short 

Questionnaire (ESQ). The ESQ was constructed from a pool of previously used embodiment 

questions [35, 129, 137] and new embodiment questions that we modeled after closely related 

spatial presence questions [41]. Using this initial pool of 10 questions, we conducted two 

embodiment studies investigating the effects of body tracking fidelity while embodying an 

inverse-kinematic avatar and its presentation (i.e., shown or not) to support the construction and 

validation of the ESQ. Using exploratory factor analysis methods on the results of our first study, 

we derived and validated a five-item embodiment questionnaire that addresses all three factors of 
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embodiment (i.e., self-location, agency, and body ownership). We further validated the ESQ on 

the results of our second study, which indicate that the presentation of an avatar significantly 

improves body ownership while foot tracking significantly improves self-location and agency. 

We discuss the implications of these findings and how the ESQ can be administered in VR for 

future “in the wild” VR studies on embodiment.  

6.2 Related Work 

In this section, we first discuss prior attempts to establish a standard embodiment questionnaire 

and the details of those efforts. We then provide an overview of prior embodiment studies and 

what factors have been previously investigated. This overview highlights that our current 

research is one of the few to investigate all three factors of embodiment (i.e., self-location, 

agency, and body ownership) and to investigate the effects of tracking fidelity on those factors.  

6.2.1 Prior Embodiment Questionnaires 

Dobricki and de la Rosa [23] published the first attempt to construct and validate an embodiment 

questionnaire. Their 27-item questionnaire addressed three factors: self-identification, agency, 

and spatial presence. Their self-identification factor combined the concepts of self-location and 

body ownership into a single factor, based on the classifications later presented by Gonzalez-

Franco and Peck [35]. The spatial presence factor of their questionnaire, which addresses the 

feeling of “being there” [127], is generally considered to be independent of the sense of 

embodiment [35, 58, 119]. The questionnaire also includes several items that assume the VR 

experience involves an incongruent avatar (i.e., a virtual body presented from a third-person 

perspective), which was the scenario employed in the two studies that Dobricki and de la Rosa 
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[23] used to construct and validate their questionnaire. These questions limit the general 

applicability of the overall questionnaire, especially since Maselli and Slater [89] have identified 

first-person perspectives a necessary condition for the full-body ownership illusion.  

Gonzalez-Franco and Peck [35] reviewed over 30 embodiment studies that used 

questionnaires since 1998, when the first rubber hand illusion experiment was published by 

Botvinick and Cohen [10]. Through their review, they identified six main categories of questions 

that had been previously used: body ownership, agency and motor control, tactile sensations, 

location of the body (i.e., self-location), external appearance, and response to external stimuli. 

For each of these categories, Gonzalez-Franco and Peck [35] selected a set of questions that was 

most often used in prior studies. This review-based approach yielded a 25-item questionnaire, 

which Gonzalez-Franco and Peck [35] proposed as a possible standardized embodiment 

questionnaire. However, Gonzalez-Franco and Peck [35] did not empirically validate their 

questionnaire, and to the best of our knowledge, it has not yet been validated. Additionally, like 

the questionnaire presented by Dobricki and de la Rosa [23], the questionnaire presented by 

Gonzalez-Franco and Peck [35] includes several questions regarding specific scenarios, such as 

virtual mirrors, tactile sensations, and incongruent avatars. 

 Most recently, Roth and Latoschik [119] have presented the construction and validation 

of the VEQ in a preprint. The VEQ is a 12-item questionnaire that addresses agency, body 

ownership, and changes in the body schema (e.g., skin tone, height, weight). Roth and Latoschik 

[119] used four studies to validate their VEQ, which controlled for the level of immersion (i.e., 

visual display fidelity [91]), user-performed personalization of the virtual body, the behavioral 

realism of the virtual body’s movements, and the effects of tracking latency and jitter. It is 
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important to note that while the VEQ does address agency and body ownership, it does not 

address the sense of self-location (i.e., being within the spatial boundaries of the virtual body 

[58]). Due to how recent the preprint of Roth and Latoschik [119] became available, we were not 

aware of their VEQ when we started our current research. 

In contrast to the prior efforts, our current work provides a short, five-item embodiment 

questionnaire that can be reasonably administered as an in-VR questionnaire, especially for “in 

the wild” VR studies (e.g., [135]).. For controlled laboratory studies of embodiment, in which 

longer questionnaires are suitable and can be administered outside of VR, we recommend using a 

combination of the questionnaire presented by Gonzalez-Franco and Peck [35] and the VEQ 

validated by Roth and Latoschik [119]. However, for “in the wild” VR studies, which have 

become more relevant due to the current COVID-19 pandemic, we believe that our ESQ can be 

successfully administered in VR to identify interaction features that significantly impact the 

sense of embodiment.  

6.2.2 Evaluations of Embodiment Factors 

To better understand the embodiment factors (i.e., self-location, agency, body ownership) and 

what they are affected by, we reviewed the prior embodiment studies identified by Gonzalez-

Franco and Peck [35] and newer studies that have since been published. We have identified six 

categories of experimental conditions that researchers have used to investigate one or more 

aspects of embodiment, including perspective, visuotactile, threat, visuomotor, avatar fidelity, 

and tracking fidelity. Table 1 provides an overview of these studies and which experimental 

conditions and embodiment factors that were investigated. 



 

109 

Numerous studies have employed or investigated the effects of visuotactile stimuli (i.e., 

receiving tactile sensations while viewing the virtual body being touched). Synchronous 

visuotactile sensations have been shown to significantly improve self-location [27, 113], agency 

[23, 87], and body ownership [109, 110, 130]. Closely related to visuotactile stimuli are external 

threats perceived to possibly cause harm to the virtual body. Researchers have investigated a 

wide range of threats, including moving objects [64], fire [81], and even knives [36]. Prior 

research indicates that a greater sense of body ownership leads to greater responses to threats 

[113].  

 Several studies have investigated the effects of the user’s perspective of the virtual body on 

the embodiment factors. Third-person perspectives have been found to significantly reduce self-

location [63, 88], agency [30, 63, 88], and body ownership [109, 110, 130]. Recently, Fribourg et 

al. [34] have also found that users consistently prefer first-person perspectives over third-person 

perspectives. Similarly, numerous studies have used visuomotor synchrony, in which the user’s 

movements control the movements of the virtual body, to investigate embodiment, including 

self-location [105, 108, 112], agency [8, 71, 104], and body ownership [11, 59].  

A number of studies have investigated the effects of avatar fidelity, including embodying 

symbolic avatars [81], non-human avatars (e.g., mannequins and robots [120]), personalized 

human avatars [143], human avatars differing from the user in terms of race [106] or gender [57], 

or not embodying an avatar at all [108]. Embodying some type of avatar has been demonstrated 

to significantly improve self-location and body ownership [108]. However, the effects of the 

avatar’s appearance appears to be influenced by the uncanny valley phenomenon [98]. In some 

studies, moderate-fidelity avatars have led to greater reports of body ownership than “higher”  
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Table 6.1: Comparison of related work to our current work in terms of experimental 

conditions and investigated factors of embodiment. 

Studies 
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[71]    X X   X  

[43, 101] X        X 

[36]  X       X 

[109, 110, 130] X X X      X 

[59] X   X     X 

[11] X X X X     X 

[47] X    X    X 

[53, 57]    X X    X 

[10, 49, 76, 79, 129] X      X  X 

[27, 113] X X     X  X 

[8, 104]    X    X X 

[30]   X X    X X 

[37]  X  X    X X 

[7, 72, 106, 120, 137, 143]    X X   X X 

[87] X   X X   X X 

[3]  X  X X   X X 

[118]    X  X  X X 

[119]    X X X  X X 

[23] X      X X X 

[88] X  X    X X X 

[105, 108, 112]    X   X X X 

[63]   X X   X X X 

[125] X   X   X X X 

[64, 66] X X  X   X X X 

[81]  X  X X  X X X 

[140]    X  X X X X 

[34]   X X X X X X X 

Our Work    X X X X X X 

fidelity versions [53, 81]. On the other hand, personalized avatars based on scans of the 

individual users have been shown to significantly increase body ownership [143]. 
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 Recently, a number of studies have also investigated the influence of tracking fidelity on 

embodiment. Tracking fidelity issues, such as latency and tracking noise, have been found to 

significantly decrease agency [52, 62, 119], body ownership [119], and embodiment in general 

[140]. Outside of tracking latency and errors, Roth et al. [118] compared a five-point (head and 

extremities) IK tracking solution to a full-body motion capture system, but found no significant 

differences between the two tracking fidelity conditions in terms of agency and body ownership. 

Recently, Fribourg et al. [34] found that users significantly preferred full-body motion capture to 

a six-point (pelvis included) IK tracking solution, but they did not directly measure self-location, 

agency, or body ownership.  

In our current work, we investigated the effects of avatar fidelity and three levels of tracking 

fidelity for controlling the movements of an IK-based avatar (i.e., visuomotor synchrony). Unlike 

prior works, we investigated the effects of avatar fidelity and tracking fidelity on all three 

embodiment factors individually, as opposed to only embodiment as a whole [140] or simply the 

user’s preference [34].  

6.3 Embodiment Studies 

In order to construct and validate the ESQ, we conducted two studies investigating the effects of 

avatar fidelity and tracking fidelity on our initial pool of embodiment questions (see section 4). 

In this section, we describe the experimental design of our two embodiment studies, including 

the materials, experimental conditions, embodiment activities, procedure, and participants. We 

used the results of our first study (Study 1) to construct the ESQ, which we describe in section 4. 

We then used the results of both studies (Study 1 and Study 2) to validate the ESQ, as described 

in section 5. In section 6, we discuss the implications of the results of our studies with regard to 
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embodiment, in addition to how the ESQ can be administered as an in-VR questionnaire for 

future embodiment research. 

6.3.1 Materials 

We used an HTC Vive Pro system, consisting of the head-mounted display (HMD), two 

handheld controllers, and three additional Vive trackers, to run our VR application. The Vive Pro 

HMD provided a 110° diagonal field of view with a display resolution of 1440 x 1600 pixels per 

eye and a 90Hz refresh rate. The additional trackers were attached to the participants using straps 

at the arch of each foot and at the waist. The application was developed using Unity, and a 

framerate of 90 frames per second (fps) was maintained throughout the conditions to match the 

Vive Pro HMD refresh rate. Recent research has shown that the motion-to-photon latency of the 

Vive system is approximately 55ms [134]. The SteamVR plug-in for Unity was used to process 

the Vive input data, and the RootMotion Final IK library was used to implement the full-body IK 

avatar.  

6.3.2 Experimental Conditions 

In both studies, we investigated the effects of avatar fidelity and tracking fidelity within subject. 

Across the studies, we investigated four total experimental conditions: No-Avatar, Head-and-

Hands, Head-and-Extremities, and Complete. In the No-Avatar condition, participants were only 

able to see the two virtual handheld controllers and were not provided with an avatar 

representation (see Figure 1A). In the Head-and-Hands condition, participants were provided a 

gender-matched, full-body IK avatar representation that was controlled only with the tracking 

data from the head and hands (see Figure 1B). In the Head-and-Extremities condition, 



 

113 

participants were also provided the full-body IK avatar, except it was controlled by the tracking 

data from the head, hands, and feet (see Figure 1C). Finally, in the Complete condition, 

participants were provided the full-body IK avatar, which was fully controlled by the tracking 

data from the head, hands, feet, and pelvis (see Figure 1D). Note, in order to avoid known issues  

 

Figure 6.1: The four experimental conditions investigated in our two studies: A) No-Avatar, 

B) Head-and-Hands, C) Head-and-Extremities, and D) Complete. Active IK trackers are 

highlighted green. 

with race during embodiment [106], our avatars were designed with winter gloves to conceal any 

indication of race and no virtual mirrors were presented within the virtual environment. To help 

participants rationalize why their avatar was wearing gloves, we placed a frosty window with a 

view of a snowy outdoor scene within the virtual office environment used for the studies. 
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To avoid lengthy procedures and possibly introducing fatigue as a confounding variable, we 

only investigated three of our four experimental conditions in each study. However, in both 

studies, we used the lowest-fidelity No-Avatar condition and the highest-fidelity Complete 

conditions as experimental controls, as prior research indicates that the Complete condition 

should provide a greater sense of embodiment than the No-Avatar condition [89]. Hence, in 

Study 1, the within-subject conditions included the No-Avatar, Head-and-Extremities, and 

Complete conditions, while Study 2 included the No-Avatar, Head-and-Hands, and Complete 

conditions. For both studies, the within-subject conditions were counterbalanced between 

subjects, using the full-factorial permutation, to negate potential ordering effects.  

6.3.3 Embodiment Activities 

For each embodiment condition, participants completed two different tasks—adjusting subtle 

parameters of the virtual avatar body using a 3D window interface, followed by collecting coins 

placed around the virtual environment. For the first task, the VR application presented the 

participants with a 3D floating window with a set of sliders, within a 4m x 4m virtual office 

environment. The sliders controlled subtle aspects of the virtual avatar’s IK parameters, 

including the elbow positioning, knee positioning, arm length, and leg length. Participants were 

encouraged to change each slider to experience what each slider changed on the virtual avatar 

and then select a “Next” button to start the second task when they were ready. 

The second task was a short, one minute, coin collection game in which the participant was 

encouraged to collect as many coins as possible in the same virtual office environment (see 

Figure 2). The coins appeared every five seconds with spatial audio cues to aid discovery. Coin 

placement was varied to provide a wide range of movements for the participant to experience 
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different avatar movements including walking, reaching, crouching, leaning, and standing. Coin 

placement was also varied to avoid potential learning effects throughout the course of the study. 

This task’s intention was to provide varied movement for the participant to observe how their 

virtual body is moving in the virtual environment. 

The two tasks described above were repeated three times for each embodiment condition. 

These repetitions allowed participants to re-evaluate their virtual body parameters and gave each 

participant more experiences with each embodiment condition. At the end of each condition, 

after the third repetition, participants were prompted with another window to indicate which of 

the three iterations of body parameter selections they thought was the most realistic. This process 

was repeated three times, once for each condition, for a total of nine sets of tasks (3 conditions x 

3 repetitions).  

 

Figure 6.2: The coin game used as an embodiment activity: A) the user reaching down within 

the tracked space, and B) the user’s perspective of reaching towards a coin within the virtual 

office environment. 
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6.3.4 Procedure 

The following procedure was reviewed and approved by the University of Texas at Dallas 

Institutional Review Board (IRB).  

Each study consisted of a single session that lasted up to one hour for each participant. 

Participants were informed that the purpose of the study was to “increase our understanding of 

how full-body avatars may be represented in VR,” during informed consent. Participants were 

not told of the nature of the conditions during the experiment because they donned all the 

wearable equipment in all conditions. 

After informed consent, we assigned each participant to one of the full-factorial condition 

orderings to counterbalance the potential effects of ordering. Each participant experienced three 

of the four experimental conditions: No-Avatar, Complete, and one of the partial tracking 

conditions: Head-and-Extremities (Study 1) or Head-and-Hands (Study 2). We began the study 

with a background survey on the participant’s gender, age, height, weight, education, and 

technology experience. The participant was then helped to don the trackers, straps, controllers, 

and HMD. The experimenter then calibrated the full-body IK avatar to match the participant’s 

gender and height provided by a standard T-pose. The experimenter then explained the two tasks 

described in section 3.3 and started the participant on their first experimental condition, based on 

their assigned presentation ordering. After completing the VR tasks successfully, each 

participant completed the Simulator Sickness Questionnaire (SSQ) [56], the Spatial Presence 

Experience Scale (SPES) [41], and our initial pool of 10 embodiment questions, as described in 

section 4. After completing the first condition, the participant repeated this process for the 

remaining two experimental conditions. Each condition took about 20 minutes to complete. The 
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study concluded with each participant completing an exit survey with open-ended responses 

regarding their study experience.  

6.3.5 Participants 

A parametric a prior power analysis for a medium effect size (f = 0.25) revealed that a total 

sample size of 28 participants would be needed to obtain statistical power at a 95% confidence 

level with the three repeated measures for two groups (males and females). Because larger 

samples are recommended for nonparametric tests, such as those often used for analysing 

questionnaires, we intended to recruit 48 participants (24 males, 24 females) for each study, 

using the six full-factorial permutations to counterbalance. These target numbers also exceeded 

the recommendation of having at least a 5:1 ratio of measurements to items factored [61, 82].  

Due to the COVID-19 pandemic, we were unable to conduct all of the planned participants, as 

we were forced to stop conducting human subject studies due to university policies. However, 

before stopping the studies, we were able to successfully recruit and conduct a total of 30 

participants for Study 1 and 14 participants for Study 2. Despite these low samples, we were able 

to successfully construct the ESQ (see section 4) and validate it with the significant results of 

both studies (see section 5). Clearly, more research is needed to further validate and investigate 

the potential of the ESQ, but we believe this is a solid first step toward our goal. 

In terms of demographics, Study 1 included 23 males and 7 females, with a mean age of 20.3 

years (SD = 3.4 years). Of the 30 participants, 24 had prior VR experience while 6 participants 

did not. For Study 2, the 14 participants included 11 males and 3 females, with a mean age of 

25.9 years (SD = 12.7 years). Of the participants, 12 had prior VR experience and 2 participants 

did not. 
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6.4 Construction of the ESQ 

Again, the goal of this research was to construct and validate an embodiment questionnaire that 

addresses the three factors of embodiment (i.e., self-location, agency, and body ownership [58]) 

and is short enough to be reasonably administered in VR for future “in the wild” VR studies. The 

previous embodiment questionnaire presented by Dobricki and de la Rosa [23] is too lengthy to 

be administered in VR with 27 items and the questionnaire was validated with studies employing 

a third-person perspective, which is questionable given other research identifying first-person 

perspectives as a necessary condition for the full-body ownership illusion [89]. The embodiment 

questionnaire presented by Gonzalez-Franco and Peck [35] is also lengthy with 25 items, many 

of which address specific scenarios like virtual mirrors and tactile sensations, and it has not been 

formally validated. Finally, the VEQ presented in preprint by Roth and Latoschik [119] could be 

administered in VR, but the questionnaire does not address the self-location factor (only the 

agency and body ownership factors, plus a new change factor introduced by Roth and Latoschik 

[119]).     

With regard to developing a short questionnaire, Alexandrovsky et al. [2] have discussed that 

length is an important factor for administering a questionnaire in VR. Their research indicates 

that in-VR questionnaires yield results comparable to their traditionally administered 

counterparts, but that participants find the in-VR versions more enjoyable and prefer them to the 

traditional versions. In an early example of using an in-VR questionnaire, Fernandes and Feiner 

[31] used a single-question scale to successfully evaluate VR sickness and determine that 

dynamically reducing the user’s field of view during travel can reduce sickness.  
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6.4.1 Initial Item Pool 

Our initial set of items consisted of 10 questions scored on a 5-point Likert scale from 1 (“I do 

not agree at all”) to 5 (“I fully agree”). See Table 2 for all 10 initial questions. Items Q1 through 

Q5 were sourced from the questionnaire presented by Gonzalez-Franco and Peck [35] and have  

Table 6.2: Our initial pool of self-location (SL), agency (A), and body ownership (BO) items, 

and our initial factor analysis. 

Item Factor Question M SD p MSA 

F1-

1 

(SL) 

F1-

2 

(A) 

F1-3 

(BO) 

Q1 SL 

Overall, I felt as if my 

body was located where I 

saw the virtual body to be. 

3.34 1.31 .586 .934 .753 .427 .130 

Q2 BO 

Overall, I felt that the 

virtual body was my own 

body. 

2.89 1.24 .472 .890 .823 .341 .148 

Q3 A 

The movements of the 

virtual body were caused 

by my movements. 

3.77 1.23 .692 .935 .407 .722 .111 

Q4 BO 
It seemed as if I might 

have more than one body. 
3.94 1.12 .736 .411    

Q5 BO 

Overall, I felt that the 

virtual body belonged to 

someone else. 

3.99 1.07 .747 .595    

Q6 SL 

I felt like my body was 

actually there in the 

environment. 

3.36 1.18 .589 .893 .852 .253 .150 

Q7 SL 

I felt like my body 

appeared in the 

environment. 

2.93 1.36 .483 .837 .735 .462 .214 

Q8 A 

I felt like my bodily 

movements occurred 

within the environment. 

3.64 1.06 .661 .922 .420 .728 .050 

Q9 A 
I felt like my body affected 

the environment. 
3.30 1.21 .575 .924 .243 .810 .214 

Q10 BO 
I felt like the environment 

affected my body. 
2.78 1.34 .444 .880 .199 .165 .961 

Notes: p indicates item difficulty. F1-1, F1-2, and F1-3 indicate the three forced factors 
from our initial factor analysis. Bold values indicate the basis for an item being dropped. 
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commonly appeared in other virtual embodiment studies [129, 137]. We introduced items Q6 

through Q10 as new embodiment questions, which we modelled after closely related questions 

from the SPES [41]. Of the 10 initial questions, three questions addressed self-location, three 

addressed agency, and four addressed body ownership. We felt that this fairly balanced 

distribution would ultimately yield a similarly balanced distribution in the final ESQ. 

6.4.2 Exploratory Factor Analysis 

We used an exploratory factor analysis approach involving three steps (e.g., [19, 22, 41]) to 

select the items for our final ESQ. First, we analysed the distributions of all the items from our 

responses to exclude any items that were strongly skewed, difficult, or had little variance. 

Second, we investigated the items using varimax-rotated principal component analysis (PCA) 

[61]. Third, we confirmed the internal consistency of each of our factors through standard 

reliability criteria using corrected item-total correlation and Cronbach’s alpha. Table 2 and Table 

3 provide a summary of the results obtained. 

6.4.2.1 Item Distribution and Item Difficulty 

As suggested by Clark and Watson [19], we identified and eliminated items that had highly 

skewed and unbalanced distributions. Items that are strongly unbalanced provide little 

information. Our analysis of the distributions obtained in Study 1 showed that all items had 

reasonable variance (1.06 ≤ SD ≤ 1.36). All our items avoided a strong ceiling or bottom effect 

(2.78 ≤ M ≤ 3.99). None of our initial items showed a normal distribution (all K-S tests ≥ 0.20; p 

< 0.001). Instead, all the response distributions were skewed toward “no agreement”  

(-0.81 ≤ skewness ≤ 0.31). However, none of our items were skewed strongly enough to warrant 
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being dropped for their skewness [41]. Finally, we computed the item difficulty p for each item 

by dividing the item’s mean minus 1 by the maximum value (5) minus 1, so that p was 

normalized to a range between 0 and 1. It is preferable for the p value of all items to be in the 

range of .2 and .8 to be retained [41]. All our items fell within this recommended range. See 

Table 2. 

6.4.2.2 Factor Structure and Factor Loadings 

When determining how suited our items were for factor analysis, our initial overall portion of 

common variance was high (Kaiser-Meyer-Olkin [KMO] = 0.87), but two of our items showed 

poor measures of sampling adequacy (MSA). Q4 (MSA = 0.41) and Q5 (MSA = 0.60) both had 

poor adequacy, so we dropped them from our subsequent analysis. These two questions have 

recently been shown to have low reliability in other research [108]. We calculated our overall 

suitability for factor analysis again (KMO = 0.92) and individual adequacy (0.90 ≤ KMO ≤ 0.96) 

and found that all our items were adequate for factor analysis. Additionally, our response to item 

ratio for the sample was 9:1 (30 participants x 3 measures:10 items), exceeding the 

recommendation of at least five responses per item [61, 82].  

We conducted a forced 3-factor PCA with varimax rotation as recommended [41] on our 

remaining eight items. In our first PCA, we found that one of our questions loaded under a factor 

different than it has historically been categorized [35]. Q2 was expected to load alongside Q10 as 

a body ownership factor, but instead loaded under the self-location factor with items Q1, Q6, and 

Q7 (see Table 2). Hence, we decided to drop Q2 at this point and re-conducted the forced 3-

factor PCA with varimax rotation. 
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The three factors obtained from our second PCA accounted for 80.20% of the shared variance 

(Factor 1: 33.21%; Factor 2: 31.50%; Factor 3; 15.49%). See Table 3 for our factor loadings. Our 

agency items loaded strongly on the first factor, all but one of the self-location items loaded 

strongly on the second factor, and our remaining body ownership item loaded very strongly on 

the third factor. We retained items if they loaded higher than 0.3 on their primary factor and if 

this loading was at least 0.2 higher than any of the cross-loadings, as done in prior research [41]. 

Q7 was dropped because it failed to meet these criteria, leaving six items.  

6.4.2.3 Internal Consistency 

In order to first test the internal consistency of our remaining items, we examined the corrected 

item-total correlation ritc. The remaining two self-location items (Q1 and Q6) and the remaining 

three agency items (Q3, Q8, and Q9) were analysed separately. The single body ownership item 

remaining (Q10) is naturally consistent with itself. Items were required to have an acceptable ritc 

value of at least .5 [41]. All items met this criterion. 

To continue our examination of internal consistency, we examined values for Cronbach’s 

alpha. For self-location, Q1 and Q6 yielded a satisfactory internal consistency (Cronbach’s alpha 

= 0.834). For agency, we removed Q9 to maximize internal consistency for only two items. The 

remaining agency Q3 and Q8 also yielded a satisfactory consistency (Cronbach’s alpha = 0.751). 

Hence, our final ESQ consisted of two self-location items (Q1 and Q6), two agency items (Q3 

and Q8), and one body ownership item (Q10). It is interesting to note that despite starting with 

four body ownership questions (out of 10 total), our exploratory factor analysis resulted in only 

one suitable body ownership question.  
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Table 6.3: Results of our second factor analysis, internal consistency tests, and our final factor 

analysis for the ESQ. 

Item Factor Question 

F2-

1 

(SL) 

F2-

2 

(A) 

F2-3 

(BO) 
ritc 

F3-

1 

(SL) 

F3-

2 

(A) 

F3-3 

(BO) 
ESQ 

Q1 SL 

Overall, I felt as if my 

body was located 

where I saw the 

virtual body to be. 

.770 .438 .131 .718 .811 .400 .147 SL 

Q3 A 

The movements of the 

virtual body were 

caused by my 

movements. 

.344 .761 .124 .667 .368 .779 .158 A 

Q6 SL 

I felt like my body 

was actually there in 

the environment. 

.887 .267 .147 .718 .886 .273 .161 SL 

Q7 SL 

I felt like my body 

appeared in the 

environment. 

.695 .508 .223      

Q8 A 

I felt like my bodily 

movements occurred 

within the 

environment. 

.348 .778 .065 .651 .268 .871 .109 A 

Q9 A 

I felt like my body 

affected the 

environment. 

.265 .769 .215 .622     

Q10 BO 

I felt like the 

environment affected 

my body. 

.182 .170 .964 N/A .172 .150 .973 BO 

Notes: F2-1, F2-2, and F2-3 indicate the three forced factors from our second factor analysis. 

ritc indicates corrected item-total correlations. F3-1, F3-2, and F3-3 indicate the three forced 

factors from our final factor analysis. Bold values indicate the basis for an item being dropped. 

Bold letters indicate the final items of the ESQ. 

6.5 Initial Validation of the ESQ 

As discussed in section 3, we conducted two studies investigating the effects of avatar fidelity 

and tracking fidelity to develop the ESQ. We used the embodiment data from Study 1, which 

included our entire initial pool of questions, to construct the ESQ, as described in section 4. In 
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this section, we describe how we have initially validated the ESQ by considering the ESQ results 

from Study 1 and then the ESQ results from Study 2. 

6.5.1 Study 1 Validation 

As described in section 3.2, our first study investigated three within-subject experimental 

conditions: No-Avatar (head and hands trackers; only controllers visible), Head-and-Extremities 

(head, hands, and feet trackers with the full-body IK avatar), and Complete (head, hands, feet, 

and pelvis trackers with the full-body IK avatar). The No-Avatar and Complete conditions served 

as lowest-fidelity and highest-fidelity experimental controls, respectively, with prior research 

indicating that the Complete condition should provide a greater sense of embodiment than the 

No-Avatar condition [35, 89, 108].  

For our analyses, we conducted a Friedman test at a 95% confidence level, as the non-

parametric alternative to a one-way, repeated-measures ANOVA, to investigate the main effect 

of the four experimental conditions. Wilcoxon signed-ranked tests were used to identify 

significantly different conditions when a significant main effect was found with Bonferroni 

corrections applied to correct for Type I errors in the repeated measures. 

6.5.1.1 Self-Location 

Based on the average of our two self-location ESQ items (Q1 and Q6), we found a significant 

main effect of condition on self-location, χ2(2) = 15.453, p < 0.001, W = 0.258. The post hoc 

tests showed that the Complete condition (Z = -3.573, p < 0.001) and the Head-and-Extremities 

condition (Z = -3.396, p = 0.003) afforded significantly more self-location than the No-Avatar 
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condition. However, there was not a significant difference between the Complete and Head-and-

Extremities conditions (Z = -0.659, p = 1.000).  

6.5.1.2 Agency 

Based on the average of our two agency ESQ items (Q3 and Q8), we found a significant main 

effect of condition on agency, χ2(2) = 16.231, p < 0.001, W = 0.271. The post hoc tests showed 

that the Complete condition (Z = -3.343, p = 0.003) and the Head-and-Extremities condition (Z = 

--2.899, p = 0.012) afforded significantly more agency than the No-Avatar condition. However, 

there was not a significant difference between the Complete and Head-and-Extremities 

conditions (Z = -0.914, p = 1.000).  

6.5.1.3 Body Ownership 

Based on our single body ownership ESQ item (Q10), we found a significant main effect of 

condition on body ownership, χ2(2) = 11.400, p = 0.003, W = 0.190. The post hoc tests showed 

that the Complete condition (Z = -2.658, p = 0.024) and the Head-and-Extremities condition (Z = 

-2.975, p = 0.009) afforded significantly more body ownership than the No-Avatar condition. 

However, there was not a significant difference between the Complete and Head-and-Extremities 

conditions (Z = -0.699, p = 1.000).  

6.5.1.4 Overall Embodiment 

Based on the average of our three ESQ factors (SL, A, and BO), we found a significant main 

effect of condition on overall embodiment, χ2(2) = 16.053, p < 0.001, W = 0.268. The post hoc 

tests showed that the Complete condition (Z = -3.775, p < 0.001) and the Head-and-Extremities 

condition (Z = -3.691, p < 0.001) afforded significantly more overall embodiment than the No-
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Avatar condition. However, there was not a significant difference between the Complete and 

Head-and-Extremities conditions (Z = -0.732, p = 1.000).  

6.5.2 Study 2 Validation 

Our second study investigated three within-subject experimental conditions: No-Avatar, Head-

and-Hands (head and hands trackers with the full-body IK avatar), and Complete. Again, the No-

Avatar and Complete conditions served as lowest-fidelity and highest-fidelity experimental 

controls, respectively. Again, we conducted Friedman tests to investigate main effects and used 

Wilcoxon signed-ranked tests with Bonferroni corrections to identify significantly different 

conditions. 

6.5.2.1 Self-Location 

We found a significant main effect of condition on self-location, χ2(2) = 14.880, p = 0.001, W = 

0.531. The post hoc tests showed that the Complete condition afforded significantly more self-

location than both the Head-and-Hands condition (Z = -3.078, p = 0.006) and the No-Avatar 

condition (Z = -2.919, p = 0.012). There was not a significant difference between the Head-and-

Hands and No-Avatar conditions (Z = -0.671, p = 1.000).  

6.5.2.2 Agency 

We found a significant main effect of condition on agency, χ2(2) = 11.870, p = 0.003, W = 0.424. 

The post hoc tests showed that the Complete condition afforded significantly more agency than 

both the Head-and-Hands condition (Z = -2.831, p = 0.015) and the No-Avatar condition (Z = -

2.764, p = 0.018). There was not a significant difference between the Head-and-Hands and No-

Avatar conditions (Z = -0.876, p = 1.000).  
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6.5.2.3 Body Ownership 

We found a significant main effect of condition on body ownership, χ2(2) = 11.854, p = 0.003, W 

= 0.423. Interestingly, the post hoc tests showed that the Complete condition (Z = -2.705, p = 

0.021) and the Head-and-Hands condition (Z = -2.122, p = 0.034) afforded significantly more 

body ownership than the No-Avatar condition. Additionally, there was not a significant 

difference between the Complete and Head-and-Hands conditions (Z = 0.000, p = 1.000). 

6.5.2.4 Overall Embodiment 

We found a significant main effect of condition on overall embodiment, χ2(2) = 16.333, p < 

0.001, W = 0.583. The post hoc tests showed that the Complete condition afforded significantly 

more overall embodiment than both the Head-and-Hands condition (Z = -2.977, p = 0.009) and 

the No-Avatar condition (Z = -3.181, p = 0.003). Though not significant, there was also a 

statistical trend that the Head-and-Hands condition afforded more overall embodiment than the 

No-Avatar condition (Z = -1.855, p = 0.064).  

6.6 Discussion 

In this section, we discuss the validity of the ESQ and how it can be employed as an in-VR 

questionnaire, especially for “in the wild” VR studies. We also discuss the implications of our 

validation results with regard to the embodiment literature. Finally, we discuss the limitations of 

our current research and the need for future research to further validate the ESQ.  
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6.6.1 Initial Validation of the ESQ 

Considering the results from our two studies (section 5), we have initially validated the ESQ as a 

short questionnaire for measuring embodiment and its three factors of self-location, agency, and 

body ownership. As expected, based on prior research [35, 89, 108], we found that the highest-

fidelity Complete condition (head, hands, feet, and pelvis trackers with the full-body IK avatar) 

afforded significantly more self-location, agency, body ownership, and overall embodiment than 

the lowest-fidelity No-Avatar condition (head and hands trackers; only controllers visible) in 

both studies. We also found that the higher-fidelity Head-and-Extremities condition (head, 

hands, and feet trackers with the full-body IK avatar) also afforded significantly more self-

location, agency, body ownership, and overall embodiment than the No-Avatar condition. 

Furthermore, we found that the highest-fidelity Complete condition afforded significantly more 

self-location, agency, body ownership, and overall embodiment than the lower-fidelity Head-

and-Hands condition (head and hands trackers with the full-body IK avatar). More interestingly, 

we found that the Head-and-Hands condition afforded significantly more body ownership than 

the No-Avatar condition and there was a statistical trend indicating that it may afford more 

overall embodiment than the No-Avatar condition. These results are interesting because one 

would intuitively expect that the Head-and-Hands condition, which includes the full-body IK 

avatar, would afford more body ownership, and hence, overall embodiment, than the No-Avatar 

condition, which does not include an avatar.  

The second goal of this research, in addition to constructing and validating the ESQ, was for 

the ESQ to be short enough to be reasonably administered as an in-VR questionnaire for future 

“in the wild” VR studies (e.g., [135]). Prior research by Alexandrovsky et al. [2] indicates that 
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our five-item ESQ is a readily-usable length to be administered in VR. We have also developed 

an initial in-VR version of the ESQ (see Figure 3), which we plan to use in future embodiment 

studies. We also plan to conduct a study similar to Alexandrovsky et al. [2] to determine whether 

the in-VR version of the ESQ yields statistically equivalent results to a traditional version 

administered using Qualtrics at an out-of-VR desktop. We will use the two one-sided t-test 

(TOST) procedure to evaluate statistical equivalence [70]. 

 

Figure 6.3: An initial in-VR version of the ESQ to be used in future embodiment studies 

6.6.2 Embodiment Results 

In the previous section, we discussed the results of our two embodiment studies with regard to 

supporting the validity of the ESQ as a short questionnaire for measuring embodiment. Here, we 

discuss the implications of those results with regard to prior embodiment research. 
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6.6.2.1 Avatar Fidelity Increases Body Ownership 

In our first study, we found that both the Complete condition and the Head-and-Extremities 

condition afforded significantly more body ownership than the No-Avatar condition. Likewise, 

in our second study, we found that the Complete condition and the Head-and-Hands condition 

afforded significantly more body ownership than the No-Avatar condition. This last result is 

particularly interesting, as body ownership was the only embodiment factor that we found a 

significant difference for between the Head-and-Hands and No-Avatar conditions. Overall, these 

results support the concept that the presentation of an avatar increases body ownership, which is 

also supported by prior research [35, 89, 108]. Hence, for those researchers and developers 

interested in affording body ownership to their users, it is important that an avatar, and not just 

the virtual controllers, is presented. 

6.6.2.2 Foot Tracking Increases Self-Location and Agency 

In our second study, we found that the Complete tracking condition afforded significantly more 

self-location and agency than the Head-and-Hands condition. However, in our first study, we did 

not find any significant differences between the Complete and Hand-and-Extremities conditions. 

Furthermore, while we found that the Head-and-Extremities condition afforded significantly 

more self-location and agency than the No-Avatar condition in our first study, we did not find 

any significant differences in terms of self-location and agency between the Head-and-Hands and 

No-Avatar conditions in our second study. These results indicate that foot tracking, the only 

difference between the Head-and-Extremities and Head-and-Hands conditions, significantly 

increases users’ sense of self-location and agency. To the best of our knowledge, this is the first 

research to indicate the effects of foot tracking on self-location and agency.  
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However, this result is not surprising considering the nature of the full-body IK avatar. When 

foot tracking is not available, the IK solver must use a distance threshold to auto-step the avatar’s 

feet, in order to keep them under the torso and to avoid sliding the avatar’s feet across the 

ground. As a result, when the user steps forward with their left foot, the IK solver may respond 

by auto-stepping the avatar’s right foot forward instead. This type of incongruency clearly 

impacts self-location and agency in a negative manner.  

Finally, considering these results, we recommend that VR researchers and developers should 

include foot tracking when using a full-body IK avatar and attempting to afford self-location, 

agency, and embodiment in general.  

6.7 Limitations of Our Work 

While we consider the current work a major step towards establishing a short questionnaire for 

measuring embodiment and its factors, we acknowledge that there are limitations of our work 

and further research is necessary to further validate the ESQ and to demonstrate its usefulness.   

First, we were forced to stop recruiting and conducting participants for our studies 

prematurely due to the COVID-19 pandemic and resulting university policies regarding human-

subject studies. As a result, we were only able to successfully conduct 30 total participants 

through our first study and 14 participants through our second study, as opposed to the originally 

intended 48 participants each. Despite this limitation, we were still able to successfully construct 

the ESQ from the first study’s data using standard exploratory factor analysis methods (e.g., 

[41]), and we successfully validated the ESQ on our limited data, finding expected significant 

differences between our lowest-fidelity and high-fidelity experimental controls and additional 
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significant differences among our other conditions (e.g., Head-and-Extremities afforded more 

embodiment than the No-Avatar condition).  

Second, in addition to our small sample sizes, our samples have a disproportionate number of 

males to females in both studies (23 to 7 in the first study, and 11 to 3 in the second study). This 

was due to more males volunteering to participate in our studies before the COVID-19 

pandemic. Hence, the ESQ and our results should be further validated with a more-representative 

sample of the general population. In the near future, we are planning to re-launch our studies to 

establish these more-representative samples and to further investigate the effects of gender on 

self-location, agency, and body ownership. 

6.8 Conclusion and Future Work 

In recent years, research on the sense of embodiment and its factors (i.e., self-location, agency, 

and body ownership) has increased with the availability of consumer VR technologies. While 

there have been prior attempts to establish questionnaires for measuring embodiment, we have 

identified potential issues with each one. In this paper, we present the construction and validation 

of the ESQ, a short questionnaire for measuring embodiment and its factors. In addition to 

providing an embodiment questionnaire focused on self-location, agency, and body ownership, 

we also aimed to create a short measurement tool that could be readily administered as an in-VR 

questionnaire for future “in the wild” VR studies that involve remote participants using their own 

VR hardware. Using the data from two embodiment studies, we were able to construct the ESQ 

as a five-item questionnaire that addressed self-location, agency, and body ownership. Using the 

ESQ on the results of our studies, we have validated the questionnaire by finding the expected 

result that our highest-fidelity Complete condition (head, hands, feet, and pelvis trackers with the 
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full-body IK avatar) afforded significantly more self-location, agency, and body ownership than 

our No-Avatar condition. Furthermore, we found additional evidence that the presentation of an 

avatar is necessary to afford body ownership and a new empirical result indicating that foot 

tracking significantly increases self-location and agency.  

In the near future, we hope to re-launch our studies as originally planned, recruiting larger 

sample sizes and gender-balancing those samples. We expect the results of those studies to 

further validate the ESQ and our current embodiment results. Furthermore, we plan to control for 

the presentation format of the ESQ to evaluate whether our in-VR version yields results 

statistically equivalent (using the TOST procedure [70]) to an out-of-VR version administered on 

a desktop using the Qualtrics survey platform.  
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CONCLUSIONS AND FUTURE WORK 

This dissertation was intended to provide a better understanding of implementing full-body 

avatars in virtual reality and the effects of avatars and tracking fidelity on embodiment. Our other 

goal was to determine how those effects on embodiment can be measured. Through informal and 

formal evaluations of full-body tracking methods and fidelity, and the development of a novel 

embodiment questionnaire, the Embodiment Short Questionnaire (ESQ), our research has 

contributed to our knowledge in this domain of embodying avatars in immersive virtual reality. 

Overall, the broader contributions also include the use of the ESQ in future studies, including 

VR-in-the-wild.  

7.1 Feasible Full-body Virtual Reality 

We utilized not only and off-the-shelf consumer virtual reality system with commercially 

available additional trackers, but we also developed a portable VR system capable of full-body 

segment tracking using IMUs. Through the process of developing the IMU-based system, we 

discovered the need for accurate sensor calibrations, elimination of sensor drift, and good 

ergonomics for faster donning and doffing. During the initial work with the development of 

improving the ergonomics of the IMU system, consumer virtual reality systems became 

available. We moved our research over to the HTC Vive because it offered commercial 

integration into development software and allowed us to focus on investigating the effects of 

full-body tracking in virtual reality instead of spending time improving hardware before 

beginning research. 
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The drawback from the HTC Vive was the reduction of portability due to the need of external 

emitters, while the IMU-based system used only wearable sensors for inside-out tracking. 

However, the Vive provided absolute tracking of both position and orientation compared to 

orientation only from IMUs. This provided the opportunity to use inverse kinematics, which 

drastically improved calibration time requirements and donning and doffing time. IMU donning 

and calibration took in excess of 10 minutes, and the posed calibration had to repeat every five 

minutes due to sensor drift. The trackers on the Vive needed calibration only at the beginning of 

each study, and required only a standing pose to adjust avatar height. 

Through the course of our research, we identified that accurate sensor calibrations and the 

elimination of sensor drift are necessary for high fidelity IMU-based body tracking. We also 

have shown that there is a need for good ergonomics for donning, wearing, and doffing sensors, 

no matter which system is used. The HTC Vive still requires straps around each foot and around 

the waist for full-body tracking, but it was much improved over the 14 straps required for the 

IMU-based tracking system. 

7.2 Full-Body Avatar Effects on Body Ownership 

In both our studies we found that the presentation of a full-body avatar does significantly 

increase the sense of body ownership in participants when compared to the conditions with no 

avatar. We also found this result when comparing avatar presentation in our tracking conditions 

with only head and hands tracking. This is result is of particular interest because body ownership 

was the only sub-factor of embodiment that found a significant difference between the 

conditions.  
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These results support our hypothesis that a full-body avatar would increase, specifically, body 

ownership regardless of tracking fidelity. Body ownership is dependent upon the subjective 

sense that the virtual body is the participant’s actual body.  It does not measure the related factors 

of self-location and agency which measure the spatial location and sense of potential action a 

participant may feel. Therefore, it is important that any future work interested in affording body 

ownership to users should utilize an avatar, not just virtual controllers. 

7.3 Tracking Fidelity Effects 

We discovered three main significant results from our studies on tracking fidelity. First, foot 

tracking significantly increases the self-location and agency sub-factors of embodiment. We also 

found that full-body tracking increases overall embodiment. Another effect of tracking fidelity 

that we found is that body tracking fidelity affects the sense of spatial presence. 

7.3.1 Foot Tracking Effects on Self-Location and Agency 

We found that the use of foot tracking for a full-body avatar significantly improves self-location 

and agency. Whenever foot tracking was used in a condition, it significantly increased the sense 

of these two sub-factors of embodiment. This result is not surprising given the nature of a full-

body tracked inverse kinematic avatar. Without foot tracking, the IK solver approximates the 

location of the feet with auto-stepping. The solver does not always step with the same foot that a 

participant steps with. This incongruency between the user’s foot and the avatars foot impacts 

self-location and agency in a negative manner. Based on this result, foot tracking is 

recommended for future virtual reality research and development when using a full-body IK 

avatar when investigating self-location, agency, and embodiment in general. 
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7.3.2 Full-Body Tracking Effects on Embodiment 

Our investigations have also found that, according to our hypothesis, full-body tracking does 

significantly improve overall embodiment. In all our conditions that used more than head and 

hands tracking, we found an increase in overall embodiment. We expected that the greater the 

level of tracking fidelity, they greater the sense of embodiment, and while we found this result in 

some of our conditions, it was not apparent in all our levels of tracking fidelity. Further research 

on this effect with greater sample sizes is needed to clarify this effect.  

We also recommend that virtual reality developers and researchers should increase body 

tracking fidelity when attempting to induce embodiment. This recommendation supports the 

prior use of full-body motion capture systems in prior research. For virtual reality systems 

intended for consumers, we recommend using additional tracking sensors to enable full-body 

tracking when available. 

7.3.3 Body Tracking Effects on Spatial Presence 

We discovered this result tangentially to our embodiment research. Much in the way that we 

are working to provide a validated short questionnaire to measure embodiment in any immersive 

virtual reality study, we have used a questionnaire in each of our studies to measure the sense of 

spatial presence. Our higher fidelity tracking conditions results showed an increased sense of 

presence. However, we have some conflicting results potentially due to a small sample size in 

one of our studies. We assumed that the presence of an avatar, regardless of tracking fidelity, 

would increase spatial presence, but we found no significant increase on our head and hands 
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tracked conditions measuring avatar and no avatar. More research needs to be conducted to 

better understand body tracking fidelity on the sense of presence. 

7.4 Measuring Embodiment  

We created and initially validated a new questionnaire, the Embodiment Short Questionnaire 

(ESQ), on the foundation of prior related work. In recent years, there have been calls for 

validated embodiment questionnaires, and a small handful of responses. Our questionnaire is 

meant to fill a gap that we perceived for a short, easily administered self-report measure. Using 

the validated questionnaire, we were able to revisit the results obtained from the initial study.  

With the new questionnaire we were able to obtain new insights based on the sub-factor 

results. The first result was that the presentation of an avatar increases body ownership, even 

though we did not see statistical significance in overall embodiment.  The second result was that 

foot tracking improves self-location and agency, while no significant difference was seen in body 

ownership. 

7.5 Broader Contributions 

Our hope is that our ESQ is able to be administered in myriad future virtual reality research. 

Given the brief nature of the questionnaire, the ESQ should be reasonably administered as an in-

VR questionnaire for future “in-the-wild” VR studies. Most questionnaires tend to be given on a 

desktop after a participant is finished with the immersive section of a study. Lengthy 

questionnaires may also be unwieldy to give within the immersive environment. 
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7.6 Future Work 

Planned future work includes re-launching our tracking fidelity and embodiment studies as 

originally planned. We plan to recruit larger sample sizes and ensuring that our participants are 

gender-balanced in our samples. These new results will be used to further validate the 

Embodiment Short Questionnaire (ESQ) and our existing results on tracking fidelity effects. 

Additionally, the presentation of the ESQ will be controlled to evaluate the format of the 

administration of the questionnaire. This will help evaluate whether our in-VR version yields 

statistically equivalent results when compared to the desktop administered version given after an 

immersive experience.  
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APPENDIX A  

BACKGROUND SURVEY 

Background Survey 
 

 

Start of Block: General 

 

Q2 What is your Study ID? (Ask the experimenter) 

________________________________________________________________ 

 

 

 

Q31 Background Survey 

 

 

 

Q32 General 

 

 

 

Q3 What is your gender? 

o Male  (1)  

o Female  (2)  

o Other  (3)  

o Prefer not to answer  (4)  
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Q8 What is your age? 

  (1)  

▼ 18 (1) ... 99 (82) 

 

 

 

Q9 What is your height? 

  (1)  

▼ Prefer not to say (1) ... 7'0" or more (38) 

 

 

 

Q40 What is your weight? 

  (1)  

▼ Prefer not to say (1) ... 295lbs or more (43) 

 

End of Block: General 
 

Start of Block: Education 

 

Q33 Education 

 

 

 

Q14 What is your highest level of completed education? 

  (1)  

▼ None of the other choices (1) ... Doctorate degree (8) 

 

 

 

Q15 If college level, what was your college major? 

  (1)  

▼ None (1) ... Other (44) 
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Q16 If other, what was your major? 

________________________________________________________________ 

 

End of Block: Education 
 

Start of Block: Video Games 

 

Q34 Video Games 

 

 

 

Q17 Do you play video games? 

o Yes  (1)  

o No (You can skip the rest of this section then.)  (2)  

 

 

 

Q26 What type of platforms do you play video games on? Check all that apply. 

▢ Controller-based (Xbox, Playstation, Switch, etc.)  (1)  

▢ Keyboard and mouse (PC, Mac, etc.)  (2)  

▢ Motion-based (Nintendo Wii, Xbox Kinect, etc.)  (3)  

▢ Touchscreen (iPad, iPhone, Android, etc.)  (4)  
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Q25 Which type of platform do you play video games on the most? Check one. 

o Controller-based (Xbox, Playstation, Switch, etc.)  (1)  

o Keyboard and mouse (PC, Mac, etc.)  (2)  

o Motion-based (Nintendo Wii, Xbox Kinect, etc.)  (3)  

o Touchscreen (iPad, iPhone, Android, etc.)  (4)  
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Q24 How many hours did you play video games in the past week? 

o None  (1)  

o 1 hour  (2)  

o 2 hours  (3)  

o 3-4 hours  (4)  

o 5-8 hours  (5)  

o 9-16 hours  (6)  

o 17-24 hours  (7)  

o 25 or more hours  (8)  
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Q23 On average, how many hours per week do you play video games? 

o None  (1)  

o 1 hour  (2)  

o 2 hours  (3)  

o 3-4 hours  (4)  

o 5-8 hours  (5)  

o 9-16 hours  (6)  

o 17-24 hours  (7)  

o 25 or more hours  (8)  

 

 

 

Q22 Do you play video games with first-person points of view? 

o Yes  (1)  

o No (You can skip the rest of this section then.)  (2)  
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Q27 How many hours did you play first-person video games in the past week? 

o None  (1)  

o 1 hour  (2)  

o 2 hours  (3)  

o 3-4 hours  (4)  

o 5-8 hours  (5)  

o 9-16 hours  (6)  

o 17-24 hours  (7)  

o 25 or more hours  (8)  
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Q28 On average, how many hours per week do you play first-person video games? 

o None  (1)  

o 1 hour  (2)  

o 2 hours  (3)  

o 3-4 hours  (4)  

o 5-8 hours  (5)  

o 9-16 hours  (6)  

o 17-24 hours  (7)  

o 25 or more hours  (8)  

 

End of Block: Video Games 
 

Start of Block: Virtual Reality 

 

Q35 Virtual Reality 
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Q29 Have you ever experienced an immersive virtual reality system? 

o Yes  (1)  

o No (You can skip the rest of this section then.)  (2)  

 

 

 

Q30 What types of immersive systems have you experienced? Check all that apply. 

▢ Head-mounted display (HMD)  (1)  

▢ Surrounding displays (e.g., a CAVE)  (2)  

▢ Wall display (e.g., a Powerwall)  (3)  

▢ Large display (e.g., a VR arcade game)  (4)  

▢ Vehicle simulator (e.g., any motion-platform system)  (5)  

 

End of Block: Virtual Reality 
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APPENDIX B  

SIMULATOR SICKNESS QUESTIONNAIRE 

Simulator Sickness Questionnaire 
 

 

Start of Block: Default Question Block 

 

Q3 What is your study ID? (Ask the experimenter) 

________________________________________________________________ 

 

 

 

Q20 Which Condition is this? 

o Condition 1  (1)  

o Condition 2  (2)  

o Condition 3  (3)  

 

 

 

Q2 Please mark any of the symptoms that apply to you now and to what degree. 
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Q4 1. General discomfort 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  

 

 

 

Q5 2. Fatigue 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  
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Q6 3. Headache 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  

 

 

 

Q7 4. Eye strain 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  
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Q8 5. Difficulty focusing 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  

 

 

 

Q9 6. Increased salivation 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  
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Q10 7. Sweating 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  

 

 

 

Q11 8. Nausea 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  
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Q12 9. Difficulty concentrating 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  

 

 

 

Q13 10. Fullness of head 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  
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Q14 11. Blurred vision 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  

 

 

 

Q15 12. Dizzy with eyes open 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  
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Q16 13. Dizzy with eyes closed 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  

 

 

 

Q17 14. Vertigo 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  

 

 

 



 

157 

Q18 15. Stomach awareness 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  

 

 

 

Q19 16. Burping 

o None  (1)  

o Slight  (2)  

o Moderate  (3)  

o Severe  (4)  

 

End of Block: Default Question Block 
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APPENDIX C 

SPATIAL PRESENCE EXPERIENCE SCALE 

Spatial Presence Experience Scale 
 

 

Start of Block: Default Question Block 

 

Q2 What is your study ID? (Ask the experimenter) 

________________________________________________________________ 

 

 

 

Q12 Which Condition is this? 

o Condition 1  (1)  

o Condition 2  (2)  

o Condition 3  (3)  

 

 

 

Q3 Below is a series of statements that describe how you might feel about the 

presentation you just experienced. Please indicate the number that corresponds with how 

strongly you agree with each statement. 
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Q4 1. I felt like I was actually there in the environment of the presentation. 

o I do not  agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  

 

 

 

Q5 2. It seemed as though I actually took part in the action of the presentation. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  
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Q6 3. It was as though my true location had shifted into the environment in the presentation. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  

 

 

 

Q7 4. I felt as though I was physically present in the environment of the presentation. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  
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Q8 5. The objects in the presentation gave me the feeling that I could do things with them. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  

 

 

 

Q9 6. I had the impression that I could be active in the environment of the presentation. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  
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Q10 7. I felt like I could move around among the objects in the presentation. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  

 

 

 

Q11 8. It seemed to me that I could do whatever I wanted in the environment of the 

presentation. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  

 

End of Block: Default Question Block 
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APPENDIX D 

BODY OWNERSHIP QUESTIONNAIRE 

Body Ownership Standardized Scale 
 

 

Start of Block: Default Question Block 

 

Q3 What is your study ID? (Ask the experimenter) 

________________________________________________________________ 

 

 

 

Q17 Which Condition is this? 

o Condition 1  (1)  

o Condition 2  (2)  

o Condition 3  (3)  

 

 

 

Q4 Below is a series of statements that describe how you might feel about the last 

presentation you just experienced. Please indicate the number that corresponds with how 

strongly you agree with each statement. 

 

 

 



 

164 

Q11 1. Overall, I felt as if my body were located where I saw the virtual body to be. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  

 

 

 

Q13 2. Overall, I felt that the virtual body was my own body. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  
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Q14 3. The movements of the virtual body were caused by my movements. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  

 

 

 

Q15 4. It seemed as if I might have more than one body. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  
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Q16 5. Overall, I felt that the virtual body belonged to someone else. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  

 

 

 

Q5 6. I felt like my body was actually there in the environment. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  
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Q6 7. I felt like my body appeared in the environment. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  

 

 

 

Q7 8. I felt like my bodily movements occurred within the environment. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  
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Q8 9. I felt like my body affected the environment. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  

 

 

 

Q9 10. I felt like the environment affected my body. 

o I do not agree at all 1   (1)  

o 2  (2)  

o 3  (3)  

o 4  (4)  

o I fully agree 5   (5)  

 

End of Block: Default Question Block 
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APPENDIX E 

EXIT SURVEY 

Exit Survey 
 

 

Start of Block: Default Question Block 

 

Q2 What is your study ID? (Ask the experimenter) 

________________________________________________________________ 

 

 

 

Q9 Exit Survey 

 

 

 

Q4 What did you like about the virtual reality experience? 

________________________________________________________________ 

 

 

 

Q5 What did you dislike about the virtual reality experience? 

________________________________________________________________ 

 

 

 

Q7 What would you change about the virtual reality experience? 

________________________________________________________________ 

 

End of Block: Default Question Block 
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