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Handheld Virtual Reality for Informal STEAM Education: Explor-
ing its Application, User Experience, and User Interface

Hayoun Moon

(ABSTRACT)

Virtual reality (VR) is an emerging technology that offers immersive and novel experiences.

Despite its increasing adoption in public and social settings, such as museums and exhibi-

tions, traditional VR head-mounted displays (HMDs) present barriers for certain user groups.

These challenges include motion sickness, hygiene concerns associated with shared devices,

discomfort with public use, and the inconvenience of limited device availability. Handheld

VR presents a promising alternative by leveraging widely available devices, such as tablets

and smartphones, as viewports for interacting with virtual environments. Functioning sim-

ilarly to augmented reality (AR), handheld VR allows users to remain connected to both

the virtual and physical worlds, offering a safer experience with spatial awareness and fa-

cilitating richer interpersonal communication through nonverbal cues (e.g., gestures, facial

expressions). While prior research has largely focused on enhancing the immersive qualities

of HMD-based VR, limited attention has been given to understanding handheld VR expe-

riences. This dissertation addresses this gap by conducting a series of studies exploring the

potential application of handheld VR across different domains and settings.

The first study examined how handheld VR facilitates engagement in an informal learn-

ing context by analyzing young learners’ interactions with a handheld VR-based program at

a science museum. The findings provide design guidelines for creating social and engaging

learning experiences through interactive virtual environments. The second study explored



the application of handheld VR in the arts domain through focus group and expert in-

terviews. Based on the findings, this study developed a taxonomy outlining fundamental

components of handheld VR art and established design guidelines for stakeholders interested

in creating inclusive and creative experiences. Building on these application-focused stud-

ies, the third and fourth studies investigated user interface design for handheld VR, given

the unique challenge of interacting with a three-dimensional environment through a two-

dimensional display. The findings offer design considerations for developing user interfaces

for room-scale handheld VR experiences.

Collectively, this dissertation expands the understanding of how handheld VR promotes

socially engaging and more accessible experiences, particularly in informal learning and cre-

ative domains. Additionally, it contributes to the theoretical understanding of user behavior

in handheld VR, including its alignment with established frameworks such as Fitts’ Law.



Handheld Virtual Reality for Informal STEAM Education: Explor-
ing its Application, User Experience, and User Interface

Hayoun Moon

(GENERAL AUDIENCE ABSTRACT)

Virtual reality (VR) is becoming increasingly popular in museums, exhibitions, and social

gatherings, offering unique and immersive experiences. However, traditional VR headsets

(HMDs) can be inconvenient for many users due to issues such as motion sickness, hygiene

concerns, discomfort in public settings, and limited device availability. Handheld VR pro-

vides an alternative by using widely available devices like tablets and smartphones to explore

virtual environments. Unlike headsets, handheld VR allows users to stay aware of their sur-

roundings while still engaging with digital content, making it easier to interact with others

through gestures, facial expressions, and shared screens. While most research has focused on

improving VR headsets, there has been little exploration of how handheld VR can enhance

interactive experiences. This dissertation aims to fill that gap by studying how handheld

VR can be used across different settings to create more social and accessible learning and

creative experiences.

The first study explored how children engage with handheld VR in a science museum, exam-

ining how it supports learning and interaction. The findings provide insights into designing

educational VR experiences that encourage exploration and social engagement. The second

study investigated how handheld VR can be used in the arts by collaborating with artists

and experts. This research led to a framework that outlines key components of handheld

VR in artistic expression and provides design recommendations for artists, designers, and



developers interested in using this technology to create interactive and inclusive experiences.

The third and fourth studies focused on how people interact with virtual objects using

handheld VR, particularly how they navigate 3D spaces using a 2D screen. The findings

help improve the design of handheld VR interfaces, making them more intuitive and efficient.

Together, this research shows how handheld VR can enhance learning, creativity, and social

interaction. By making VR more accessible and engaging, handheld VR has the potential

to bring immersive digital experiences into everyday spaces, from museums to classrooms to

artistic collaborations.



All studies included in this dissertation were supported by the National Science Foundation

under Grant No. 2119011.

Chapter 2 is based on work submitted for publication.

Chapter 3 is derived in part from the published work:

Hayoun Moon, Mia Saade, Daniel Enriquez, Zachary Duer, Hye Sung Moon, Sang Won Lee,

and Myounghoon Jeon. Mixed-Reality Art as Shared Experience for Cross-Device Users:

Materialize, Understand, and Explore. ,

190, 103291. https://doi.org/10.1016/j.ijhcs.2024.103291.

Chapter 4 is derived in part from the published work:

Hayoun Moon*, Daniel Enriquez*, Douglas Bowman, Myounghoon Jeon, and Sang Won Lee.

Integrating Object Translation in Room-scale, Handheld Virtual Reality.

. https://doi.org/10.1109/TVCG.2024.3456154.

*Both authors contributed equally to the paper.

vi



1.1 Motivation and Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Technical Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.1 Informal Learning and Engagement . . . . . . . . . . . . . . . . . . . 10

2.2.2 Informal Learning and Technology . . . . . . . . . . . . . . . . . . . 12

2.3 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.1 Experimental Stimuli: . . . . . . . . . . . . . 13

2.3.2 Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.3 Study Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.4 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3.5 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

vii



2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4.1 Engagement Dimensions . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4.2 Group Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.5.1 Evaluating . . . . . . . . . . . . . . . . . . . . 31

2.5.2 Fostering Engagement through Creative Activities . . . . . . . . . . . 32

2.5.3 The Role of Group Dynamics in Engagement . . . . . . . . . . . . . 33

2.5.4 Design Guidelines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.5.5 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.2 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.1 Arts in VR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.2 VR Art for Group Audiences . . . . . . . . . . . . . . . . . . . . . . 47

3.3 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.3.1 Experiment Stimuli: . . . . . . . . . . . . . . . . 49

3.3.2 Study Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.3.3 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55



3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.4.1 Taxonomy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.4.2 Benefits and Concerns . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.5.1 Potential Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.5.2 Design Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.5.3 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.5.4 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.2 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.2.1 Object Manipulation Techniques . . . . . . . . . . . . . . . . . . . . 85

4.2.2 Fitts’ Law in 3D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.3 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.3.1 Experimental Stimuli . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.3.2 Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.3.3 Experiment Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.3.4 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96



4.3.5 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.4.1 Objective Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.4.2 Subjective Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.4.3 Fitts’ Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.5.1 Variance of trade-off between speed and precision . . . . . . . . . . . 109

4.5.2 Users do not prefer to move too much. . . . . . . . . . . . . . . . . . 110

4.5.3 Device-based translation can be physically fatiguing. . . . . . . . . . 111

4.5.4 When free to move, device-based control is preferable. . . . . . . . . 112

4.5.5 Handheld VR follows Fitts’ Law in 3D environment. . . . . . . . . . 113

4.5.6 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.1 Societal Impacts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117



1.1 Dissertation overview. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Device setup used in handheld VR. . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 Six scenes of the program, covering topics of planets

in the solar system, moon phases, tides, and custom planet creation. . . . . . 14

2.2 Experience area setup for the program. . . . . . . . . 18

2.3 Overview of the program in action as displayed at the

museum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4 Distribution of engagement across six scenes of the

program for each engagement dimension. . . . . . . . . . . . . . . . . . . . . 23

3.1 Research overview of handheld VR in arts. . . . . . . . . . . . . . . . . . . . 45

3.2 Virtual environment of . . . . . . . . . . . . . . . . . . . . 49

3.3 Virtual avatars of . (a) Rectangular prism represents the

user’s static status. (b) Walking humanoid represents the user’s dynamic

movement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4 Physical setup for . . . . . . . . . . . . . . . . . . . . . . . 54

4.1 Translation technique: . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.2 Translation technique: . . . . . . . . . . . . . . . . . . . . . . 90

xi



4.3 Translation technique: . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.4 Physical setup for Studies 3 and 4. . . . . . . . . . . . . . . . . . . . . . . . 93

4.5 Objective measures summary showing the main effects of each independent

variable. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.6 Objective measures showing the interaction effects of translation technique

and target size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.7 Objective measures showing the interaction effects of translation technique

and target distance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.8 Subjective measures of each translation technique. . . . . . . . . . . . . . . . 104

4.9 Votes on preference ranking and characteristics among translation techniques. 106

4.10 Linear regression results of translation techniques on Fitts’ Law and its ex-

tended models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108



2.1 Coding scheme used for engagement analysis. . . . . . . . . . . . . . . . . . 20

2.2 Average percentage of time spent at different engagement levels during

scenes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3 Average percentage of time spent at different engagement levels across group

sizes during the scene. . . . . . . . . . . . . . . . . . . . . 30

3.1 Final taxonomy for handheld VR in arts. . . . . . . . . . . . . . . . . . . . . 57

4.1 Equations of Fitts’ Law and its extended models and R2 values for translation

techniques. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

xiii



In response to the increasing complexity and automation of today’s world, the recent trend

in education has emphasized the “Four Cs” as the essential 21st century skills: ritical

thinking and problem solving, ommunication, ollaboration, and reativity and innova-

tion [5]. This shift has broadened the focus from STEM to STEAM, integrating the arts

into science, technology, engineering, and mathematics. This holistic approach aims to pro-

vide a well-rounded, interdisciplinary learning experience, especially in the context of the

rapidly evolving, creative innovation economy [131]. Additionally, research has shown that

the arts directly enhance learning by fostering cognitive growth, promoting creativity, and

encouraging self-expression [156].

Informal learning environments offer unique opportunities to achieve educational goals out-

side traditional classrooms and formal curricula. Unlike formal education, which typically

involves clear objectives of learning an organized body of knowledge, informal learning often

facilitates spontaneous yet meaningful learning experiences [106]. These environments en-

compass a wider range of settings, including museums, galleries, and homes, contributing to

a broader educational ecology [146]. In today’s ‘knowledge economy’, where lifelong learning

is essential, the importance and interest in informal learning are on the rise [146].
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With the integration of emerging technologies, particularly virtual reality (VR), such learning

experiences can be more engaging. Recently, public exhibitions at museums and galleries

are increasingly providing such immersive experiences to entice more visitors [129, 148].

However, traditional VR head-mounted displays (HMDs) can pose barriers for certain user

groups, such as young children, individuals prone to motion sickness, and those with concerns

about hygiene or appearance.

Efforts to make VR experiences more accessible to broader user groups have led to the devel-

opment of platforms utilizing non-HMD devices as additional viewports for interacting with

virtual environments. Previous works on the use of heterogeneous device options used phrases

such as “asymmetric VR” [45, 65, 133, 163], “cross-device VR” [127], and “cross-dimensional

MR” [164]. Non-HMD device options ranged from a static table top [85] to a handheld hand-

held device with an independent perspective inside the virtual world [54, 65, 67, 127]. The in-

tegration of non-HMD users into shared virtual space with the HMD user has predominantly

been explored within collaborative work [65, 85, 127, 164] and educational domains [45, 163].

While previous studies have examined the effects of cross-device interaction on performance

and communication efficiency in task-oriented settings, there is limited understanding of

integration in contexts without specific tasks or objectives.

By using handheld devices as viewing screens instead of HMDs, users can engage with VR

content in a manner akin to augmented reality (AR) experiences, remaining connected to

both the virtual and physical realms. This approach allows richer interpersonal commu-

nication, leveraging nonverbal cues such as eye contact, gestures, and facial expressions.

However, it is important to note that handheld device-based VR experiences may present

challenges such as a smaller field of view and potential distractions from the surrounding

environment. While previous studies have focused on enhancing the immersive qualities

of VR experiences using HMDs, limited attention has been given to optimizing handheld



device-based VR (handheld VR) experiences.
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Figure 1.1: Dissertation overview.

Overall, this dissertation explores the potential of handheld VR within STEAM education,

focusing on its application in informal learning settings with groups of co-located users.

Study 1 examined how handheld VR influences young children’s engagement in an informal

learning context at a science museum. In collaboration with a multidisciplinary research team

at Virginia Tech, we developed an educational program that enables multiple users to explore

the solar system using tablets as interactive virtual portals. Covering topics ranging from

planets to moon phases, the program integrated embodied and creative learning experiences.

This study aimed to assess how handheld VR-based educational content fosters engagement

across physical, intellectual, emotional, and social dimensions while identifying key design

factors for creating a multidimensionally engaging experience.

Study 2 explored the potential of handheld VR within the arts domain. Working with

an artist at Virginia Tech, we created an interactive artwork to evaluate the platform’s

applicability and how it affects the artist in the creation process of the artwork. Additionally,

focus groups and expert interviews provided insights into how this technology can be further

integrated into artistic practice. This project resulted in the development of a taxonomy



outlining fundamental building blocks for this emerging concept, along with design guidelines

for potential stakeholders—including artists, designers, and software developers—interested

in creating immersive, inclusive, and creative experiences.

Building on the exploration of applications, Studies 3 and 4 further examined the design

of user interfaces for handheld VR. Given the unique context of interacting with a three-

dimensional (3D) environment through a two-dimensional (2D) display, we investigated how

different interface design elements, particularly object translation methods, influence user

behavior and preferences. While both studies followed an identical procedure and task,

Study 3 focused on a theoretical examination of user performance in a stationary context,

including its alignment with Fitts’ Law. In contrast, Study 4 encouraged users to walk while

completing the same task, aiming to asses user experience in a more practical setting.

The list of research questions addressed in this dissertation is as follows:

• RQ1: How does handheld VR facilitate engagement in an informal learning environ-

ment, such as a science museum?

• RQ2: What design factors influence engagement in a handheld VR-based informal

learning environment?

• RQ3: In what ways does handheld VR provide artists with new expressive dimensions?

• RQ4: What fundamental components constitute the concept of handheld VR art for

co-located audiences?

• RQ5: What are the potential benefits and considerations associated with handheld

VR art for co-located audiences?

• RQ6: What possible scenarios of handheld VR art can be proposed?



• RQ7: How do different object translation methods and conditions in handheld VR

impact performance, movement patterns, and user behavior?

• RQ8: How do different object translation methods and conditions in handheld VR

affect usability, workload, and user preference?

• RQ9: How does the unique characteristic of handheld VR, featuring a 2D input system

for a 3D task environment, correlate with Fitts’ Law?

Top Back

VIVE Trackers

Samsung 
Galaxy Tab

Figure 1.2: Device setup used in handheld VR.

All the handheld VR content developed and utilized in the projects outlined in this dis-

sertation employed the same device setups. To incorporate multiple devices from a shared

physical space into a single virtual environment, we utilized the VIVE Pro 2 kit [34]. For

tracking the locations and motions of the handheld devices, we attached VIVE Trackers 3.0

to holders designed for the handheld devices. These trackers were then monitored by VIVE

Base Stations 2.0, alongside a VR-ready desktop PC (Dell Alienware Aurora R12 [3]) running

Unity [162] and SteamVR [158]. The handheld devices used in the studies included Galaxy



Tab S7 (for Study 1 in Chapter 2) and A7 tablets (for Study 2 in Chapter 3 and Studies 3 and

4 in Chapter 4). To facilitate synchronous interaction between HMD and tablet users within

the same virtual environment, we employed the Unity Real-Time Development Platform and

Photon Unity Networking (PUN) [134]. In the Unity Scene, the desktop PC collected posi-

tion and rotation data from the trackers, enabling PUN to update the tablets, each acting

as individual clients. Each device joined the server as a client with a corresponding tracker

identification number. Subsequently, the PC would transmit the associated tracker’s data

to update the live camera feed on the handheld device. This mechanism allowed the system

to synchronize co-located users inside the virtual environment simultaneously with 6DOF.



Informal learning environments, such as museums and science centers, offer unique learning

opportunities for spontaneous yet meaningful educational experiences [106], contributing to

a broader educational ecology [146]. In the context of STEM education, informal STEM

learning environments play a critical role in addressing workforce demands and promoting

diversity [35, 49, 69]. Recently, such institutions have increasingly integrated technologies

such as virtual reality (VR) to provide an engaging and immersive learning experience [129,

148]. With its ability to visualize complex concepts such as spatial relationships in immersive

three dimensions (3D), VR has shown to be particularly beneficial in education, fostering

deeper understanding and curiosity [70, 143].

However, traditional VR head-mounted displays (HMDs) pose several challenges, including

barriers for young children and individuals prone to motion sickness [91], as well as concerns

about hygiene or appearance in social settings [36]. These limitations have prompted efforts

to develop more inclusive VR platforms utilizing handheld devices, such as mobile phones

and tablets, which act as additional viewports for interacting within the same virtual envi-

ronment [13, 47, 67, 121]. Handheld devices preserve a peripheral vision of the surrounding

7



environment, reducing safety risks such as collisions caused by the occlusion of the physical

environment by HMDs [144]. This makes handheld VR promising for supporting multiple

users for a shared experience, offering safe and physically active experiences [13]. Hand-

held VR can be particularly effective in supporting multi-user interactivity, enabling visitors

from diverse demographic backgrounds, including student groups with varying age ranges

and family groups, to socially interact with each other as part of the experience.

While prior research has highlighted the benefits of handheld VR in social contexts, its

potential to foster engagement in informal learning settings remains under-explored, par-

ticularly with a lack of field deployments and accompanying systematic studies examining

engagement across multiple dimensions in these environments. In Study 1, we investigated

how educational content developed using the handheld VR platform facilitate engagement

in informal learning settings. Specifically, the project aims to address the following research

questions:

• RQ1: How does handheld VR facilitate engagement in an informal learning environ-

ment, such as a science museum?

• RQ2: What design factors influence engagement in a handheld VR-based informal

learning environment?

In the current paper, we explored the potential of handheld VR to facilitate shared and

inclusive experiences by deploying an interactive, docent-guided educational program. We

studied how handheld VR can create meaningful and joyful experiences in a science museum

context by analyzing recorded behaviors of users engaging with a room-scale VR learning

program, the . Using handheld devices, users engaged in a synchro-

nized virtual world while benefiting from 3D learning environments. The platform facilitated
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