
Abstract

PANDA, PAYOD. Immersive Technology in the Future of Work. (Under the direction of
Derek Ham).

My multi-article dissertation explores the utility of immersive media like

Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality (MR) in

design learning and education, particularly as we recover from the social, technological,

and cultural disruptions caused by the COVID-19 global pandemic. Chapter 2 clarifies

how the multiple modalities of the human sensory system interact with and inform

our experience of virtual environments. Chapter 3 takes a Research through Design

approach and documents our inquiry into the design and utility of morphable surfaces to

provide tangible feedback while sketching in Virtual Reality (VR). We use the concept

of physical-virtual congruence in order to increase sketch accuracy and performance.

Chapter 4 explores the utility of low-fidelity immersive 3D sketching and modeling for idea

generation and communication of early stage design ideas. We designed Napkin Sketch

VR, a simple, low-fidelity tool for immersive 3D sketching and modeling. We studied

the use of our tool for (1) a design student communicating their project idea to their

professor in VR, and (2) a professor in VR answering questions asked by students behind

a 2D video call. We also share design insights on the potential of immersive ideation

tools for in-person and hybrid work scenarios. This dissertation contributes to the fields

of Design, Human-Computer Interaction (HCI), and Computer-Supported Cooperative

Work (CSCW) by demonstrating the utility of immersive media like VR and MR in the

nascent Future of Work, focusing on collaborative work in Design.
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CHAPTER 1

Introduction

My dissertation explores the utility of immersive media like Virtual Reality

(VR), Augmented Reality (AR), and Mixed Reality (MR) in design learning

and education , particularly as we recover from the social, technological, and cultural

disruptions caused by the COVID-19 global pandemic. As the pandemic hit, schools and

o�ces suddenly and rapidly moved online�a big shift from the prevailing practices in these

workplaces. While there are several drawbacks of remote online work and education (Goh

and Sandars 2020; Weldon et al. 2021; Teevan et al. 2021; Gjerde et al. 2021), people have

also discovered bene�ts such as �exibility of time and location, the reduction of work-

related distractions, and the reduction of travel requirements (Teevan et al. 2021; Weldon

et al. 2021; Gjerde et al. 2021). Having experienced the bene�ts of online education, some

instructors might continue o�ering their classes online, and some students might appreciate

the option to join an otherwise in-person class remotely (Komarzy«ska-‘wie±ciak et al.
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2021).

Online education has been of interest to educators for many years. Several disciplines

have been o�ering online course options for a long time Fleischmann (2020). This is backed

by research which show students scoring similarly in classes delivered online and in-person

(Brockfeld et al. 2018). However, these papers usually studied classes and topics that

relied on "book knowledge". Solving design problems, on the other hand, requires students

to think creatively, often in collaboration with one another in design studios (Dutton

1987; Komarzy«ska-‘wie±ciak et al. 2021). A recent report suggests that tools such as

video conferencing do not support creative work, "thinking big", and decision making

tasks (Teevan et al. 2021). Additionally, working remotely seems to favor individuals to

perform solo work rather than generate and communicate ideas collaboratively (Teevan

et al. 2021).Current tools such as video conferencing are not ideally set up

to support design education (Bernardo and Duarte 2020; Dilmaç 2020). It is no

surprise then that online courses are not o�ered as widely in Design as in other disciplines

(Fleischmann 2020).

Through the transition to online learning and working during the pandemic, video

conferencing tools like Microsoft Teams and Zoom reported an unprecedented increase

in their software being used for video calls in 2020, amounting to a spike in usage of

over 300% (Marketwatch 2020; Zoom 2020). While video calling solutions like Zoom

and Microsoft Teams remain the most commonly used platform for online education,

immersive media like VR, AR, and MR also o�er bene�ts to learning outcomes in an

educational setting (Papanastasiou et al. 2019). This has shown to be particularly true for

subjects like design (Tang et al. 2020). Going forward,immersive technologies show

promise for education in general and design education in particular (Bernardo

and Duarte 2020; Goh and Sandars 2020).

However, immersive technologies remain less accessible to most classrooms
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today as compared to devices with 2D displays like laptops due to several

reasons. The cost of enabling VR in education is extremely high (Perkins Coie LLP

2020). While it might be feasible for institutions to acquire enough VR Head-Mounted

Displays (HMDs) for instructors, it is impractical to expect all students to also have access

to a VR headset at scale. In addition to the headsets, the computers required to run

high-�delity immersive content also cost several times more than standard computers that

have not been optimized for VR. Cost concerns aside, the barrier to entry for instructors

to use VR content in the classroom is heightened by the level of technical expertise

required in creating educational VR content, as well as managing the VR HMDs and

aiding the students with troubleshooting in case of technical di�culties (Scavarelli et al.

2021; Bernardo and Duarte 2020).

The studies and explorations covered in this dissertation explore the immediate and

future potential of VR in design education, while keeping the device access and cost

considerations of such technology in mind. The rest of this multi-article dissertation is

structured as follows:

In Chapter 2 I untangle and clarify how the multiple modalities of the human sensory

system interact with and inform our experience of virtual environments. I do this by

�rst introducing the multisensory reality-virtuality (MSRV) continuum, an extension of

Milgram et al.'s reality-virtuality continuum. I then use theories from cognitive science and

the theory of a�ordance in order to extend the discussion of MSRV and explain the idea

of physical-virtual congruence�how humans cognitively make sense of the physical and

virtual parts of a blended experience. Next, I rely on theories of scale in spatial cognition

to suggest guidelines for deciding which sensory modalities to design congruence for, and

when it might be appropriate. Even though I primarily focus on Virtual Reality (VR)

accessed through Head-Mounted Displays (HMDs) in this paper, I extend the discussion

beyond these media and class of displays.
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My next exploration, even though not included in this dissertation, served as a

foundation for some of my next work featured in this document, so I think it pertinent to

give a brief overview of this work here. We explored the utility of immersive media in

design education in the present and the immediate future.What happens if we moved

design and art classes in higher education to a virtual environment today ? We

introduced Mozilla Hubs, a Shared Virtual Environment (SVE), into the curriculum of

four arts and design courses across three universities. Mozilla Hubs is a web-based SVE

that can be accessed from any device that can access the web�a phone, a laptop, a desktop

computer, and a VR headset. Our choice of an SVE that could be accessed from any

web-connected device was informed by the limitations and the reality of the adoption of

immersive technology in education (Perkins Coie LLP 2020). Additionally, we did not

mandate the use of Mozilla Hubs as opposed to other tools like video conferencing. We

also did not mandate the use of a particular device by the instructors or the students

when they did choose to use Mozilla Hubs for a class session. The students and instructors

maintained full agency over their device and platform choices�we wanted to see the natural

progression and choices made by the students and the instructors in these classrooms,

and develop themes around the usage patterns that we observed.

To study this, we conducted a qualitative observation with the four design courses that

were being o�ered across three universities. We categorized our �ndings into�ve themes:

VR vs. laptop device usage, the use of alternate and parallel communication

channels, preference of easy-to-use tools, spatial pedagogy, and the emergence

of communities. We found that students as well as professors preferred accessing the SVE

from a laptop rather than a VR device while using multiple channels of communication.

We discuss the emergence of a spatial pedagogy and the formation of a community of

learners in the space. We also found that students preferred using easier to use tools

despite their lower �delity, rather than more complex tools with a higher �delity. We
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end with discussing design implications that should be kept in mind while designing an

immersive SVE, particularly for remote learning scenarios in the short term for art and

design.

Mozilla Hubs, a Shared Virtual Environment, primarily focused on the social aspects

of attending a design classroom. My next inquiries (included in this dissertation) were

motivated by the �nding that students preferred using easier to use tools despite their

lower �delity, rather than more complex tools with a higher �delity. We designed and

developed Morphaces (Chapter 3) and Napkin Sketch VR (Chapter 4). Napkin

Sketch VR is a simple, low-�delity tool that enables mid-air immersive 3D sketching and

modeling with simple shapes like cubes and spheres. Morphaces is an ecosystem of 3D

printed hardware accessories that adds the capability for users to use a physical morphable

surface while using Napkin Sketch VR, enabling physical-virtual congruence through the

visual and haptic sensory modalities. In accordance with the reality of cost considerations

and to ensure our �ndings are applicable to the real classroom, Napkin Sketch VR and

Morphaces do not require a high-cost desktop computer due to their low-�delity nature

and low rendering requirements. Napkin Sketch VR can run on a low-cost standalone

device like the Oculus Quest, and the Morphaces hardware is 3D printed, and avoids the

use of any expensive electronics aside from the base Oculus Quest VR headset.

Chapter 3 introduces Morphaces. We take a Research through Design approach and

document our inquiry into the design and utility of morphable surfaces to

provide tangible feedback while sketching in Virtual Reality (VR). We use the

concept of physical-virtual congruence aiming to increase sketch accuracy and performance.

We explored materials and various structures that could enable a surface to morph. We

designed and implemented the Morphaces ecosystem that includes 3D printed accessories

that enable handheld and desk-mounted pen-and-surface interaction for the Oculus Quest

VR device. The congruence between the physical and virtual experiences is expected to
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help make the use of the tool more believable, while also increasing the accuracy of 3D

sketching in VR. We present this preliminary exploration to set a foundation for further

exploration by the design and HCI communities on the utility of morphable surfaces and

the bene�ts of low cost design solutions for high-�delity media like VR. Such a tool can

also be used in art classes as they move online.

Chapter 4 introduces Napkin Sketch VR andexplores the utility of a low-�delity

tool for idea generation and communication of early stage design ideas. We

studied the use of our tool for (1) a design student communicating their project idea

to their professor in VR (entirely remote, everyone in VR), and (2) a professor in VR

answering questions asked by students behind a 2D video call (hybrid learning model,

one of the most preferred models of learning according to recent studies (Komarzy«ska-

‘wie±ciak et al. 2021)). While the tool excelled at communicating ideas due to its simplicity,

students indicated the wish for more functionality for the ability to generate more ideas.

Even so, the students and the professor found our tool to be substantially better at both

idea generation and communication than the tools they were currently using in the remote

classroom. We also share design insights on the potential of immersive ideation tools for

in-person and hybrid learning scenarios in the future.

In Chapter 5 I conclude the work reported in my dissertation. It is likely that the

post-pandemic reality in schools and o�ces will not be a simple return to the pre-pandemic

norms (Weldon et al. 2021). The disruptions caused by the coronavirus pandemic will have

long-term implications for the way we work, learn, and play in the future (Gjerde et al.

2021; Teevan et al. 2021; Wang et al. 2021).At the crossroads of uncertainty in how

to tackle the transition to a new way of working and learning post-pandemic,

this dissertation aims to provide insight into how immersive technology like

Virtual Reality (VR), Augmented Reality (AR), and Mixed Reality (MR)�

together sometimes called eXtended Reality (XR)�might �t into and support
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remote and hybrid models of learning, particularly in collaborative design

education. This dissertation contributes to the �elds of Design, Human-Computer

Interaction (HCI), and Computer-Supported Cooperative Work (CSCW) by demonstrating

the utility of immersive media like VR and MR in the future of design education. My

work has implications for the nascent Future of Work, particularly for collaborative work

in Design.
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CHAPTER 2

The Multisensory Reality-Virtuality Continuum and

Physical-Virtual Congruence in VR

Abstract

The goal of this paper is to untangle and clarify how the multiple modalities of the

human sensory system interact with and inform our experience of virtual environments.

I do this by �rst introducing the multisensory reality-virtuality (MSRV) continuum, an

extension of Milgram et al.'s vision-focused reality-virtuality continuum. The MSRV maps

all sensory displays, such as sound systems, tactile controllers, and olfactory di�users, on

a spectrum from real to virtual. This gives the designer insight into a user's multisensory

experience on the real-virtual spectrum. I then introduce the idea of physical-virtual

congruence, and use the Cognitive Theory of Multimedia Learning to explain how humans

cognitively make sense of the physical and virtual parts of a blended experience. I also
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suggest how the di�erent kinds of a�ordances of the designed system (physical, cognitive,

functional, and sensory) play a role in enabling this cognition. In so doing, the model

explains the importance of physical-virtual congruence in the user's experience of VR,

which can be used by designers to create physical-virtual congruence or incongruence.

Finally, I use the scale model of VR in spatial cognition literature to suggest guidelines for

deciding which sensory stimuli to render, and when alignment between sensory modalities

might be appropriate. Even though I primarily focus on Virtual Reality (VR) accessed

through Head-Mounted Displays (HMDs) in this paper, I extend the discussion beyond

these media and class of displays.
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2.1 Introduction

The goal of this paper is to untangle and clarify how the multiple modalities of the human

sensory system interact with and inform our experience of virtual environments. I do this

by �rst introducing the multisensory reality-virtuality (MSRV) continuum, an extension of

Milgram et al.'s reality-virtuality continuum. I then use theories from cognitive science and

the theory of a�ordance in order to extend the discussion of MSRV and explain the idea

of physical-virtual congruence�how humans cognitively make sense of the physical and

virtual parts of a blended experience. Next, I rely on theories of scale in spatial cognition

to suggest guidelines for deciding which sensory modalities to design congruence for, and

when it might be appropriate. Even though I primarily focus on Virtual Reality (VR)

accessed through Head-Mounted Displays (HMDs) in this paper, I extend the discussion

beyond these media and class of displays in the discussion section.

2.2 The Multisensory Reality-Virtuality Continuum

In 1994, Milgram et al. introduced the conceptual model of the reality-virtuality continuum,

which ranges from completely real environments to completely virtual environments

(Milgram et al. 1994). A completely real environment is one where all objects that a user

encounters are "real"�i.e., physical objects that follow the physical laws of the physical

world, such as gravity. A completely virtual environment is one where all objects a user

encounters are "virtual"�i.e., objects that are created digitally using computer code and

don't have to follow physical laws that govern "real" objects. Milgram et al. use this

continuum exclusively to discuss visual displays, and so Virtual Reality (VR) showing a

simulated game environment will be on the far "virtuality" end on this spectrum, and the

experience of physical reality (experienced directly through eyes) on the far "reality" end.
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However, humans have �ve basic senses: sight, sound, smell, taste, and touch. In

addition to these �ve for which we have specialized sensing organs, humans also possess a

kinaesthetic sense (proprioception), which aids humans in spatial orientation and balance

(Lawson 2014). The kinaesthetic sense is especially important to consider in VR (Jerome

2006). Since the human experience of the external world is mediated through the senses

(Mayer 2009), we cannot disregard the non-visual sensory modalities while discussing

media like Virtual Reality (VR), Mixed Reality (MR), and Augmented Reality (AR).

Milgram et al.'s reality-virtuality continuum was developed to help classify visual

displays such as head-mounted see-through displays, head-mounted monitor displays, and

"window-on-world (WoW)" monitor displays (Milgram et al. 1994). While this is very

useful to classify visual displaytechnologies, it fails to capture the nuances of a user's

completeexperiencesince it disregards all non-visual sensory modalities. For instance, a

user using a present-day VR HMD, like the Oculus Quest (2019), will have a very di�erent

subjective experience depending upon if they are using the built-in speakers on the HMD,

external noise-canceling headphones, or an immersive room-scale multi-channel audio

system.

In order to account for this shortcoming, I propose a multisensory reality-virtuality

continuum (MSRV) (Figure 2.1) as opposed to the visual display-focused reality-virtuality

continuum from Milgram et al.. This multi-dimensional continuum maps each sensory

modality on a spectrum from real to virtual. While mapping eachmodality within this

continuum describes thetechnologythat is being used to activate that sensory organ (i.e.,

the sensory stimulus), the model taken together explains the user'sexperienceof reality vs.

virtuality along several dimensions. The di�erent sensory stimuli can be combined in many

interesting ways that are either aligned or misaligned with each other, creating sensory

alignment or misalignment�for a survey of how sensory alignment has been utilized in

research endeavors to create interesting e�ects, please see Marshall et al. (2019).
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I contend that mapping other sensory modalities on the reality-virtuality continuum

in addition to the visual sense can be of value in two primary ways:

1. It can provide a meaningful framework to distinguish between di�erent hardware

con�gurations that might use the same hardware for display (eg. an HMD system

using no headphones, and a game controller, as opposed to an HMD using hand-

and-object tracking and noise isolating earphones). This framework, holistically, can

reveal more details about a user's potentialexperiencerather than positioning just

the hardware on the reality-virtuality spectrum.

2. It can serve as a starting point to have a more nuanced conversation around sensory

alignment within a given hardware con�guration.

As an example, let's consider the two hardware con�gurations listed in item (1.) above.

The �rst con�guration involves an HMD with no headphones (only ambient sound) and

a game controller. The second con�guration involves an HMD with a noise-canceling

headphone along with hand-and-object tracking for controllers. The visual display for both

con�gurations is on the far virtual end, since it completely occludes the user's visual sense

in order to display virtual content. However, the two systems di�er in the auditory and

tactile modalities�and hence the user's experience with the two systems will be di�erent.

The two systems are mapped on MSRV in Figure 2.1 below.

The user's experience with the �rst hardware con�guration (Figure 2.1(a)) will be

mediated by a virtual visual display (through a VR HMD), a blended tactile display�more

on the real side since it cannot render virtual objects much through a gamepad, and

real auditory, olfactory, taste, and kinaesthetic displays. However, the user's experience

with the second hardware con�guration (Figure 2.1(b)) will be mediated by virtual visual

and auditory displays, a blended tactile display�more on the virtual side than the �rst

con�guration since it can render virtual object better through 6-DOF tracked controllers,
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Figure 2.1: The reality-virtuality continuum for sensory modalities in VR. (a): HMD and
joystick controller, (b): HMD, noise-canceling headphones, tracked 6-DOF VR controllers.

and real olfactory, taste, and kinaesthetic displays. Through their di�erence in auditory

and tactile display systems, the user could have a very di�erent experience even while

trying the same virtual environment in the two systems (Kern and Ellermeier 2020; Çamc�

and Hamilton 2020).

We see that the immersive VR experience, then, comprises a physical and a virtual

component. The virtual experience of VR is the user's experience of the stimuli that are

generated in the virtual / digital world. Similarly, the physical experience of VR is the

experience of the stimuli that are generated in the real / physical world. All designed

systems (such as the two examples above) only provide sensory stimulation to a subset

of senses, which leaves the others open to physical stimulation (e.g., the olfactory, taste,

and kinaesthetic sensory modalities in the examples above) (Marshall et al. 2019). The

sensory modalities utilized by the designer of the VR experience are of utmost importance

in determining the user experience of VR.
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In the next section, I describe the congruence between the physical and virtual parts

of the VR experience by looking at cognitive science and a�ordance theories.

2.3 Introducing Physical-Virtual Congruence

In the previous section, we saw how the sensory makeup of a system in�uences the physical

and virtual components, which combine to form the user's experience of VR. In this

section, I will describe how the physical-virtual duality might be cognitively understood

by users of a designed system. In order to do so, I �rst introduce some theories and

frameworks (the theory of a�ordance and Cognitive Theory of Multimedia Learning

(Mayer 2014)), and then use those to extend the multisensory reality-virtuality continuum

to explain physical-virtual congruence in a user's experience of VR.

2.3.1 Affordance

The term a�ordance was introduced by Gibson through his work on visual perception in

ecological psychology. He used the term to denote the action possibilities provided to the

actor by the environment (Gibson 1979). Norman and Draper introduced the concept to

design, and suggested that a�ordances be used by designers in order to make possible uses

of their products immediately obvious to users (Norman and Draper 1986). This concept

has evolved and has played an important role in interaction design and Human-Computer

Interaction (HCI).

Over the years, many researchers have introduced their own variation of �a�ordance�

and related concepts. It is important to form a consensus about what the term means if

looking to utilize a�ordance in developing theory. My views on a�ordance are colored by

my motivation of applying it to HCI, particularly within the context of a multisensory

immersive Virtual Environment (VE). For the purpose of my research, and within the
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context of a user using a designed system in order to complete a task, an a�ordance is

a design feature that enables the user to either (i) sense the possibility of performing

an action, (ii) understand how to use the designed system to perform an action, or to

(iii) perform an action, towards the goal of completing the task. The components of this

de�nition are explained in subsequent sections in this paper.

Cognitive, Physical, Functional, and Sensory Affordance

Hartson's views on a�ordance have played a signi�cant role in forming my perspective on

a�ordance. Hartson (2003), expanding on previous ideas of a�ordance, introduced the

concepts of cognitive, physical, functional, and sensory a�ordances to better understand

the di�erent stages in the process of a user's interaction with a system.

He de�ned cognitive a�ordance as �a design feature that helps, aids, supports, facilitates,

or enables thinking and/or knowing about something� (Hartson 2003, p. 319). This is

analogous to what Norman called �perceived a�ordance� (Norman 1999), and largely

what most HCI researchers mean when they use the term a�ordance (Hartson 2003). An

example of this type of a�ordance would be a label (eg., �print�) that states what a UI

button would do upon being clicked with a mouse or tapped on a touchscreen.

Similarly, he de�ned a physical a�ordance as �a design feature that helps, aids, supports,

facilitates, or enables physically doing something� (Hartson 2003, p. 319). It's important

to note here that by �physically� he did not only imply a physical, mechanical action, but

any action that the user can perform in order to complete a task. An example of a physical

a�ordance would be the size of the button, which can be smaller for click-interaction but

must be larger for touch interaction.

Physical a�ordance doesn't de�ne what the action of clicking or tapping the button

would accomplish. HCI typically deals with issues of interaction design, and solving

problems related to the human use of computing (Oulasvirta and Hornbæk 2016). The
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focus is on the user performing an action, in order to accomplish a certain task using the

computing system. The user's actions are goal-oriented and purposeful.

Hartson introduces the notion of functional a�ordance which serves a supporting

role to physical a�ordance. A functional a�ordance adds the functionality attached to

a physical action that the physical a�ordance enables. For instance, in my example of

the button, the functional a�ordance would be printing the document that the button is

associated with.

Finally, Hartson de�nes a sensory a�ordance as �a design feature that helps, aids,

supports, facilitates, or enables the user in sensing (e.g., seeing, hearing, feeling) something�

(Hartson 2003, p. 322). He posits that the sensory a�ordance serves a supporting role to

cognitive and physical a�ordances, both of which must be sensed in order to be understood

(cognitive a�ordance) or acted upon (physical a�ordance). An example of this type of

a�ordance would be the print button's visual rendering on a screen�a visually unimparied

user is able to see the button.

Summing up my example, by virtue of being able to sense (see) the print button

(sensory a�ordance), understand the button's purpose and how to interact with it (cognitive

a�ordance), and being able to click or tap the button (physical a�ordance), the user is

enabled to print a document (functional a�ordance). The user journey from perception

to action shows how each a�ordance type is involved in both learning about and using

artefacts in a designed system.

2.3.2 Cognitive Theory of Multimedia Learning

In a�ordance literature within HCI, the most common meaning of the term �a�ordance�

used by researchers is what Norman calls �perceived a�ordance� (Hartson 2003). In order

to design well-informed ways for a user to interact with a system, it is important to
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understand how the user might perceive and make sense of the system. To understand

this I explore work in cognitive psychology. The �eld of cognitive psychology tries to

demystify the processes of perception and cognition in humans.

Much of cognitive psychology assumes an information processing model of the human

mind, which draws an analogy between the human mind and a computer�like a computer,

the human brain accepts information (sensory input), processes it (cognition), and creates

an output (human action / behavior). While some cognitive theories assume a single-

channel information processing model, many researchers have contested this in favor of a

dual-channel (visual and auditory) model (e.g., Clark and Paivio (1991); Mayer (2014)).

Mayer proposed a cognitive theory of multimedia learning as a means to help learning

designers design better multimedia instructional messages for learners (Mayer 2014). It

operates on the assumptions that the human mind is a dual-channel, limited-capacity,

active processing system (Mayer 2014). The dual channel assumption implies that humans

process information acquired through the visual and auditory senses separately, rather

than processing all multisensory information together. The limited capacity assumption

is that humans are limited in the amount of information that can be processed by each

channel. The active processing assumption is that humans actively engage in the cognitive

processing of incoming material to form a coherent mental model. These active processes

include selecting relevant information, organizing this information into a coherent structure,

and integrating this with previous knowledge (�gure 2.2).

Mayer de�nes three kinds of memory stores that aid in the creation of a mental model

of the external multimedia presentation: sensory memory, working memory, and long-term

memory. The sensory memory brie�y stores sensory copies of incoming information. This

memory store has an unlimited capacity and a very brief duration. In Gibson's ecological

model of visual perception, his idea of the possibilities that the environment o�ers to

the actor being encoded in the ambient optic array (Gibson 1979) seems to be consistent
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Figure 2.2: Cognitive theory of multimedia learning (adapted from Mayer (2014)).

with the sensory working memory. This is because Gibson claimed that knowing the

a�ordances requires no learning on part of the actor. The a�ordances are a property of

the environment, and can be studied objectively by studying the environment with no

consideration to the actor (Gibson 1979).

The working memory enables humans to selectively manipulate and organize the

incoming sensory information. The working memory has a limited capacity, and is available

for a short duration. This memory type selectively integrates intermediate models from

incoming sensory information with each other and with prior (permanent) knowledge,

organizing this into a working model of the external multimedia representation (generative

learning theory; Fiorella and Mayer (2015)). Later work on a�ordance that builds on

Gibson's theory asserts that a�ordances don't present themselves to the actors directly

and must rather be learned (Gibson and Pick 2003). In the realm of HCI, the learnability

of physical a�ordances o�ered by designed systems is addressed to some extent by Norman,

who talks about the concept of signi�ers to aid the user in perceiving what actions are

possible with an artefact (Norman 2008).

The long-term memory stores organized knowledge, and has an unlimited capacity

and is available permanently. The long term memory stores knowledge acquired through
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di�erent means that humans can use in order to make sense of the sensory input. This

knowledge includes conventions in culture as well as in interaction systems. An example

of a cultural convention would be to say hello and smile when you meet somebody. An

example of a convention in an interaction system would be having tabs within a window

to switch between di�erent contexts (eg. browser tabs, tabs in a PDF reader etc). These

conventions can be taken advantage of by designers when designing systems for a user

(Norman 1999).

Mayer's theory is only interested in dealing with the cognitive aspect of a human's

understanding, and not in how this understanding can lead to action. However, HCI is

primarily interested in how a user understands a designed system in order to perform an

action. Applying the theory in the context of HCI, the external multimedia representation

becomes the designed system that the user is using in order to complete a task. The

UI is internalized through the senses, and the working memory store enables the user

to perform an action using the designed system. This action creates an outcome, which

changes the external representation (in the form of feedback from the UI, for instance).

This change is again internalized by the user, and the process goes on. This is, then, a

cyclical process rather than a linear one.

Additionally, the cognitive theory of multimedia learning only considers two sensory

modalities of sight and sound. Applied as a theory of learning to help learning designers

design more e�ective educational material, a focus on these two senses seems pertinent.

However, in order to be adapted to HCI in order to understand how a user might perceive

and learn a multisensory designed system, we have to account for additional senses that

the system might make use of, such as touch, smell, taste, and kinaesthesia.

I adapt Mayer's cognitive theory of multimedia learning by taking these two short-

comings into account for the context of applying it to HCI in section 2.3.3.
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2.3.3 Role of affordance in cognition

For the purpose of my research, within the context of a user using a designed system in

order to complete a task, an a�ordance is a design feature that enables the user to either

(i) sense the possibility of performing an action, (ii) understand how to use the designed

system to perform an action, or to (iii) perform an action, towards the goal of completing

the task.

HCI researchers are largely interested in the perceived a�ordance of a design feature

(Hartson 2003), which is enabled by (Hartson's) cognitive a�ordance. In approaching a

theory of a�ordance to be used in HCI, it would then make sense to take a deeper look at

how the cognitive process of perception works.

Mayer's cognitive theory of multimedia learning (CTML) can serve as a good starting

point to understand the cognitive processes to do with perception. However, adapting

Mayer's version of the theory to HCI directly has a couple of drawbacks�the theory only

considers the two sensory modalities of sight and sound, and there is an absence of a

feedback loop. I propose a cognitive model of a user's experience that extends Mayer's

CTML to multiple senses, while suggesting how sensory, cognitive, physical, and functional

a�ordance might contribute to this model of cognition (Figure 2.3).

Mayer's cognitive theory of multimedia learning, as well as other theories in cognitive

psychology (eg., Clark and Paivio (1991)) assert that sensory modalities each have a

separate channel for processing the input, but limit the modalities to sight and sound. I

replace the dual sensory input with a multimodal sensory input including but not limited

to sight, sound, touch, smell, taste, and kinaesthesia. In keeping with Mayer's theory,

each channel is processed separately in the sensory memory before being integrated in

the working memory.

The �rst step in the cognitive task of understanding how to perform an action is to be
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Figure 2.3: The cognitive model�modi�ed from cognitive theory of multimedia learning
(Mayer 2014) including a�ordance types that a�ect perception

able to sense the features of the designed system that would enable the user to complete

this action. This is enabled by sensory a�ordance�design features that help the user

sense something. The sensory modalities that can be sensed by the user play a role here,

constraining the di�erent design features that can be implemented by the designer to

serve as sensory a�ordances. For instance, a UI button designed to be seen by a user with

normal eyesight might not be a sensory a�ordance for a user with poor vision. This makes

it important for the designer to think through design decisions of using various sensory

modalities to communicate.

Once the design feature is sensed by the user, the sensory information is temporarily

stored in the sensory memory. A user's sensory memory can include gestalt aspects of

object appearance and perceptual organization (Ko�ka 1936; Arnheim 1954), such as

�gure and ground relationships (Hartson 2003). The sensory memory helps the user
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interpret the environment through sensing (eg., what is the user seeing?). However the

sensory memory does not get into the semantic interpretation of the sensory information

(e.g., what does this mean?).

The �rst step in the semantic interpretation of the sensory data is the creation of an

intermediate model for each individual sensory channel. These models are then compared

against each other and the user's existing knowledge in long-term memory, forming

relevant connections to form a working mental model of action possibilities. The creation

of this working mental model is aided by cognitive a�ordances�design features that help

the user understand and create a cognitive model. These cognitive a�ordances enable

the designed system to communicate its functions to the user by creating links with the

user's pre-existing knowledge. This enables the user to select relevant parts from previous

knowledge, and apply them to the current situation to form a mental model of how to

use the designed system.

The relationship between the sensory models and long term memory is determined

by convention (Boroditsky 2019). The e�ectiveness of the design feature that helps

the user understand the design system depends upon how readily the user is able to

identify similarities between the intermediate sensory models and previous knowledge

or conventions. Thus, the same cognitive a�ordance might not work for two users with

di�erent cultural backgrounds or substantially di�erent technology usage.

An important aspect of cognitive a�ordance that enables the user to understand

functionality is the level of representational and functional �delity and abstraction in

the design artefact. For instance, imagine a user encountering a bar stool like the one

in the image below for the �rst time (�gure 2.4, right). Users who have used a standard

bar stool, and ridden a bicycle would have a good idea of what this artefact is for, how

to use it, and what orientation to use it in. The action possibility of sitting in a certain

direction on the bicycle seated bar stool is revealed through cognitive a�ordance. Eg, a
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user's (subconscious or otherwise) thought process might go: �This is an artefact with

three legs, about the height of a bar stool, topped with a seat of some sort. This seat is

also found in bicycles, where the rider sits a certain way. So I can sit on this stool the

same way.�

Figure 2.4: (left) A common bar stool, (middle) a bicycle, and (right) a bar stool with a
bicycle style seat.

The integration of conventions from the user's long-term memory with the intermediate

sensory models created in the working memory helps the user create a working cognitive

model of the designed artefact with its action possibilities in the working memory.

2.3.4 Explaining Physical-Virtual Congruence

In section 2.2 we saw how the sensory makeup of a system in�uences the physical and

virtual components, which combine to form the user's experience of VR. We then saw

how the a�ordances of a designed system enables a user to understand how to use the

system. Next, I will use the MSRV continuum to extend the cognitive model (Figure 2.3)

to explain physical-virtual congruence in a user's experience of VR.
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I de�ne physical-virtual congruence as an alignment between sensory stimuli that

contribute to the creation of the physical and virtual mental models within the cognitive

model for VR show in Figure 2.5. Congruence is a �uid variable, not binary. One cannot

de�nitively say that one experience is absolutely congruent, while the other is not�however,

the system proposed here should be able to let designers argue that one system is relatively

more congruent than another due to alignment between certain sensory stimuli.

Figure 2.5: Cognitive model for VR showing physical-virtual congruence through sensory
modalities.

The primary development compared to the cognitive model illustrated earlier (�gure

2.3) is the addition of a separate channel for the virtual and real experience of the

stimulus. In our example above with the HMD, headphones, and tracked controllers, we

have the visual and auditory senses entirely virtual, olfactory, taste, and kinaesthetic

entirely physical, and tactile contributing to both the virtual and physical experiences.

This is re�ected in �gure 2.1(b). Instead of all sensory information being used to create

a single working model like in �gure 2.3, here the sensory modalities that contribute
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to the virtual experience are used to form the �virtual� mental model, and the sensory

modalities contributing to the physical experience are used to form the �physical� mental

model. These metal models are aided by the cognitive a�ordances that allow the user to

create connections with past experiences, like in �gure 2.3. However, just like the sensory

modalities, these relevant experiences can also contribute to the creation of one or both

of the virtual and physical mental models.

The �virtual� and �physical� mental models are then integrated together into the �nal

working mental model that enables the user to comprehend a situation. The physical-

virtual congruence in this case would depend on how well-aligned the mental models from

the physical and virtual sensory models are. If both the models are fairly well-aligned,

then the user doesn't have much trouble creating a �nal working mental model. However,

if the user received con�icting information from di�erent sensory modalities, this might

cause an incongruence between the physical and virtual models, resulting in confusion,

and potentially unease and VR sickness. For instance, the sensory con�ict theory posits

that motion sickness will occur when a user's perception of self-motion is based on

incongruent sensory inputs, and particularly so when these inputs are at odds with the

user's expectation based on prior experience (Reason J 1978). Applying this theory to

virtual reality, sickness can be minimized when the sensory inputs inducing self-motion

are in agreement with one another (Lawson 2014).

In this section, I introduced a model (Figure 2.5) that uses MSRV continuum to

map the sensory inputs to a physical or virtual mental model, which is then understood

according to Mayer's CTML. I also suggest how the di�erent kinds of a�ordances of the

designed system (physical, cognitive, functional, and sensory) play a role in enabling this

cognition. In so doing, the model explains the importance of physical-virtual congruence

in the user's experience of VR, which can be used by designers to create physical-virtual

congruence or incongruenceintentionally (Marshall et al. 2019).
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2.4 Spatial Scale and Sensory Modality

In this section, I look at VR from the lens of spatial scale in order to reason about when

enabling physical-virtual congruence through sensory alignment might (and might not)

be fruitful.

2.4.1 Scale Model of VR

Scale plays a critical role in the way that humans experience space (Chapman and Lynch

1962). Ittelson suggests a di�erence in human cognition between the "object" space

and "environmental" space, where the primary di�erence between the two is that of

scale�smaller scale objects can be apprehended from a single vantage point, whereas larger

scale environments need the user to move to cover and understand the entire area (Ittelson

1970). This basic distinction has been used by other researchers to develop various models

of spatial scale, many of which are recounted in Montello (1993). A recent adaptation by

Barba and MacIntyre extends Montello's scale model to adapt it for immersive HMDs

(Figure 2.6). They describe scale at �ve levels: �gural, vista, panoramic, environmental,

and geographic.

Figural space The �gural space is de�ned as the space around the user that can be

viewed and interacted with in its entirety from a single vantage point. This is the scale

within which the user would directly interact with objects and interfaces like a phone,

computer, or direct manipulation of objects.

Vista space and panoramic space The panoramic space is larger than the �gural space,

and is bound by the extent to which the user can see by staying in the same location, but

being able to turn their head and rotate in place. The panoramic space, then, covers the

maximal range of what the user can realistically perceive from the same vantage point.
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Figure 2.6: A scale model of VR

The vista space is a subset of the panoramic space, being the part of panoramic space

that can be viewed at any given time without rotating one's head. Hence, vista space

and panoramic space are analogous to the user's �eld of vision (FOV) and �eld of regard

(FOR) respectively. Important to note here, that the vista space changes continually as

the user looks around. Examples of spaces at this scale would be single rooms, town

squares, and horizons.

Environmental space The environmental space is larger than the panoramic space, and

the user must move and explore in order to explore and comprehend environmental space

over time. Examples of spaces at this scale would be buildings, neighborhoods, and cities.
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Geographic space The geographic scale is larger still. and spaces at this scale cannot

be comprehended without the aid of external symbolic representations such as maps or

models. Examples of spaces at this scale would be states and countries.

It is important to note that several of the scales de�ned above have been done so

based upon the reach of certain sensory organs. For instance, the �gural space is de�ned

as the space that our hands can reach (i.e., ourtactile reach). Similarly, the distinction

between panoramic and environmental scales above are de�ned by how far the user's eyes

can see, rather than how far an object is from the user in absolute terms (i.e., ourvisual

reach). For instance, if a user is in the center of a small 10'x10'x10' room, then the user's

panoramic space would be de�ned by that small 10' cubic space�in order to experience

anything that is outside the boundaries of that room, the user will have to move, and

hence by de�nition it becomes the environmental scale instead. While the �rst three levels

of scale (�gural, vista/panoramic, and environmental) are rather concrete, the geographic

space is more conceptual and abstract�it is the space that "cannot be comprehended".

It then makes sense to explore the sensory possibilities of each modality within these

levels of scales in order to conceptualize whether or not sensory alignment, and in extension,

physical-virtual congruence, would be a worthwhile pursuit for certain stimuli.

2.4.2 Sensory stimuli and scale

Of the external sensory stimuli that humans can sense, some have a fairly well-de�ned

"reach", while others are contextual. For instance, the "reach" of our sense of taste�i.e.,

the answer to "what is the farthest away an object can be from us that we can taste?"�is

very limited, since our tongue should be able to touch the object physically. Similarly,

the reach of our tactile sensory organs is limited by the reach of our physical bodies�as

de�ned by the "Figural" space in the scale model of VR (Figure 2.6). Other senses like
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vision, hearing, and smell are more challenging. Our visual "reach" is de�ned by our

�eld of vision cone, terminated by whatever object (or set of objects) truncates this cone.

Since we can assume light to travel in a straight line, this is fairly straightforward�this is

de�ned by the "vista" space in the scale model. However, it gets more complicated for

sound and smell, since these are non-directional senses that are a�ected signi�cantly by

other factors like intensity of the stimulus, humidity of the air, wind conditions etc.

Figure 2.7: Situating sensory "reach" on the scale model of VR

However, even though it would not be a perfect mapping, I contend that situating

sensory reach on the scale model of VR (�gure 2.7) can help us decide if a certain stimulus

should be considered for sensory alignment with another stimulus. If a stimulus is outside
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of the reach of its sensory organ, then that sensory stimulus should not be rendered. This

also saves computing power for the rendering system.

For example, let's say that a virtual environment has three virtual objects of interest,

that the designer wants to design sensory alignment for: a light saber sword that must be

held by the user, a moving target that meanders in and out of the user's FoV, and the

bullets that the target shoots at the user Hamilton (2019). Thelight saber is within the

user's �gural space, and so referring to �gure 2.7, the designer should consider rendering

its visual, auditory, tactile (e.g. custom controllers (Logic Grip 2019; Benko et al. 2016;

Choi et al. 2018; Lee et al. 2019; Strasnick et al. 2018; Whitmire et al. 2018)), and olfactory

properties. An interesting note here is that since the user is holding the sword and using

it as a tool, the e�ective "�gural" space that the user has access to increases to the extent

of the sword's reach (Mangalam and Fragaszy 2016). Themoving target is within the

panoramic space, but out of �gural space. It meanders in and out of vista space. Again,

referencing �gure 2.7, the designer should always render the target's auditory properties.

Its visual rendering should only be done as it comes within the vista space / FoV�a

technique called foveated rendering that helps reduce computing demands, which is an

issue in immersive VR systems (Perkins Coie LLP 2020). Since it is outside the �gural

space, the designer can disregard the tactile, olfaction, and taste properties of this moving

target. Finally, we have thebullets that the target shoots at the user, that can be blocked

with the user's sword. As the bullet leaves the target, it is in panoramic space�so the

designer should render its audio. If within vista space, then the bullets should be visible.

As the bullet enters the �gural space (now de�ned by the sword's reach) and is blocked by

the sword, the designer should think about rendering a tactile feedback in concert with

the event of the bullet hitting the sword, along with the visual, auditory, and possibly

olfaction (e.g., burnt smell).
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2.5 Discussion

This paper introduced the multisensory reality-virtuality (MSRV) continuum, an extension

of Milgram et al.'s reality-virtuality continuum, in order to map multisensory displays on

a spectrum from real to virtual. I then introduced a cognitive model (Figure 2.5) that uses

the MSRV continuum to map the sensory inputs to a physical or virtual mental model,

which is then understood according to Mayer's Cognitive Theory of Multimedia Learning

(CTML). I also suggest how the di�erent kinds of a�ordances of the designed system

(physical, cognitive, functional, and sensory) play a role in enabling this cognition. In

so doing, the model explains the importance of physical-virtual congruence in the user's

experience of VR, which can be used by designers to create physical-virtual congruence

or incongruence.

In developing the cognitive model (Figure 2.5), I showed how alignment between the

sensory models from senses coming from physical and virtual stimuli can be helpful in

forming a coherent mental model. However, aiming for complete sensory alignment might

not always be desired. Sensory misalignment between pairs of senses can create interesting

e�ects. For instance, changing visual representations for an object can a�ect the tactile

perception of the same object (Power Graham, 1976). Similarly, a rotating auditory

stimulus can create the illusion of rotation of the body (kinaesthetic), even when a user is

still (Larsson et al. 2004).

There are potential uses of sensory misalignment to create unique VR experiences

(Marshall et al. 2019). Sensory misalignments can be used to good e�ect in VR. For

instance, extreme visual-kinaesthetic misalignment can create experiences with a vertigo

e�ect (Byrne et al. 2016; Tennent et al. 2017). Additionally, subtle misalignment can be

used for VR redirection to create the illusion of a larger physical space (Razzaque et al.

2001; Kohli et al. 2012).
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Finally, I use the scale model of VR (Barba and MacIntyre 2011) in spatial cognition

literature to suggest guidelines for deciding which sensory stimuli to render, and when

alignment between sensory modalities might be appropriate. The example introduced at

the end of the previous section shows how a designer might reason through which sensory

modalities to render for each stimulus. On a related note, an interesting concept in the

�eld of immersive experiences that deals with sensory alignment is that of Substitutional

Reality (SR). In an SR environment, every object in the physical space has a virtual

counterpart in the digital space (Simeone et al. 2015). This is typically used to create

complete alignment between the physical and virtual experiences of the user. Simeone

et al. (2015) explored the degrees of misalignment along di�erent variables of an object like

shape, size, temperature, that could be used while still maintaining congruence between

the real and virtual worlds. They concluded that objects that did not have signi�cant

variations in frequently-used parts were more believable. For instance, replacing a double-

handled virtual cup with a single-handle co�ee mug would be less believable since the

handle is frequently interacted with. On the other hand, a torch as a physical proxy for

a lightsaber worked really well, because the user doesn't interact with the blade. Their

participants reported the mismatch to become signi�cant when the virtual appearance

suggested variations in terms of tactile feedback, temperature, and weight not portrayed

by the physical proxy (Simeone et al. 2015).

Another important factor to consider especially for VR environments is the �delity of

elements in a VR experience. Meyer et al. (2012) de�ne �delity as �a measure of the degree

to which a simulation system represents a real-world system�. Fidelity, then, is the degree

to which a virtual environment looks, feels and acts like a real environment. Fidelity is a

multifactorial concept and its requirements vary by context (Hamstra et al., 2014). The

term �delity has been used as a descriptor for equipment and the environment (Meyer et

al., 2012; 2013; Keyson, 2007; Hamstra et al., 2014). While it's generally believed that
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a higher �delity is always better, Salas et al. (2009) suggested that as long as a certain

level of perceptual �delity is maintained (i.e. the user feels the �delity is �high enough�),

task performance is not a�ected in VR. Additionally, the way that multisensory cues are

presented in VR can a�ect the perceived �delity of the VR environment (Cooper 2017).

It is important to note that sensory (mis)alignment doesn't necessarily completely

map to (in)congruence. Two sensory modalities might feel congruent to the user while

being misaligned. The degree of misalignment allowed while maintaining congruence still

needs to be explored, but Simeone et al.'s work on Substitutional Reality begins to answer

this question. In the end, it is important to understand these concepts in order to build

better experiences for the user in di�erent �elds.

Even though I primarily focus on Virtual Reality (VR) accessed through Head-Mounted

Displays (HMDs) in this paper, the frameworks and models introduced in this paper

apply beyond VR HMDs. For instance, the same frameworks could apply to explaining

how a user might make sense of a 2D monitor-based computer system with keyboard

and mouse input while wearing headphones. By dissociating these models from just the

visual sensory modality, the designer is able to apply these to understand multiple kinds

of systems and design intentionally for them.

35



References

(2019). Oculus Quest.

Arnheim, R. (1954). Art and visual perception.

Barba, E. and MacIntyre, B. (2011). A scale model of mixed reality. InC and C 2011 -
Proceedings of the 8th ACM Conference on Creativity and Cognition, pages 117�126.

Benko, H., Holz, C., Sinclair, M., and Ofek, E. (2016). NormalTouch and texturetouch:
High-�delity 3D haptic shape rendering on handheld virtual reality controllers. In
UIST 2016 - Proceedings of the 29th Annual Symposium on User Interface Software
and Technology, pages 717�728. Association for Computing Machinery, Inc.

Boroditsky, L. (2019). Language and the brain.

Byrne, R., Marshall, J., and Mueller, F. (2016). Balance Ninja: Towards the design
of digital Vertigo games via Galvanic Vestibular Stimulation. InCHI PLAY 2016 -
Proceedings of the 2016 Annual Symposium on Computer-Human Interaction in Play,
pages 159�170. Association for Computing Machinery, Inc.

Çamc�, A. and Hamilton, R. (2020). Audio-�rst VR: New perspectives on musical
experiences in virtual environments.Journal of New Music Research.

Chapman, E. H. and Lynch, K. (1962). The Image of the City.The Journal of Aesthetics
and Art Criticism , 21(1):91.

Choi, I., Ofek, E., Benko, H., Sinclair, M., and Holz, C. (2018). CLAW: A multifunctional
handheld haptic controller for grasping, touching, and triggering in virtual reality. In
Conference on Human Factors in Computing Systems - Proceedings, volume 2018-April.

Clark, J. M. and Paivio, A. (1991). Dual coding theory and education.Educational
Psychology Review, 3(3):149�210.

Cooper, N. (2017). The role of multisensory feedback in the objective and subjective
evaluations of �delity in virtual reality environments. PhD thesis.

Fiorella, L. and Mayer, R. E. (2015).Learning as a generative activity: Eight learning
strategies that promote understanding.

Gibson, E. J. and Pick, A. D. (2003). An ecological approach to perceptual learning and
development. page 238.

Gibson, J. J. (1979). The ecological approach to visual perception.

Hamilton, I. (2019). Magnetized Accessory Adds Two-Handed Lightsaber To Vader
Immortal.

36



Hartson, H. R. (2003). Cognitive, physical, sensory, and functional a�ordances in interac-
tion design. Behaviour and Information Technology, 22(5):315�338.

Ittelson, W. H. (1970). Perception of the large-scale environment.Transactions of the
New York Academy of Sciences, 32(7):807�815.

Jerome, C. (2006).Orienting Of Visual-spatial Attention With Augmented Reality: E�ects
Of Spatial And Non-spatial Multi-modal Cues. PhD thesis.

Kern, A. C. and Ellermeier, W. (2020). Audio in VR: E�ects of a Soundscape and
Movement-Triggered Step Sounds on Presence.Frontiers in Robotics and AI.

Ko�ka, K. (1936). Principles of Gestalt Psychology.

Kohli, L., Whitton, M. C., and Brooks, F. P. (2012). Redirected touching: The e�ect of
warping space on task performance. InIEEE Symposium on 3D User Interfaces 2012,
3DUI 2012 - Proceedings, pages 105�112.

Larsson, P., Västfjäll, D., and Kleiner, M. (2004). Perception of self-motion and presence
in auditory virtual environments. Presence.

Lawson, B. (2014). Motion Sickness Symptomatology and Origins. InHandbook of Virtual
Environments.

Lee, J., Sinclair, M., Gonzalez-Franco, M., Ofek, E., and Holz, C. (2019). TORC: A
virtual reality controller for in-hand high-dexterity �nger interaction. In Conference on
Human Factors in Computing Systems - Proceedings, volume 13. ACM.

Logic Grip (2019). Logic Grip | Axe One.

Mangalam, M. and Fragaszy, D. M. (2016). Transforming the body-only system into the
body-plus-tool system.Animal Behaviour.

Marshall, J., Benford, S., Byrne, R., and Tennent, P. (2019). Sensory alignment in
immersive entertainment. InConference on Human Factors in Computing Systems
- Proceedings, pages 1�13, New York, New York, USA. Association for Computing
Machinery.

Mayer, R. E. (2009). Multimedia learning (2nd ed.).Cambridge university press.

Mayer, R. E. (2014). Cognitive Theory of Multimedia Learning.The Cambridge Handbook
of Multimedia Learning, Second Edition, pages 43�71.

Meyer, G. F., Wong, L. T., Timson, E., Perfect, P., and White, M. D. (2012). Objective
Fidelity Evaluation in Multisensory Virtual Environments: Auditory Cue Fidelity in
Flight Simulation. PLoS ONE, 7(9):e44381�e44381.

37



Milgram, P., Takemura, H., Utsumi, A., and Kishino, F. (1994). Augmented Reality: A
class of displays on the reality-virtuality continuum. Technical report.

Montello, D. R. (1993). Scale and multiple psychologies of space. InLecture Notes
in Computer Science (including subseries Lecture Notes in Arti�cial Intelligence and
Lecture Notes in Bioinformatics), volume 716 LNCS, pages 312�321.

Norman, D. A. (1999). A�ordance, conventions, and design.interactions, 6(3):38�43.

Norman, D. A. (2008). Signi�ers, not a�ordances.Interactions.

Norman, D. A. and Draper, S. W. (1986).User Centered System Design; New Perspectives
on Human-Computer Interaction. L. Erlbaum Associates Inc., USA.

Oulasvirta, A. and Hornbæk, K. (2016). HCI research as problem-solving. InConference
on Human Factors in Computing Systems - Proceedings, pages 4956�4967. Association
for Computing Machinery.

Perkins Coie LLP (2020). 2020 Augmented and Virtual Reality survey report: Industry
insights into the future of immersive technology. Technical report.

Razzaque, S., Kohn, Z., and Whitton, M. C. (2001). Redirected Walking.Proceedings of
EUROGRAPHICS.

Reason J (1978). Motion sickness adaptation: a neural mismatch model!Journal of the
Royal Society of Medicine.

Simeone, A. L., Velloso, E., and Gellersen, H. (2015). Substitutional reality: Using the
physical environment to design virtual reality experiences. InConference on Human
Factors in Computing Systems - Proceedings, volume 2015-April, pages 3307�3316.
Association for Computing Machinery.

Strasnick, E., Holz, C., Ofek, E., Sinclair, M., and Benko, H. (2018). Haptic Links:
Bimanual haptics for virtual reality using variable sti�ness actuation. In Conference on
Human Factors in Computing Systems - Proceedings, volume 2018-April.

Tennent, P., Marshall, J., Walker, B., Brundell, P., and Benford, S. (2017). The challenges
of Visual-Kinaesthetic experience. InDIS 2017 - Proceedings of the 2017 ACM Confer-
ence on Designing Interactive Systems, pages 1265�1276. Association for Computing
Machinery, Inc.

Whitmire, E., Benko, H., Holz, C., Ofek, E., and Sinclair, M. (2018). Haptic revolver:
Touch, shear, texture, and shape rendering on a reconfgurable virtual reality controller.
In Conference on Human Factors in Computing Systems - Proceedings, volume 2018-
April, pages 1�12, New York, New York, USA. Association for Computing Machinery.

38



CHAPTER 3

Morphaces: Exploring Morphable Surfaces for Tangible

Sketching in VR

Abstract

This paper documents our inquiry into the design and utility of morphable surfaces to

provide tangible feedback while sketching in Virtual Reality (VR). We explored materials

and various structures that could enable a surface to morph. We designed and implemented

the Morphace ecosystem that includes 3D printed accessories that enable handheld and

desk-mounted pen-and-surface interaction for the Oculus Quest VR device. The congruence

between the physical and virtual experiences is expected to help make the use of the tool

more believable, while also increasing the accuracy of 3D sketching in VR. We present

this preliminary exploration to set a foundation for further exploration by the design and

HCI communities on the utility of morphable surfaces and the bene�ts of low cost design
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solutions for high-�delity media like VR.
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3.1 Introduction

With the rise of low-cost consumer VR headsets, immersive 3D drawing has been made

more accessible to the general public (Barrera Machuca et al. 2019). Many consumer

apps enable the user to draw in mid-air (Figure 3.1), which has also been explored in the

HCI research community (Arora et al. 2018; Deering 1995). However, as compared to 2D

drawing, 3D mid-air drawing in VR is challenging. Prior work has shown that VR mid-air

sketches are less accurate than their 2D counterparts (Arora et al. 2017). One of the

reasons for this is the lack of a physical surface while creating mid-air 3D drawings (Arora

et al. 2017; Barrera Machuca et al. 2019; MacHuca et al. 2019). While researchers have

explored the use of physical surfaces such as tablets and other rigid planar surfaces in VR

for sketching and modeling (Drey et al. 2020; Surale et al. 2019), explorations around

morphable surfaces for this application remains limited. Our goal with this paper is to

engage the design and HCI community to open discussion on the utility of morphable

surfaces for sketching in VR.

Figure 3.1: Mid-air drawing enables users to sketch 3D objects without support.
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Figure 3.2: To paint miniatures, artists can use a physical brush and surface.

In the physical world, we can touch and feel objects. For instance, artists that want

to paint miniatures are able to do this by holding a physical brush, and painting on a

physical surface (Figure 3.2). The tangibility of the object tells the artist that they are

touching the surface and are painting on it. How can we bring this sensation to VR?

3.2 Related Work

Over the years, several researchers have explored freehand gestures as an input technique

for 3D sketching (Arora et al. 2018; Billinghurst et al. 1997; Deering 1995; Wiese et al.

2010; Ye et al. 2006). However, freehand 3D sketching su�ers from drawbacks like reduced
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accuracy (Arora et al. 2017; Wiese et al. 2010). The lack of haptic feedback also reduces

immersion (Simeone et al. 2015). To compensate for these shortcomings, researchers

have implemented various interaction techniques for mid-air as well as physical surface-

supported sketching.

For instance, Smart3DGuides (MacHuca et al. 2019) o�ers an unconstrained mid-air

visual guide to its users. Even without any haptic feedback, these guides helped the user

draw more accurately (MacHuca et al. 2019). Kim et al. explored the creation of a rough

sketching guide by using mid-air hand gestures to make sca�olding surfaces (Kim et al.

2018). The user could add details to the rough sca�old by using pen input.

Researchers have also explored vibrotactile and force feedback for mid-air sketching. In

particular, the Phantom haptic device has been a popular choice for active force feedback

in mid-air drawing, for instance in (Keefe et al. 2007). In more recent work, VRSketchPen

(Elsayed et al. 2020) o�ers vibrotactile feedback to emulate surface texture, and pneumatic

force feedback to emulate contact pressure of the pen against a virtual drawing surface.

However, implementing such a solution is costly, and is not feasible for the average user.

Finally, the use of physical surfaces for constraining user input has also been explored.

VRSketchIn (Drey et al. 2020) and SymbiosisSketch (Arora et al. 2018) use a combination

of pen-and-tablet input in conjunction with mid-air sketching. While these projects provide

haptic feedback for drawing, the physical drawing surface remains �at and can't conform

to the shape of the desired virtual object. Wacker et al. (Wacker et al. 2018) explore the

use of physical objects as a basis to sketch on within AR, however using physical objects

is too speci�c and requires the use of a physical object for every virtual model the user

wants to sketch.
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3.3 Design and Explorations

Based on the above, we developed the following design rationale that have guided our

investigation:

1. One-to-many correlation between physical to virtual object. The same physical

object should be able to represent a multitude of virtual objects.

2. Low-cost, accessible designs. Should not use exotic materials.

3. Should work with existing VR devices. Do not create a new VR device or controllers�

use passive haptics and proxies.
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3.3.1 Exploration 1

We started our material and structural explorations with paper and a thin 24 AWG wire.

However, this proved too �imsy and we quickly switched to foam. This prototype has an

X wire skeleton, that weaves in-and-out of the foam surface.

Pros:

This structure only uses a single layer of foam, and is very quick to put together.

Cons:

However, the structure exposes wires on both sides of the surface, making drawing on

it impossible. The structure did not hold shapes very well, owing to the relatively thin

18 AWG wire used. Additionaly, the structure would morph typically with a kink in the

middle of the structure at the intersection of the cross.

Figure 3.3: Material and structure exploration 1: foam with an X wire skeleton
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