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ABSTRACT

The HCI community widely recognizes the significant benefits of integrating haptic feed-

back and input devices into digital environments. These integrations are crucial to creating

authentic user experiences, enabling users to perceive digital environments naturally, ma-

nipulate virtual objects with ease, and engage deeply with digital content and activities.

However, despite the potential of integrating these methods into the digital realm, such

solutions are often explored or come with significant limitations that are frequently over-

looked or not taken into account while designing. These limitations include issues with

scalability, complexity (demanding substantial object/user/environment instrumentation or

modification), and cost-e!ectiveness. Consequently, such issues create significant barriers to

accessing current proposed solutions, particularly for users in resource-constrained settings,

thereby preventing widespread adoption (useful from the perspective of prototyping) and

their straightforward use of these methods. Motivated by these challenges, my thesis aims

to pioneer the design and development of novel haptic feedback and input device methods

that are scalable, simple, and cost-e!ective. The primary goal is to address the lag in the

development of accessible type haptic feedback and input device design methods amidst

rapid advancements in other technologies. By emphasizing this disparity, the objective is

to catalyze future development and focus on the global democratization of access to these

technologies. Because it will allow users all around the world to benefit from simplified pro-

totyping procedures while leveraging the potential of haptic e!ects and physical interaction

approaches.

In the first project, I introduce HaptiDrag, a device that harnesses the electroadhe-

sion phenomenon to produce variable drag e!ects on physical interfaces. This paper-thin

and lightweight solution overcomes the limitations of traditional mechanical and ultrasonic

based haptic feedback systems, o!ering scalability, low-complexities, and adaptability across
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various surfaces. Extensive user studies have shown that HaptiDrag e!ectively enhances VR

interactions by enabling users to feel varying intensities of friction, thereby enriching the sen-

sory experience in digital environments. In the second project, I enable in a simplified way the

realistic simulation of precise manipulation experiences in VR akin to those experienced with

precision hand-held tools in the real world. This work o!ers an accessible and cost-e!ective

approach, overcoming the challenges of traditional and proposed physical methods, such as

complex setups, no realistic experiences, active components, high costs, and sophisticated

programming. In the third project, I explore another method for developing miniature input

devices for VR while also enabling interaction with everyday physical objects that addresses

past challenges with innovative solutions. I have demonstrated that non-smart objects also,

e.g., like stylus-type ballpoint pens and fashionable rings, which users typically use for a

single purpose, can now also serve as input devices without any additional instrumentation

of the objects, the user, or the environment. My approach contrasts sharply with traditional

methods that demand explicit instrumentation, showcasing a significant advancement in the

usability of non-smart objects and the simplicity of the explored approach.

Collectively, my thesis makes substantial contributions to the field of human-computer in-

teraction. It not only showcases realistic user interactions in a straightforward and lightweight

manner within digital environments but also strongly emphasizes and enhances the design ac-

cessibility and usability of the proposed haptic feedback and input device methods compared

to previous approaches. This facilitates wider user adoption while maintaining enriched dig-

ital experiences. Ultimately, my thesis takes a step forward by emphasizing that the true

potential of any invented methods can only be realized if they are made accessible to all

users, to envision a future of accessible methods (rather than only methods) available to

everyone anywhere and everywhere.
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CHAPTER 1

INTRODUCTION

As humans, we rely heavily on the integration of visual, physical, and haptic sensory infor-

mation to fully comprehend our environment [1]. In virtual environments, haptic feedback

and input device technologies are crucial for creating convincing and immersive experiences,

as they enable multisensory integration that enhances the plausibility of the illusion [2].

Consequently, both industry and research increasingly emphasize the development of these

technologies to meet high user expectations and improve interactions in VR. Moreover, haptic

feedback and input devices add tangibility to visual representations, enhancing task perfor-

mance, realism, and a user’s sense of presence [3–5]. The significance of these technologies

is most evident when they are absent: without haptic feedback or input devices, we lose the

ability to gauge surface texture, sense object manipulation and shapes, or feel the firmness of

a handshake. Even tasks like threading a needle would become significantly harder without

these senses [6].

Based on these foundational insights, it becomes evident that the integration of haptic ef-

fects and input devices into virtual environments o!ers significant benefits in enhancing user

experiences by enabling more natural and immersive interactions. These technologies allow

users to perceive virtual environments intuitively, manipulate virtual objects e!ortlessly, and

engage deeply with digital content and activities. However, despite their potential, many

prototyping methods for haptic feedback and/or input devices, aimed at integrating them

into virtual systems, face significant limitations, including scalability, complexity, and cost.

Consequently, these challenges create major barriers to accessibility, especially for users in

resource-constrained environments, hindering the ability to prototype such systems e!ec-

tively and preventing the widespread adoption and practical use of these technologies. The

primary challenge associated with implementing/prototyping these technologies lies in the

1



demand for substantial instrumentation and modification of objects, users, or environments

to implement haptic and physical feedback systems. This results in solutions that are often

complex, expensive, and not easily scalable. Consequently, while advancements in areas like

visual and auditory components of virtual environments have progressed rapidly, the devel-

opment of accessible and lightweight (basically less resource demanding) haptic feedback and

input device mechanisms has lagged behind. This lag leads to a significant gap that hinders

the ease of utilizing these methods for prototyping fully immersive and inclusive experiences,

particularly for individuals in resource-constrained environments.

Motivated by these challenges, this dissertation presents lightweight, scalable, low-cost,

and simple prototyping solutions—one focused on haptic feedback, particularly friction-based

haptics, and another on input device development. Through these works, my thesis aims

to inspire future researchers and designers to prioritize accessibility and simplicity when

exploring any mechanism, whether in the development of haptic feedback or input devices

for VR. It’s because by embedding this principle into their work, it will enable them to

ensure that their innovative solutions are not only cutting-edge but also easily prototyped and

accessible, which will empower users to fully engage with and benefit from these technologies.

Moreover, emphasizing this approach will also ultimately improve access to rich virtual

experiences for users globally, particularly those in resource-constrained settings, while also

stimulating new innovations.

Collectively, this thesis, through its projects, highlights the gap in the slower evolution of

accessible prototyping methods for haptic feedback and input devices, in contrast to the rapid

advancements in other technologies. By focusing on attributes like scalability, simplicity,

cost-e!ectiveness, and user-validated innovations, each project—whether belonging to the

haptic feedback or input device domain—underscores the importance of developing methods

for VR in a more accessible and lightweight manner. Ultimately, this thesis aims to take

a step forward by emphasizing that the true potential of any invented methods can only

be realized if they are made accessible to all users, envisioning a future where accessible
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methods (rather than only methods) are available to everyone, anywhere and everywhere.

1.1 Literature Survey

1.1.1 Prototyping of Haptic Feedback for VR

Haptic feedback has become integral to the creation of immersive virtual reality (VR) expe-

riences by simulating physical interactions through tactile sensations. The early work in this

domain, such as the design of force feedback devices like the PHANToM [7], established a

foundation for delivering realistic touch sensations in VR. Other works like the CyberGrasp

[8] explored exoskeleton-based systems to simulate force interactions on the user’s hand. In

more recent years, explored devices, e.g., like ultrasonic-based surface property haptics [9],

and Meta’s wearable force-sensing gloves [10] have further expanded the capabilities of haptic

feedback, providing a greater range of tactile and kinesthetic responses.

However, while these systems demonstrate the potential of haptics in VR, they are often

designed with a focus solely on enabling the haptic e!ect itself, with little attention paid to

making these solutions accessible to a wider user base. The complexity of the hardware, the

cost of manufacturing, and the need for precise calibration all present significant barriers.

For instance, the Haplinkage system, while e!ective, is highly complex, requiring specialized

hardware and setup that makes it impractical for broader use [11]. Similarly, Meta’s haptic

gloves utilize sophisticated sensors and actuators, which make them inaccessible due to their

cost and intricate prototyping process. Thus, although these haptic feedback methods have

contributed significantly to VR’s immersion, they have been explored primarily from the

perspective of enabling haptic e!ects. They have not adequately considered how to make

these e!ects easily accessible or simple to prototype for a broader range of users, particularly

those in resource-limited environments.
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1.1.2 Input Device Prototyping for VR

Input devices are crucial for enabling natural interactions in virtual reality (VR). While hand-

held controllers like the Oculus Touch [12] and HTC Vive wands [13] o!er precise tracking

and robust control, recent academic research has explored more innovative approaches to

input prototyping in VR. For example, Arora et al. presented a modular prototyping toolkit

that allows users to create custom VR controllers by combining simple components such as

buttons, joysticks, and sliders [14]. This modular approach enables flexibility, but the com-

plexity of assembling and programming these components makes it di"cult for non-expert

users to prototype their own input devices. Similarly, the works like [15, 16] focused on soft

sensors for input devices, o!ering a novel approach for input prototyping, but the sensors

are di"cult to fabricate and expensive to implement.

Additionally, in the industrial sector, the Oculus Touch controllers and HTC Vive wands

are designed with a focus on performance and precision but lack the simplicity and a!ord-

ability required for accessible prototyping. These devices are costly and involve proprietary

hardware, making them unsuitable for broader experimental use or by hobbyist developers.

Although these research e!orts and industrial products have enabled more natural in-

teraction in VR, the prototyping methods focus primarily on functionality and enabling

new interaction techniques rather than making these systems simple and accessible to a

broader user community. Most of these approaches involve complex hardware or high-end

technologies, creating barriers for widespread experimentation and adoption, especially in

resource-constrained environments.

1.2 Gaps in Existing Literature

A common issue across both haptic feedback and input device prototyping methods for

VR is the significant challenge of accessibility. While substantial progress has been made in

advancing these technologies, most of the current solutions are not designed with accessibility
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in mind. The existing methods are often resource-intensive, requiring significant technical

expertise, specialized hardware, and high costs to prototype. This creates a barrier for early

stage researchers and developers, particularly those in resource-constrained settings, who

are unable to experiment with or implement these technologies easily. The lack of simple,

scalable, and cost-e!ective prototyping methods limits the widespread adoption and practical

use of haptic feedback and input devices in VR systems.

Addressing and emphasizing this gap is essential for enabling more inclusive and widespread

access to these technologies (i.e., any kind of haptic feedback and input device prototyping

for VR). By exploring lightweight and simplified prototyping approaches in each of the ex-

plored areas, this thesis aims to inspire the community to not only enable diverse haptic

feedback and input device-based experiences in VR but also to consider how these experi-

ences can be made accessible by incorporating simplified prototyping methods. This will

ensure that the developed approaches can be adopted and utilized by a wider audience, in-

cluding those in resource-constrained settings. The work presented in this thesis emphasizes

this dual objective—facilitating innovative VR experiences while lowering the barriers to ac-

cessibility. Specifically, in the case of haptic feedback, I explored friction-based haptics and

reduced its complexity by providing a lightweight approach that demonstrates how complex

haptic e!ects can be achieved with minimal instrumentation. Similarly, the development of

miniature input devices for VR highlights how input methods can be made more accessible

without sacrificing functionality. Ultimately, the goal is to ensure that future innovations

are not only cutting-edge but also easily prototyped and widely accessible, empowering users

across various settings to fully engage with and benefit from these technologies.

1.3 Research Statement

Based on the identified opportunities my research statement is as follows:

To incite and promote ease of approach accessibility and simple usability aspects in the

design and development of haptic feedback and input device methods on a global scale,
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ensuring that advancements in haptic feedback and input devices are not only cutting-edge

but also inclusive and widely accessible to users in diverse and resource-limited settings.

1.3.1 Research Objectives

I further break down the key aspects of my research statement into specific research ques-

tions that form the foundation of my investigations for each of the explored work. These

research questions, which I extracted from the central focus of my research statement that

must be addressed during the exploration of solutions for simplifying the prototyping expe-

rience across any domain—whether it relates to any kind of haptic feedback or input device

prototypes for VR—are as follows:

• RQ1: What are the key barriers related to any haptic feedback and input device

prototyping methods that hinder their accessibility and ease of use for diverse users?

• RQ2: What approaches/technologies can be developed/leveraged to simplify the pro-

totyping process for (complex) haptic feedback and/or input devices?

• RQ3: How e!ective are the proposed haptic feedback and/or input device methods in

maintaining performance and reliability across diverse contexts/environments?

• RQ4: What additional practical benefits can the proposed methods provide to en-

hance the accessibility of haptic feedback and input device prototyping approaches,

potentially leading to wider adoption in VR applications across various industries?

Specifically, based on the core of my research statement and utilizing the outlined ques-

tions, within the haptic feedback category, I investigated friction-based haptics and facili-

tated its lightweight application in VR (chapter 2). In the input device category, I focused

on the lightweight development of miniature input devices, enabling a simple and seamless

manipulation experience in VR (chapter 3 and 4).
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1.4 Technical Contributions

In this thesis, each explored work—whether within the realm of haptic feedback (Chapter 2)

or input devices (Chapters 3 and 4)—builds on these foundational contributions, ensuring

a cohesive and integrated approach to advancing the fields of haptic technology and input

devices. Together, these e!orts reinforce key aspects of my research, driving innovation and

furthering the potential of these explored systems.

• Explored and developed innovative haptic feedback and input device methods that

prioritize scalability, simplicity, and cost-e!ectiveness, thus focusing on addressing key

challenges in design accessibility and usability of approach for diverse users, particularly

those in resource-limited settings.

• Performed rigorous technical evaluations to assess the e!ectiveness and scalability of

the proposed method, ensuring robustness and reliability in various contexts.

• Validated each exploration e!ectiveness with users through comprehensive user studies

or by providing implications.

• Finally, discussed and/or demonstrated the practical benefits and potential for widespread

adoption through real-world applications that showcase the usefulness of the explored

haptic feedback and input device methods.

1.5 Thesis Organization

The remainder of the thesis is structured as follows: Chapter 2 investigates friction-based

haptics in VR, o!ering a contrast to previous methods and introducing our lightweight ap-

proach for enhanced user experiences. Chapter 3 explores the development of miniature

input devices for precise manipulation in VR, validating this approach through user studies.

Chapter 4 expands chapter 3 by demonstrating another method for developing miniature
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input devices for VR while also enabling interaction with everyday physical objects that ad-

dresses past challenges with innovative solutions. Finally, Chapter 5 presents the conclusion

of this work and outlines future research directions.
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CHAPTER 2

HAPTIDRAG

2.1 Introduction

Humans rely on surface-related properties, such as friction, to perform everyday actions like

walking, grasping an object, and pulling objects from one location to another. Friction also

allows individuals to feel the material’s texture (a natural haptic feeling) and make decisions

about the roughness or smoothness of the material’s surface accordingly. In the real world,

we can’t even imagine doing anything without friction.

While on the digital interface side, the variable friction functionality helps in enhanc-

ing user interactions from a performance and emotional standpoint [17]. Examples include

pointing [18] and dragging [19], where it is demonstrated that high friction e!ect helps in

improving the precision with which the user points and drags items in digital space, reducing

overshoot and errors, while a low friction e!ect on the surface increases the ease of sliding

movement thus lowering the judder e!ect. Additionally, if users are trying to control chores,

e.g., increasing or decreasing the volume by using sliders, adding friction (as haptic feedback)

can e"ciently indicate to the user whenever they enter into a non-safe sound level range.

Variable friction e!ects are currently felt primarily on the surfaces of touch-screen devices

(to provide tactile e!ects [20]) and digital table-tops (where variable friction property is

rendered to provide a tangible haptic e!ect [21]). In contrast to touchscreen/digital tabletop

surfaces, there are limited options for experiencing variable friction e!ects and other friction

properties (e.g., detents, barrier e!ects, etc.) when performing (or designing) interaction

with light-weight digital devices, prototypes, tangibles, or props related to real or virtual

environments on physical surfaces such as wood, paper, and others. Based on prior works, one

method that can be used to provide capability to prototypes (or props) for producing varied
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levels of friction e!ects according to digital actions being performed is to use a mechanical

phenomenon involving a motor mechanism attached to the object’s base, as depicted in [19,

22]. However, this method lacks, in terms of its implementation, ease of integration with

lightweight objects and props used in real and VR environments. In addition to that, their

presence can even make the prototypes or props bulky, cumbersome, limit applicability to low

sizes prototypes, lack in scalability and also cause deployment issues on designed prototypes

and/or real objects.

This research introduces the HaptiDrag, a thin (1 mm) and light-weight (2 gram) device

that can reliably produce various intensities of friction e!ects of both types, static and kinetic,

on actual surfaces. Thus, allowing designers to use it for designing digital interactions, testing

their light-weight prototype experiences or objects, and also with light-weight props used

in VR environments, which are being used to enhance the user experience by combining

real-world feelings with virtual world experiences. Using this device, designers would be

able to take advantage of various modes of friction-design interaction, such as detents, hill

climbing, and barrier e!ect. This is achieved based on the exploration of the electroadhesion

phenomenon. Electroadhesion is a potential technology for grasping materials that operates

in a similar way to existing technologies like vacuum suction and magnetic adhesion. This

method requires minimal instrumentation without surface property alteration, and the device

is simple to fabricate in a variety of sizes and can be easily integrated with real objects or

prototypes. I determine the minimum size of HaptiDrag (5 cm x 5 cm) over which the device

functions reliably based on a series of in-lab tests. With reference to eight distinct surfaces, I

show the technical performance of two sizes of HaptiDrag (one is for the explored minimum

size and the other is the larger one). After that, I also conducted two user studies, the

first of which discovered absolute detection thresholds (ADT) i.e., friction spots of varying

intensities that were immediately recognisable among users and common to all surfaces under

test. The resulting detection threshold points (i.e., static friction spots) were then validated

in terms of their static and kinetic friction perception with all sizes of HaptiDrag and with
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varied sizes of weight (tested up to 100 gram) in the second user study. Finally, I showed

various use cases to demonstrate the device’s use in diverse settings.

Specifically, my contributions are:

• I present a new method for generating and experiencing varied friction by utilising the

electroadhesion principle, as well as a low-cost HaptiDrag device fabrication procedure

that does not require expensive machines or prior fabrication experience.

• Through our technical evaluation, I determined the minimum size of the HaptiDrag

that demonstrated reliable performance on various physical surfaces.

• I present the findings of two user studies, formative and validation, conducted with a

total of 18 participants, the first of which investigated the absolute detection threshold

points of HaptiDrag and the second of which performed device validation with respect

to di!erent surfaces and weights.

• Finally, I provide a various application scenarios demonstrating the use case of Hap-

tiDrag.

2.2 Related Work

I outline related research from two areas that are relevant to this project. In the first

section, I discussed how the variable friction (VF) property has been used to enhance digital

interaction and also about previous approaches used to implement it. In the second section,

I mentioned electroadhesion-based research work in HCI to provide information on previous

work on this technique.

2.2.1 Variable Friction & Previous Approaches about Real Surfaces

Prior HCI research has demonstrated that variable friction (VF) improves user engagement

with interfaces or simulations by providing tactile feedback, and from a haptic standpoint, it
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improves the execution of activities like pointing and dragging. For example, in Teslatouch

[20], changing friction e!ects using electrovibration technology introduces tactile feedback to

touch-sensitive devices. Another example is [18], in which researchers used the VF charac-

teristic to increase the e!ective communication between user pairs chatting through tablets.

Weiss et al. [21] used the electromagnetic actuation method to recreate physical e!ects like

weight and detents through tangibles on digital tabletops. Previous VF research has focused

on the implementation and exploitation of the VF property to improve user experience on

smart devices like tablets and digital tabletops, whereas this research focuses on the ease

of implementation and leveraging of VF e!ects to improve digital interactions in relation to

physical surfaces.

The most common way for creating changeable friction e!ects on a physical surface is to

use mechanical characteristics, which involves three distinct methods: lubricants, materials,

and rolling [23]. In a recent work [19], where authors used a material-based method to

provide variable friction capabilities in their prototype. Another work which showed VF

capability through their prototype on touchscreen surfaces only is [22], where a rolling-

method (involving motor and other electronics) was used in their design to create a friction

e!ect whenever dragged over the touch screen surface. These methods may be able to change

friction e!ects without changing surface properties, however because of their mechanical

nature, they are di"cult to create, complex to integrate with prototypes, as well as they

make the device bulkier. Apart from mechanical approaches, there are also non-mechanical

approaches. For example, Watanabe et al. [24] developed ultrasonic technology that allows

users to detect surface friction. However, to develop the friction e!ect over the surface, this

method requires fixed surface instrumentation (i.e., integration of the actuators with the

surface) and has never been tested in a scenario where these actuators are integrated into

the base of any movable object. Most importantly, this method has primarily been tested on

glass as a testing surface, and with user fingers rather than objects, and it does not provide a

static friction experience. My device, on the other hand, is simple to construct, portable, and
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can be easily integrated with light-weight prototypes and objects without adding additional

weight like motors, as well as providing the experience of both static and kinetic friction

e!ects in varying intensities on a variety of surfaces.

2.2.2 Electroadhesion in HCI

Electroadhesion is a potential technique that works similar to popular technologies like vac-

uum suction and magnetic adhesion in grabbing items [25, 26]. Verma et al. proposed a

flying [27] and stick [28] user interface in HCI that uses the gripping properties of electroad-

hesion to attach a mobile user interface to the wall, consisting of a pico-projector with sensor

and controlling unit. Similarly, Hinchet et al. [29] used the gripping concept to develop a

wearable glove that uses electrostatic brakes to o!er kinesthetic feedback for precise ma-

nipulation of virtual objects in AR and VR. In this research, I leveraged electroadhesion

technology to create a device that can generate varying levels of friction on a real-world

surface without causing any surface modification.

Despite the enormous advantage of controlling friction e!ects from a haptic or emotional

point of view [30], limited work or study in the field of HCI exist that has looked at the

electroadhesion notion for creating and experiencing variable friction e!ects on physical

surfaces, both technically and from the user’s standpoint. REVEL [31] demonstrates the

perception of friction on a real-world object surface using the principle of electrovibration,

however requires real-world object surface modification because this process operates only

on a conductive surface. There are other works also [32–34] that demonstrate the use of

electroadhesive technology for creating friction e!ects related to interactive tabletop surface

containing additional conductive layer on top as a modification on a table top surface, but

not with regard to physical surfaces.
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2.3 HaptiDrag Mechanism

I first discuss the working principle on which HaptiDrag functionality work, then fabrication,

and finally its safety.

2.3.1 Operating Principle

HaptiDrag is a small (1 mm) and lightweight (2 gram) device with two types of metal

electrodes: "High Voltage" and "Ground." Both electrodes are of comparable size and are

separated from one another on the substrate by a dielectric layer (kapton tape). The elec-

trode location and design in the Haptidrag device is based on parallel plate capacitor design,

which I discovered to be simple and easy to create. Any insulating substance, such as paper,

plastic, or rubber, can be used as the substrate. Fig 2.1(a) depicts the structure of a Hap-

tiDrag device. Both electrodes are attached to regulating board output terminals (shown

later), whose role is to augment (boost) the supplied input supply (i.e. any value between

0 to 3.5 V DC) to 0 to 1.5 KV DC. The maximum current consumption by the HaptiDrag

device is found to be only 0.28 mA at 1.5kV DC (more details shown in section 5).

When the (controllable) boosted voltage (V) applied to the HaptiDrag device (in contact

with the insulating surface) is zero, no attractive force develops and as a result the device

o!ers no additional hindrance (except normal friction) while sliding it over the surface.

When a non-zero voltage is applied to the HaptiDrag device in contact with the insulator

surface, an attractive (compressive) force develops due to surface polarization, as described

by equations 2.1, 2.2 & 2.3.

Fcompressive = P · ω + M · G (2.1)

ω = E · A (2.2)
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Figure 2.1: a) Left: Structure of HaptiDrag; b) Right: HaptiDrag working is shown in two
scenarios, i) when power is OFF, & ii) when power is ON

E = V/d (2.3)

In above equations, Fcompressive is the compressive force, (P ·ω) is the electro-attractive/adhesive

force, P is induced surface polarization, E is the electric field produced between electrodes,

which is also directly related to the applied voltage (V) according to equation 2.3, d is the

distance between two electrodes that will remain constant once the pad is fabricated, ω is

electric field flux produced due to the presence of an electric field, A is the area of the elec-

trode, M is the mass of the object below which the HaptiDrag device can be attached, G is

the gravitational e!ect, and product of M and G is the normal reaction force.

Surface polarisation refers to the displacement of electron clouds of the insulator’s sur-

face molecules, when exposed to an electric field as shown in Fig 2.1(b) and characterised

according to equation 2.4 where εr is the dielectric constant of the insulator surface.

P = (εr → 1)E (2.4)
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This electrically-controlled compressive force then leads to frictional forces between the

device and surface according to the equation 2.5 (µ is friction coe"cient), which play a role

of creating a hindrance while sliding the HaptiDrag.

Ff riction <= µ · Fcompressive (2.5)

Since, compressive force varies also with the input supply (V), so does the frictional

force, allowing the HaptiDrag device to provide a range of hindrance (resistance) from low

to high intensity as haptic feedback while sliding over the insulator surface. One of the most

appealing aspects of the explored method is that it does not require any surface alteration

or instrumentation, making it ideal for surface based haptic feedback applications.

2.3.2 Fabrication of HaptiDrag

The fabrication of HaptiDrag entails following steps:

• creating electrodes on any design software (e.g., Adobe Illustrator, Inkscape) or on

rough paper to the desired dimensions

• transferring the planned file to a vinyl cutter for cutting aluminium foil into electrodes;

alternatively, the user can cut the aluminum foil by hand

• placement of electrodes on an insulating paper (e.g., paper) with a maximum gapping

of 10 mm.

• applying a Kapton tape as a dielectric layer to cover the gap between two electrodes

• finally, attaching a copper tape to make device connection with small size lightweight

hardware and adequately sealing all two electrodes from the corners areas using mask-

ing tape.

The method requires no industrial-grade equipment and uses significantly less expensive

materials. In Fig 2.2, I depict the visual production process of a HaptiDrag device in both
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(1) (2) (3) (4)

(6) (7)

Adobe Illustrator design software is used for
designing the HaptiDrag electrodes.

(1)

After transferring the electrode designs from Adobe
Illustrator software, the vinyl cutter design software is used
to ,ne-tune the size, make cut adjustments, and ,nally give
the vinyl cutter cut command instructions.

The HaptiDrag electrodes are cut with
a vinyl cutter.

(3)(2)

(a) Using a Vinyl cutter for cutting HaptiDrag electrodes

(b) Using a scissor for cutting HaptiDrag electrodes (Steps: 1-3)

(5)

HaptiDrag is handcrafted with
scissors, kapton tape, aluminium foil,
copper tape, masking tape, and
kraftpaper.

Cutting of Aluminium foil for making
electrodes.

Here are two electrodes: Ground
electrode (GND) and High Voltage
electrode

We used kraftpaper (which is widely
available) with a thickness of 0.5 mm
and a breakdown strength of greater
than or equal to 8 KV as the insulating
substrate.

Both electrodes are placed on the
insulating substrate (kraft paper
sheet) with a minimum gap <= 10 mm.

Use of copper tape for making
connection with electrodesWith the
help of insulation tape, all joints are
sealed.

Finally, voating electrodes from corners on device are covered with masking tape,
ensuring uniform and consistent electrode contact with the insulating substrate.

8 cm x 8 cm(8)
5 cm x 5 cm

Figure 2.2: Visuals of the fabrication procedure of the device: in Part (a), making use of the
vinyl cutter, from left, pad designs are made on vector software, which is then transferred
to vinyl cutter software, and finally to a vinyl cutter machine, which is used for cutting the
pad electrodes; and in Part (b), the manual cutting of pad electrodes with a scissor is shown
in Steps 1-3. Furthermore, the complete manual fabrication process of the HaptiDrag pad
is shown in steps from 1 to 8.

17



H
ig
h
Vo

lta
ge

el
ec
tr
od

e

G
N
D

Ka
pt
on

Ta
pe

G
N
D

H
ig
h
Vo

lta
ge

el
ec
tr
od

e

Ka
pt
on

Ta
pe

5 cm x 5 cm

8 cm x 8 cm

(a)

A2

Ka
pt
on
e
Ta
pe

Aluminium
Foil

GND

Sensing10mm

10 mm

A1

A1 0.5
2

A1 0.5
2

H
ig
h
Vo

lta
ge

el
ec
tr
od

e

G
N
D

(b)

Ka
pt
on

Ta
pe

Figure 2.3: a) Left: Actual images of HaptiDrag (manually fabricated) are shown, which is
also the pad bottom view that will be in contact with the surface ; b) Right: HaptiDrag pad
dimensions

manual and vinyl cutter modes. To cut electrodes, only a normal low-cost machine, such as

a vinyl cutter (in Fig 2.2a3), will su"ce. If this equipment is also unavailable, we can cut

electrodes from the material with scissors (in Fig 2.2b2). After the electrodes (aluminum

foil with a thickness of 0.2 mm) are cut using any of the ways, they must be assembled using

Kapton tape (dielectric constant: 3.4, 0.03 mm thick, & breakdown strength is 303 kV/mm),

copper tape, and insulating substrate. I used kraft paper (which is widely available) with a

thickness of 0.5 mm and a breakdown strength of greater than or equal to 8 KV [35] as the

insulating substrate.

The manual procedure is as follows: We first cut the major section with a scissor, noting

the same dimensions on the metal foil, as per the design on illustrator or on paper. Once

the electrodes are cut, we will have two electrodes: high voltage and ground. After that,

both electrodes are placed on the insulating substrate (such as a kraft paper sheet) with a

minimum gap of 10 mm. Guo et al. [36] showed that as the distance between the electrodes

exceeds 10 mm, the electroadhesive force weakens to practically nothing. As a result, we

always kept the gap in our design below 10 mm. Kapton tape is then used to fill the space

between the electrodes. Copper tape terminals are then created on each electrode, with half
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of each copper terminal residing on the electrodes and the other half floating in the air for

soldering the wire onto to connect to the controlling board. The terminals outside the pad

area are e!ectively sealed with insulation tape after the wire is soldered to these floating

copper terminals. Finally, masking tape is applied to the electrode corners on the pad (i.e.,

the constructed device) to ensure proper insulation and uniform and consistent electrode

contact with the insulating substrate. The electrodes on the pads were not covered by any

other film. The entire fabrication process takes less than 30 minutes.

In this way, I fabricated many pads in various dimensions (A1 cm x A2 cm) to test and

evaluate the drag e!ects functioning based on the electroadhesion principle, such as 3 cm x

3 cm, 4 cm x 4 cm, and so on till 8 cm x 8 cm. The relationship between the dimensions of

the pad and the electrode contained in it is shown in Fig 2.3b, and in Fig 2.3a, I display an

actual image of the pads.

2.3.3 HaptiDrag Safety

Current, not voltage, is the most important aspect in ensuring safe operation [37]. The safe

range current limit for devices that will be regularly touched by user skin (direct contact),

such as capacitive touch screens, is within 0.5mA, according to the International Organi-

zation for Standardization (ISO) and the International Electro-technical Commission (IEC)
1. HaptiDrag’s current consumption is already much less than 0.5 milliamperes as per the

human electrical safety design guidelines given in [38], putting it within a safe operating

range. However, to maintain additional safety for its use in public settings, a current limiter

circuit that ensures current consumption is always less than 0.5 mA can be easily added to

the design. Furthermore, because the Haptidrag is not a wearable device, no actual charge

will pass through the skin because no direct contact is required. I followed standard industry

practices [37] such as adequate grounding of the control electronics and proper insulation of

electrodes with high breakdown strength insulating tape to further safeguard the user and
1https://www.flukebiomedical.com/blog/electrical-safety-standards-basic-testing
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Figure 2.4: a) Left: Hardware schematic diagram is shown; b) Right: real electronics

assure safety. I also looked at other HCI papers [20, 29] to see how they assured safety in

their prototype. Despite the fact that these prototypes need human skin contact or fall into

the wearable category, I observed that they all used the same insulation approach to avoid

skin contact with the functioning prototype and related electronics. For example, Dextres,

a wearable haptic device [29] that supplies 1.5KV and 0.5mA current to its prototype, uses

insulation gloves and human grounding to protect users. Another instance is Sparkle [39], a

touch based haptic feedback that uses high voltage (3 KV) and current (0.5mA) for gener-

ating electric arc as a haptic feedback, where user safety is ensured by proper grounding of

their prototype.

2.4 Implementation

HaptiDrag’s hardware and software architectures are described in this section. Fig 2.4 shows

schematic block diagrams and key components of the board that help HaptiDrag function

as an actuator.

2.4.1 Control Electronics

As seen in Fig 2.4a wire soldered onto the copper electrodes coming out of the pad is

connected to the HaptiDrag controller board. To digitally control the operation of the

HaptiDrag device, I used a low-cost microcontroller, the Arduino UNO, which features an
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AT-mega328 running at 16 MHz clock speed 2. This demonstrated that the hardware design

isn’t bound by the necessity for a specific microcontroller to function. Instead, it give

designers the freedom to choose any microcontroller they wanted, allowing them to further

miniaturise the total circuit in terms of size, weight, and functionality (e.g controller having

inbuilt Bluetooth features, high processing power and memory). I used an external power

supply (Keysight 3, model no. E36300 Series) to provide 5V to the Arduino UNO, and a 3.7

V battery connection provision was provided to a custom designed excitation circuit so that

the required input supply (digitally controlled from Arduino UNO PWM pin) could be given

as an input to the excitation circuit as shown in Fig 2.4a. We’ve also added a Bluetooth

module to the Arduino to take commands (related to drag e!ect intensity) wirelessly from

any digital device, such as a laptop, workstation, or phone, depending on the type of digital

interaction being conducted.

The operation of control electronics is described as follows:

• the microcontroller pin provides a PWM signal (with a frequency of 980Hz) between 0

and 5 volts as a signal to the transistor (working in the active region) to only transmit

that much voltage (between 0 to 3.7 V) to the excitation circuit. The output DC

voltage of the excitation circuit is linearly mapped to the voltage of the excitation

circuit input, for example, 1.5 kV (DC) output corresponds to 3.5-volt input.

• Upon receiving the input voltage signal by the excitation circuit it boosts to high volt-

age (DC) which is then given as an input to HaptiDrag device to create the appropriate

strength of friction sensation across the surface.

• When this boosted voltages (DC) delivered to the HaptiDrag change due to a change

in the input supply (controlled by the PWM pin), the intensity of the electric fields

varies, and hence the surface polarisation, as shown in equations 2.4 & 2.5.
2https://store-usa.arduino.cc/products/arduino-uno-rev3/
3https://www.keysight.com/in/en/products/dc-power-supplies/bench-power-supplies/e36300-series-

triple-output-power-supply-80-160w.html
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Figure 2.5: Excitation circuit schematic design and real image of board (right)

• As a result, the electrostatic attractive force e!ect on the surface changes, allowing for

di!erent amounts of resistance to be experienced.

2.4.2 Excitation Circuit

The RC oscillator circuit, transformer circuit, and lastly voltage multiplier circuit make up

the excitation circuit, which is primarily used to boost the input voltage (which ranges from

0 to 3.7 V). The maximum input voltage that an excitation circuit can accept is 5 volts.

The RC oscillator circuit generates a 6 kHz high-frequency alternating current that passes

through the 35-turn primary side of the transformer, due to which an approximate 22 V

drop occurs on the primary side (EE-type ferrite core) before being boosted nearly to 1.1

kV (maximum AC) on the secondary side (having 1800 turns). This voltage is then boosted

using a voltage doubler circuit made up of two 1N4007 diodes and two capacitors (0.0022

uF) to approximately two times its original value, i.e. 2.2 KV (1.5kV value is w.r.t 3.5

volt). A polypropylene capacitor is then used to store the final stepped-up voltage. The

board’s maximum current usage is 0.581A. (max w.r.t 3.7 volt). The HaptiDrag electrodes

are powered by the stored energy in the polypropylene capacitor. Fig 2.5 shows the complete

22



Paper Wood Cement wall Stone

Matte finish paper

Glossy paperCorrugated paper

Wood 1

Wood 2

Painted cement 
wall

Black Marble Granite stone

Figure 2.6: a) All eight surface information, where Wood-1 (W.L-2) and Wood-2 (W.L-1)
represents wooden laminate having suede and brushwood texture

schematic of the excitation circuit with a real board. The entire dimensions and weight of

the excitation circuit board are 60 mm by 25 mm and 40 gram, respectively. For a fully

portable application, this custom-designed board can be readily substituted with a voltage

boosting IC 4 (AGH Series) to reduce the overall system size, weight, and form-factor.

2.5 Technical Evaluation

In this section, I present the study on force distribution to drag the HaptiDrag over surfaces

at di!erent operating voltages in order to better understand its structure and performance

as an actuator. All of the required experiments were carried out in the following conditions:

humidity ranged from 45 to 58 percent, and temperature ranged from 18 to 21 degrees

Celsius. The chosen experimental and user studies (described later) testing condition lies

within the optimal indoor-work environment, i.e. 17-21 degree celsious [40] & 30-60 %

humidity [41]. The eight insulator surfaces on which I conducted experiments belong to one

of the following classes, i.e., wood, cement, stone, and paper as shown in Fig 2.6. These

types of surfaces are ubiquitous and can be found in almost any setting (indoor or outdoor).

The texture or material composition of these surfaces di!ers. Two surfaces are from the

wooden laminate category, one is from cement (white paint on top of a black cement and

pop mixture), two are from stone (one is black marble and the other is granite), and three
4https://www.xppower.com/product/AGH?m=AGH30N-5
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Table 2.1: Power consumption (P.C) (in Watt) of the control circuit (C) with HaptiDrag
(H) and just HaptiDrag (H)

Pad Size P.C at 3.5 V P.C at 5 V

C + H H only C + H H only

5 x 5 cm 1.4 W 0.24 W 2.2 W 0.47 W
8 x 8 cm 1.8 W 0.42 W 2.8 W 0.61 W

are from paper (corrugated, matte, and glossy finish). I chose most commonly occurring

forms of the chosen categories.

2.5.1 Procedure

I physically manufactured several pads (with good insulation on (and around) the entire

electrode area) in various dimensions (A1 cm x A2 cm), such as 3 cm x 3 cm, 4 cm x 4 cm,

5 cm x 5 cm, and 8 cm x 8 cm, to evaluate the HaptiDrag functionality and identify the

optimal (minimum) size of pad. The fabrication process is mentioned in section 3.2. Each

pad weighs no more than 2 gram.

During testing, I used a Keysight power supply (Model No. E36300 Series) to power the

excitation circuit separately. It’s because of the flexibility it provides, as it allow to change

the input supply value to the excitation circuit whenever required, rather than changing the

PWM value in software and uploading it to the Arduino each time, which would take too

many steps. Our method for measuring high voltages was based on the voltage divider rule

(VDR), and the resistance I used in parallel to the HaptiDrag was a 10 M Ohm resistor (made

up of a series combination of available quarter-watt 1 M Ohm resistors (total of 10)). The

work of Li et al. [42] demonstrates that the VDR technique can be easily used to measure

high DC voltages (in kV). Moreover, Küchler et al. [43] confirmed that the resistance divider

is one of the most appropriate methods among the many divider designs presented in their

work, particularly for measuring DC voltages. The high-value resistor was chosen empirically

because I wanted to keep our board’s overall power consumption minimum. VDR rule states

24



that if R identical resistors are connected in series and the voltage across one resistor is

known, such as Y volt, the total voltage applied across the series combination of resistors

can be calculated by simply multiplying the voltage (Y) by a factor of R. I used a voltage

divider ratio of 1:10 to measure the high voltages. I chose this method because it allowed

us to use the available measuring instrument (i.e., multimeter 5 in voltmeter mode with a

10 M ohm input impedance) to measure the total voltage (greater than 1 kV) applied to

HaptiDrag, as shown in Fig 2.7a. Further, since I used an external load that is a high-value

resistor (as previously mentioned) on the excitation circuit to measure the high voltages

across HaptiDrag. As a result, I maintained the same loading e!ect on the excitation circuit

in all subsequent evaluations.

To determine the current drawn by the HaptiDrag when in contact with the surface

and when in air, a multimeter (in ammeter mode) was used in series with the HaptiDrag

(without removing the resistor from the circuit). Fig 2.7b depicts the actual image of the

current measurement process.
5https://www.keysight.com/in/en/product/U1252B/handheld-digital-multimeter-4-5-digit.html
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Figure 2.7: Voltage and current measurement setup. Figure a): presents a voltage measure-
ment results across 1 M Ohm resistor which correspond to total voltage of more than 2 kV
applied to HaptiDrag when 5 V input is applied to excitation circuit, and b): represents the
maximum current reading obtained with respect to granite surface at 3.5 V input supply
with respect to pad size of 8 cm x 8 cm.

26



(c)

HaptiDrag

Display

Glossy surface

Machine

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Time (s)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

Fr
ic
tio
n
fo
rc
e
(N
)

(a)

(b)

Figure 2.8: Measurements of friction (resistive) force o!ered by HaptiDrag at di!erent volt-
ages on all eight surfaces; In figure a): I show a measuring device in connection with Hap-
tiDrag, b): result of friction force (N) vs. time (sec) by Pad1 (5 cm x 5 cm), and c): result
of friction force (N) vs. time (sec) by Pad2 (8 cm x 8 cm).
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Table 2.2: Input voltage (V) given to excitation circuit and output voltage obtained from
excitation circuit

Input (V) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Output (V) 2 280 590 820 1109 1335 1585 1810 2070 2290

Setup for Conducting a Friction Measurement Test

I start by examining the performance of each size of pad (beginning with 3 cm x 3 cm) on

each of the eight surfaces one by one (see Fig 2.6). The input supply to the excitation circuit

for powering the HaptiDrag was adjusted in 0.5 volt steps from 0 to 5 volts. I mounted

the device on a digital friction measurement tester (Presto, Model No. PCOF – S03 (C)
6) equipped with a 30 N load cell to measure the static and kinetic friction force. The

benefit of using this digital instrument is that it provides both static and dynamic friction

data. Second, the results obtained will be less prone to human error (or observation error 7),

which is likely to occur when taking measurements manually. This instrument allowed us to

drag the device horizontally along the surface without any manual support, up to 200 mm,

while measuring the friction force, as shown in Fig 2.8a. A light-weight thread was attached

to the pad (on the insulating side) for making connections with the load cell. I placed the

minimum load (i.e., M = 0.010 kg) on the device every time while experimenting due to the

light-weight nature of HaptiDrag and to keep the device in contact with the surface (when

the supply is o! during testing) while the machine is pulling the device (horizontally) along

the surface. I chose this load because preliminary testing (without applying any voltage

to HaptiDrag) revealed that the e!ect of load on friction between devices and surfaces was

negligible (close to zero). With the power turned on, I began testing HaptiDrag. For each

size of HaptiDrag, I ran two cycles (in one go) per surface per voltage at a constant speed of

2.5 mm/sec. Each cycle consists of one ON (for 10 seconds) and one OFF (for 10 seconds)

process. Furthermore, 5 cm x 5 cm was the minimum pad size above which pads started to
6https://www.prestogroup.com/products-new/calculating-coe!cient-of-friction/
7https://en.wikipedia.org/wiki/Observationalerror
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work well across the input supply range of 0 to 5 V and on all surfaces. Pads up to 4 cm x

4 cm in size did not show any force perception during testing. As a result, I chose 5 cm x

5 cm as the minimum reliable dimension for the design of HaptiDrag based on the findings

obtained after evaluating all pad sizes.
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Figure 2.9: a) Left: Hardware schematic diagram is shown; b) Mid: real image of instruments
and electronics used, and c) Right: Obtained friction result vs time. Values in red color,
denote the programmed voltages given as an input to the excitation circuit.

Setup for Conducting a Programmable Friction Test

Following the technical exploration of HaptiDrag’s friction behavior, I performed preliminary

testings to see how the friction variation of HaptiDrag will occur while moving over the

surface if the excitation circuit’s input supply is changed programmatically. To conduct this

experiment, I randomly selected the larger size (8 cm x 8 cm) pad. The following items

were used in the experiment: surface (stone category), a laptop, an Arduino connected with

the laptop, an excitation circuit, a friction measurement setup to drag HaptiDrag across the

surface at a speed of 2.5 mm/sec, display (system) connected with friction tester machine to

show real data, and a power supply to power the transistor (working in the active region).

Fig 2.9 depicts a schematic (a) and a real image (b) of setup. During testing, only the

PWM value (between 0 and 255) was changed on the serial monitor. Whenever the signal

(PWM) was received, the transistor supplied only that amount of voltage as an input to the

excitation circuit. The obtained friction variation result for each change of programmable

input voltage is shown in Fig 2.9c (and in the video), confirming that the friction e!ect can

be controlled programmatically.
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Figure 2.10: Friction (resistive) force vs. voltages with respect to all eight surfaces; In figure
a): I show a result of friction force by Pad1 (5 cm x 5 cm), and b): result of friction force
by Pad2 (8 cm x 8 cm); The X-axis in both graphs (a and b) provides details of both input
and output voltage related to the excitation circuit. The estimated output voltages (i.e., in
red) are derived from table 2.2.
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2.5.2 Results

For a pull speed of 2.5 mm/s and DC actuation voltages ranging from 0 V to 5 V (i.e., from

0 V to 2.3 kV), Fig 2.8 (b & c) presents the friction force behavior with respect to time on

various voltages for two di!erent sizes of pad: 5 cm x 5 cm and 8 cm x 8 cm. I noticed

that the force begins at zero and rapidly increases as slack is taken up. After that, the

force reaches a plateau that corresponds to the braking force. When we switched the input

supply between 0 V and 5 V, I discovered that the charging (activation) and discharging

(release) times for the paper category of surfaces di!ered from the other three categories of

surfaces. HaptiDrag demonstrated a discharging time of approximately 1.5 seconds on the

paper category type of surface, whereas for the other three categories of surfaces, I discovered

that HaptiDrag could only discharge within 1 second. Furthermore, for all eight types of

surfaces, the charging time was found to be close to or within 1 second. I found that the

HaptiDrag was able to discharge rapidly due to the external load (i.e., resistance) connected

in parallel to the output of the excitation circuit (i.e., in parallel with HaptiDrag). External

load added in this fashion worked like a bleeding resistor, creating a discharge path for the

capacitor’s residual charge to be rapidly released whenever the power supply was turned o!

(0 V). Based on this observation, it is recommended to place the resistor on the board during

experimentation and mass production of high voltage circuit boards. Fig 2.10 depicts how

the static friction force provided by HaptiDrag (both sizes) increases as the input supply

changes for all eight surface materials and two di!erent pad sizes. It indicates that the

electroadhesive force rises with it as the input voltage rises. A total of 320 experiments were

conducted (4 pad size x 8 surfaces x 10 voltage points). According to the findings, granite

was the only surface on which HaptiDrag (both sizes) consumed the most current out of the

eight. At a 3.5 V input supply, the maximum current value obtained for the 5 cm x 5 cm

pad size was 0.137 mA, and the maximum current value obtained for the 8 cm x 8 cm pad

size was 0.28 mA. In contrast, HaptiDrag (both sizes) consumed even less than 0.15 mA

on the other seven surfaces (i.e., at 3.5 V). HaptiDrag (both sizes) current consumption in
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the air was not more than 0.004 mA. Table 2.1 shows the data for HaptiDrag’s maximum

power consumption with (and without) control circuitry at two operating voltages, 3.5 and

5 volts (i.e., with respect to the granite only). Table 2.2 shows the input voltage (0 to 5V

with a 0.5V step size) to the excitation circuit and the corresponding boosted voltage by the

excitation circuit.

2.6 Formative Study

I conducted an exploratory study to look into the following two major concerns: 1) What is

the minimum input driving voltage needed to provide a drag (or resistance) sensation across

a surface with HaptiDrag above user perception? 2) What other input driving voltage point

exists between 0 and 3.5 volts (max is 3.7-volt input supply) at which participants’ drag (or

resistance) sensation experience would be easily di!erent from previous obtained points? I

recruited 8 people with an average age of 25 (five males and three females) for this study, and

each participant wore earplugs for the first two studies to eliminate biases from surrounding

noises. For each of the eight surface materials, both research questions were assessed. I used

the sliding gesture (Fig 2.11c) to experience a varying resistance e!ect with HaptiDrag on a

surface. Instead of sliding the pad directly with the hand, which could introduce weight due

to finger pressure, a lightweight fish-like object (randomly chosen to provide ease of holding)

was attached to the pad, as illustrated in Fig 2.11a (type: wood, weight: 25 gram, dimension:

60 mm X 30 mm), and participants were requested to conduct the sliding action with it by

holding it from the side. Furthermore, all participants were advised to hold this object (fish

type) with only two fingers (i.e., thumb and index or middle finger) of their dominant hand

during the experiment, as illustrated in Fig 2.11c. I did this to reduce the amount of pressure

or additional weight on the device, which could cause biases in the results due to di!erences

in hand weight.

All user studies (section 2.6 and section 2.7) conducted as part of this research were

approved by the Institutional Review Board (IRB) of IIIT- Delhi. The study was carried
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(a) (d)(b) (e)(c)

Figure 2.11: (a), (b)Fish object attached with HaptiDrag Pad used to slide pad over a
surface; (c) Shows a two finger hand gesture adopted to hold fish object, and (d), (e): Shows
real image of participant activity during a study

out in accordance with the ethical guidelines outlined by the board to ensure participant

safety and well-being. Specific precautions were taken given the use of voltage step-up to

the kilovolt range during the experiments. Comprehensive risk assessments were performed,

and all participants provided informed consent prior to the studies. The devices used in

both studies were designed to meet safety standards, ensuring no harm or discomfort to the

participants."

2.6.1 Procedure

I used a minimum-sized prototype with dimensions of 50 mm × 50 mm to conduct the exper-

iment because it was the smallest size prototype that was found to be functional throughout

technical testing. Furthermore, the results obtained with this pad could also be used to

validate other pad sizes and determine HaptiDrag overall accuracy. All participants were

given device-related safety guidelines and requested not to share or discuss the device’s per-

formance with other participants after the study. There were two parts to the experiment:

first, I gathered answers from participants to determine the first absolute detection thresh-

old (ADT), or the least input supply for each surface at which participants felt resistance

while dragging HaptiDrag. The second phase was dedicated to locating a new level of drag

(or resistance) e!ect points that can be distinguished from the previously obtained absolute

detection threshold points.
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Validation Study

Setup 1 Setup 2

Formative Study

15 minutes 15 minutes 10 minutes90 minutes

150 minutes

Figure 2.12: The procedure adopted to conduct both user studies: formative as well as
validation

The data obtained will provide information on the optimal input driving voltage points to

utilise with HaptiDrag as an actuator for interaction purposes. During the study, I employed

an external power supply to actuate the HaptiDrag numerous times at varying input driving

voltages. Fig 2.12 depicts the overall flow of the formative study.

2.6.2 Setup-1: Find Absolute Threshold Point where Force Can Be Noticed

I used a random (double) staircase approach [44] to discover all detection threshold points

within a voltage range of 0 - 3.5 volts to investigate both research questions. This method-

ology is based on a review of numerous previous HCI research papers in which authors

have utilised this method to determine the absolute detection threshold (ADT) point. For

example, HapSense [45] used this method to determine the minimum perceptible intensity

of vibration levels. Other works, such as PoCoPo [46], used this method to determine the

virtual object’s minimal size, while Jetto [47], used it to determine the smallest detectable

change in force magnitude. To investigate this first research question, I assembled eight

di!erent types of surface materials, as described in the technical evaluation section. I used

20 steps per staircase in the random (double) staircase method. The descending staircase’s

beginning stimulus intensity for HaptiDrag was 3.5 V, with a step size of 0.5 V (a point where

drag is maximum, in a voltage range of 0 to 3.5 V). I kept the 0.5-volt step size because the

di!erence in drag e!ect was found to be modest during pilot testing within the 0.5 range.

HaptiDrag’s floating parts, such as its floating copper electrodes, were properly insulated
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Table 2.3: Absolute detection threshold value (in Volts) per participant for each of the eight
surfaces where resistance (friction) e!ect is perceived

Surface Name P1 P2 P3 P4 P5 P6 P7 P8

Wood1 1.32 1.2 1.11 1.37 1.18 1.35 1.4 1.38
Wood2 1.1 1.43 0.9 1.15 1.26 0.98 1.32 1.37
Black Marble 0.765 0.92 1.12 0.87 1.2 0.73 1.03 0.86
Granite 0.87 0.71 0.82 0.9 1.1 0.96 0.77 0.79
Matte Paper 1.22 1.15 1.4 1.33 1.21 1.77 1.15 1.18
Corrugated paper 1.4 0.98 1.36 1.22 1.07 1.3 1.26 1.18
Glossy Paper 0.9 1.2 1.12 1.06 1.17 0.93 1.15 1.3
Painted Cement Wall 1.35 1.47 1.4 1.72 1.65 1.57 1.7 1.2

according to industry standards [37]. In the method demonstrated in Fig 2.11c, participants

maintained contact with the pad by the use of a fish object. I advised users to rest their

arms on the table during the trial to avoid any interaction e!ects caused by weariness. Each

participant then tested the pads on all eight surface materials.

Participants were permitted to drag HaptiDrag numerous times in order to memorise the

perception of the initial drag (or resistance) e!ect once the voltage is applied. A minimum

stimulation duration gap of 5 s was provided between each change in input driving voltage.

During this 5-second period, the pad was kept at 0 V to ensure participants that there was

no adhesive e!ect between HaptiDrag and the surface material. Participants were asked to

answer "Yes" or "No" to the following question: "Do you experience any drag (or resistance)

impact" for each step change/iteration, so that the next input driving voltage level given

to HaptiDrag could be adjusted accordingly. Finally, the absolute detection threshold was

calculated by averaging each ladder’s last ten reversals.

Results

Table 2.3 depicts the absolute detection threshold point (i.e., a minimum input voltage)

for all surfaces where each participant felt the applied force to drag HaptiDrag. It can be

observed (Table 2.3) that the absolute detection threshold for all surfaces is less than 1.8 V.

According to these findings, for delivering noticeable stimulation (i.e., initial resistance e!ect)
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with HaptiDrag actuation to a wide range of users on many types of surfaces, keeping the

input driving voltage at least 1.8 volts (absolute detection threshold point) is recommended.

The corresponding high voltage value of 1.8 V is 748 V. Because the obtained absolute

detection threshold value is significantly lower than the maximum input driving voltage

(i.e., 3.7 V) that can be delivered to HaptiDrag, there is room to explore other detection

threshold points capable of producing a perception of resistance e!ect of a di!erent intensity

than that experienced at 1.8 V. In the next section, I expand on the experiment that was

conducted to investigate another detection threshold.

2.6.3 Setup - 2: Determine New Threshold Value where Drag Easily Discerned

I next looked into the second research question (RQ-2), which was to locate another input

driving voltage point between 1.8 and 3.5 volts (max is 3.7 volt input supply) at which

participants’ drag e!ect experience would be easily distinguishable from drag (or resistive)

e!ect at 1.8 V. All of the participants were first told about the second study’s purpose. Then,

one by one, each participant was assigned to a user study area based on their preferred time

slot. In this investigation, I employed the same setup and random (double) staircase approach

[44] as in the prior study.

Because I needed to locate another drag e!ect point separate from the drag e!ect at

1.8 V, the beginning stimulus intensity for ascending staircase in this experiment was 1.8 V

(result from the first study). The investigation began with a 1.8-volt driving voltage so that

each subject could memorise their perception of drag at this voltage. Participants were also

free to request that they be given the 1.8 V experience again after completing any iteration

(in any sequence, ascending or descending).

After each step/iteration, each participant had to respond to the following question:

"How was the intensity of the drag e!ect experienced as compared to the e!ect at 1.8 V?" in

terms of "Higher (Yes)" or "Lower/Same (No)" so that the next input driving voltage level

applied to HaptiDrag could be adjusted accordingly. Finally, the threshold was calculated
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Table 2.4: Another distinct (second) detection threshold point (in Volts) per participant for
eight surfaces where resistance (friction) experience di!ered from the previously obtained
ADT value (i.e., 1.8 Volts)

Surface Name P1 P2 P3 P4 P5 P6 P7 P8

Wood1 2.81 2.89 2.57 2.71 2.94 2.88 2.72 2.51
Wood2 2.56 2.72 2.7 2.89 2.91 2.97 2.77 2.67
Black Marble 2.3 2.36 2.21 2.41 2.37 2.45 2.15 2.34
Granite 2.42 2.25 2.17 2.38 2.3 2.43 2.31 2.2
Matte Paper 2.7 2.77 2.68 2.91 2.96 2.78 2.88 2.51
Corrugated paper 2.54 2.76 2.81 2.72 2.91 2.86 2.93 2.97
Glossy Paper 2.78 2.83 2.67 2.79 2.66 2.72 2.88 2.91
Painted Cement Wall 3.2 2.91 2.96 3.1 2.96 2.84 2.86 2.96

by averaging each ladder’s last 10 reversals. Between each change in HaptiDrag’s input

driving voltage, a minimum stimulus duration interval of 5 s was provided. During this 5-

second period, the pad was kept at 0 V to confirm that there was no adhesive e!ect between

HaptiDrag and the surface material.

Results

Participants’ responses are shown in Table 3.1, which shows the detection threshold of sen-

sations at which the higher drag (or resistance) e!ect was felt. As shown in the table, the

threshold point for paper and wooden surface materials ranges between 2.5 and 3; for stone,

it varies between 2 and 2.5; and for cement, it varies between 2.5 and 3.2. And if I have

to pick one value that will function for all surfaces and produce resistance (or friction) sen-

sations that will be di!erent from those obtained at 1.8 V, then, based on the results, it is

recommended to keep the threshold point at least 3.2 V (corresponding high-voltage value

is 1410 V) for delivering distinct stimulation (or resistance e!ect) to a wide variety of users.

Because the other detection threshold point obtained is close to 3.5 V, there’s no room for

another ADT point to be found in the voltage range of 0 to 3.5 V.
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2.7 Validation Study

In the formative study, I obtained two detection threshold points, 1.8 V (748 V) and 3.2

V (1410 V), with the smallest size of pad at which the perception of initial resistance (or

drag) e!ect was easily distinguishable due to the di!erence in their friction intensities (i.e.,

the resistance e!ect perceived is greater at 3.2 V than at 1.8 V). In this section, I aimed to

answer the following questions in order to validate the distinguishability of both detection

threshold points and generalise them to other sizes of HaptiDrag devices:

• 1) On all surfaces, how accurately can a user distinguish between the perception of two

intensities of the device’s initial resistance e!ect at both HaptiDrag detection threshold

points?

• 2) On all surfaces, how accurately can a user distinguish between the perception of two

intensities of the drag e!ect (i.e., resistance experience while moving) o!ered by the

device at both HaptiDrag detection threshold points when the device is in motion?

The overall flow of the validation study is depicted in Fig. 2.12. Both research questions

were also tested with di!erent weights (i.e., up to 100 gram) to see how weights a!ected

user perception. Two di!erent sizes of prototypes were used in this study to validate and

generalise the obtained threshold points. One is 50 mm x 50 mm in size, while the other is

80 mm x 80 mm in size.

2.7.1 Participants

I recruited ten people for this study (M = 24; SD = 2.63; 4 females). The tasks were

completed by the participants on each type of surface (a total of eight, as shown in Fig.

2.6). Resistance sensations at these two detection threshold points, 1.8 V and 3.2 V, were

validated on all 8 types of surfaces and with all subjects. Participants first completed a

static friction perception study (when the device was initially at rest), followed by a kinetic

(or moving) friction perception study (when the device was initially in motion).
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2.7.2 Procedure

Below, I explain three sections, the first of which discusses steps taken to validate the initial

resistance force o!ered by the pad, the second of which discusses steps taken to validate the

study conducted on resistance force perception while the device was in motion. Finally, in

the third section, I mentioned steps that were common to both studies.

100 cm

25 cm
(each)

Z A BZ

S
to
p

S
ta
rt

(a) (b) (c)

Earplug

Black marble surface

Black marble surface length 100 cm

B Z A Z
StartStop

25 cm(each)

(d)

Figure 2.13: (a) Light-weight corrugated cubioid shape object used with pad during the
study, (b) Weights using which combination of weight were prepared upto 100 gram, (c)
Kinetic study scenario related to the perception of varying resistance e!ect on surfaces when
the device was in motion initially, d) real kinetic study scenario

Static Friction Perception Study Procedure

Participants in this study were told that they would have to distinguish between two in-

tensities of the device’s initial resistance e!ect. There are four possible combinations with

two inputs (1.8-Low, 3.2-High): HL, HH, LL, and LH. As a result, each participant had to

complete four iterations, one after the other, on all eight surfaces and with varying weights.

During the experiment, the e!ect was first introduced in the device, and then participants

were asked to experience and memorise the device’s initial resistance e!ect while slowly drag-

ging it over the surface. In this manner, after experiencing both e!ects one after the other

(referred to as one iteration), participants were required to identify the intensity of both

impacts, i.e., which is higher and which is lower, after each iteration. Furthermore, if the

strength of both impacts was the same, they had to determine the type of both e!ects, such

as whether they were High or Low in intensity, and then mark them on the sheet accordingly.
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Before the start of the first e!ect, in between the two e!ects during the study, and after the

completion of each iteration, the pad was always kept at 0 V to confirm that there was no

adhesive e!ect between HaptiDrag and the surface material. The minimum duration for

which the device was kept at 0 volts during the study was no more than 5 seconds.

Kinetic Friction Perception Study Procedure

Participants in this study were told that they would have to distinguish between the per-

ception of two intensities of the device’s drag e!ect (also called continuous friction e!ect)

while in motion. To begin this experiment, I arranged all eight types of surfaces to have at

least 100 cm x 10 cm dimensions. The overall study flow is shown in Fig 2.13c, and the two

marked positions with the letters "A" and "B" are where the e!ect was introduced in the

device. Participants were instructed that in each iteration they would be required to slide

the device (HaptiDrag) across the surface for atleast 100 cm continuously. They were also

told to not slide the device at a speed of not more than 3 cm/sec (on which more details

are presented in next paragraph). And while sliding the device, they would then encounter

two resistance e!ects at these two points (labelled as ’A’ and ’B’ in Fig 2.13c and also in

real image of the study in Fig 2.13d), which they needed to experience and remember. Once

they had gained experience, they had to mark their response on the sheet, i.e., which drag

e!ect was higher and which one was lower, after each iteration. Furthermore, if the strength

of both impacts was the same, they had to determine the type of both e!ects by mentioning

in the same sheet, such as whether the drag e!ects were High or Low in intensity. There

are four possible combinations with two inputs (1.8-Low, 3.2-High): HL, HH, LL, and LH.

As a result, each participant had to complete four motion iterations, one after the other, on

all eight surfaces and with varying weights. To confirm that there was no adhesive e!ect

between HaptiDrag and the surface material, the pad was always kept at 0 V in the following

cases: before the start of the study, at these positions labelled with Z shown in Fig 2.13c

i.e., during the study, and after the completion of each iteration.
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To ensure that participants slide the device over the surface at a minimum speed (not

more than 3 cm/sec) during experiments, I ran a practice session based on a method of repe-

tition [48] prior to the start of the experiments in which each participant slid the device over

the surfaces 5 times per weight. During the practice sessions, no drag e!ect was introduced

in the device. It is because I wanted each participant to become used to of this kind of slow

motion so that they could easily use this understanding in real experiment. Each participant

was explicitly told that they had to complete their sliding distance (100 cm) not before 35

seconds. In practice sessions, I used the following items: a measuring tape to mark the 100

cm distance across the surface and a timer to provide visual feedback to participants on their

training results. All participants were trained on all eight surfaces.

Common Steps Taken in Both Previous Two Studies

To hold and drag the device on the surface in both studies as well as in training sessions, I

attached a light-weight cuboid shaped corrugated sheet box (dimensions: 4 cm x 4 cm x 4

cm) which was opened from the top as shown in Fig 2.13a. It was kept open from the top

so that I could easily change the weight with another one in a combination of 25, 50, 75,

100 gram. I tested both sizes of the HaptiDrag device up to 100 gram and started the study

with 25 gram of weights. All participants were instructed to use their dominant hand during

the study and wear earplugs to eliminate biases from surrounding noises. I used an external

power supply in both studies to actuate the HaptiDrag at di!erent thresholds. To eliminate

the learning e!ect, I randomised the order of the test parameter combinations (a total of four

combinations) for all participants. Prior to the commencement of the actual study on each

surface and with each type of weight, each participant went through two training iterations

to familiarise themselves with both thresholds. Individuals were also given a 10-second break

in between iterations to refresh their minds. During the iteration, participants were also free

to ask the facilitator to repeat any e!ect. A total of ten people participated in each of the

two studies (static and kinetic). Of a total of ten participants, half of the ten participants
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performed experiments with lower-sized prototypes (5 cm x 5 cm) and the other half with

higher-sized ones (8 cm x 8 cm).

Figure 2.14: Participants average accuracy obtained surface wise

Following the completion of each experiment per surface and weight, participants were

asked to rate their e!ort on a 7-point Likert scale, which they exerted in distinguishing and

accurately identifying both e!ects and thresholds. On a 7-point Likert scale, 7 means no

e!ort at all and 1 indicates too much e!ort. A total of 5120 data points were collected using

the prototype (10 participants × 8 surface material × 8 iteration (4 in static case + 4 in

kinetic case) x 2 threshold points x 4 weights). The duration of the validation study was

about 2.5 hours per participant.
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(d)

(a) (b)

(c)

Figure 2.15: Participants overall average accuracy obtained per surface and weight wise
starting from a)top left: 25 gram, b) top right: 50 gram, c) bottom left: 75 gram, and d)
bottom right: 100 gram

Figure 2.16: Mean ranking orders with Standard Deviation surface wise
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2.7.3 Results

The data from the training blocks was not used in the outcome analysis. Fig. 2.14 depicts

the participant’s average accuracy per surface in each case, static and kinetic, in correctly

identifying both HaptiDrag absolute detection threshold points. The overall average accuracy

for static cases was determined to be 90%, and for kinetic cases, it was determined to be

85%. For the wood, stone, and paper categories, the average accuracy in each static and

kinetic part remains close to or greater than 90% and 85%, respectively. While the accuracy

for cement categories was found to be close to 80% in the static case and 73% in the kinetic

scenario. It is worth mentioning that the accuracy of the cement surface was less than

that of the other three categories, but not by much, so that the cement surface can be

overlooked while designing digital interactions. Fig 2.15 represent the weight wise results in

both scenario static and kinetic. As can be seen in Fig 2.15, except for the cement surface,

and even testing with di!erent weights in discerning between both thresholds in both static

and kinetic scenarios, I found no significant change in overall user perception accuracy for

other surfaces when each scenario (static and kinetic) was examined separately. However,

I discovered a slight di!erence in user perception accuracy between the kinetic and static

scenarios, as confirmed by the Friedman test (ϑ2(1) = 8, p < 0.05) and post-hoc Wilcoxon

signed-rank test (p < 0.05), indicating a statistically significant variation between the two

conditions. This di!erence was driven by the fact (i.e., post-study feedback analysis) that the

initial resistance felt by participants with respect to any weight and surfaces from HaptiDrag

in the static scenario at both thresholds was higher and di!erentiable than the resistance felt

when the HaptiDrag was in motion at both thresholds (a kinetic scenario). For this reason,

participants were able to perceive and more accurately di!erentiate between resistance e!ects

at two thresholds in the static case than in the kinetic case. I also found as per participants

post-study feedback analysis that, despite that, the resistance perceived at two thresholds

while dragging HaptiDrag over the surfaces (in the kinetic case) was less intense, but they

were still able to di!erentiate with good accuracy. Moreover, for some surfaces, it was close
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to 90%. It was due to the fact that the intensity of friction force increased significantly

in the presence of electroadhesive force compared to when there was no electroadhesive

e!ect [49]. The user study results also confirm that it was the e!ect of the electroadhesive

force (explored in technical evaluation section 5) that, whenever introduced in addition to

the normal reaction force (due to weights), caused the participants to experience di!erent

intensities of friction force from the same surface in both scenarios, namely when there

was no electroadhesive e!ect between the HaptiDrag and the surface and when there was

an electroadhesive e!ect. And, as shown in Fig 2.16, the e!ort put in by participants to

recognise both thresholds (ADT) was found to be moderate (not at all very high) in both

static and kinetic cases, according to 7-point Likert scale responses. However, according to

the responses obtained, participants put slightly more e!ort into recognising the threshold

when the device was initially in motion (i.e., a kinetic scenario) as opposed to the static case,

i.e., when the device was initially at rest.

2.8 Example Scenarios

The examples provided show how HaptiDrag can be utilised in a variety of scenarios.

Low Friction Medium Friction High Friction

HaptiDrag is attached at the bottom side of the box

Figure 2.17: Supporting the learning experience of variable intensity of friction e!ects in VR
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2.8.1 VR Scenarios

Perception of Friction:

Simulators are now being used to illustrate and teach users about abstract concepts that are

generally di"cult to grasp [50–52]. Simulators have an advantage over traditional laboratory

experiments in that they can be configured in a variety of ways and used for a variety of

purposes. Because of the benefits of simulation-based learning, I show that the HaptiDrag

device while dragging in the real world can simulate a variable-intensity friction e!ect of

di!erent surfaces in a virtual reality environment, allowing users to learn friction concepts

or experience di!erent surfaces’ roughness in virtual reality. For example, in Fig 2.17, I

showed three surfaces in a VR world. And when the user drags the light-weight corrugated

sheet prop as a counterpart to the VR box three times across all three surfaces, the user

will experience a di!erent intensity of resistance e!ect on all three surfaces. This experience

will not only increase their understanding of the concept but also enhance their engagement

with it.

2.8.2 For Visually Impaired People

Visualisation of Graph on Desktop

HaptiDrag’s integration with devices like the mouse can make graph patterns easier to vi-

sualise for visually impaired. When dragging the mouse (weight of mouse was 60 gram and

model 8) over the graph area on the screen, for example, the mouse will o!er a minimal (or

zero) drag e!ect, which makes the user’s motion perfect; however, once the mouse moves

away from the graph line, the user will encounter a high resistance e!ect through the mouse.

This experience demonstrates the potential for visually impaired people to gain confidence

by visualising the graph for better understanding Fig 2.18a.
8https://www.lenovo.com/in/en/accessories-and-monitors/keyboards-and-mice/mice/KB-MICE-BO-

300-Wireless-Mouse-WW/p/GX30K79401
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Figure 2.18: (a) Supporting graph visualisation, (b) and perception of icon while hovering
HaptiDrag over it, (c) Dragging a file

Feedback of Icon Perception While Hovering the Mouse

Another scenario is when the mouse is hovered over the icons. The mouse will give them a

lot of resistance as a signal that they’re on an icon, but no resistance in other areas (when

the cursor isn’t on icons) Fig 2.18b.

Dragging a File

When dragging a file from its place towards another folder. In this case, varying the drag

e!ect’s intensity could give visually impaired people a sense of the size of the file they’re

dragging to. When dragging, for example, a KB file will provide zero resistance, an MB

file will provide low resistance, and a GB file will provide high resistance as depicted in Fig

2.18c.

2.9 Limitations

In this research, I presented a device that can provide variable friction e!ects with respect to

real physical surfaces. Perception of friction e!ects has been investigated on flat surfaces but

not on curved surfaces. Apart from this, I excluded the following category of surfaces from

our investigation: one is metal and the other is plastic. They were not included because,

in the metallic surface case, due to the electrical nature of the device, the whole body of
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the metal surface becomes too conductive, creating discomfort, and for plastic category

surfaces like acrylic, the voltage requirement to polarise the surface was more than 3 KV.

I intend to include these types of surfaces in future work by developing a method in which

users can experience variable intensities of friction e!ects through devices without modifying

the surface texture and/or generating very high voltage to polarise these surfaces. Other

than this, the control circuit, especially the excitation circuit, which looks a little larger

in size, can be easily replaced by smaller size and lightweight IC’s 9, thus opening the

option to use HaptiDrag even for portable applications. Additionally, in future work, I

also plan to conduct studies in other environmental conditions to make the explored device

robust with respect to all environmental conditions. Another limitation of HaptiDrag is

its discharging time (as found during technical evaluation), which was approximately 1.5

seconds on paper-like surfaces, compared to under 1 second on other surfaces. While user

perception studies indicated that this delay did not significantly impact the overall experience

in standard interaction scenarios, it may become more noticeable in fast-paced applications

where immediate feedback is essential. However, this is not a major concern, as it can

be addressed by integrating an optimized RC circuit (comes in many sizes, e.g., CMOS RC

timers10) with HaptiDrag. These minor enhancements would reduce latency perception while

preserving the system’s simplicity and accessibility.

2.10 Conclusion and Future Work

Prior methods to create variable friction e!ects have primarily relied upon mechanical ap-

proaches and hence, they are di"cult to create, integrate, and programmatically regulate or

control. To this end, I proposed HaptiDrag which is a thin device that can produce di!erent

levels of drag e!ects on multiple surfaces. I hope that this will enable designers to use such

(drag) e!ects as haptic feedback to improve users’ digital interaction. The HaptiDrag func-

tionality was tested and validated in a technical and user-based study. I showed examples of
9https://www.xppower.com/product/Q?m=Q20N-5

10https://shorturl.at/BTmhq
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HaptiDrag in action, demonstrating how it can be used to create meaningful and practical

interactions. HaptiDrag will inspire designers and researchers to further explore this technol-

ogy and develop novel interactions based on the feedback capabilities it provides. HaptiDrag

will pave the way for futuristic interactions in a variety of application areas, including the

design of haptic VR controllers and tangible haptic interfaces.

We demonstrated HaptiDrag’s capability on eight di!erent types of surfaces. However,

its utility can be extended to other surfaces following the similar design methodology as

proposed in the current work. Future work can extend this utility and can further evaluate

variety of other HaptiDrag shapes and sizes, including higher weights and higher speeds.

Further, the size of the controlling board can be minimized to make it even more portable

and lightweight.
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CHAPTER 3

MOBITANGIBLES

3.1 Introduction

Numerous precision hand-held tools embedded with a miniature control exist, e.g., as shown

in Fig. 3.1, which are used in tasks like crafting, detailed engraving, precise cutting of

materials (e.g., sheets, fabrics), precise measurements, precise airbrushing. The operational

e"ciency of such hand-held tools depends on the e!ective and accurate manipulation of

their embedded miniature control. Hence, significant proficiency and extensive hands-on

experience with the miniature control of hand-held tools are necessities in order to maximize

precision and control during intricate tasks [53]. Additionally, this expertise with hand-held

tools’ miniature control empowers users to finely manipulate the tool’s functions, ensuring

accuracy and e"ciency in tasks that demand meticulous control and attention to detail [54,

55]. For instance, when precisely carving surface [56], polishing/finishing intricate jewelry

designs [57], precisely dispensing droplets in chemical reactions [58, 59], or delicately desol-

dering SMD components from PCBs/motherboards [60, 61]. Virtual reality (VR) technology

serves as an excellent training tool in various fields, from operating surgical instruments to

space mission training [62, 63]. However, using a VR device controllers for realistic training

on the intricate nuances of precise miniaturized interactions intrinsic to precision hand-held

tools, as shown in Fig. 3.1, poses a challenge as it typically o!ers only a button-pressing

experience ([64–67]).

Furthermore, existing methods, e.g., [11, 68], to enable hand-held tools’ miniature control

interaction experiences in VR also su!er from significant drawbacks in terms of prototyping

complexities. To design and prototype each precise and constrained type of miniature control

manipulation in functional form, the complexity associated with such approaches includes
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significant electronics parts and motor integration, design software-based prototyping and

extensive assembly processes, and the need for technical expertise. As a result, this presents

a significant barrier for early-stage learners who have not been exposed to such knowledge

and also for those who have limited resource availability or accessibility, particularly in low-

resource settings. As per the UNICEF report [69, 70], the population of individuals in this

category is considerably larger, especially in resource-constrained settings, compared to those

who have access to essential technical knowledge and resources.

Furthermore, numerous other studies (e.g., [14, 71–76]) have demonstrated diverse appli-

cations of their proposed hardware prototypes for simulating VR experiences across various

domains, including entertainment and gaming. However, they notably lack in simulating

hand-held tools’ miniaturized control interaction experiences in VR, which are critical for

remote working (and handling) and skill training related to such hand-held instruments be-

yond entertaining experiences [77–81]. Therefore, a solution is required that is a low-cost,

user-friendly, simple-to-use VR platform that can o!er realistic hand-held tool’s miniature

control interaction experiences and does not include such complexity in its technique.
Accordingly, in this work, I introduce MobiTangibles, a novel concept that enables hand-

held tool’s miniaturized control interaction experiences in VR. MobiTangibles, developed af-

ter a detailed analysis of over 30 commonly used precision hand-held tools, can simulate two

fundamental types of hand-held tools’ miniature control manipulation motion—specifically,

single-axis linear translation and single-axis rotation motions. At the core of MobiTangibles

lies the foundational principle of magnetic field sensing, harnessing the inherent capabilities

of modern smartphones to enable the execution of these intricate physical manipulations, i.e.,

miniature controls, within the immersive VR environment. Operating in a passive manner

without requiring external power sources, these physical manipulation proxies, namely Mo-

biTangibles, are capable of delivering authentic miniature control interactions of hand-held

tools in the VR environment. Their functionality is e!ortlessly activated by connecting them

to a smartphone, a device ubiquitous today, thus eliminating the logistical challenge of ac-
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Figure 3.1: A design space of virtual miniature controls found in precision hand-held tools
derived from 37 types of existing tools, instruments, and devices (few of them are shown in
the image). It includes two motions types as miniature control kinetic characteristics.

quiring and assembling electronic resources. This approach not only streamlines the process

of using MobiTangibles but also removes the burden or barrier associated with traditional

electronic setups, paving the way for seamless and e"cient hand-held tool’s miniaturized

interaction experiences in VR.
In summary, the contributions of this work are as follows. I introduce MobiTangibles,

portable and passive proxies for handheld tools’ miniature control that can be easily at-

tached and detached for use in VR environments. I demonstrated the robust functionality

of MobiTangibles in various conditions, highlighting the reliability of sensor signals against

interference. Results from a user study with 15 participants showed that MobiTangibles

enhance VR interaction by providing a realistic & low-fatigue manipulation experience of

miniature control of virtual tools.

3.2 Related Work

3.2.1 Physical Manipulation in VR

Previous studies in human-computer interaction (HCI) have demonstrated that tangible in-

teraction has a number of advantages over purely virtual interaction [82–84], such as better

52



task performance [72, 85–87], better spatial memory [88], and faster and more intuitive in-

teractions [62, 89–91]. As a result, many VR-related e!orts have concentrated on mimicking

various virtual objects’ functionalities by physical proxies, providing users with a realistic

and tangible experience in a virtual environment (VE). For example, Arora et al. [14] and

Feick et al. [72] introduced modular toolkits incorporating attachable/detachable blocks

pieces for making proxy related to entertainment and game domains. As by replicating var-

ious features and qualities of the virtual object, physical proxies enable users to engage in

tactile exploration and interaction, resulting in enhanced realism, presence, and fluidity in

virtual interactions [62, 72, 92–94]. Capitalizing on the advantages of tangible engagement

in VR, this work enables realistic interaction with miniature controls in VR.

Furthermore, since this design appears to be a tangible case for a smartphone combining

distinct miniaturized physical manipulations, I discovered that there are other works that

have also suggested the smartphone tangible case. After carefully reviewing each of them, I

discovered that several of the approaches (e.g., [95, 96]) are active in nature. This implies

the requirement for extra electronics around the smartphone and an additional battery (i.e.,

demand of external power) to facilitate tangible interactions. Consequently, making such

approaches less cost-e!ective, complex to develop, and adds weight to the overall case. While

passive techniques (e.g., like these [97–99]) have the following issues: first, they use complex

ML algorithms in order to recognize events connected with tangible control manipulation,

making it unsuitable for early stage prototypers or students to use directly or to build upon

(who are generally not aware of such advanced programming). Second, none of the works

have demonstrated what design space their method can accommodate. Because enabling

realistic sensations of the miniature control interactions inherent in hand-held tools in VR was

not their main goal. Moreover, none of these passive approaches—even the active kind—have

assessed their work with users on any aspects of VR (e.g., realism)—an essential step in

understanding the advantages of any approach prior to its application in VR. Apart from

that, these works, i.e., [14] and [11], have also not assessed the applicability of their technique

53



on any aspects from users, resulting in no information and details on user experiences about

how they have found these approaches while utilizing it in VR.

In order to fill this gap, I have started by demonstrating the design space from which

miniature tangible controls, or MobiTangibles, originate. Then, I have developed a functional

tangible case, or MobiTangibles case (containing MobiTangibles), based on the findings

of the design space, which enables MobiTangibles use as a miniaturized tangible control

proxy for the miniature control of precision hand-held tools in VR. Furthermore, our design

feature—using only one magnet—is novel in that it enables a variety of miniature control

manipulation experiences exhibited in this research with respect to precision hand-held tools

in VR with the least amount of resources, unlike previous research [97, 100], which requires

a magnet for every tangible input design if their method is used. As a result, our technique

also lowers the barrier from the programming side by eliminating the requirement to utilize

the sophisticated algorithm provided by [101], which must be used if more than one magnet

is included in the tangible case design in order to separate the magnetic fields between the

two magnets. Finally, I also conducted technical and user evaluations, demonstrating the

viability of our proposed MobiTangibles interface for use in VR. Table 3.1 o!ers additional

comparison between our work and other custom built physical input devices.

3.2.2 Smartphone use in VR

In the VR environments, researchers have also investigated the use of smartphones and

their sensors in recent years. For example, the Phonetroller [102] allows users to utilize

their smartphones to give precise touch input within the virtual environment. Similarly,

Lipari et al. [103] suggested a system that enables users to choose, navigate, and modify

the parameters of VR objects using their smartphone’s touchscreen. Another work is [104],

where the TMMD system projects the pose of an externally tracked phone into virtual space

and lets users choose things either through ray casting or by walking up to the objects and

using touch input to attach to them. Translating and rotating the object is then possible
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using touch gestures on the phone. While touch gestures on the phone can make it easier to

translate and rotate things, users may find it di"cult to move objects precisely due to the

absence of tactile feedback and accuracy, which can frustrate them and result in a poor user

experience. Handycast [105], another recent research work that poses such issues, utilizes the

smartphone’s touch input and other sensors to interact with and manipulate virtual items.

As the aforementioned studies enabled a variety of interactions in VR through the use of

smartphones because of its easy accessibility and ubiquitous presence. Utilizing the same

benefits, through this work I demonstrated its (i.e., smartphone) utilization towards enabling

nuanced and realistic precision hand-held tools miniature control manipulation experiences

in VR, thus extending its span of use.

3.2.3 Magnetic Field Sensing

In the field of HCI, researchers have explored various innovative techniques to input data

into the computer interface using magnetic field sensing. These methods aim to address

several issues related to user interaction. For instance, in Abracadabra [106], researchers

devised a novel input mechanism by attaching a magnet to the user’s finger, thus expanding

the input area to several times the size of the device’s screen. In another example, Nenya

[107], researchers shifted the magnet’s placement from the finger to the ring to provide

analog inputs to the interface through the same magnetic field sensing approach. Similarly,

other works, such as [108–110], utilized this sensing strategy to develop new input methods.

Similarly, I leveraged this state-of-the-art sensing technology via smartphone applications to

develop passive, lightweight miniature controls called MobiTangibles. While it is possible to

make functional MobiTangible by the use of external sensors, cables, and microcontrollers.

But the benefit that a smartphone brought to my strategy was that it transformed the

approach into an accessory, devoid of any electronics or batteries and, consequently, any sort

of assembling procedure. This made the method easy to use, adaptable to even the most

novice VR users, and ultimately inexpensive overall.
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Devices/Attributes C Cost S UA

VirtualBricks [14] M >$35 L L
Tangi [72] M >$25 L M
Haplinkage [11] M >$30 M L
Vidgets [98] H <$10 L L
ShiftIO [95] H >$50 L L
Phidgets [96] M >$20 L L
Voxelhap [68] M >$60 L M
MobiTangibles L <$10 H M
(Presented Work)

Table 3.1: Comparison with respect to custom-built physical input devices. For Complexity
(C) - Low (L): No electronics and advanced programming needed; Medium (M): Include basic
electronics and/or simple programming; High (H): Requires advanced electronics and/or
advanced programming (e.g., ML). For Scalability (S) - Low (L): Approach having limited
or no capacity for designing di!erent types of miniature physical manipulations; Medium (M):
somewhat scalable and can handle a moderate variety of miniature physical manipulations
development; High (H): can easily be adapted to design a wide range of di!erent miniature
types of physical manipulations. For User Adaptability in VR (UA) - Low (L): No
user evaluation on any parameters, lacks evaluations from user perspectives; Medium (M):
Conducted some evaluations in VR to assess feasibility from user perspectives; High (H):
Comprehensive (longitudinal) user evaluations conducted in VR to assess feasibility from
user perspectives.

3.3 MobiTangibles Mechanism

3.3.1 Working Principle

Magnetic field sensing in HCI has been extensively explored for mobile and wearable inter-

actions [111–113]. Explored approach is based on the concept that when a magnetic field

source (e.g., a magnet) is constrained to travelling solely along a straight path (e.g., L1 in

Fig. 3.2) parallel to the line L2 on which fixed point P (a magnetic field intensity measure-

ment location) is placed. Then, in such a case, the total magnitude of the magnetic field

(BT ) e!ect of magnet tracked at the same specific fixed point (P) parallel to the magnetic

field source line (L1) is thus generally given by 3.1

BT = Bm + Be = µ · m

4 · ϖ · r3 + Be (3.1)
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Figure 3.2: MobiTangibles working principle is depicted in two scenarios, A) when magnet
was at a distance ‘r1’ from point P, & B) when magnet distance from point P is changed by
bringing it to other position along the line L1 only, i.e., ‘r2’. C1 and C2 denote positions of
magnet when moved along the straight path L1, which is parallel to L2.

where, µ is magnetic permeability (constant value), m magnetic moment of magnet

(which is also constant for a magnet), ϖ is constant, r is the variable distance between

magnet and fixed point ‘P’ (which is magnetometer sensor location), and Be is environment

(earth) magnetic field. Notably, the magnet’s magnetic field (Bm) dominates the e!ect of

the Earth’s magnetic field [111]. Since the Earth’s magnetic field (Be) varies only between

22 µT and 67 µT depending on location [114], the influence of Be on point P appears to be

negligible compared to the magnet’s e!ect. This is because the magnet e!ect, on the other

hand, can exert a substantial impact of several hundred or even thousands of microteslas

(µT) as it approaches point P (as confirmed by the Section 4 findings as well).

BT ↑ µ ↓ m

4 ↓ ϖ ↓ r3 ↑ Bm (3.2)

Therefore, 3.1 can be e!ectively modified as 3.2, thus demonstrating that variations in

the magnetic field at point ‘P’ are mostly caused by changes in the distance between the

magnet and the fixed point of measurement (which, in a smartphone, would be the location
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of the magnetometer).

This is due to the fact that, in 3.2, every parameter has a constant value except distance

"r". This fine-grained understanding of magnetic field interactions at a specific location ‘P’

allowed us to design a variety of manipulation controls for smartphones (without any ex-

plicit modification to the smartphone), which are discussed in more detail in the following

section. Incredibly because it provide two benefits from smartphones: first, the magnetome-

ter sensor’s location (or point), at which the magnetic field is measured remains constant,

and second, 1-D movement can be easily achieved by moving a magnetic field source (e.g.,

a magnet) on the sides of the smartphone. With this knowledge, it can be seen that the

configuration shown in Fig. 3.2, which was used to describe the general working principle,

can be easily implemented on any smartphones. Moreover, it is also essential to note that

the magnetic field strength (BT ), as given by the above formula, is independent of any speed

term, which indicates that the obtained magnetic field strength with respect to any position

of the magnet (when moving it along a straight path, e.g., "L1" shown above) will not be

dependent on the speed with which user has moved (or shift) the magnet (e.g., through a

tangible control to which magnet is linked) to that position.

3.3.2 Design Space of Virtual Tools Miniature Controls of and Fabrication

Comprehending the kinetic dynamics of hand-held tools’ miniature control (i.e., a motion

associated with them) that exist by necessity (or are found inherently) in numerous pre-

cision hand-held tools was crucial to bringing accurate hand-held tools’ miniature control

interaction realism to VR. I looked at various types of precision hand-held tools—manually

operated and powered, using following sources, which includes previous literature [115–117],

ecommerce platforms (like Amazon), and inspirational image sources (like Pinterest and

hand-held tools websites). This was done in order to understand the kinetic dynamics

associated with the embedded miniature control that a user in reality experiences when

interacting with it in order to control or manipulate the hand-held instrument’s working
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mechanism/behaviors. After studying 37 distinct frequently used precision hand-held tools,

both manual and powered, equipped with a miniature control operated by hand that needs to

be handled carefully while operating the hand-held instrument, I discovered that the move-

ment of embedded hand-held tools’ miniature control follows a specific axis. I organized the

collected items based on the kinetic characteristics of the embedded miniature control in

hand-held tools. From this categorization, I identified two significant and frequently found

to be utilized kinetic motions, which are mainly associated with a miniature control of pre-

cision hand-held tools manipulation aspects and play a major role overall in ensuring and

providing precise control over the operation of precision hand-held tools/objects.

These miniature type kinetic motions include one is single-axis linear translation and

another is single-axis rotation, as also depicted in Fig. 3.1. These motions are the main

factor (apart from holding a tool in hand) that enable users to precisely manipulate the

precision hand-held tool parameter with their fingers while using a tool (which could be

anything like speed, air flow, temperature, vibration, focus adjustments, light intensity, part

of a tool movement). After analyzing, I also found that the single-axis rotational type

mechanism involves motion in a fixed direction and the single-axis linear type mechanism

involves to and fro straight type motion, both typically within a small range (i.e., distance).

Fabrication

In this section, I present detail on the fabrication process of these two physical miniature

manipulations within a single unit called the "MobiTangibles case", following the principles

explored in the section 3.1. I have also included real handheld tool images alongside each

proposed motion (translation and rotation) as an example (Fig. 3.3), which feature similar

miniature controls to those proposed, to enhance the understanding and visualization of the

physical interface.

• Single-axis Linear Translation Manipulation: Single-axis linear translation ma-

nipulation involves movement of miniaturized control along a straight path in any

59



Figure 3.3: "H" is a holder that is also referred to as a Slider (S) control. When H is not
connected to another tangible (for example, as shown on the right side image), "H" behaves
as a slider type miniature control. I) Above, a slider-style MobiTangible movement is shown;
II) Below, a rotary MobiTangible and its connection to "H" is shown. Both figures depict a
side view of the case. Included real tool images (as an example) with each motion to enhance
interface visualization.

direction, i.e., in forward and then backward, similar to motion as depicted in Fig. 3.1.

The slider (marked with S) manipulator operates with a small holder (marked with H)

connected to a strip (marked with S1 3.4I) along the edge of the mobile phone through

a 3D-printed groove. When the holder is pushed forward, the strip (S1, which has a

fixed magnet (M, Fig. 3.4) at its tip) shifts in the same direction, and when brought

back, it returns to its original position as shown in Fig. 3.3I.

• Single-axis Rotation Manipulation: Single-axis rotation manipulation involves

motion of a miniaturized control along a certain specific axis and only in one direction,

as depicted as an example in Fig. 3.1. It uses a rack and pinion mechanism that allows

for single-axis rotation. The circular part protruding from the rack (R) connects to one

of the holder’s joints. When the handle (H1) on the pinion (P) is rotated clockwise or

anticlockwise, the rack, connected to the holder, moves the strip (S1) with the attached

magnet forward or backward accordingly (as shown in Fig. 3.3 II).

I utilized a smaller size neodymium magnet with dimensions 10 mm x 3 mm (thickness 1
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Figure 3.4: I.) Left side: side tilted view of a 3D model is displayed; II.) Middle: side titled
view of real MobiTangibles case (with rotary) is displayed; and III.) Right: side titled view
of MobiTangibles case without rotary.

Figure 3.5: More details about each manipulation
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mm), which was attached at a distance of 4.5 cm from the top of Android [118] smartphone

(156 mm x 75 mm x 8.2 mm,), i.e., just at the tip of the strip placed in the groove. As

during pilot testing, I discovered that beyond this distance (i.e., when the magnet moved

towards the smartphone’s top corner), the magnet magnetic field e!ect began to develop at

the magnetometer sensor position (located in the smartphone almost at the middle of the

top side). In Fig. 3.4, I depict the real (attached with a smartphone) and 3D image of the

MobiTangibles case. Utilizing an Ultimaker S5 [119] and PLA material, all components of

the two manipulations (previously stated) were 3D printed. The overall dimension of the

designed MobiTangibles case (including all two proxies, i.e., "MobiTangibles") is 165 mm

(length) x 90 mm (breadth) x 12 mm (thickness), and the weight is 42 grams. Moreover,

the total cost of designing the MobiTangibles case is only $9. Other than this, the explored

working principle (section 3.1) gave the design of the MobiTangibles case another benefit.

It allowed the MobiTangibles (such as the rotary type and even other kinds as well, which

this approach can enable (section 6)) to be used in VR in a plug-and-play manner based

on the type of miniature control embedded within precision hand-held tools, which typically

feature only one type of miniature control within them (e.g., as shown in Fig. 3.1). I used

the 3M double sided thin tape for easy attaching and detaching of MobiTangibles.

3.4 Technical Evaluation

The main goal of this evaluation is to ascertain whether the MobiTangibles case supports and

functions in accordance with the previously established working principle, which states that

as the distance decreases, the magnetic field increases, and vice versa while interacting with

MobiTangibles. Furthermore, the second step is to observe the e!ect of metallic objects on

the investigated pattern, as obtained in the previous scenario. It is because MobiTangibles

operational e"ciency may experience a decline when situated in close proximity to metallic

objects, especially those with ferromagnetic properties. To assess the impact of substantial

metallic entities on MobiTangibles performance, I conducted a systematic analysis involving
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Figure 3.6: MobiTangibles testing setup.

such frequently utilized devices – a smartphone, a workstation, an air purifier, and a laptop

(akin to the reference [110]). These devices were selected due to their likelihood of coexisting

in the immediate vicinity of MobiTangibles’ case during its indoor operational scenarios.

3.4.1 Apparatus

To carry out the experiment, I used the same MobiTangibles case shown in Fig. 3.4 and an

Oppo A5s smartphone [118] to conduct all our experiments. I utilized the phyphox Android

app [120], which is freely available in both the iOS and Android App stores, to see and

record the variations in the magnetometer signal during testing. This application captures

magnetometer signals at 50 Hz, and the evaluation was conducted in a room of size 25 ft x

35 ft.
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Figure 3.7: The image above depicts the obtained magnetometer sensor reading (BT ) for
each position (C0 to C6) in the two scenarios. The readings obtained near electromagnetic
devices are on the left (I), and readings far from them are on the right (II). µT is micro
Tesla. The image III shows MDM findings for each position.

3.4.2 Exp. - 1: Magnetometer Signal Variations due to Holder Position Shifts

Procedure

In order to determine how the magnetometer signal responds to each shift in the holder’s (H)

position, I first carried out a controlled experiment. Specifically, the goal was to examine

the signal range and any emerging patterns between the magnetometer signal data (BT ) and

the positions (C0 to C6). The testing setup is depicted in Fig. 3.6, with the highlighted

spots placed equidistantly between C0 and C6 (the maximum shift in position). These

equidistantly positioned dots will also help us confirm the precise manipulation aspects of

a MobiTangible (one of the evaluation aims), which is to determine whether MobiTangibles

can be manipulated precisely. To carry out this experiment, I simply employed the linear

translation manipulator (one of the MobiTangible containing holder on top of it) and per-

formed the experiment under two scenarios. In one scenario, I carried out the experiment

near the electromagnetic devices (<5 cm), involving a workstation, and a laptop on the ta-

ble. In the second scenario, I conducted the experiment far from the electromagnetic devices

(>250 cm). In each scenario, I placed a smartphone (connected to the MobiTangibles case)

on the table surface and gathered magnetometer sensor data four times (each of 60-seconds

duration) at each point indicated on the MobiTangibles case (C0 to C6, Fig. 3.6). C0

represents the magnet’s initial location where its distance from the magnetometer sensor is
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maximum (i.e., no e!ect on the sensor), whereas C6 indicates the magnet’s distance from the

magnetometer sensor is closer. Within four data collection events related to each position in

each scenario, data was gathered two times in the vertical (portrait mode) orientation of the

smartphone and two times in the horizontal (landscape mode) position of the smartphone.

I also performed the smoothing (sample size 20) on the collected data in order to remove

any minor fluctuations (if any). The start and stop times of the data collection were also

noted when collecting data for each position and each time. It was done in order to quickly

segregate the data related to each position for further analysis. When data was collected

at a particular position (i.e., by bringing a linear MobiTangible to that position), I first

relocated the linear MobiTangible back to the C0 position before moving it on to the same

or next position. I simply recorded the magnitude variation of the magnetometer sensor

signal (BT ), as it contains the overall influence on magnetometer signal variations along all

three axes (x, y, and z). While conducting this experiment and later experiments, I used

the traditional gesture of holding miniature controls (basically MobiTangibles) involving the

index and thumb fingers because it provided stability in easily bringing the holder to the

desired position during the data collection process. I also utilized a timer because I had to

collect data for 60 seconds at each spot each time. In total, I ran 56 tests, i.e., 4 times x 7

positions (C0 to C6) x 2 situations. The total distance from C0 to C6 is 36 mm.

Additionally, I conducted a sensitivity analysis to determine minimum detectable move-

ment (MDM) for reliable miniature control interactions in VR. Using the same procedure as

used in the above experiment, data was collected at 1 mm intervals over a total distance of

6 mm between C0 and C1.

Results

After analyzing the collected smoothed sensor signal response (i.e., sensor mean value of

all data (BT ) collected) in relation to each position and scenario (as shown in Fig. 3.7), I

observed varying sensor values (BT ) corresponding to changes in position. Additionally, I
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noticed a consistent trend for both scenarios, indicating that the magnetometer sensor values

(BT ) increase with position values (i.e., from C0 to C6). Comparison of the data (as depicted

in Fig. 3.7 (I and II)) using the Wilcoxon signed rank test revealed no significant e!ect of

electromagnetic devices on the measured magnetic field intensity values for each position (z

= -0.3381, p > 0.05). Both graphs also demonstrate a similar pattern of signal change with

respect to each position. Obtained results also suggests that the sensor data (after basic

smoothing) could be used with best fit equation directly in VR to control virtual hand-held

tools’ miniature control movements through MobiTangibles without the need for complex

algorithms.

For the MDM analysis per scenario, I input each recorded magnetic field (MF) value per

position between C0 and C1 into an equation - 3.3 relating MF strength to position, yielding

predicted position values. I compared these to actual positions to calculate the error. The

analysis showed that increasing the MDM reduced the mean error across all scenarios. A

2 mm shift (for away scenario) resulted in a minimum mean error of 3.812% (S.D. 0.081),

while a 1 mm shift produced an error of 5.242% (S.D. 0.24). Fig. 3.7III shows the overall

results for both scenarios: near and away from electromagnetic devices.

3.4.3 Exp. 2: Magnetometer Signal Variability in various Scenarios

Procedure

The purpose of this evaluation is to see and validate that sensor signals (BT ) also continuously

vary throughout the position (i.e., from C0 to C6) according to the working principle when

MobiTangibles are manipulated throughout their full movement. Additionally, to observe

and verify that the range of magnetic field variation is the same throughout the testing

situations and iterations. To assess these aspects, I systematically interacted with both

types of manipulators, moving them entirely up and down twice (i.e., two iterations). While

moving, I also took intermittent stops at random points between zero (C0) and full movement

(C6) to observe signal stability. I conducted this experiment in three scenarios. In the first
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scenario, the MobiTangibles case was in the middle of the room and held in hand, far (>

250 cm) from electromagnetic devices like the workstation, laptop, and refrigerator. Second,

when the MobiTangibles case was held quite close (< 5 cm) to these devices, i.e., on a

table containing all such electrical devices (a workstation and laptop). Finally, in the third

scenario, MobiTangibles case was moved in a circular path (radius = 1 meter, within the

room) by holding it in hand, where the holding position was also getting changed after

completing one full circle (i.e., one iteration). The advantage it will provide by moving on a

circular path is that it will help us to see and evaluate the overall e!ect of change in direction

(user and device) on the magnetometer signals. As by moving in a circular path direction

by default keeps on changing. Thus, in turn, it will help us to assess the robustness of the

continuous variation in signal. And the findings from the first two scenarios will enable

us to assess any potential impact of nearby electromagnetic or metallic objects on signal

variations, contrasting with the baseline scenario where no electromagnetic devices were in

proximity to the MobiTangibles case.

I interacted with the linear translation type manipulator entirely (up and down) twice

(i.e., two iterations) with random stoppage in all three conditions by bringing (i.e., passing)

the holder from all these respective marked places. Furthermore, in each setting and itera-

tion, I changed the orientation of the phone (i.e., how it was held) during the experiment.

Because it will allow us to demonstrate that users can grip or grab the MobiTangibles case

in any way they want while engaging with the VR controls via the MobiTangibles. I simply

recorded the magnitude variation of the magnetometer sensor signal (BT ). Because there was

no control over the manipulation speed and no constraints, the speed altered automatically

each time the slider manipulator was interacted with (i.e., passed through the highlighted

spots) during the experiment. I did not want to limit it either because varying speeds will

further help illustrate the robustness and independence of the signal change. I also did not

set a speed limit while walking in a circular motion, for the same reason. Instead, normal

walking was performed (which is below, i.e., 3.52 km/h (0.98 m/sec) [121]). Following that,
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Figure 3.8: Results (raw data) for both manipulations across three scenarios.

I repeated the same process with one remaining MobiTangibles (rotary) to ensure that vari-

ations in the magnitude of the magnetometer signal are within the range discovered in the

previous study. It is because rotary MobiTangible motion is also bound to C0 and C6. I

tested rotary type MobiTangble in each of the three previously described scenarios twice to

further verify that variance with regard to this physical control is the same and consistent

throughout. With rotary control, the motion begins at C0 and progresses to C4 (which

means the pinion fully rotated in one direction) only. In total, I ran 12 tests, i.e., 2 iterations

x 2 physical controls x 3 situations.

Results

The findings from the comprehensive testing scenarios, encompassing various physical manip-

ulations of the MobiTangibles case, o!er insightful revelations into its magnetic field sensing

capabilities. Fig. 3.8 provides an overview of the magnetometer signal magnitude observed

across di!erent physical manipulations, highlighting their consistency and distinct ranges.

As depicted in Fig. 3.8, the investigations reveal a consistent and intriguing trend: the

magnetometer signal magnitude remains invariant for each type of physical manipulation,

regardless of the presence or absence of metallic objects, and even during dynamic move-

ments. This underscores the robustness of the MobiTangibles design, a"rming its ability

to deliver consistent realistic physical experience within virtual environments. A notewor-
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thy outcome of the investigation is the compelling contrast between the impact of magnet

movement within the MobiTangibles case and that of Earth’s magnetic field. Specifically,

the magnetic field’s change caused by MobiTangibles magnet motion from C0 to C6 registers

at a substantial magnitude of approximately 1800 µT, dwarfing the comparatively modest

impact of Earth’s magnetic field (Be) at the same point P, which ranges merely between 22

µT and 67 µT [111, 114]. This substantial disparity, amounting to approximately 38 times,

underscores the device’s potency in generating controlled magnetic field variations.

Furthermore, the e"cacy of MobiTangibles mechanism becomes even more apparent when

considering the signal fluctuations observed at intermediate positions. These findings demon-

strate that despite the relatively confined range of 22 µT to 67 µT characterizing Earth’s

magnetic field variations, the signal strength at intermediate positions showcases markedly

larger magnitudes, ranging from approximately 3 times (at C1) to an impressive 38 times

(at C6) the intensity of Earth’s magnetic field. This pronounced deviation accentuates the

device’s capacity to generate substantial magnetic field changes, transcending the influence

of inherent environmental factors. The observed correlation between the distance-dependent

magnetic field variations and the physical manipulations performed on MobiTangibles aligns

precisely with the premises encapsulated in 3.2. This alignment reinforces the theoretical

foundations of the device’s functionality and substantiates the exclusion of Earth’s magnetic

field. Importantly, a clear pattern emerges wherein advancing the holder’s position, such

as from C1 to C2 (or other combinations), consistently augments the signal strength. Con-

versely, backward movement, as from C6 to C5 or other combinations, consistently yields

diminished signals relative to prior positions. Furthermore, the findings unveil distinct signal

ranges for di!erent MobiTangible interactions. The slider manipulation manifests within the

constrained variance range of 50 µT to 1900 µT, while the rotary control manifests signal

variance ranging from 50 µT to 600 µT.

The implications of these results are far-reaching, suggesting avenues for both software

development and device design. The consistency of signal trends implies that developers can
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implement straightforward, lightweight methodologies (i.e., without involving any advanced

ML algorithm similar to previous approaches [97–99]) when integrating MobiTangibles cases

into virtual interactions. From a design perspective and regarding magnetometer position

and calibration, the adaptability of the MobiTangibles approach remains intact, regardless of

potential variations in magnetometer sensor placement across di!erent smartphone models.

This issue can be resolved by adjusting the magnet intensity in the code to match the phone’s

magnetometer range, calibrated during the app’s initial setup based on the phone model,

and/or by strategically relocating physical manipulations.

3.5 User Evaluation

In the VR domain, previous works have underscored the importance of physical manipula-

tion of the virtual object feature for enhancing realism, presence, and interaction fluidity [72,

93, 94, 122]. Building upon this foundation, the IRB-approved study aims to explore initial

perceptions of users towards the realism factor (akin to [64, 71]), explicitly focusing on the

realism of the manipulation process of virtual hand-held tools’ miniature control using Mo-

biTangibles. To achieve this, I compare the MobiTangibles interactions with two commonly

employed conditions in the VR world: Bare hands and VR controllers.

3.5.1 Participants

I ran this study with 15 participants (5 Females, Mean age 24, SD 4.94). Seven of our

participants reported that they had never used VR before, five had used it a few times (one

to three times a year), and three other subjects use it on a regular basis (more than 12 times

a year). The duration of the study was approximately 50 minutes per participant. The

participants were all right-handed users.

70



3.5.2 Apparatus & Conditions

There was a chair and a table in a 15 ft x 9 ft space, and I asked participants to sit on the

chair. On the table was a Lenovo laptop -Legion 5 (running a VR program in Unity3D [123], a

MobiTangibles case, and Android smartphone [118]. I used the MATLAB app [124] (available

freely on the Android Play Store) for transferring data from the mobile magnetometer sensor

(at 50 Hz) to the MATLAB program (running in the background on the laptop) connected

with the Unity3D software running on the same laptop [125]. I have employed a smoothing

filter with a window size of 20 samples in the MATLAB code to e!ectively eliminate any

potential noise on the receiving magnetometer signal from the MATLAB app running in a

smartphone (attached with a MobiTangibles case), ensuring seamless user interaction with

a virtual miniaturized control of hand-held tools.

I used the findings from Section 4.2 on magnetic field fluctuation with respect to each

position (C0-C6) to map the motion of MobiTangibles with a virtual hand-held tool’s minia-

ture control. I initially calculated the final mean value for each position (by averaging values

acquired in two scenarios per position), as there were no significant variations between the

data for each position under the two conditions. It was done to establish a one-to-one rela-

tionship between MobiTangible positions and their corresponding sensor values, as well as

to obtain the best-fit equation so that it can then be used directly in MATLAB code to link

MobiTangible movement with virtual hand-held tool’s miniature control motion.

Position = 1.65 · ln BT → 6.60 (3.3)

After analysis, I discovered the logarithmic equation - 3.3 to be the best fit between the

MobiTangibles’ positions and the associated sensor values. In Fig. 3.9, I depict a graph for

the same and obtained model coe"cient of determination value (R2) was 0.997.

Interactions working in each of the three conditions were as follows:

• With Oculus Quest controllers: The "virtual precision hand-held tool" was coupled to
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Figure 3.9: The plot above depicts significant fit between sensor values (BT ) and positions
(0 to 6) along with best fit natural logarithmic equation.

one of the VR controllers in VE and moved in VE in response to the same VR controller

movement, which is tracked. The second VR controller was utilized to manipulate the

"miniature control of virtual precision hand-held tool" (for example, to move the jaw

of the vernier caliper or to adjust air flow using the knob of hot air flow holder). To

execute the necessary hand movement gesture, the user must press and hold the trigger

button on the second Oculus controller near the miniature control.

• With Oculus Quest hand tracking: I used the Oculus Quest hand tracking capability

to track users’ hands in VR. The "virtual precision hand-held tool" was attached to

one of the hands and moved in tandem with the tracked hand. The other tracked hand

was used to manipulate the "miniature control of a virtual precision hand-held tool."

The user needs to pinch their index finger and thumb to manipulate the "miniature

control of the tool."
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• With tracked MobiTangibles case: To enable tracking of the MobiTangibles case, the

VR controller was attached to it (taking reference from following kind of works, e.g.,

[102, 126, 127]). Then, by using an appropriate MobiTangible for the application in

VE, users were required to operate the "miniature control of virtual precision hand-held

tool".

I also made use of the controller’s vibration to distinguish between powered and manual

types of precision tools. I derived this knowledge from the fact that, just as in real life, when

a powered type precision tool’s miniature control alters, the vibration that the tool provides

to the user’s hand likewise changes correspondingly (i.e., faster vibration corresponds to tool

operating at higher speed, slower vibration corresponds to tool operating at lower speed).

Therefore, in a similar manner, I also mapped the vibration intensity of the controller with

which the virtual tool was linked to the variation of miniature control of the powered-type

precision hand-held tool. This allows the user to experience distinct vibration while manip-

ulating the powered-type tools functioning as per requirements in a virtual scene through a

miniature control in both conditions (apart from the bare hands condition, in which a user

does not hold anything in hand). While for manual type precision instruments in VR, which

typically do not include any vibration in their real-world operation as well, I only employed

visual feedback in VE. I compared our three conditions’ experiences with respect to executing

two separate types of miniaturized interactions (involved in precision hand-held objects), one

of which is rotation and the other is translation. Participants wore noise-canceling headsets

in every condition to mitigate the impact of aural cues as a confounding factor.

3.5.3 Procedure

Participants interacted with six basic virtual world applications, each including one sort

of virtual precision hand-held tool, and a simple associated task involving interaction with

the virtual hand-held tools’ miniature control (as explained in the next paragraph). In

this manner, each participant interacted with six virtual applications, basically six distinct

virtual hand-held tools (Fig. 3.10) in each condition (total is three). Three of the hand-held
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Figure 3.10: Six virtual precision hand-held tools are shown, each for a di!erent VR ap-
plication. They include a vernier caliper, retractable knife, powered grinder, micrometer,
powered engraver, and hot air flow.

tools (out of six) involved precise miniaturized interaction of the single-axis linear translation

type, while the other three involved single-axis rotary manipulation.

Each of the six of these virtual environment-related tools is shown in Fig. 3.10 and their

associated virtual scene in Fig. 3.11. The following are more details regarding the basic tasks

connected to each of the six virtual applications (basically with six precision virtual tools)

that were designed: The first application (Fig. 3.10I and Fig. 3.11I) requires the vernier

caliper jaws to be adjusted (through linear miniature control) one by one according to the

thickness (indicated as small, medium, and large) of three di!erent virtual metallic plates

placed on the table surface using a caliper miniature control; the second (Fig. 3.10II and

Fig. 3.11II) in which the retractable knife blade protrusion must be adjusted one by one in

accordance with the three soft type material sheets of varying thickness (indicated as very

thin, thin, and thick) placed on the surface; a third (Fig. 3.10III and Fig. 3.11III), where a

final stage crafted ceramic sheet placed on a table surface with three di!erent size impurities
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Figure 3.11: Six VR applications corresponding to each tool are displayed. The order matches
virtual tools in Fig. 9, depicting that tool in Fig. 9(I) is only related to virtual application
shown in Fig. 10(I), and so on.

(small, medium, and large) needs to be removed as indicated in the virtual scene using a

virtual hand-held grinding machine in order to provide accurate finishing to the ceramic

sheet, wherein tool grinding speed associated with each impurity size is in terms of low,

medium, and high; a fourth (Fig. 3.10IV and Fig. 3.11IV), where the virtual micrometer

motion to be adjusted one by one according to the diameter (indicated as small, medium,

and large) of three di!erent metallic spheres placed on the table surface using a rotary

type miniature control of virtual micrometer; in the fifth part (Fig. 3.10V & Fig. 3.11V),

the virtual hand-held engraving tool speed must be adjusted in terms of low, medium, and

high as indicated against each material slab (i.e., marble (high), acrylic (medium), and mdf

(low)) so that a clear thick visible straight engraved line can be marked upon each distinct

material; in the sixth (Fig. 3.10VI and Fig. 3.11VI), the flow from the virtual hot air holder

must be adjusted (through rotary knob) one by one according to the indication of heat

requirement (in terms of low, medium, and high) against each of the three distinct smd type

IC components soldered on pcb. In order to let participants know that they have moved or

adjusted the miniature control of a virtual tool to the appropriate position (according to the

task requirement in VE), I used a color indicator in all of the virtual settings (where green

indicates correctly manipulated and orange indicates not).

I also told all participants in this study that they had to interact with all applications
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Figure 3.12: Regarding translation type miniature control: the images depicts a user inter-
action for one of the scenarios under all three settings, namely handling a virtual vernier
caliper tool and controlling its miniature control.

Figure 3.13: Regarding rotary type miniature control: the images depicts a user interaction
for one of the scenarios under all three settings, namely handling a virtual hot air flow tool
and controlling its miniature control.
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by holding the MobiTangibles case in their hand (the same instruction was followed for VR

controllers as well), similar to real-world scenarios, as in reality also users have to hold the

hand-held type tools in their hand to operate them. However, they were free to adjust the

MobiTangibles case’s and VR controllers’ holding position in their hands as they do in the

real world. I employed a randomization method (akin to, e.g., [64, 72]) to counterbalance the

order of conditions. This approach ensures that any potential order e!ects are minimized and

that the results are not biased by the sequence in which the conditions or applications were

experienced. Specifically, the sequence of the three conditions (Bare hands, VR controllers,

and with a MobiTangibles case) was randomized for each participant. Additionally, the

presentation order of the virtual applications was also randomized for each user. Each

participant was explicitly introduced to and given experience with each sort of manipulation

in relation to all three conditions during the trials (i.e., before the commencement of the

actual tests). During the trial and experiment periods, participants were free to interact with

applications in all three settings (or conditions) for as long as they wanted. While using a

linear translation type MobiTangible, a rotary MobiTangible was not connected with the

MobiTangibles case. The trial period gave them the opportunity to familiarize themselves

with VR, the study task, and the condition. They were also asked to think aloud while the

experiments were taking place, and the experimenters recorded their observations. Fig. 3.12

and Fig. 3.13 depict user interaction for each kind of manipulation (i.e., translation and

rotary).

In addition, after completing all six virtual applications in each condition, participants

completed a questionnaire form that included two questions on a seven-point Likert scale.

Specifically, the questions were: How realistic was the feeling of manipulating and interacting

with a miniature control of virtual precision hand-held tools? (Scoring: ”1 - extremely unre-

alistic” to ”7 - extremely realistic”). This question assessed the degree of realism perceived

by participants while interacting with a miniature control of virtual precision hand-held tools

with respect to each condition. How much fatigue have you experienced while manipulating a
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Figure 3.14: Questionnaire responses. Red bar is related to fatigue and Blue bar is related
to realism.

miniature control of virtual precision hand-held tools? (Scoring: ”1 - extremely high fatigue”

to ”7 - extremely low fatigue”). In total, I conducted 270 tests, involving 15 participants

who completed 6 manipulations each across 3 di!erent experimental conditions (Bare-hand,

VR controllers, and MobiTangibles).

3.5.4 Results

Fig. 3.14 shows the obtained results. I ran a non-parametric Friedman test on our two

Likert scales. There was a statistically significant di!erence in the realistic rating for slider

(ϑ̃2 (2) = 21.375, p < .00002), and rotary (ϑ̃2 (2) = 20.125, p < .00003), and so I performed

a post-hoc Wilcoxon signed rank test. I found that the MobiTangibles case performed signif-

icantly better than bare-hands condition (p < .05) in terms of realism with respect to both

manipulations. I also found that the MobiTangibles case performed better than the VR

controllers (p < .05) in terms of realism aspects with respect to both manipulations. There

was a significant di!erence in terms of realism between the bare-hands and VR controllers

for the slider (ϑ̃2 (2) = 6.75, p < .00937) and rotary (ϑ̃2 (2) = 8.3333, p < 0.00389), so I per-

formed a post-hoc Wilcoxon signed rank test. I found that VR controllers performed better

than bare-hands condition (p < .05) in terms of realism with respect to both miniaturized

manipulations. For fatigue, I found no significant di!erence between bare-hands and VR
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controllers for slider (ϑ̃2 (2) = 2.0833, p < .14891) and rotary (ϑ̃2 (2) = 3, p < .08326). I

also found that in terms of fatigue aspects, MobiTangibles case performed significantly bet-

ter (i.e., low fatigue) than bare-hands with respect to all two miniaturized manipulations:

slider (ϑ̃2 (2) = 15.5417, p < .00042), and rotary (ϑ̃2 (2) = 16.625, p < .00025), which was

later also confirmed by the post-hoc Wilcoxon signed rank test (p < .05).

3.5.5 User Feedback

Bare Hands

Participants navigating the bare-hands condition o!ered varied perspectives on the inter-

action with miniature controls of precision hand-held tools, regardless of their familiarity

with VR. Some found the freedom of such manipulations engaging, yet a common theme

emerged regarding the challenge of maintaining focused and precise hand movements. As

one participant remarked, "It was tricky to get the exact adjustments. My hand movements

didn’t always move as intended." Moreover, many participants also reported that they did

not feel like they were actually manipulating constraint kind manipulation because of no

constraints kind feeling experienced on fingers while manipulating controls in air. These

sentiments echo the findings from the results section, where realism was identified as chal-

lenges in the bare-hands condition. Additionally, users also reported experiencing fatigue in

their arms, despite the absence of any physical object to grasp which further added another

layer of complexity. Many participants’ feedback underscored this, with one expressing, "I

didn’t expect my hand to tire out. It felt like every time I was reaching for something that

wasn’t there."

VR Controllers

In contrast to the bare-hands condition, participants using VR controllers noted a sense of

holding an object. However, they encountered di"culties in achieving a high level of realism

due to the dual demands of handling the controllers and interacting with virtual content.
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A participant noted, "The VR controller added a sense of weight, but there was not much

feeling that I am interacting with constrained type manipulations as appear in the virtual

environment". Another participant stated that “ It felt like there is a clear gap between what

I was doing with the controller and what I expected in my thought to do with such miniature

controls of tools". Participants also noted that using instruments like a knife and a grinder,

which they expected to handle naturally with one hand, felt highly unrealistic with VR

controllers.

MobiTangibles

The introduction of the MobiTangibles case brought about a notable transformation in the

user experience. Participants universally reported a direct and realistic interaction with vir-

tual miniature controls of hand-held tools, replicating the sensation of adjusting parameters

of real-world precision hand-held tools. As one participant articulated, "With MobiTangibles,

it felt like I was actually holding the tool and manipulating its parameters as I expected. The

tactile feedback from the slider and rotary controls made it easier to achieve precise adjust-

ments." Furthermore, an additional participant stated, "I could easily control the knife blade

motion just with a single hand similar to how I interact in real life." Additionally, many

participants expressed positive feedback, by reporting that "MobiTangibles provided better

understanding of handling and manipulating hand-held tools’ miniature controls". These par-

ticipants’ feedback aligns with the results showcasing the significant improvement in realism

with MobiTangibles. Unlike the previous bare-hands condition, the absence of reported fa-

tigue by participants further strengthens the case for tangible controls, as another participant

mentioned, "I could manipulate the controls comfortably. There was no strain, and inter-

acting with the miniature controls felt much more natural." – attributing it to the device’s

design and support for various manipulations, which allowed for satisfied and comfortable

manipulation of miniature controls in VR. These insights emphasize the superiority of Mo-

biTangibles in providing realistic and comfortable interaction experiences with miniature
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controls of hand-held tools in VR, addressing the challenges identified in the bare hand and

VR controller conditions. In essence, the participants’ comments shed light on the nuances

of each condition where MobiTangibles emerged as a preferred solution for miniaturized

tangible control interaction experiences in VR. This demonstrates that MobiTangibles can

bridge the gap between virtual and real-world hand-tool’s miniature control manipulation

experiences. Furthermore, this research aligns with the work of Bossavit et al. [128], who em-

phasized the significance of employing appropriate metaphors. According to their findings,

individuals tend to grasp (and learn) a technique more swiftly if it shares similarities with

familiar actions or operations. This finding also underscores the value of selecting relatable

metaphors in the learning and interaction process. Overall, these findings confirm MobiTan-

gibles’ potential and its uses in revolutionizing VR training and operations for high-precision

tasks (e.g., crafting, engraving, measurements, etc.) where traditional controllers fall short

in providing necessary realistic fine motor control.

3.6 Limitations and Future Work

While MobiTangibles presents a robust solution for hand-held tools’ miniature control inter-

action, it is essential to acknowledge certain limitations. Firstly, magnets pose a potential

risk to certain objects like credit cards and magnetic hard disks, as noted in previous studies

[97, 113]. However, modern mobile devices’ flash memories and IC chips on credit cards are

una!ected by magnets. Second, it is not possible to use all MobiTangibles simultaneously.

Future development may enable multi-dimensional and multi-modal input capabilities. One

possible way to achieve this is by optimizing the design, utilizing the mobile phone case’s

surface area for specific motions, and employing pattern recognition techniques like Inde-

pendent Component Analysis to di!erentiate between tangible signals. Third, although the

experiments showed no significant e!ect of electromagnetic devices, strong magnetic fields

or objects in environment could still interfere with device’s functionality. Future work could

involve testing device in various strong magnetic field zones to better understand the impact
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Figure 3.15: Fig. I shows MobiTangibles case with linear stretchable controls; Fig. II displays
Fig. I real image. Figs. III & IV show 3D and actual images of push-button controls. Fig.
V displays all connectable MobiTangibles.

of such interferences on system performance. Fourth, we did not use validated questionnaires

like NASA-TLX and SUS, opting instead for streamlined evaluation methods based on re-

cent works (e.g., [64, 71, 80]). This choice was made because administering and analyzing

data from NASA-TLX and SUS assessments can be time-consuming and resource-intensive.

The method I opted for has been common and acceptable for such analysis as highlighted by

recent literature. In future endeavors, these assessment tools could be utilized to comprehen-

sively evaluate user cognitive load, performance, and usability. Fifth, I did not compare our

approach with other constrained input methods. While the evaluation aligned with common

practices in the field, e.g., [64, 72, 80], it may limit the comprehensiveness of the findings.

Future work can conduct a comprehensive evaluation by comparing with constrained input

methods. Sixth, the presented low-fidelity approach does not fully replicate shapes of preci-

sion hand-held tools in VE. Future work could enhance fidelity of tool representation for a

more accurate virtual experience.

Looking ahead, future endeavors in such miniaturized interaction experience domain may

encompass refining the design of MobiTangibles and broadening its support for other kinds

of hand-held tools’ miniature manipulation experiences as well. While there could be many

types of MobiTangibles designs, as an example of possible future paths for developing the
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idea, I provided two further designs of miniaturized controls based on the explored design

approach. This not only demonstrates the technique’s versatility in o!ering an authentic

experience of a variety of miniature controls in VR, but it also lays the groundwork for

future research into di!erent types of MobiTangibles design. The below-presented designs

are related to the following types of miniature control: one is push-button, and another is

linear variable stretching.

• Stretching Type MobiTangible: This type of MobiTangible uses a compressed

spring within an enclosure (E), whose exposed end connects to the holder. As the

holder (H) is stretched backward, the attached strip (S1) with a magnet moves in

the same direction. Upon release, it swiftly returns to its original position, allowing

for a realistic experience of a miniature control manipulation involving stretching &

releasing actions (Fig. 3.15 I & II).

• Push Button Type MobiTangible: A part of a button (B) connects to the holder

(H), as shown in Fig. 3.15 (III & IV). When the button is pressed, the holder (H)

moves downward, causing the strip (S1) with the magnet to move backward. Upon

release, the combination returns to its original position, simulating the button’s press

and release action.

Moreover, in future work, additional research could be conducted on longitudinal user

studies to gain greater insight into the impact of MobiTangibles on users’ learning experiences

in VR connected to the e"cient manipulation aspects of the hand-held tools miniature

control. This study could assess the impact of the practical application of knowledge acquired

in VR environments towards e"ciently utilizing such precision hand-held tools on a given

task. In addition, further research could include comparison studies examining the di!erences

between learning in virtual environments and traditional, in-person settings.
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3.7 Conclusion

In conclusion, in this work I introduces MobiTangibles from the perspective of enabling

simplified miniature input device prototyping in VR, a novel concept that enables preci-

sion hand-held tools’ miniaturized control interaction experiences in VR, beneficial for skill

training and hand-held tools’ understanding. Users using MobiTangibles can physically ex-

perience and interact with various kinds of miniature controls of precision hand-held tools

(or similar objects) involving motions, e.g., translation, rotation. The explored approach

o!ers users a passive, lightweight, easy-to-use, easy-to-setup, and portable means to ex-

perience and engage in various physical miniaturized interactions with precision hand-held

tools within the VR environment. This research includes a rigorous technical evaluation

that not only demonstrates the strong correlation between magnetic field variations and the

performance of MobiTangibles but also a"rms the device’s robustness against potential elec-

tromagnetic interference. This validation underscores its technical reliability, particularly in

indoor settings. Additionally, this work user-centric evaluation findings highlight MobiTan-

gibles’ capacity to deliver enhanced realism while interacting with miniaturized controls of

precision hand-held tools in VR, making it the preferred choice among the participants.
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CHAPTER 4

EXPLORING MAGNETIC FIELD SHIELDING AS AN INPUT-SENSING

TECHNIQUE

4.1 Introduction

In the ever-evolving field of human–computer interaction (HCI), the pursuit of innovative

input-sensing methods plays a prominent role in research endeavors. Just like the fabrica-

tion toolkit empowers users with various options, such as 3D printing [129–131], laser cutting

[132], circuit printing [133, 134], and vacuum forming [135, 136], to create prototypes based

on their skills and available resources, the diversification of input sensing methods becomes

essential. This diversification allows users to adapt to alternative approaches when faced

with challenges, such as during early-stage prototyping, or when a particular input-sensing

method becomes less reliable due to constraints in resources or complexity. Moreover, a

wide range of input-sensing methods fosters the development of intuitive and e"cient user

interactions with digital devices and applications, serving as critical conduits between users

and digital environments. For example, ultrasonic sensing, originally explored in the early

1930s for object detection and distance measurement, has now gained widespread adoption in

HCI, facilitating functions like hand [137, 138] and face [139] gesture-based control. Another

notable example is electrical impedance tomography, which was first developed as a medical

imaging technique in the late 1970s but has now been found to used for HCI applications.

These applications include detecting human touch on surfaces [140] (or paper [141]) as well

as various hand gestures [142]. Similarly, techniques such as frustrated total internal reflec-

tion (FTIR; which provides a unique way of detecting touch [143]) and spectroscopy [144],

originally developed for specific purposes 50–60 years ago, have found new uses in diverse

HCI applications. These technologies enhance human interaction with digital information
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(or objects) in captivating ways. The field of HCI, which is constantly evolving, requires

continuous innovation in input-sensing techniques. These techniques are crucial for provid-

ing users with flexible and e"cient ways to interact with digital environments, ensuring an

intuitive, responsive, and immersive experience. Existing methods, including ultrasonic and

spectroscopy-based sensing as well as established capacitive sensing [145], continually push

the boundaries of interactive technology.

This study introduces a new approach to input sensing by utilizing magnetic field shield-

ing (MFS) principles. In previous instances, MFS has mainly been used to protect sensitive

materials from magnetic interference and reduce the impact of magnetic fields on existing

sensors, such as electronic devices and human health [146, 147]. For instance, in the case

of earphones, a magnetic shield is strategically included in the design to contain the mag-

netic field within the casing, thus avoiding prolonged exposure of human ears to magnetic

field strengths that may pose potential health risks [148]. A similar protective measure is

observed in smartphone styluses, where a magnetic shield is incorporated within or on the

surface of the stylus. This shield e!ectively protects external objects, such as IC cards and

flash storage devices, from magnetic interference that may originate from the magnet within

the stylus [112]. Notably, Liang et al. showcased the application of MFS in their GaussStones

project [149]. In this project, MFS was utilized to safeguard electronic components and pre-

vent any potential interference caused by magnetic fields. Traditionally, MFS has primarily

been investigated in the fields of electronics and materials science for protective purposes.

However, despite these advancements, the potential of MFS as an input-sensing

method remains largely unexplored.

To address this gap, this study investigates the potential of MFS to facilitate input

sensing, utilizing the inherent characteristics of magnetic fields. I explore the theoreti-

cal foundations of MFS and provide a detailed explanation of its technical implementation

methodology. Additionally, I present empirical evidence that demonstrates the e!ectiveness

of MFS as an input-sensing technique through controlled experiments. By capturing vari-
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ations in the signal of the sensor (i.e., magnetometer) using both basic programming logic

and advanced machine learning techniques, the experiments highlight the practical value of

the MFS approach for input sensing. The findings demonstrated that the MFS method can

be utilized to create input in any form, i.e., binary/analog and also indicate that variable-

type metal shields can also be easily classified with more than 94% accuracy. As a result, it

not only demonstrates MFS’s e!ectiveness for researchers, designers, and innovators, which

they can leverage to investigate new innovative interaction paradigms and potential interac-

tive interfaces (e.g., in gaming, entertainment, and novel artifacts), but it also provides an

economical means for early-stage prototyping of passive yet functional input controls.

4.2 Related Work

In the field of input sensing, numerous approaches have emerged over the years, each sig-

nificantly impacting user interactions and interface technologies. This diversity allows re-

searchers and designers to explore innovative ways of interacting with devices and environ-

ments, potentially leading to the development of groundbreaking applications, as noted by

Hinckley et al. [150]. Moreover, it enables user customization by empowering them to choose

input methods that align with their preferences and requirements [151, 152]. For instance,

capacitive sensing [153], which originated in the early 1960s, initially focused on proximity

detection and touchscreens. However, with the advent of smartphones and tablets, it became

crucial in HCI, introducing touch-based gestures and multi-touch capabilities, thereby revo-

lutionizing modern touchscreen technology. Modern magnetic field sensing technology [154],

rooted in principles of magnetism dating back centuries, emerged in the mid-20th century. It

has gained importance in HCI, particularly as an input method for specialized applications

such as stylus devices [112] and smart rings [107]. By detecting changes in magnetic fields

caused by the movement of magnets, this technology enables precise and controlled user

interactions. This capability is especially beneficial in scenarios like digital drawing (e.g., in

AR or VR environments) using hand gestures [155] and ensuring unhindered user interaction
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Figure 4.1: Illustration of magnetic field shielding mechanism: (A) without a metal shield
and (B) with metal shield.

with digital devices [106] such as smartwatches and smartphones.

In this study, I investigated MFS as a new method for input sensing, which represents

an innovative frontier in HCI. Similar to previous approaches that initially focused on spe-

cific functions but ultimately revolutionized HCI with groundbreaking human–technology

interactions, MFS holds potential for an exciting new phase in this ever-evolving field. This

emerging method of input sensing will allow researchers and designers to push the bound-

aries of technological interaction in various contexts, encouraging the development of novel

interaction patterns and potentially transformative interfaces.

4.3 Magnetic Field Shielding Mechanism

MFS is a common method used to protect electronic components from electromagnetic (EM)

interference. This process involves encasing the object, which could be anything from elec-

tronic components to other sensitive items, with a metallic shield. By positioning the metal

casing or a portion of it between the object and the magnetic field lines, the magnetic field

is redirected; it passes over the surface but does not permeate the shield, thus reducing the

object’s exposure to the magnetic field, as illustrated in [149] and depicted in Figure 4.1.
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Figure 4.2: Experiment testing procedure

The only prerequisite for MFS is that the metal shield must contain ferromagnetic materials,

e.g., iron or nickel 1. I conducted experiments to investigate the impact of ferromagnetic

metal shielding on a magnetic field measuring instrument. Specifically, the objective was to

determine how variations in the thickness and geometry of metallic sheets a!ect the variation

in magnetic intensity signals detected by the instrument. Importantly, I did not generate

the magnetic field using magnets during these studies. Instead, I utilized the Earth’s mag-

netic field, which is always present and can be easily detected by any magnetometer. This

approach eliminated the need to arrange resources such as magnets and the requirement to

precisely control the intensity of the magnetic field. It is important to note that the decision

not to use a magnet was not due to limitations, but rather to emphasize the versatility of

the MFS approach for input sensing.

I used di!erent types of materials, specifically magnetic shields, to explore the ques-

tions mentioned earlier. These materials included various metal sheets of di!erent shapes

and thicknesses, as shown in Figure 4.3 (first row). To measure and observe the e!ects

of these di!erent metal plates, I used a smartphone 2 as a measuring instrument. I chose

smartphones because they are widely available, and almost all smartphones nowadays have

a magnetometer sensor that can measure magnetic fields. While any demagnetised material

having maximum ferromagnetic content could have been used for testing, I chose to use

coated nickel metal sheets with a nickel content of more than 80%. These sheets were se-
1https://www.kjmagnetics.com/blog.asp?p=magnetic-shielding-materials
2https://www.oppo.com/en/smartphones/series-a/a5s/
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lected due to their widespread availability both online 3, and o#ine. To create metal sheets

with di!erent thicknesses, I stacked and taped together five sheets of similar thickness but

varying lengths, as shown in Figure 4.3 (marked with 4). Each sheet used in the experiment

had the overall dimensions of 30 mm (length) × 10 mm (width) × 0.15 mm (thickness of

one sheet). I evaluated the method of shielding the magnetic field (also called as MFS) for

input sensing by conducting tests near commonly encountered electromagnetic devices, such

as a workstation, laptop, and air purifier (Dyson), all of which were turned on (akin to the

reference [155]). Testing in the presence of electromagnetic devices allowed us to observe

how the sensor signal varied when magnetic shields (metal plates) were present or absent.

During the testing, I held the smartphone in my hand, as shown in Figure 4.2, so that I

could conduct the experiment close to the electromagnetic devices (within 30 cm of each).

In each case, I placed the metal sheet on top of a mobile phone and slid it across the

surface. While sliding, one end of the metal sheet was securely pressed through a finger

against the top edge of the mobile phone (position C in Figure 4.2). To monitor and record

any changes in magnetometer signals, I used the Phyphox App 4, which is freely available

on both the Android Play Store and iOS store. The app’s default sample rate, set at 50 Hz,

was used to record sensor data. In addition, the app includes a timer function that allows for

setting the experiment duration. Before starting each experiment, I set the timer and then

pressed the start button of the app. This procedure was consistently followed for all tests

conducted with each metal plate (a total of 4). The experiment was limited to a duration of

20 seconds. During the first five seconds, I collected only raw sensor data without a metal

plate present. After that, for the remaining 15 seconds, I slid the metal sheet across the

entire surface of the mobile phone, starting just before the designated magnetometer sensor

point (position A in Figure 4.2), continuing until the metal sheet reached the opposite end

of the mobile phone (position B in Figure 4.2), and then retracing back to position A, as

shown in the figure.
3https://maccmodels.co.uk/shop/0-015-nickel-silver-sheet-12-x-6/
4https://phyphox.org/
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Figure 4.3: First row depicts types of metal shields, and second row demonstrate the obtained
experiment results (raw, i.e., unfiltered signals sensor data).

4.3.1 Findings

In this study, I thoroughly examined the method of shielding the magnetic field as a technique

for input sensing. The results of our investigation are presented in Figure 4.3 with meticulous

detail. The obtained findings were extremely significant: the magnetometer signals showed

fluctuations whenever a metal sheet, used as a shield, was placed near the sensor. However,

the analysis went beyond this observations, revealing a more complex relationship between

these variations and two important factors: the thickness and variability in shape of the

metal sheet. This discovery is summarized in the fourth column of Figure 4.3 in terms of

thickness variability and in the first, second, and third columns in relation to shape. The

findings illustrate the fluctuations in magnetometer signals across all four distinct metal

plates. It was also observed that in the absence of any shielding (i.e., metal plate) placed

on top of the sensor, the magnetometer signals remained stable within the timeframe of 0

to 5 seconds. However, upon the introduction of metal sheets, a noticeable alteration in the

magnetometer signals occurred within the period of 5 to 20 seconds.
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This suggests that modifying the thickness or shape of the metal sheet directly impacts

the magnetometer signal, albeit in di!erent ways. An advantageous aspect of this discovery

is that specialized tools are unnecessary for cutting these metal sheets into various shapes

due to their thinness. Ordinary scissors, commonly found in labs, homes, and other spaces,

are su"cient for the task. Furthermore, even in the presence of electromagnetic devices,

signal variation in each of the four scenarios remained resilient, highlighting the e!ectiveness

of the MFS approach for input sensing. The potential applications of this discovery are

limitless, opening up possibilities for the design and development of customized interactive

interfaces and also in the rapid prototyping process of interactive controls for creators and

beyond.

Given the well-documented benefits of tangible interaction, as explained by Ishi et al.

[83], and building on previous research such as [97, 156], which introduced an interactive

desktop smartphone case with tangible controls, I have adopted this established framework.

Based on the experimental results, we have designed specific tangible inputs enclosed in a

casing as described in Section III-B to examine and validate the e!ectiveness of MFS as a

real-time input method. The ultimate aim consisted of two primary objectives.

First, the investigation aimed to determine if the change in sensor signal caused by a metal

shield, when used for any type of input (e.g., binary or analog), could be easily detected using

a simple programming approach. Regarding binary input, the focus was on determining if

the magnetometer sensor signal, along any axis, consistently shows a significant deviation

from its baseline whenever a metal shield approaches the sensor.

Conversely, when examining the behavior of an analog type associated with a metal

shield, the objective was to identify consistent and distinctive patterns and variations in the

magnetometer sensor signal across any axis when the shield is moved close to the sensor

in one direction. For example, moving the metal shield in one direction might increase in

sensor signal response, while movement in the opposite direction could lead to a decrease

in signal strength. Specifically focusing on analog aspects, I aimed to investigate whether
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the magnitude of these variations at each position, relative to the baseline, can be discerned

and e!ectively used to detect the shift in the metal shield from its initial position using

a straightforward logical approach. Second, I aimed to investigate if it is also feasible to

classify distinct metal shields when brought near the magnetometer sensor.

4.3.2 Design of Inputs Based on Magnetic Field Shielding

I built three di!erent types of fundamental tangibles as inputs, taking inspiration from [97]

and [156], and embedded them in a smartphone table-stand case, which includes a slider,

a rotary, and a push-button in order to technically evaluate both questions, as mentioned

before. Each of these tangibles is associated with a distinct kind of metal plate (i.e., shield).

In this section, I provided and displayed in digital form the actual construction process of

all three distinct tangible modalities and their integration process within the case, one by

one, below. This demonstration also illustrates how MFS approach (basically ferromagnetic

material) can be utilized to design and develop various types of tangible controls, providing an

additional avenue for low-threshold prototyping of such controls. Furthermore, because such

metal shields are very thin and have sharp corners, sliding them, in the same way, every time

accurately on the mobile top boundary through hand, basically fingers, may cause additional

discomfort, as I discovered and experienced in the pilot testing, to any participant during

technical evaluations (Sections IV-A to IV-C) and the data collection process (Section IV-D).

Consequently, further reasons for leveraging a tangible approach were as follows, in addition

to showing how metal shields can be utilized to prototype physical (i.e., tangible) controls

of any type (binary or analog) as a low-threshold alternative for early-stage prototyping.

First, to ensure consistency in the metal sliding over the smartphone’s top boundary while

investigating MFS as an input method; second, to minimize the potential of human error

in the data-gathering process of metal shields, which could stem from the user’s irregular

movements of the metal shield; and third, to guarantee user safety from the sharp edges of

the metal shield.
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• Push button (Figure 4.4, parts 1 and 3): This design features a push button suitable

for integration into any side of a case. The design incorporates a groove along the case

edge to accommodate a thin metal sheet (0.15 mm), with one end floating and the

other attached to a physical push object. The physical push object resides within a

small enclosure depicted in Figure 4.4, part 3, sky-blue color, and is equipped with a

spring to constrain its movement within a specific area. The push button functions as

follows: when the physical push button is depressed, the metal plate will obstruct the

sensor, thus activating it (ON), and upon release, the spring-induced recoil force will

restore the metal plate to its original position, thus deactivating the sensor (OFF).

The advantage which it can provide is that button can be employed to handle various

actions in an application, e.g., like answering a call while wearing gloves or shooting in

a game to prevent screen occlusion. This can be accomplished by easily programming

the system (device) to identify signals associated with a variety of button presses,

including single, double, and long presses (one such example is presented in Section

4.4.3). Each form of press will be associated with a specific action, thereby guaranteeing

a user-friendly and seamless interface.

• Slider (linear translation manipulation) (Figure 4.4, part 1): The slider design necessi-

tated the use of a thin, rectangular object (blue color) produced through 3D printing.

As depicted in Figure 4.4, part 1, this object serves as an attachment point for both

a slider widget and a metal plate (connected to the object endpoint). As the slider

widget moves forward and backward, the shape of the metal plate linked to the object

also adjusts accordingly. This movement causes the magnetometer sensor readings to

vary, as a new portion of the metal shield covers the sensor, e!ectively transforming

this tangible into an analog input device. It can be employed to translate items lin-

early, such as adjusting the position of a rocket in a game or controlling brightness

while reading or watching a movie without obstructing the smartphone touchscreen.
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Figure 4.4: Design of tangible inputs based on magnetic field shielding.

• Rotary (rotation manipulation) (Figure 4.4, parts 1 and 3): The rotary mechanism,

similar to reference 5, utilizes a rack and pinion system of the helical type. The metal

plate is a"xed to the tip of the rack. When the pinion rotates clockwise or coun-

terclockwise, the rack experiences linear motion. This movement of the rack, whether

forward or backward initially, corresponds to the motion of the triangular-shaped metal

plate linked to it. As a result, a variable portion of the metal shield, connected to the

rack, moves in front of the sensor, leading to adjustments in the magnetometer sensor

readings. This e!ectively converts it into an analog-type input widget.

For the push button, I used a metal strip that was 0.15 mm thick, as shown in Figure 4.5

(M1). The metal strips with the same thickness, which were used for the slider and rotary

controls (analog in nature), are depicted in Figure 4.5 (M2 and M3). Figure 4.4 (part 1)

demonstrates how di!erent input types can be easily prototyped using the MFS method.

Additionally, Figure 4.4 (part 1) shows the initial position of the metal plates when no
5https://www.youtube.com/watch?v=U4wsiaOAnRQ
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Figure 4.5: The designed passive widget case with integrated button, slider, and rotating
widgets is shown in the first row. Images are displayed (in first row) from various angles, as
well as by placing the smart device within the case. Metal plate linked with each type of
tangible control are shown in the second row.

physical controls are being manipulated. Figures 4.5 (a and b) provide a 3D visualization of

how the three di!erent physical controls are assembled and integrated within the table-stand

case, while Figures 4.5 (c and d) present actual images of the smartphone table-stand case

prototype. Apart from the metal plates, all components of the smartphone table-stand case

were produced using 3D printing. However, it is worth noting that this technique does not

exclude the use of alternative low-cost technologies, such as laser cutting, for creating the

smartphone table-stand case prototype. Furthermore, a physical control can be placed on

any side of the smartphone cover, as there are no limitations on using any size of metal plates

inside the case depending on the position of the magnetometer sensor (which can be located

anywhere on the top edge of a smartphone). The overall measurements of the designed

smartphone table-stand case (including all three physical controls) are 165 mm (length) ×

90 mm (width) × 15 mm (thickness), and it weighs 45 grams.
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4.4 Technical Evaluation

To comprehensively assess the e!ectiveness and strength of the methodology, I set three

main objectives for the technical evaluation. First, I aimed to evaluate the consistency and

reliability of variations in magnetometer sensor data across all axes when exposed to binary

and analog interactions with artificially created physical controls. These controls consisted of

metal shields housed within a table-stand case. Second, I aimed to utilize previous research

findings to manipulate virtual objects in real-time, to confirm that the observed changes

in sensor signals during interactions with metal shields, as reported in prior studies, can

be detected through basic programming logic. Additionally, I sought to determine the ca-

pability of di!erentiating between three types of physical interactions—button, rotary, and

sliders—created using three di!erent types of metals, and measured using the magnetome-

ter in mobile phone devices. For the evaluations, I used the prototype tangible interface

shown in Figure 4.5c, as it meets the required criteria. It includes metal shields in both

binary (push-button) and analog (slider and rotary) formats, as well as various types of

metal shields within the case. Additionally, it provides safety against thin metal sheets

and o!ers other advantages described in Section III-B, ensuring a smooth and precise data

collection process. All assessments were conducted under controlled conditions, taking into

account factors such as the influence of electromagnetic devices (similar to Section III-A)

and smartphone orientations when attached to a table-stand case.

The combination of the smartphone with the case was securely positioned or held, re-

sembling the stability of conventional table-stands, e.g., 6 7. This setup ensured consistency

and relevance in the evaluations, aligning with previous research e!orts, e.g., [97]. In daily

routines also, smartphones often remain stationary during various interactions, whether held

in hand or placed on a surface. Users engage in tasks such as reading, messaging, sketch-

ing, watching videos, analyzing documents, browsing, taking photographs, and participating
6https://rb.gy/iw68n
7https://rb.gy/emjhp
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Figure 4.6: The plot illustrates the observed signal variation (always on the right) alongside
the baseline data (always on the left) for 20 binary interactions across various conditions
and smartphone orientations.

in video conferences (e.g., Meet calls) [157, 158]. Research by Eardley et al. [158, 159]

indicates that users adopt stable configurations or resting positions while using their smart-

phones. These postures typically fall into one of three standard classes: standing, lying

down, or sitting at a table with arms resting.

4.4.1 Variations in Magnetometer Sensor Data for Binary Type Interaction

Experiment Objective

The purpose of this experiment is to ascertain whether magnetometer sensor data consis-

tently fluctuate in response to the utilization of a metal shield for binary input.
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Experimental Setup and Conditions

The experiment involved a single user conducting tests within a laboratory setting, utilizing

a smartphone11 connected to a table stand, as depicted in Figure 4.5. The same application

employed in Section III-A was utilized, recording data at a rate of 50 Hz. Two distinct condi-

tions were tested: proximity to electromagnetic devices (< 10 cm), including a workstation,

laptop, and air purifier, all operational; and distancing from electromagnetic devices (> 250

cm). Data collection occurred in two primary orientations for each condition: vertical (por-

trait) and horizontal (landscape) placement of the phone on the table. This setup facilitated

the examination of sensor signal variations concerning electromagnetic devices and phone

orientations. For binary interaction with a metal shield, the push button of a tangible case

connected to the metal shield was utilized.

Experimental Procedure

In each condition, "Near" and "Away," and for each of the two phone orientations, the exper-

iment began with the collection of 10-minute baseline data from the magnetometer sensor

(across all three axes), while the phone (with attached case) remained untouched. The

baseline data was recorded when no metal plates were near the sensor. Subsequently, the

researcher interacted with the binary tangible (connected to the metal shield) 20 times.

This process was repeated for the other orientation and condition, with another 10-minute

baseline data collection preceding 20 interactions with the push button. To ensure distinct

sensor data for each interaction, the researcher maintained temporal gaps between each full

interaction and held the push button for a brief period before release to capture any new

sensor data. I documented the start and stop times for each interaction. By recording data

across all three sensor axes, I aimed to identify consistent behavior irrespective of conditions

or orientations. Subsequently, I applied a standard noise removal process from magnetome-

ter data by applying a moving average smoothing with a 20-sample window. The findings,

derived from this analysis, are presented in the subsequent section.
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Figure 4.7: The plots illustrate the deviation of each magnetometer sensor axis from its
baseline during binary interactions. The abbreviations “H” and “V” denote horizontal and
vertical phone orientations, respectively, while “N” (near) and “A” (away) indicate proxim-
ity to and distance from electromagnetic equipment, respectively. For example, the “NH”
condition represents the phone attached to the case placed horizontally near electromag-
netic equipment. Negative and positive values is because a magnetometer detects both field
strength and direction.

Table 4.1: t-Test Results for Magnetometer Sensor Axes

X Y Z

NH t19 = 4.309, p < 0.05 t19 = 3.97, p < 0.05 t19 = 10.20, p < 0.05
NV t19 = 8.417, p < 0.05 t19 = →2.3, p < 0.05 t19 = 16.26, p < 0.05
AH t19 = 10.8, p < 0.05 t19 = →2.16, p < 0.05 t19 = 16.63, p < 0.05
AV t19 = 7.07, p < 0.05 t19 = 4.77, p < 0.05 t19 = 8.54, p < 0.05

Findings

Figure 4.6 illustrates the observed signal variation (always on the right) alongside the baseline

data (always on the left) for 20 binary interactions across various conditions and smartphone

orientations. Further, the plots given in figure 4.7 depict the deviation of each magnetometer

sensor axis from its baseline during binary interactions, in all four scenarios of interactions.

We first tested the normality of data samples collected under various conditions and orien-

tations using the Shapiro–Wilk test. All 20 binary events within each sensor axis exhibited

a normal distribution (p > 0.05). Following this, we performed one-sample one-tailed t-tests

across all four scenarios, considering two conditions each in two orientations, to ascertain if

the variations of the binary interactions significantly exceeded the baseline data. This analy-
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sis was performed for all three axes of magnetometer data. The t-tests unveiled statistically

significant disparities across all four conditions within each sensor axis. The statistical results

for all scenarios are summarized in Table 4.1. The results depicted in Figure 4.7 demon-

strate that, regardless of the smartphone’s placement or orientation, one of its sensor axes

consistently responded to the presence of a nearby metal plate, triggered by pressing a push

button. In essence, the analysis demonstrated that the data from all three axes were consis-

tently and significantly greater than the baseline across all four scenarios, providing robust

evidence of the impact of the binary interactions.

4.4.2 Variations in Magnetometer Data for Analog Interaction with Metal Shield

Experiment Objective

The purpose of this experiment is to confirm the consistency and detectability of variations

in magnetometer signals corresponding to the movement of a metal shield across its range

of motion.

Experimental Setup and Conditions

The data collection setup and experimental conditions were analogous to those detailed

earlier in Section IV-A2.

Experimental Procedure

In each condition, a user placed the phone (attached to the case) in one of the orientations and

interacted with analog-type tangible controls (rotary and slider). The user was instructed to

collect baseline data for the first 3 minutes without interacting with any tangible controls.

After this period, two iterations of interaction were performed with each tangible control

linked to a metal shield. Each iteration involved moving the tangible control from its neutral

position (C0) to a marked intermediate or end position and then back to the neutral position

before moving it to the next position (see figure 4.8). This ensured accurate recording of
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Figure 4.8: Testing Setup

magnetometer signals associated with each position. The testing setup is shown in Figure

4.8, which depicts 5 positions for slider tangible between its zero and full movement and 3

positions for rotary tangible. The advantage of these marked positions is that they will allow

the user to easily move the metal shield variably on the smartphone top boundary every time

through an analog control near the sensor between its zero to the entire movement.

During each iteration, the user engaged naturally, maintaining a temporal gap before

returning the control to its initial position (C0) and when shifting it to another position.

This allowed recording of sensor data variations for each position and visualizing signals

associated with position changes for analysis. The user performed two back-to-back iterations

for each type of analog control in each orientation and condition. After collecting data twice

for each position in each condition and orientation, it was stored before repeating the step.

This process enabled the collection of signals for both phone orientations and conditions

for both types of metal shields linked to analog tangible controls, a slider, and a rotary.

After collecting all data related to both metal shields in the abovementioned conditions, I
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Figure 4.9: Initial baseline data (starting approx 3 minutes) for each sensor axis, with respect
to each condition and orientation, is displayed with the obtained unfiltered input signals for
slider tangible control movements. Five distinct patterns, corresponding to 5 distinct slider
positions C1- C5, can be observed on x-axis after 3 minutes baseline data (i.e., till 200
seconds) irrespective of any condition and orientation of the phone, while on other sensor
axes (y and z) at the same time, i.e., when sensor x-axis demonstrate pattern related to a
particular position, some variation can be observed with respect to their respective baseline
data.

first performed the smoothing process using 20 samples of window size, then performed the

analysis and presented the findings in the following section.

In total, I collected 40 sensor signal data points for the slider-type widget (2 times sensor

signal data per position x 5 positions x 2 orientations x 2 conditions). For the rotary-type

widget, 24 sensor signal data points (2 times sensor signal data per position x 3 positions x

2 orientations x 2 conditions) were recorded. In other words, I collected 8 sample data per

position (2 times sensor signal data per position x 2 orientations x 2 conditions) per sensor

axis. The objective is to analyze how the sample data for each position deviates from the

baseline and other positions within each sensor axis. To achieve this, I used baseline-adjusted

data for analysis, which involved adjusting each axis sample data according to Equation 4.1.

Adjusted_values_sensoraxis = Realvalue → Basevalue (4.1)
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Figure 4.10: Initial baseline data (starting approx 3 minutes) for each sensor axis, with
respect to each condition and orientation, is displayed alongside the obtained unfiltered input
signals for rotary tangible control movements. Three distinct patterns, corresponding to 3
distinct rotary positions C1- C3, can be observed on z-axis after 3 minutes baseline data (i.e.,
till 200 seconds) irrespective of any condition and orientation of the phone, while on other
sensor axes (x and y) at the same time, i.e., when sensor z-axis demonstrate pattern related
to a particular position, some variation can be observed with respect to their respective
baseline data.

Findings

As shown in Figures 4.9 and 4.10, I observed that the magnetometer sensor axes, X, Y, and

Z, exhibited variations in their measured magnetic field data during analog-type interactions,

i.e., while collecting data for each position, with each metal shield through an analog control,

regardless of the conditions, near or far, and orientations of the smartphone, whether portrait

or landscape. To gain a deeper understanding of the data and determine which sensor axis

contains the most significant and reliable information, I conducted a numerical analysis of

the collected data samples for each position relative to each sensor axis for both types of

analog interactions, a slider and a rotary.

First, I evaluated the normality of the data samples for each position, C1 to C5 for slider

and C1 to C3 for rotary, concerning each sensor axis using the Shapiro–Wilk test. The

results of the Shapiro–Wilk test indicated (p > 0.05) that the data samples for each position
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Figure 4.11: Each plot depicts, with respect to each sensor axis, the variations in sensor
signal obtained from their respective baseline in relation to each slider tangible position (C1-
C5).

with respect to each of the three axes (X, Y, and Z) were normally distributed for both types

of analog interaction (slider and rotary). Based on these findings, we proceeded to conduct

further analysis of the data associated with slider and rotary-type tangible interactions.

For the slider (figure 4.11), after confirming the normality of the data samples related

to each position (C1 to C5) with respect to each sensor axis using the Shapiro-Wilk test, I

conducted a one-way ANOVA test to compare the means of the data samples across posi-

tions with respect to each sensor axis to which data samples are associated. The ANOVA

results revealed a statistically significant di!erence among the means of the data samples

across positions with respect to the sensor X axis (F (4, 35) = 522.75, p < .0001). How-

ever, the test reported no statistically significant di!erence among the means of the data

samples across positions with respect to the sensor Y (F (4, 35) = 0.314, p > .05) and Z

(F (4, 35) = 0.0581, p > .05) axis. Hence, we performed post hoc analysis using Tukey’s

Honestly Significant Di!erence (HSD) test only on the sensor X-axis data samples to in-

vestigate further if any specific di!erences exist between the data samples of each position.

The results of the Tukey HSD test confirmed (p < 0.05) that significant di!erences between

the data samples of each position exist. These findings suggest that the data samples from

di!erent positions exhibit distinct characteristics with respect to sensor X axis. However,

the data samples from di!erent positions exhibit similar characteristics with respect to the
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Figure 4.12: Each plot depicts, with respect to each sensor axis, the variations in sensor
signal obtained from their respective baseline in relation to each rotary tangible position
(C1- C3).

sensor Y and Z axes.

When analyzing the rotary tangible data (figure 4.12), I found that the ANOVA re-

sults revealed a statistically significant di!erence among the means of the data samples

across positions with respect to the sensor Z axis (F (2, 21) = 462.93, p < .0001). How-

ever, the test reported no statistically significant di!erence among the means of the data

samples across positions with respect to the sensor X (F (2, 21) = 0.8422, p > .05) and Y

(F (2, 21) = 0.67573, p > .05) axes. Hence, I performed post hoc analysis using Tukey’s Hon-

estly Significant Di!erence (HSD) test only on the sensor Z-axis data samples. The results

of the Tukey HSD test (p < 0.05) confirmed that there are significant di!erences between the

data samples of each position. These findings suggest that the data samples from di!erent

positions exhibit distinct characteristics with respect to sensor Z. However, the data samples

from di!erent positions exhibit similar characteristics with respect to the sensor X and Y

axes.

The statistical findings from Figures 4.11 & 4.12, supported by qualitative evidence from

Figures 4.9 & 4.10, indicate that sensor X-axis data corresponds directly to the slider’s

position, while sensor Z-axis data corresponds directly to the rotary mechanism’s position.

These findings are highly valuable for early-stage prototypers, as they demonstrate that

signal changes are easily noticeable and consistent on at least one axis of the sensor. This
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approachable technique thus also shows that, during the early phases of ideation, creators

may rapidly prototype low-fidelity analog inputs using metal shields alone.

4.4.3 Utilizing Signal Variations from Tangible Inputs for Interactive Applications

Experimental Objective

The objective of this experiment was to demonstrate the practical significance of the pre-

ceding section’s findings, namely, the real use of a metal shield for digital interaction in

both binary and analog forms using straightforward programming logic. I utilized the same

tangible case (refer to Fig. 4.5 c) because it involves the utilization of metal shields in both

binary and analog forms.

Experimental Setup and Procedure

To validate this concept, I made a program using MIT App Inventor 8. This choice was

motivated by several factors. Firstly, MIT App Inventor is renowned for its user-friendly in-

terface, catering to a wide range of users, from students embarking on their learning journey

to seasoned researchers engaged in prototyping applications. Second, the MIT tool pro-

vides seamless integration with smartphone sensors, enabling the development of interactive

applications based on sensor data inputs.

Two applications were designed to demonstrate the potential utility of MFS approach as

another low-threshold alternative for early-stage prototyping. The first application aimed to

validate if a virtual object within the App could be controlled in an analog manner. In this

scenario, a rocket character was introduced in the App, and its positioning in space could

be controlled linearly (i.e., up and down) through interaction with an analog control. Out

of the two available analog controls, the slider was randomly chosen for use.

Based on the previous findings concerning the slider-type control, the x-axis data of the

magnetometer sensor was used in MIT App Inventor for this analog application. Using the
8https://appinventor.mit.edu/
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findings from the previous section, which showed that the slider corresponded to a maximum

sensor signal change of approximately 12 µT from the baseline, I developed the logic for the

slider control. In this logic, I mapped the movement of the rocket character from its starting

position to full movement based on the change in magnetometer sensor X-axis values ranging

from 0 to 12 µT.

The second application aimed to validate if the App could easily detect signal changes

as binary events associated with any single-event actions. In this case, a static ball (Meteor)

was placed in the virtual space. The ball would start moving within the virtual environment

whenever the physical push button on the smartphone table-stand case was pressed. The

overall application and MIT App Inventor-based designed code is shown in Figure 4.13 A and

B. While implementing the binary logic in the MIT App as per the findings of the previous

section related to binary input where I found the maximum shift of approximately 6 µT in

magnetometer sensor z axis, I used the threshold of 3 µT (although any other value could

also be used). Therefore, whenever the sensor signal on the magnetometer Z-axis exceeded 3

µT, the Meteor would start moving in space; otherwise, it would remain in its initial position.

I know that changing the position a!ects the Earth’s magnetic field readings. Hence, I also

examined how well the method can handle changes in the orientation and position of the table

(or phone) stand case. Since, real-world users might place or hold the case in various ways, I

(basically a researcher) conducted tests in two situations: holding the case and placing it on a

table. When adjusting the case’s position, I recorded the initial magnetometer sensor values

and incorporated this data into the mobile application. However, fluctuations in Earth’s

magnetic field readings resulting from changes in position or orientation are unlikely to pose

significant challenges for facilitating tangible interaction in real-world scenarios. In real-time

settings, it is feasible to seamlessly integrate magnetometer data with gyroscope information

to capture alterations in orientation. Additionally, accelerometer data can e!ectively manage

shifts in position. During real-time operation, magnetometer readings linked to changes in

orientation or position can be readily disregarded. Once the object’s position stabilizes, the
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Figure 4.13: Application is shown on left hand side (A). MIT App inventor code is shown
on right hand side (B).

current magnetometer readings can be conveniently established as the new baseline value, a

solution also proposed in previous works [160, 161]. Additionally, for the analog case, utilizing

the previous stored information related to widget position and current changes in signal value

from baseline, the new shift/widget position can be easily identified. In conclusion, in this

experiment, I aimed to explore and simultaneously also demonstrate the potential of utilizing

signal variations from tangible inputs for interactive applications without using any advanced

algorithms (i.e., from a quick prototyping perspective).

Findings

During real-time testing of the designed App (Figure 4.13), I observed that virtual characters

could be e!ortlessly manipulated using the corresponding tangible controls. When the push

button was pressed, the ball initiated movement in the virtual space. Similarly, when the

slider was moved in a forward or backward direction, the associated virtual object, in this

case, a rocket, mirrored this movement. Additionally, I observed that interaction with the

tangible input to control the virtual character in the App was consistently e!ective, regardless

of whether the case was held in hand or placed on the table. Moreover, the results from
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all three experiments highlight a crucial insight for prototyping: Earth’s magnetic field can

serve as a viable resource for constructing tangible interactions. This resource proved to be

functional and valuable across a range of common resting configurations, irrespective of user

location (indoor or outdoor), as highlighted in previous references [157, 158]. Hence, this

discovery holds substantial importance from a prototyping perspective, o!ering a versatile,

freely accessible, and omnipresent resource for designing interactive systems.

4.4.4 Classifying Tangible Controls with Machine Learning

In the previous three assessments, I showed how the variations can be used in magnetometer

sensor readings for input interaction, both in binary and analog formats. However, the

experiments also revealed that each metal shield produces a unique pattern in magnetometer

sensor readings. This led us to realize that these di!erences in signals, which come from the

di!erent shapes of the metal shields, could be used as input for a digital system. This could

be accomplished by linking each pattern to a specific digital interaction. In particular, in

this experiment, I aimed to explore distinct crucial aspects of the MFS method as an input

sensing by addressing the following inquiries:

• Is it possible to accurately di!erentiate between various tangible controls?

• How do basic machine learning techniques accurately classify tangible control types?

• How well does the model function in a user-independent setting?

Before conducting the classification test for tangible interaction types, I performed a

statistical test to determine and confirm the significance of signal variations between di!erent

interactions. I positioned the phone on the table and collected 30 sample data for each

tangible control. Additionally, I gathered sensor baseline data for 15 minutes. The sample

data were separated using start and stop times, with each interaction lasting until 30 points

were collected. Each tangible control was fully interacted with by a single user to gather all

30 samples.
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Figure 4.14: Each plot depicts, with respect to each sensor axis, the variations in sensor
signal obtained from the baseline in relation to each type of tangible interaction performed.

Figure 4.14 depicts the baseline and tangibles interaction magnetometer signals obtained

for each axis. After confirming the normality of the data samples across all tangible inter-

actions, including baseline, with respect to each sensor axis using the Shapiro-Wilk test (p

> 0.05), a one-way ANOVA test was conducted to compare the means of the data samples

across tangible interaction, including baseline. The ANOVA results indicated a statistically

significant di!erence among the means of the data samples across all tangible interactions, in-

cluding baseline, with respect to each sensor axis, i.e., X (F (3, 116) = 669.02739, p < .0001),

Y (F (3, 116) = 67.25106, p < .0001), and Z (F (3, 116) = 623.07099, p < .0001). Sub-

sequently, post hoc analysis using Tukey’s Honestly Significant Di!erence (HSD) test was

performed, revealing that significant di!erences exist (p < .05) between the data samples

across all tangible interactions, including baseline, with respect to each sensor axis. In other

words, these findings suggest that the data samples from distinct metal shields exhibit dis-

tinct characteristics with respect to each sensor axis. These initial tests’ results aided my

comprehension by illustrating that tangible interaction (i.e., tangibles linked with distinct

ferromagnetic metal sheets) can also be classified. This encouraged us to do a comprehensive

analysis, which is described in the following subsections.
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Figure 4.15: Classification pipeline overview

Overall Pipeline / System Design

The software of my system primarily consists of a recognition algorithm, which is further

divided into the following components: continuous extraction, processing of one-second win-

dows from the magnetometer data stream, and a classifier to identify the type of interacting

tangible controls, as shown in Figure 4.15.

• Preprocessing - Initially, a sliding window procedure with a duration of 1 second,

chosen experimentally as mentioned before, with a step size of 500 milliseconds was

executed on the incoming sensor signals. The magnetometer signals were baseline-

adjusted and filtered using Savitzky- Golay and Butterworth filters to remove low-

frequency and high-frequency noise.

• Features extraction and selection - Temporal and frequency domain features were

extracted from denoised signals. Time domain features comprised mean, standard de-

viation, median absolute deviation, maximum and minimum values, signal magnitude

area, and energy. Frequency domain features were obtained via discrete fourier trans-

form, including mean frequency, skewness, kurtosis, and band energy. The feature set
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Table 4.2: Top 10 selected features names and descriptions

Feature name Feature description

max_x Maximum value of X-axis signal
sma_x Signal magnitude area of X-axis signal

mean_x Mean value of X-axis signal

energy_x Sum of the squares divided by the number of
values of X-axis of signal

min_x Minimum value of X-axis of signal

bandenergy_x Energy of a frequency interval of the
DFT of each window of X-axis signal

meanfreq_x
Weighted average of the frequency components

to obtain a mean frequency of X-axis
signal

std_z Standard deviation of Z-axis signal

meanfreq_z Weighted average of the frequency components
to obtain a mean frequency of Z-axis signal

std_x Standard deviation of the X-axis of signal

comprised 7-time domain and 4 frequency domain features, resulting in a 33-feature

vector (11 features per axis X 3 axes) for 3D magnetometer data. Minimum Redun-

dancy Maximum Relevance (mRMR) [162] algorithm was used for the feature selection

to optimize inference time during deployment. I identified the top 10 most significant

features and, similar to [99], used them for further classification analysis. Only the X

and Z axis features were deemed significant. The features identified are listed in Table

4.2.

• Classification - The algorithm should be capable of classifying distinct metal shield

types (basically tangible widgets). The designed algorithm employs the ExtraTrees

classifier for the classification stage, which was chosen after comparing its recognition

accuracy (using a 10-fold cross-validation method on the collected data) with the top

5 best-performing classification models using the PyCaret library 9. The performance

of all the top 5 best-performing classification models is presented in Figure 4.16 A.
9https://pycaret.org/
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Evaluation Process

During the evaluation, I used the Oppo smartphone 10 and the smartphone table-stand case

prototype shown in Fig. 4.8, which included binary (a push button) and analog (a slider

and a rotary) widgets.

• Participants: Ten right-handed participants (average age: 26.4, three female, SD: 9.6)

were recruited to participate in this study. All of them participated voluntarily after

informed consent. The experiments adhered to the ethical guidelines set by Internal

Review Board (IRB).

• Setup: The research took place in the same room as the previous study. Participants

were seated in a chair and asked to engage with physical controls, which were integrated

into a table-stand case. They interacted with a smartphone, which was connected to

this prototype table-stand case, in two di!erent scenarios: one where the smartphone

was resting on the table, and the other when it was held in their hand. The setup

for this study involved the use of an Android smartphone, and a smartphone table-

stand case prototype, as illustrated in Figure 4.8. Data collection was facilitated by

an Android application (Phyphox) that included a timer function.The selection of this

particular case prototype was based on its inclusion of distinct types of metal plates,

i.e., shields, and because of its advantages as mentioned before, which it will provide

during the data collection process. Particularly in minimizing the potential for human

error in the data-gathering process of metal shields, which could stem from the user’s

irregular movements of the metal shield.

• Design and Procedure: Each participant was initially asked to sit in front of the

study setup, which was placed on a desk. The setup consisted of a mobile phone

and a smartphone table-stand case. Before the formal session commenced, one of the

researchers provided each participant with a training session to help them become
10https://www.oppo.com/en/smartphones/series-a/a5s/specs/
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acquainted with how to use and interact with all the physical controls. Following this

training, the participants were instructed to perform five consecutive, complete cycles

of using all three physical controls, namely, slider, rotary, and binary, on the prototype

smartphone table-stand case. They could choose any of the available scenarios for

this practice. The primary goal of this brief practical session was to ensure that the

participants were comfortable with how these physical controls worked. After this

initial familiarization, the participants were guided to engage in 20 complete cycles

of interaction with each of the physical controls. To perform 20 cycles with a metal

shield linked with a slider and rotary controls, this involved performing both upward

and downward movements of these tangible controls. While 20 cycles related to a

metal shield associated with push button involved a full press and release action of

push button. These interactions took place in both the "hand" and "table" scenarios.

Participants had the freedom to interact with various tangible controls (i.e., input

devices) and complete a total of 20 interactions in any order they preferred. I didn’t

regulate how they held the combination of the phone and its table-stand case. Instead,

we simply asked them to adopt a comfortable and stable posture while using these

tangible controls. I collected data from these tangible controls using Phyphox android

application. To make sense of this data, participants were instructed to enter the

name of the tangible control they interacted with, such as "slider," into the Android

app after each interaction. This step helped us identify the type of signals recorded

during these interactions. To help with data segmentation, participants were guided to

start their interaction with the tangible control at the 5-second mark indicated by the

app. When they finished, they were required to press the stop button on a timer. After

every 20 interactions, participants were given a 5-minute break. In total, I collected

and analyzed data from 1200 interactions, involving 10 participants, three types of

metal shields each linked with one kind of widget, two scenarios (handheld and on a

table), and 20 repetitions. The entire study, including all the outlined procedures, took

115



approximately 40 minutes for each participant to complete.

• Dataset and Annotation: Upon completion of the study, two researchers meticu-

lously reviewed the collected data, specifically focusing on the tangible control signals.

Their objective was to determine the initiation and termination points of each par-

ticipant’s interaction with the widgets. In terms of interaction duration, the shortest

recorded duration was 0.47 seconds, related to the button tangible input and on the

other hand, the longest duration observed was 980 milliseconds. These observations

indicate that participants may require varying amounts of time to complete a push-

button interaction. To standardize the data segmentation, it was decided to use 1-

second segments. These segments were extracted from the complete signal cycles of

the slider and rotary tangible controls, starting from their respective initiation points

and ending at their termination points. To facilitate data organization and preparation

for analysis, a data-gathering app was utilized during the experiment. This app al-

lowed participants to label the clipped segments with the name of the tangible control

they were interacting with. Ultimately, I collected an average of 382 labeled segments

per participant, totaling 3820 segments for 10 participants. In addition, I incorpo-

rated time-shifted windows (50% overlap) of these labeled segments for augmenting

our dataset, resulting in a total of 5748 labeled segments.

Evaluation Findings

We used learning-based predictive analysis on the acquired data to support the exploration of

the research questions. This section outlines the analysis techniques employed and presents

the findings from several testing scenarios.

• Tangible Controls Classification- The objective of this evaluation was to evaluate

the e!ectiveness of the classification model in distinguishing between various types of

tangible controls that a user interacts with. To assess the performance of the chosen
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Figure 4.16: A.) Recognition accuracy (and F1) under various prediction methods, B) Con-
fusion matrix for the best model (ExtraTrees classifier) on the best fold. Each values in
matrix are in percentage.

ExtraTrees classifier, a 10-fold cross-validation method was employed. The data were

divided into training and testing sets at the user level, with nine users’ data (5173

samples) allocated for training and one user’s data (575 samples) for testing. The

confusion matrix for the classifier is presented in Figure 4.16(B). The obtained weighted

F1 score was 0.94, and the classification accuracy was 94.3%. I also performed the

Mann-Whitney U Test on our 10-fold cross-validation accuracy. I found that the

obtained accuracy is significantly higher than the accuracy in classification by chance

(U = 11, Z = 3.74185, p < 0.05). In essence, this represent that the selected model

performed significantly better than classification by chance (25% probability for four-

class classification), thereby indicative of a highly accurate tangible inputs classification

system. Furthermore, this discovery also validates that the distinct metal shield, having

di!erent geometries, provides distinct signal patterns that can be utilized as an input

to the digital system.

• Universality- Universality measures whether a current model applies to a wide range

of users. The obtained accuracy results also demonstrated the robustness of the clas-

sification model, ExtraTrees Classifier, against other factors such as the speed with

which users interacted with tangibles. This is due to the fact that the data I gathered
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and on which the model is tested also includes hidden information about each user’s

rate of widget interaction.

4.5 Example Applications of Magnetic Field Shielding

Previously, I showed technically that the sensor produces noticeable changes anytime ferro-

magnetic material is introduced (i.e., slide) close to the magnetometer, whether in an analog

fashion (section 4.2) or a binary fashion (section 4.1). Additionally, I verified that, with the

help of a straightforward programming technique (section 4.3), it is possible to use the signal

variation (i.e., obtained findings of section 4.1 and 4.2) produced by the ferromagnetic mate-

rial in magnetometer signals to prototype any kind of functional tangible control, whether it

be in binary or analog form. In addition to demonstrating the e"cacy of the ferromagnetic

material (known as the magnetic shielding approach) in prototyping the input interaction

in any form, i.e., binary or analog type within the tangible user interface domain, now in

this section, I demonstrate its applicability (i.e., towards generating inputs in any form like

binary or analog) with common daily use objects as well. The advantage which our explored

finding provides beyond low-threshold prototyping of tangible control is that it can be ap-

plied to extend the use of such daily use objects for giving digital input of any type (i.e.,

binary or analog) beyond their primary use without instrumenting them. To demonstrate

that with such objects that involve ferromagnetic material content users can utilize it to give

input in any form (i.e., binary or analog), I arranged two widely used objects in our daily

lives. The first object is the Stylus-type ballpoint pen, a versatile writing tool that also func-

tions as a stylus for precise interaction with touchscreens. The second category encompasses

regular rings, in which materials like iron, nickel, or cobalt are commonly utilized. People

wear these rings as jewelry for their fashion and occasions or for their personal interests.

Particularly, I was interested in demonstrating how ferromagnetic material-related objects

could also be used to conduct an analog and binary sort of interaction with digital device

when they were introduced, i.e., slide, in a manner akin to the way the metal sheet moved
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near to the sensor. By binary interaction, I mean that when such objects are brought near

the sensor for a second or so, they cause a significant change in the sensor signal. And by

analog interaction, I mean that when these objects are slid near the sensor in a variable

manner, akin to a metal sheet sliding on the top edge of a smartphone within a case, a

distinct pattern of signal changes emerges.

Furthermore, I presented another application of my prototyped tangible case from a

VR perspective, which features distinct, tangible controls such as a slider and a rotary knob

(i.e., in a miniature form). I demonstrated, in contrast to VR controllers (typically capturing

buttoned input only [64]), how this passive tangible case could also serve as a proxy for a

precision hand-held tool’s miniature control by users, o!ering a valuable and low-cost way for

experiencing realism when manipulating a miniature control of virtual precision hand-held

tools such as vernier calipers and micrometers.

4.5.1 Stylus-type ballpoint pen

Today, pens with integrated stylus features have become commonplace, resembling ballpoint

pens but also incorporating a conductive foam rubber at their rear end. This allows users to

transition between writing notes and controlling touchscreens seamlessly. However, beyond

touchscreen control, such pens often lack additional functionalities, such as the ability to

adjust light intensity without direct touchscreen interaction.

Some pens, as illustrated in Figure 4.17 (A or B) and represented in 11 12 13, already

incorporate ferromagnetic type material. Additionally, for pens lacking such material 14,

introducing ferromagnetic-type metal plates (e.g., nickel, iron, cobalt) onto or within the

pen can enhance its capabilities without requiring electronic components. With such a pen

in hand, users can e!ortlessly adjust screen brightness while reading or drawing by sliding

the pen along the top edge of the smartphone. Furthermore, rapidly sliding up and down (or
11https://rb.gy/t"x9
12https://rb.gy/f129x
13https://rb.gy/enbf3
14https://rb.gy/s8oyt
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Figure 4.17: Regarding the Stylus-type ballpoint pen, A1 and B1 represent single-tap signal
responses (magnetometer x-axis), while A2 and B2 represent responses to sliding gestures
(magnetometer x-axis). A and B figures depict di!erent orientation of the smartphone in
which interaction occurred.

touching on the top boundary) the same pen within a short duration, say, within a second,

can be recognized as a binary input by the mobile device. This capability can be harnessed,

for instance, to swiftly capture snapshots of the displayed content on touchscreen while

reading or conducting an analysis, eliminating the need to exert e!ort on pressing multiple

smartphone buttons simultaneously or executing additional gestures on the touchscreen.

Overall such additional features are particularly advantageous, as previous traditional

methods are associated with two significant issues: one they create occlusion issues and

second disturb (i.e., disrupt) focus when reading, drawing, analyzing or intensely focused on

some digital content.

In Figure 4.17 (A & B), I depict a stylus-type ballpoint pen equipped with stylus func-

tionality at one end and containing a magnetic shield inside it (i.e., surface is of ferromagnetic

material type). Without changing or adding anything on the pen surface, I conducted two

evaluations: one involved swiftly touching the pen on the top boundary, and the other was
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a slower back-and-forth sliding motion of a pen. These evaluations were performed in two

smartphone orientations. The results (as shown in Figure - 4.17 (A1, A2, B1, B2) and in the

video) displayed substantial signal variations between the two pen interactions due to the

presence of the metallic shield within the pen. Moreover, both orientations exhibited similar

signal patterns (significantly on magnetometer x-axis) for each type of pen interaction on

the top boundary. This a"rms the potential of the stylus-type ballpoint pen to facilitate

additional types of interactions, as previously mentioned.

4.5.2 Unlocking Digital Interactions with Fashionable Rings

In the realm of fashion and personal preference, people often wear rings on their fingers,

ranging from one to several. Materials like nickel, iron, and cobalt are frequently employed

in crafting unique and stylish rings [163–165], catering to a wide array of fashion tastes and

individual interests 15 16 17. However, beyond their ornamental value, these rings do not

typically serve any digital interaction purpose.

My approach can introduce a novel dimension of digital interaction, enabling such rings to

be utilized for input without any alteration to the user or the ring itself. To demonstrate and

confirm it, I conducted assessments by wearing an iron ring first on the thumb and then on the

index finger. These assessments included three types of interaction using a ring: first, a tap at

the middle of the top boundary; second, a swift double-tap; and third, a sliding motion along

the top boundary. To check its robustness, I conducted the evaluation in two orientations

of the smartphone (shown in Figure - 4.18 A & B) near the electromagnetic devices. While

interacting with a handheld smartphone in all three ways and both orientations, I recorded

(using the App) corresponding signal variations for analysis.

The results (as shown in Figure - 4.18 (A1, B1) and in the shared video) indicate distinc-

tive signal patterns for each of the three interactions. Moreover, both orientations exhibited
15https://rb.gy/ycmfi
16https://t.ly/sIXwR
17http://abi0l9.lnkiy.in/0tb2J
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Figure 4.18: Regular ring-based interaction depicted in A and B, representing ring interaction
using di!erent fingers and orientations, while A1 and B1 represent the corresponding signal
responses (magnetometer x-axis) for various interactions occurred.

similar signal changes on the magnetometer x-axis for each of the three types of interac-

tion (tap, double tap, and slide). These findings underscore the potential for using these

commonly worn rings for digital interaction, enhancing their practical utility beyond mere

adornment. For instance, a user taking a photograph can employ their fashionable ring for a

single-tap input to capture a photo without adjusting their grip on the phone, and execute a

swift double-tap to switch camera modes. Another scenario involves a user reclining in bed

while watching a movie. A double-tap allows for fast-forwarding, while a single-tap starts

or pauses the movie without direct screen contact, streamlining content engagement. Addi-

tionally, in situations where a user’s hand is wet from activities like cleaning, the ring-based

single and double-tap input can be used to answer a call and activate the speaker, preventing

potential damage to the smartphone screen.

4.5.3 Experience of a Miniature Control Manipulation in VR

The concept of interaction with a virtual object or its feature in VR suggests that physical

and cognitive interaction with virtual information, such as through tangible interfaces, en-
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Figure 4.19

hances people’s comprehension of the information being manipulated. Studies [72, 94, 122])

have already shown that tangible interfaces promote natural interaction, are faster and more

intuitive to use, and benefit human spatial memory. In the same vein, I discover the po-

tential to interact with a miniature control of virtual engineering tools through the physical

controls of a designed case, providing a realistic experience while manipulating them in vir-

tual reality. Examples of engineering tools associated with miniature manipulation include

vernier calipers and retractable knives, which have linear translation motion of their embed-

ded miniature control, and micrometers and spherometers, which have rotary motion along

a single axis of their embedded miniature control. One can easily interact, experience, and

receive training on the use (i.e., manipulating and handling aspects) of a miniature control of

numerous hand-held engineering instruments by using the case miniature controls as proxies

in VR. Figure 4.19 (A and B) illustrates the use of embedded distinct types of miniature

control, such as rotary and slider within a case, to genuinely experience the manipulation

aspects of a virtual miniature control of hand-held tools in VR.

4.6 Discussion, Implications, and Limitations

This study confirms the e!ectiveness of the MFS approach, utilizing ferromagnetic materials,

as an innovative input sensing technique. Through systematic exploration of various metal

shields, I consistently observed significant signal changes, demonstrating MFS’s potential

for use as an input technique with digital devices to create diverse types of inputs, whether
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binary or analog. This highlights MFS’s reliability in prototyping tangible interactions with

digital systems, expanding possibilities for input design in HCI.

Beyond experimental validation, obtained findings hold practical implications for re-

searchers/ designers/practitioners in HCI and product development. First, the research

demonstrates the potential of ferromagnetic materials as input mechanisms for smart de-

vices, opening up avenues for exploration across diverse domains such as interactive artifacts

and installations. Second, the findings also hold significant implications for industries pro-

ducing metallic-type wearable/handheld items. By incorporating ferromagnetic materials

into the body of objects such as metallic pens (e.g., metal body pen 18) or fashionable rings

(e.g., stylish iron ring 19), these items can be transformed into functional input devices, elim-

inating the need for electronics or magnets, which demand extra space and can increase the

product’s cost. Third, the simplicity and accessibility of the MFS technique facilitate rapid

prototyping, enabling the creation of functional tangible controls during the ideation phase

without the need for advanced algorithms. Fourth, to the best of the knowledge, this is the

first work demonstrating the use of Earth’s magnetic field for prototyping tangible inputs.

It will encourage future researchers to use this free, ubiquitous resource instead of magnets

such as neodymium because prior studies have revealed that continous exposure to magnets’

magnetic fields might have negative health e!ects [146, 148].

Moving forward, several limitations must be addressed for expanding the implementa-

tions in diverse real-world settings. Future research should explore the generalizability of the

MFS approach across diverse applications, considering di!erent mobile devices, the impact

of a strong magnetic field zone due to permanent magnets, and environmental factors such

as variations in temperature and humidity. Additionally, long-term usability and durability

assessments are needed to evaluate the reliability and sustainability of MFS technology in

real-world contexts. The proposed MFS approach poses no health risks, as it leverages the

Earth’s magnetic field rather than magnets, which remains well below the recommended
18https://rb.gy/t"x9
19https://www.etsy.com/in-en/listing/1647015374/
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overall magnetic field strength of 0.1-0.5 µT [166]. Moreover, it’s essential to clarify that the

current design proposal does not address the possibility of simultaneous use of physical con-

trols within the presented prototyped tangible case. As previously mentioned, our primary

objective was to showcase how metal shields could serve as a versatile means to prototype

various types of physical controls, whether binary or analog, particularly for early-stage pro-

totyping. Furthermore, it’s worth noting that even in existing mobile phone devices, not all

interaction inputs can be utilized simultaneously. For instance, while adjusting the volume

using the volume up/down button, users may find it impossible to turn o! the device using

the power button simultaneously. Hence, as long as it is possible to e!ectively di!erenti-

ate between di!erent signals, as demonstrated in Section IV, the simultaneous operation

of interactions may not pose a significant challenge. However, I acknowledge the potential

benefits of enabling simultaneous interactions, and this aspect could be explored in future

design iterations.

4.7 Conclusions and Future Work

In this study, I introduced a new method for input sensing by utilizing MFS, a concept

commonly used in electronics for protective purposes. The research revealed that di!erent

shapes of metal shields produce unique patterns in magnetometer sensor signals. These

findings served as the basis for creating prototypes of various tangible inputs. During the

technical investigations, I successfully validated the signal variations associated with each

specific tangible input, highlighting the significance of di!erent metal shields. Additionally, I

demonstrated the analog behavior of tangible controls of the analog type. Finally, based on

data collected from a sample of 10 participants, I have e!ectively confirmed the significant

classification of distinct metal plates, primarily in the form of tangible widgets. This high-

lights the potential of metal shields as a unique input method for creating digital interactive

systems, such as smart security locks or board games. In summary, the findings not only en-

hance the input-sensing toolkit available to HCI practitioners but also o!er opportunities for
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researchers, industries, and practitioners to investigate new interaction artifacts/installations

surrounding smart gadgets, turning their products into input devices, and from the perspec-

tive of early-stage prototyping. One promising direction in future work is improving signal

processing and machine learning methods to enhance the precision and reliability of input

sensing through MFS. Moreover, integrating MFS with other input sensing modalities, such

as capacitive or ultrasonic sensing, has the potential to unlock new possibilities for hybrid

input methods.
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CHAPTER 5

THESIS CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

5.0.1 Overall Conclusion

The findings from a literature survey in the domain of haptic feedback and input device

prototyping for VR highlight a significant gap in the evolution of accessible haptic feedback

and input device prototyping methods when compared to other technological advancements.

This gap underscores the urgent need for a paradigm shift towards designing technologies

that are inclusive and usable by diverse user groups, including those in resource-constrained

settings. The implications of this thesis extend beyond academic discourse, providing a

foundational vision for developing methods that simplify the prototyping of haptic feedback

and input devices while minimizing barriers to entry. Through projects like HaptiDrag, Non-

Smart Object Interactions, and Precise Manipulation in VR, this thesis encourages future

research by suggesting that adopting similar thesis objectives to tackle prototyping barriers

in other areas of haptic feedback and input methods could open doors to more accessible

and scalable innovations, thereby expanding the reach and impact of these technologies.

Ultimately, this thesis asserts that prioritizing accessibility in the design and prototyping

of haptic feedback and input devices is not just necessary but essential for fostering broader

innovation and inclusivity. Empowering individuals from diverse backgrounds to engage

with these technologies—whether for prototyping or new research—can drive advancements

in digital interaction, leading to richer, more equitable, and universally beneficial experiences.

By bridging this gap, we can ensure that the evolution of haptic feedback and input device

technologies contributes to a more inclusive digital landscape.
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5.0.2 Future Research Directions

Building on the insights gained from this research, several avenues for future work are iden-

tified:

• Enhanced User Studies with Diverse Demographics: Future research should

conduct extensive user studies across varied demographics to validate the generalizabil-

ity of the developed methods. This includes examining di!erent age groups, cultural

backgrounds, and varying levels of technological familiarity to ensure the solutions

meet diverse user needs.

• Integration with Emerging Technologies: Investigating the integration of haptic

and physical interaction methods with emerging technologies such as augmented reality

(AR), mixed reality (MR), and the Internet of Things (IoT) can enhance immersive

experiences. This exploration may lead to new applications and use cases that were

previously unexplored.

• Scalability and Cost-E!ectiveness in Large-Scale Deployments: Future work

should focus on optimizing the scalability and cost-e!ectiveness of these methods for

large-scale deployments. This includes refining manufacturing processes, reducing pro-

duction costs, and ensuring ease of implementation across various settings, from edu-

cational institutions to healthcare facilities.

• Advancements in Material Science and Engineering: Exploring new materials

in science and engineering can facilitate the development of more sophisticated and

durable haptic feedback mechanisms. Research into innovative materials can provide

more nuanced haptic sensations while maintaining a!ordability and ease of production.

• Longitudinal Studies on User Engagement and Satisfaction: Conducting lon-

gitudinal studies to assess the long-term impact of these haptic technologies on user

engagement, satisfaction, and overall experience will provide valuable insights into their
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e!ectiveness and areas for improvement. These studies can help refine the methods to

better meet user needs over time.

• Cross-Disciplinary Collaborations: Encouraging cross-disciplinary collaborations

between researchers in fields such as computer science, psychology, design, and en-

gineering can foster innovative solutions that address the multifaceted challenges of

haptic feedback and input device design. Such collaborations can lead to the develop-

ment of more holistic and user-centered approaches.

By pursuing these future research directions, the field of haptic technologies and phys-

ical interactions can continue to evolve, ensuring that solutions remain at the forefront of

innovation and inclusivity. This will ultimately contribute to a future where enriched digital

experiences are accessible to all, regardless of their resource settings.
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APPENDIX A

A.1 Publications

1. A. Mishra, P. Kumar, J. Shukla, and A. Parnami, “HaptiDrag: A Device with the

Ability to Generate Varying Levels of Drag (Friction) E!ects on Real Surfaces,”

Proceedings of the ACM on Interactive, Mobile, Wearable and Ubiquitous Technologies, vol.

6, no. 3, pp. 1–26, September 11-15, Atlanta, USA and Cambridge, UK, 2022.

2. A. Mishra, H. V. Singh, A. Parnami, and J. Shukla, “MobiTangibles: Enabling

Virtual Hand-Held Tools’ Miniature Control Interaction Experiences in VR,”

IEEE Transactions on Visualization and Computer Graphics, Accepted, 2024.

3. A. Mishra, M.N. Siddiqui, A. Parnami, and J. Shukla, “Exploring Magnetic Field

Shielding as an Input Sensing Technique” IEEE Transactions on Instrumentation &

Measurement, 2024 [Under Review]

A.2 Other Publication

1. Arora, J., Mathur, K., Goel, M., Kumar, P., Mishra, A., & Parnami, A. (2019).

“Design and evaluation of dio construction toolkit for co-making shared con-

structions,” Proceedings of the ACM on Interactive, Mobile, Wearable and Ubiquitous

Technologies, , 3(4), 1-25.
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