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Abstract

Haptic technology allows one to receive tactile information through the sense of touch.
Increasingly, designers and researchers are employing haptic feedback with the aim to
improve user experience (UX). While they see the importance and significance of including
haptic feedback in everyday applications, there is a lack of standardised tools to assess
the quality of these experiences. They currently use qualitative methods or demos for
obtaining user feedback; neither approach scales to large studies or remote work. We aim
to bridge this gap and complement the existing approaches by developing an instrument
that comprehensively measures haptic user experience.

We follow a systematic scale development framework to build, evaluate and establish a
first draft of the haptic user experience scale - the Haptic eXperience Index (HXI), that has
the potential to measure the effectiveness of haptic experiences. This scale is built upon the
recent Haptic Experience (HX) model and it contributes a novel instrument that measures
the five foundational constructs for designing haptic experiences: Harmony, Expressivity,
Autotelics, Immersion, and Realism. We iteratively developed a set of 20 questions through
a series of studies: expert reviews (N=6), face validity (N=8), cognitive interviews (N=9),
and exploratory factor analysis (N=261). Our results provide evidence for the HX model’s
five factors, with enriched description of each factor, and implications for how to measure
HX, including a first proposed draft of the HXI.

In this process, we gained an in-depth understanding of the factors we considered for
developing HXI; what applications can be chosen for representing a rather diverse set of
experiences; understand the limitations and define future work. This HXI is a steppingstone
towards a generalized evaluation tool to measure haptic experience.
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Chapter 1

Introduction

Haptic technology is becoming an essential tool for designers seeking to create a great
user experience (UX). There is mounting evidence that haptic feedback of different types
can contribute to existing UX measures. Mid-air haptic feedback can make experiences
measurably more pleasant, unpredictable, and creative [17], while motion seats can evoke
better experiences, as measured by EEG and other physiological signals [52]. In virtual
reality (VR) environments, well-designed haptic feedback can lead to increased presence
[13, 19]. However, these metrics give little insight into how and why haptics contributes to
peoples’ experiences, and little direction for hapticians! to improve their designs.

Currently, designers, researchers, and hapticians use qualitative methods to gain deeper
insight into their designs. We understand from Schneider et al.’s work [59] on investigation
of haptic experience design that practitioners favour small, in-person acceptance tests to
evaluate their designs and iterating them until it just “feels right”. When communicating
the efficacy of a design, in-person demos are the best way to persuade stakeholders. Neither
approach scales to large quantitative studies or translate to remote work, and while some
hapticians employ general scales like the AttrakDiff questionnaire [15, 32], there is still a
desire for more formal measurement tools with haptic experiences. Developing a measure-
ment tool will not just provide practitioners and researchers with better tools, it will also
aid our understanding of haptic experience design. And scale development is considered
critical to building knowledge in human and social sciences [20)].

In this research, we iteratively develop a set of questions to measure haptic experience
(HX), as proposed in the HX model [37]. The author introduced the HX model as a
proposed standard for defining HX in terms of its pragmatic and hedonic factors. Based

'someone who is skilled at making haptic sensations, technology, or experiences [59]



on this model, we believe that the five experiential factors - “Harmony”, “Autotelics”,
“Expressivity”, “Immersion” and “Realism” could be the guiding constructs important to
measure HX. We conducted the first iterations of scale development process to assess how
the model fits different kinds of devices and applications, understand user’s expectations
and emotions around it, and analyze whether the HX model is supported by empirical
evidence.

1.1 Research Question

The aim of this research is to explore the feasibility and efficiency of measuring HX using
a questionnaire as an evaluation tool. With existing literature around haptic experience
and the HX model in particular, we identify the important factors that influence haptic
experience. The HX model articulates the key elements that constitute the user experience
of haptic interaction through four design parameters, four usability requirements and five
experiential factors. The hedonic section of the model defines the experiential factors that
are important when it comes to evaluating HX design. Figure 1.1 shows the five hedonic
factors that have the potential to influence the design of a haptic system. Through this
research, we want to measure these five factors by using scale development’s best practices
and further strengthen the evidence and understanding of this model.

Past research has shown enough evidence that haptic feedback has a huge effect on
user experience. In order to increase the adaptability of haptic feedback in applications,
it is important to refine the literature and framework around designing a haptic enabled
system. Kim and Schneider[37] introduced a framework that can be leveraged as a guiding
principle to create high quality haptic experiences. Further refining the constructs through
developing a scale will help in understanding the components better and get granular
details about how to improve HX through structured feedback. This thesis investigates
the research questions:

Can haptic experience, rather than UX, be measured? Many evaluative in-
struments are widely used to measure user experience in various digital applications. One
of the most popular and effective ways is to employ validated and reliable questionnaires
to conduct user surveys. Designing a questionnaire which helps users easily understand
haptic feedback and express their opinion through a likert scale rating, can be an efficient
evaluation method. We explore the efficiency and credibility of this approach in this thesis.

How can we measure haptic experience? Using both qualitative and quantitative
methods, we create a novel instrument that evaluates the haptic part of a system. This is



HX Model: Hedonic factors that influence

experience
Harmony
Does it fit with other
senses?
Immersion Realism
Do you feel L Does it feel
immersed? Experiential realistic?
Dimensions
Expressivity Autotelics
Is there distinction Does it feel good
between effects? in and of itself?

Figure 1.1: The five experiential factors of the HX model

intended to aid hapticians and researchers have a concrete and formal way to assess how
their designs affect user experience and also understand the areas to target for improving
it. We propose this instrument as a first draft of the HXI by following the item and
scale development phases of the scale development best practices model [20]. Ultimately,
the goal is to publish the HXI as a universal measurement tool for evaluating the user
experience of systems with haptic feedback. This work is a steppingstone in building a
valid and reliable scale to measure HX. We also expect that this process will enrich our
understanding of haptic design and the components that play a major role in making it
appeal to the user.



1.2 Contribution

Using the results of a series of five user studies and Exploratory Factor Analysis (EFA), we
propose a 20-item questionnaire, a first draft of what we call the Haptic eXperience Index
(HXI) that has the potential to measure HX in multi sensory applications. Although the
HXI needs future evaluation for use in practice, our findings contribute:

1. evidence for the HX model [37], and elaboration on its constructs; what variables
need to be captured in order to measure each of those construct

2. a first proposed draft of an evaluation instrument for HX which we call the “HXI”;
and

3. concrete guidelines for using questionnaires to evaluate haptic experiences. E.g.,
Using the HXI to evaluate multi-sensory experiences with vibrotactile feedback that
lasts for at least 3-5 minutes.

1.3 Outline

The thesis structure is as follows: it starts with exploring current practices in measuring
user experiences and various scales that are widely in use (chapter 2). The next section
explains the approach followed to develop the scale and the studies we designed (chapter 3).
chapter 4 contains a detailed description of the methods and results of the five user studies
we ran. chapter 5 elaborates on the exploratory factor analysis done on the collected
data and how the factors are interpreted. Finally, it ends with a discussion section that
highlights important findings of the empirical results and its applications along with the
limitations and avenues for future work.



Chapter 2

Related Works

Haptic technology incorporates tactile experience or feedback as part of its user interface,
creating a sense of touch through vibrations, motion, or other forces. Haptic modality
consists of two kinds of haptic feedback: tactile and kinesthetic. The tactile feedback
addresses the tactile perception of the skin, such as vibrations. The kinesthetic feedback
addresses the kinesthetic perception of our own muscular effort. In this research we focus
on evaluation of haptic experience with experiments designed around applications with
vibrotactile feedback in addition to visual and/or audio components.

In the past decade, the widespread availability of smartphones, gaming consoles and
wearable technology has made vibrotactile feedback a common phenomenon. Haptic re-
searchers, both in academic and industrial contexts, have been designing ways to com-
municate via the sense of touch by means of tactile effects used to provide information
such as: navigational cues[((] or textures[!1]. The amount of innovation in incorporating
tactile feedback in everyday applications is increasing as there is a rise in demand for such
applications. This has accelerated research around adding vibrotactile feedback in digital
applications. As a result, the availability of these applications in our day-to-day life has
increased making it a more common and adapted form of feedback.

However, there is no standard for development and evaluation of user experiences in-
volving haptic components. Although, there are scales that measure specific constructs
that may evaluate these kinds of experiences, it is not a complete framework or tool that
can be generally adopted. In-lab studies involving direct recording of user emotions and/or
using existing UX scales are the most popularly adopted evaluation methods. We explored
existing literature and widely adopted user experience questionnaires to identify the sig-
nificance and limitations that they posit.



2.1 Scale Development

Scales are typically used to capture a behavior, a feeling, or an action that cannot be cap-
tured in a single variable or an item. The use of multiple items to measure an underlying
latent construct can additionally account for, and isolate, item-specific measurement error,
which leads to more accurate research findings[20]. Research shows that the scale devel-
opment process involves complex and systematic procedures that require theoretical and
methodological rigor. Best practices state that an effective instrument development pro-
cess consists of three phases: item development, scale development, and scale evaluation.
Each of theses phases have several steps that are discussed in detail in chapter 3.

2.2 Haptics and UX

There exist several instruments that evaluate UX. The popular evaluating method is to
break potential factors into two main dimensions: pragmatic quality and hedonic quality.
Pragmatic quality is judged by the practical, goal-oriented aspect of a product, and the
efficiency and effectiveness of the users achieving their goals [31]. Hedonic quality is judged
by non-tasked quality aspects of the product, such as the aesthetics of the user interface or
originality of the design [32]. With the UEQ model [12], the pragmatic dimension is broken
down into three aspects - Perspicuity, Efficiency and Dependability, and the hedonic quality
is broken down into two aspects - Identity and Stimulation. The scales of the AttrakDiff2
[32] questionnaire offers a similar breakdown of UX evaluation, and there is a relatively
high correlation between the UEQ scales and AttrakDiff2 scales. Both scales have a third
dimension, attractiveness, which is an overall score for the product where ergonomic quality
and hedonic quality are combined.

Another UX evaluation framework, the meCUE questionnaire [19] based on the Compo-
nent model of User Experience, evaluates UX based on instrumental and non-instrumental
product qualities with an emphasis on emotional reactions. This model aligns with the di-
mensions of the UEQ model [12] and AttrakDiff2 [32] model, where instrumental qualities
are similar to pragmatic qualities (usefulness and usability), and non-instrumental qual-
ities correspond to hedonic qualities (aesthetics, status, and commitment). The meCUE
model proposes a bi-directional relationship between product qualities and emotions, in
which the non-instrumental, instrumental, and emotional reactions influence one another
and together determine the overall consequences. The overall rating scores of the meCUE
model also have significant correlations with the attraction dimension of the UE(Q and
AttrakDiff2 model.



However, these UX models have limitations in capturing factors unique to HX. Haptic
experiences are highly dependent on the context of the interaction and the feedback from
other human senses, such as sound and visuals. These UX models are unable to measure
factors such as how well the haptic interaction fits into the experience as a whole, or if
the interaction improves the overall experience. Moreover, UX instruments measure the
time before, during, and after an interaction, while HX focuses on the experience at the
moment of touch.

This HX model [37] defines haptic experience as “a distinct set of quality criteria com-
bining usability requirements and experiential dimensions that are the most important
considerations for people interacting with technology that involves one or more perceived
senses of touch, possibly as part of a multisensory experience.” The model focuses on
interaction of the haptic technology with other parts of the design, rather than the tech-
nology independently. It proposes “design parameters of Timeliness, Density, Intensity,
and Timbre; usability requirements of Utility, Causality, Consistency, and Saliency; ex-
periential factors of Harmony, Expressivity, Autotelics, Immersion, and Realism; and the
cross-cutting concern of Personalization as guiding constructs important for HX.” The HX
model is used as the focused definition of HX for this study as it includes components
unique to haptic experience. The experiential dimensions of the HX model enable us to
measure key components such as Realism or Immersion that evaluates haptic feedback in
a given environment instead of on its own, or the harmony dimension that evaluates how
the haptic feedback interacts with other visual or audio feedback, which is lacking in UX
models. The HX model evaluates haptic feedback’s contribution to the whole experience,
while existing UX models focus on UX as its own stand-alone experience.

2.3 Other scales that measure related constructs

Other scales related to haptic experience include the Need for Touch (NFT) Scale [53].
NFT Scale measures the user preference of extracting information obtained through haptic
experience. The scale focuses on two dimensions similar to the UX model - the autotelic
factor and the instrumental factor. The autotelic factor refers to the hedonic-oriented
response and the sensory aspect of touch, for enjoyment purposes with no actual practical
purpose. The instrumental factor reflects purpose-oriented touch with a goal in mind and
evaluating outcomes based on haptic feedback.

The NFT scale is user-centered and limited in measuring only users’ need for touch,
not the quality of the haptic experience. The scale measures user preference for any haptic
feedback and does not evaluate a specific haptic experience.
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Moreover, haptic feedback and physical props can increase presence in virtual envi-
ronments [12]. The presence questionnaires (Presence Questionnaire (PQ) and Immersive
Tendencies Questionnaire (ITQ) [70]) offer scales overlapping with dimensions of the experi-
ential factors of haptic experience. PQ measures the degree to which individuals experience
presence in a virtual environment and potential factors that contribute to the intensity of
presence, such as control factors, sensory factors, distraction factor and realism factors.
ITQ measures the capability or tendency for individuals to experience presence. Similar to
the NFT scale, ITQ measures users’ preference or tendency to be immersed in experiences,
not specific to any haptic technology. PQ touches upon factors applicable to haptics with
constructs such as sensory factors and distraction factors, while the majority of the factors
refer to the environment as a whole with a focus on visual feedback. P(Q is most similar
to the immersion or realism dimension of the HX model and does not investigate in depth
other aspects of HX - Harmony, Autotelic, Expressivity.

Haptic feedback is often applied to gaming, and there exists several instruments to
measure game user experiences. The Game Experience Questionnaire measures video
game-playing effects through the degree of engagement elicited in gaming experiences, and
focuses on four main aspects - immersion, presence, flow, and psychological absorption
[21]. However, the study focuses on users’ level of engagement, which is not interchange-
able with the quality of the game design. The four aspects explored in the study measures
gaming experience as a whole, not applicable for haptic feedback in specific. Unfortunately,
this study is also not validated [13]. Another instrument focused on gaming experience is
the player traits model which proposes five dimensions - aesthetic orientation, narrative
orientation, goal orientation, social orientation, and challenge orientation [63]. The user
scores in these five categories reflect how much the user cares about each dimension of the
game design. For example, users with a high score in the goal orientation trait prefer to
complete games 100%, while those who score low in this trait are more likely to be content
with leaving achievements unfinished. The player trait model is user-centered and captures
the user preferences for games but does not evaluate the quality of games. Another instru-
ment in games user research is the Player Experience Inventory (PXI)[67], which measures
how lower-level game design choices directly impact player’s enjoyment. This scale is built
based on the Means-End theory [28] that proposes the idea that users choose a product
based on certain benefits or desired consequences. Users’ perception of a particular design
is broken down to two main categories - psychological consequences, including constructs
such as immersion, mastery, and autonomy; and functional consequences, which are im-
mediate and tangible consequences. This is a valid and reliable scale in evaluating player
experience. Since a haptic feedback is huge component in modern video game development,
it is critical for us to understand the PXI and draw inspiration for the haptic experience



scale.

We also reviewed literature around tool embodiment and locus of attention in inter-
action design. Locus of attention is important in the design of computer interfaces. An
interface which requires constant shifting of the locus of attention can be very frustrating
and rapid changes in locus of attention slows down tasks [4]. This is a crucial aspect to
consider while designing any kinds of feedback and especially important in the case of
tactile feedback. Work around quantitative measurement of tool embodiment [11] intro-
duces a novel measure, the Locus of Attention Index (LAI), that effectively measures tool
embodiment. It is based on the ideology that tools when used proficiently may become an
extended part of one’s body. The LAI measures the user attention based on detection rate
of changes in a system. The way attention and embodiment of tool increases the immersive
experience of a system helps us understand how engagement, presence and performance
are all directly related to one another.

However, the HXI will differ greatly from all of these scales as the end goal is focused
on evaluating haptic experience of a wide variety of haptic systems, predominantly in multi
sensory applications.

2.4 Chapter Summary

In this chapter we took a deeper look at the various scales popularly used in the fields
of user experience, games, and virtual reality. It is very valuable to understand existing
standards and draw inspirations. We also described and elaborated on the HX model which
is the framework we will be following for the scale development process.



Chapter 3

Approach

We followed the method of scale development [20, 25] to create, refine, and evaluate a set of
items (i.e., questions). Figure 3.1 outlines this process, and Figure 4.3 shows the evolution
of items during that process.

3.1 Scale Development Process

We began with 1. Scale Inception to develop the initial set of items based on our un-
derstanding of haptic technology and the HX model. We then iteratively developed these
items through three studies: 2. Face Validity (N=8) for novice evaluation of the items
built based on the theoretical model, 3. Content Validity (N=6) for expert review of the
items’ Relevance and Clarity, and 4. Cognitive Interviews (N=9) to evaluate whether
the questions are interpretable by the target population using probing questions [29] and
think-aloud strategies. We then conducted a 5. Pilot Study (N=25) to test our procedure
and adequacy of data collection for performing factor Analysis. Finally, we ran our 6.
Survey Administration (N=261 after cleaning) and conducted exploratory factor analysis
(EFA) to study the correlations between the items and the emergent factors. This process
follows best practices of scale development and covers the first two phases of creating an
evaluated instrument [20]. The description of each of these steps along with user studies
and its respective outcomes have been discussed in detail in chapter 4

The three-phase scale development approach ends with evaluating the scale through
confirmatory studies, tests of dimensionality and validity. This final phase (scale evalua-
tion) is left for future work, as it is a substantial effort in its own right.

10



SCALE DEVELOPMENT
PROCESS DIAGRAM
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Figure 3.1: Scale Development process - 1) Brainstorming the definitions of the modalities
based on literature review chapter 4; 2) Group discussion to evaluate if the items made
sense chapter 4; 3) Iterative interview sessions with expert hapticians to assess the content
and its rationality chapter 4; 4) Record feedback from target population to analyze if the
questionnaire is understood as intended chapter 4; 5) Evaluate tools and techniques to run
a large scale online remote study through iterative methods chapter 4; 6) Online study
that requires participants to complete a task with haptic experience and answer questions
of the HXI based on it chapter 4; 7) A statistical method used to uncover the underlying
structure of a relatively large set of variables chapter 5
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This process was originally designed to involve a variety of newly commercially available
haptic feedback devices, including vibrotactile feedback, variable friction displays, mid-air
haptics, and force-feedback; our aim is for a generalized measure for HX across devices.
Unfortunately, this research was conducted during the COVID-19 pandemic, and in-person
research protocols were suspended. As such, we conducted all steps from 2. Content
Validity onward remotely. We therefore decided to scope our primary data collection in
the 5. Pilot Study and 6. Survey Administration steps to only include experiences with
smartphones and gaming consoles; i.e., vibrotactile feedback in devices with mass adoption
suitable for a large online study. While there is evidence that remote haptic studies with
vibrotactile content produce similar feedback to in-lab studies [60], this does reduce the
generality of the proposed HXI. We unfortunately must leave evaluation of our findings
with other haptic modalities to future work.

The HXI is built for hapticians, researchers and designers to assess their work and
identify areas for improvement. This means that the audience who will be taking the
assessment are electronic media consumers who use products with haptic feedback in it for
basic every-day needs, specialized entertainment, and other advanced applications.

3.2 Remote Studies & In-person Studies

The initial study was designed to be conducted with in-person participants. The face
validity study was conducted in this manner in the University of Waterloo Games Institute,
in a focus group style discussion.

With the situation changes due to COVID-19 we redesigned all our studies to suit
remote and online operations. The studies involving one-on-one interviews and group
discussions were straight forward and we were able to execute it effortlessly. However, our
main data collection study had to be carried out for around 300 participants and thus posed
a lot of challenges. We experimented with various user research tools like “Lookback.io”
that guides participants through a step-by-step task while recording their screen or actions.

After multiple rounds of testing, we decided not to collect any user screen recording
data for privacy concerns. We then decided to use Qualtrics, a survey platform to mimic
the guided task process of the previous tool and replace the screen recording with a simple
file upload. This approach was compliant to our data and privacy policies and also fulfilled
the study requirements.

In order to recruit and manage participants to use our survey based online study, we
had to look at crowdsourcing platforms. Using crowdsourcing platforms for large scale user
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feedback collection is known to be quick and cost effective [34, 38]. However, there are
certain drawbacks that come with it. The uncontrolled asynchronous study environment
with unknown interruptions and distractions poses threat to the quality of the responses.
However, creating a study with simplified tasks and short activities can increase involve-
ment in the study and improve the overall response quality [(]. Since there is some evidence
of crowdsourcing tools like Amazon Mechanical Turk yielding promising results for hap-
tic based studies [00] and collecting quality large scale data we decided to consider this
approach.

We shortlisted Amazon Mechanical Turk (MTurk) and Prolific and carried out a full
investigation on both these platforms to assess their functionality and merits. We found
that Prolific was much easier to use as it was specifically created to be used for research
purposes. Some of the notable features include - Refining/diversifying participant pool
through custom pre-screening, advanced pre-screening options like - “Users with a gaming
device”, instant anonymous messaging between Researcher and participant and etc.

We ran pilot studies and got in touch with our participants through prolific to assess
the quality and the ease of understanding of the study. We made minor modifications to
improve the usability of the study and successfully launched it to 300 participants around
the world. The study spaces were released in batches of 50 at different times zones in order
to collect data from around the world. We were able to complete the entire data collection
process in about 5 days.

3.3 Chapter Summary

In this section, we briefly explained the different steps we followed in creating and validating
the HXI through different user studies. We also discussed about how the approach shifted
from in-person in lab studies to online participants and accommodating remote tasks.
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Chapter 4

Scale Inception and User Studies

With an idea of what we want to measure we went through an item generation phase and
an elaborate validation phase using several user studies. The term “item” refers to an
individual question or statement that respondents are meant to answer. The term “scale”
refers to a collection of items intended to measure the same construct, and the items almost
always have the same response format. Before getting to the actual item generation phase,
there are a few decisions that are to be made regarding the type of question, the type of
answer choices and the number of choices.

The first decision after deciding what to measure is deciding exactly how to measure
it. We decided to construct statements to which the participants can specify their level of
agreement. We decided to go with quantitative responses (using a likert scale) since our
goal was to perform factor analysis on the data collected.

Second, we had to decide how many response options to give the respondents. In
current practice, most rating scales, including Likert-type scales and other attitude and
opinion measures, contain either 5 or 7 response categories [15]. A 5 - point Likert scale
was used to increase response rate and response quality along with reducing respondents’
“frustration level” [11]. As we foresee the scale to have 25 items, a 5 - point likert scale
was the best option as there is evidence for higher reliability in 5-point scales [35, 10].

Finally, we debated about having a neutral midpoint versus a midpoint that stands for
“Not Applicable”. We decided that we were designing our studies in such a way that all
the questions are applicable to the context of the task. Including a not applicable (N/A)
option will create an imbalance in the scoring as it would mean that the particular item
is excluded from the response analysis. Thus, we went with a neutral midpoint (i.e., a
midpoint that was scored 3 in a 5 - point scale).
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Figure 4.1:  The scale development process diagram highlighting the steps and studies
explained in this chapter. Scale inception - section 4.1; Face Validity - section 4.3; Content
Validity - section 4.4; Cognitive Interviews - section 4.5; Survey Pilots - section 4.6; Survey
Administration - section 4.7

With all these decisions made, we carried out the item generation phase by breaking
down each construct into measurable attributes and framed them into sentences. The
entire process Figure 4.1 of coming up with the final questionnaire is discussed in this
chapter.

4.1 Scale Inception

The first step in the scale development process is Scale Inception, wherein we articulate
the domain we intend to measure [20] and generate items for the domain. A domain or
construct refers to the concept, attribute, or unobserved behavior that is the target of
the study [33]; here, we intend to measure the experiential factors of the HX Model [37].
The items are built on the definitions of the dimensions and related constructs from other
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Experiential Dimensions
Hedonic factors that influence experience

Harmony - Does it fit with the other senses?
The most important dimension; how tightly coupled the
haptics are perceived to be with other sensory outputs.

Autotelics - Does it feel good in and of itself?

A positive haptic experience can be partially achieved
through the touch feedback feeling pleasant, independent
of its purpose in the system.

Expressivity — /s there distinction between haplic effects?
Expressive haptics are those that distinguishably reflect
varying user input and system events. Expressivity allows
users to feel their input makes an impact on the feedback
received.

Immersion - Do you feel immersed?

Immersion focuses on the level of engagement in the
system or application the user feels as a result of experi-
encing haptic feedback.

Realism - Does it feel realistic?
Whether the haptic effect convincingly portrays what
someone would expect to feel in reality.

Figure 4.2: Definition of the 5 constructs as proposed by the HX model[37]

scales and aspects that heavily influence it. Figure 4.2 shows the definition of the five
constructs from the HX model we are trying to measure. For example, with “Immersion”:
an immersive experience is said to keep the user “engaged”. So, a potential item to measure
immersion is measuring the level of engagement, which might be worded into an item such
as “I felt engaged with the system”. A mix of positive and negative items were generated
for cross-validity and robustness; we had at least one negative item (e.g., The feedback felt
out of place) as an attention check to help identify respondents disregarding the wording
of the items. Through in-lab brainstorming sessions, we refined the pool of items based on

the following criteria:

e case of understanding

e relevance to the domain (i.e., haptic feedback)

e relevance to the dimension (e.g., Immersion)

e ability to extrapolate to varied haptic applications

e ability to extrapolate to all types of haptic feedback (e.g., vibrotactile, force etc.)

We aimed for 5 items for each of the 5 constructs because best practices recommend

having 4 to 5 questions per dimension |

Y
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set of 25 items (5 items for each construct), shown in Figure 4.3. Figure 4.3 represents
the evolution of items through the scale development process. The “All Items” column
is a repository of all the items that were generated throughout the item generation and
refinement steps. The “Initial Items” column denotes items that resulted from the scale
inception phase (tagged as New(N)). The subsequent columns represent the other steps
explained below and have been tagged “same(S)” if the item did not change at this stage;
“changed(C)” if the item was modified in the current stage; “removed” if the item was
dropped based on the results of the stage; “new” if the item was generated in the current
stage or moved from a different factor in the model.

4.2 User Studies

We conducted three user studies and a formal pilot to refine our initial item set and prepare
the instrument for our main data collection. These user studies provided both qualitative
and quantitative data to analyze the constructs based on validity, clarity, and coherence.
Study 1: Face validity, was conducted to understand if the items measure what they intend
to measure. Study 2: Content validity, was performed to assess the extent to which the
items represent all facets of the given construct. Study 3: Cognitive interviews, were
carried out to comprehend user reaction to the items and understand the thought process
it provokes. Finally, Survey Pilots were conducted to experiment different crowd-sourcing
platforms and study designs.

4.3 Study 1: Face Validity

The purpose of the face validity study is to have new perspectives from participants with
a relevant background (in the field of haptics or HCI) to assess the potential of suggested
items before we conduct more thorough discussions with experts.

4.3.1 Procedure

We recruited 8 participants with backgrounds in HCI, VR and gaming technologies to
screen the questions in an in-lab focus group. We started by explaining what we consider
haptic feedback in a system and demonstrated it using the Nintendo switch game “1-2
Switch”. We passed the joy con around the table to let our participants play the game
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Initial | Face |Content|Cognitive EFA
Items | Validity | Validity | Interview (T=20)
No|Dimension |All items (T=32) (T=25)| (T=25) | (T=22) | (1=22) |"  '|Final Questions (T=20)
1|Harmony The feedback fits well with the other senses N (o] C S R
2 The experience was more than the sum of its parts N C (& S R
3 The feedback felt disconnected from the system N S € S C The haptic feedback felt disconnected from the rest of the experience H3
4 Feedback fit into its context N C c S C The haptic feedback felt appropriate when and where | felt it H4
5 The feedback felt out of place N C C S C __|The haptic feedback felt out of place H5
6 The haptic feedback distracted me from the task NA NA NA NA N The haptic feedback distracted me from the task 11
7|Autotelic I look forward to feeling the feedback N c R R R
8 The feedback felt good N S G S C The haptic feedback felt satisfying Al
N S G e c I like how the haptic feedback itself feels, regardless of its role in the a2
9 The feedback would feel good by itself system
10 | disliked the feedback N S C S C | disliked the haptic feedback A3
14 | would prefer the game without the feedback N € @ 5 C | would prefer the system without the haptic feedback A4
| like having the haptic feedback as part of the NA NA NA NA N H2
12 experience | like having the haptic feedback as part of the experience
13|Expressivity |The feedback felt expressive N © R R R
14 The feedback all felt the same N S c S G The haptic feedback all felt the same E1
15 | felt enough variation in the feedback N C c S C | felt adequate variations in the haptic feedback E2
16 The feedback helps me distinguish my actions N S © S R
17 The feedback changes depending on my actions N € R R R
The haptic feedback changes depending on how things NA e N S 5 The haptic feedback changes depending on how things change in the E4
18 change in the system system
19 The haptic feedback reflects varying inputs and events N I o ® g The haptic feedback reflects varying inputs and events £
20|Immersion | The feedback was immersive N 5 R R R
21 | felt engaged with the system N S c S g | felt engaged with the system due to the haptic feedback 12
2 I felt detached to the real-word because of the feedback | ™ & : § i
23 | was aware of my response to the feedback N S R R R
24 The feedback distracted me away from the system N S @ S R
25 The haptic feedback helped me focus on the task NA NA N S S The haptic feedback helped me focus on the task 13
The haptic feedback increased my involvement in the
26 task N NA N 5 2 The haptic feedback increased my involvement in the task i
The haptic feedback helped me distinguish what was N o . . n 3
27 going on The haptic feedback helps me distinguish what was going on
28|Realism The overall experience was realistic N S < S C The haptic feedback was realistic R1
29 The feedback matched my expectations N S @ S R
30 The experience was close to a real-world experience N C R R R
31 The feedback was convincing N C C S c The haptic feedback was convincing R3
32 The feedback was believable N S C! 5 C The haptic feedback was believable R2

[NT New ST Same [ C | Changed [R]Removed[NA] Not Applicable |

Figure 4.3: Evolution of items in the questionnaire through user studies and exploratory
factor analysis. We note how the items were introduced as new (N), when they stayed
the same (S), if/when they were changed from the initial item (C), and if/when they were
rejected outright (R).
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themselves and understand what we were talking about. The HD rumble effects in the
‘Ball Count’” game served the purpose of explaining how haptic feedback communicates
information through the sense of touch. The questionnaire items were displayed on a
plasma TV grouped as factors. We went through each factor and the respective items one
by one and discussed individual and group opinion on it. The participants were then asked
to comment on the items of the questionnaire based on four criteria: discuss individual
perception of the item, complexity level, clarity of construct measured, and if the item
served its intended purpose. We followed a structured script Appendix E to complete this
study.

4.3.2 Results

Participants identified and debated unclear words and complex concepts. For example,
the item “I look forward to feeling the feedback” was deleted because the description
was vague. The item “The feedback felt appropriate given its context” was changed to
“The haptic feedback felt appropriate when and where I felt it” to clarify what “context”
meant. Changes to the questionnaire were made on direct participant suggestion provided
they were valid and efficient. Other items with unclear or weak suggestions were left
unchanged so that we have more qualitative data from the subsequent studies for making
better decisions. Perception of the items among the participants were helpful in giving a
general indicator of how accurate the items reflect measurements of haptic feedback. For
example, participants brought up that immersion seems to be only applicable to games
and questioned whether the dimension was fundamentally relevant to haptic experiences.

This step was instrumental in getting qualitative feedback to help refine the question-
naire. Recording user emotions on each item and the scale as whole gave us direction
in item refinement. We tried to reduce ambiguity by replacing confusing or complicated
wording with clear and concise ones, We also simplified the concepts behind each of the
items and further noted down suggestions and criticisms to be revisited in later stages.

4.3.3 Outcome

As a result, 12 of the items were modified. Some of the items which lacked in clarity was
kept as is in the pool for further investigation as it needed more evidence for why it needs
to change and for gaining insights on how it needs to change as well. For example, par-
ticipants were expecting more elaborate questions in certain instances like “The feedback
was expressive”. The word expressive was ambiguous and the participants’ comprehension
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varied. As this lacked in uniformity of how it was understood, it needed refinement in
future iterations. Other important questions raised during this session include - whether
researchers can choose to evaluate some but not all the dimensions and how a participant
will respond to a question that is not applicable.

4.4 Study 2: Content Validity

In order to validate the content of the items, we invited six hapticians as subject matter
experts to attend a group discussion evaluating each item. H1 (haptician 1) is a haptic ex-
perience industry expert based in North America with 20+ years of experience in the field.
H2 is a Europe based researcher whose work is majorly around medical equipment simu-
lations. H3 and H6 are research scientists with backgrounds in physical sensory feedback
and haptic intelligence. H4 is an accomplished academic scholars in the field of Human
Computer Interaction, affective haptics, haptic perception, and haptics for VR/AR. H5 is
a academician researching on Human-Robot Interaction. We selected our experts based
on diversity in their fields of study and demographic location.

We asked these experts to evaluate the items based on clarity and representativeness of
the corresponding dimension. Expert review was an opportunity for us to trim, reword, and
identify overlaps among the items. We focused on modifying items that were commonly
ranked as unclear or irrelevant.

4.4.1 Procedure

Experts were interviewed in groups of two. We went through each of the items and asked
experts to challenge and critique the relevance of the item to the dimension. Whenever an
expert suggested the wording in an item was ambiguous, we further explained our thought
process and went back and forth until the initial intentions were clear, and a conclusion
was reached. A qualtrics survey was provided to the experts at the end of the interview
session to rate each item based on its relevance and clarity. The final survey results were
used to assess the clarity and relevance of the items and visualize the feedback from all six
experts. Figure 4.4 is a graphical representation of the results of the survey. These survey
results along with qualitative feedback was used for fine tuning the questionnaire.
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Relevance Clarity
The feedback fits well with the other senses 5 1
I am glad | felt the feedback as expected 5 1
The feedback was expressive 4 2
The feedback was immersive 5
The feedback was realistic 3 2

The feedback matched my expectations 5

B B = B

| felt engaged with the system 5
The feedback all felt the same 4 2
The feedback felt good 6

I like it more when the feedback is part of the experience 5 1

The feedback felt disconnected from the system 4 2
The feedback felt out of place 6

| felt adequate variation in the feedback 5
| felt detached from my environment because of the feedback

The experience was close to what | expected to feel based on my actions

N
11

| am satisfied by how convincing the feedback felt

w W ow w

| was aware of my response to the feedback
The feedback helps me distinguish my actions 2 3 1
| disliked the feedback 6
The feedback felt appropriate given its context 5 1
1 would prefer the system without the feedback 6
The feedback changed depending on my action 3 2 1
The feedback distracted me away from the system 3 3
The feedback was believable 2 4
The feedback would feel good by itself 6
I would like to disable the haptic feedback 6
The feedback changes with the way | interact with the system 3 3
The haptic feedback reflects varying inputs and events 3 2 1

The overall experience was authentic 2 3 1

Very Relevant (R) ~ Need Minor Revision (R) = Need Major Revision (R) * Not Relevant (R) @ Very Clear (C) @ Need Minor Revision (C) ** Need Major Revision (C) ® Not Clear (C)

Figure 4.4: Bar graph showing expert’s feedback on how relevant each item is to Haptic
experience and its underlying factor, and on the clarity of each of these items.
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4.4.2 Results

The experts pointed to several items that were confusing or unrelated to the corresponding
dimension. First, experts suggested changing “feedback” to “haptic feedback” across all
items to make items more explicit and reduce ambiguity. Another point commonly brought
up among the three interview groups was that some dimensions or items will only apply
to certain haptic applications. For applications that are not designed to reflect one or
more experiential factors of the haptics model, users will give it a low rating and the
questionnaire will receive a lower overall score. For example, expressivity does not apply
to a dental simulator and haptic feedback in this context will score low in the expressivity
dimension. With the item “The feedback was expressive”, 4 out of 6 experts, indicated that
the question was unclear or irrelevant. Similarly, the item “The feedback was realistic” was
noted as unclear or irrelevant by 2 of the 6 experts. In an effort to resolve this problem,
we raised the question of generality vs. specificity. If the items were too broad, the overall
score might be biased towards haptic technologies with unique use cases. One proposed
solution for this was to have the questionnaire tailored by the person who is using it to
measure haptic feedback based on the device. However, the questionnaire proposed by this
study would no longer be a universal standard to measure the quality of haptic feedback
as intended.

The experts also brought up that the items which were vague make it hard to pinpoint
which dimension of the experience was being evaluated. For example, items such as “the
feedback felt good” can be hard for users to distinguish from the experience as a whole. It
could be tricky and sometimes impossible to isolate and evaluate solely the haptic compo-
nent without taking context into account. The rating received might not only reflect the
quality of the haptic feedback, but also other parts of the experience.

4.4.3 Outcome

After this study, we had strong evidence that the phrase “Haptic feedback” needed to be
included in the items. However, this may make the questionnaire difficult to understand
for participants unaware of its definition. We formulated a definition of haptic feedback
and included it as part of the HXI to make sure the items are clear while maintaining the
clarity of the questionnaire. We included the definition “Haptic feedback refers to anything
that you feel with the sense of touch. It could be vibrations, force, temperature, pressure,
or any other physical sensation”, in the questionnaire to inform our respondents what the
term “Haptic feedback” means. As a result of this iteration, a majority of the questionnaire
was modified.
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4.5 Study 3: Cognitive Interviews

The questionnaire was then pre-tested with a sample of the target population. This study
was conducted as a one-on-one interview in two iterations, with 4 to 5 participants in
each round. We recruited participants from varying professional backgrounds and levels
of exposure to technology. For example, we had a chef, high-school teacher, electrical
engineer, students, retired businessman, etc. as participants in this study. Most of our
participants were either unaware of haptic technology or had vaguely heard about it. The
definition of haptic feedback was incorporated in this version of the HXI as well to capture
user feedback.

4.5.1 Procedure

The participants were recruited by publishing a flyer Figure A.1 with study details. The
flyer was circulated through email and slack, and the recruitment was carried out using
the snowball sampling method. The recruited participants were in the age group of 18-
64 (with participants from both extremes of this limit). The following stimuli/experiences
were used to represent haptic feedback and experiences: Apple watch, Fitbit, smart phones,
Nintendo switch and PS4. To ensure randomness and variety in the haptic experiences, we
selected different types of devices and applications and monitored how the questionnaire
performed. The participants were guided to complete a task that enabled them to expe-
rience haptic feedback in an application. After the task, participants were asked to open
the questionnaire on qualtrics, read each item and explain how they understand the item.
If participants have questions or doubts, they were not clarified but instead acknowledged
and recorded. If participants were stuck on an item, probing questions were asked to help
them with their thought process. Refer section E.3 for details on the probing questions
used. Based on the results of the first round of interviews, we decided to remove smart
watches and fitness trackers from the list of experiences as they did not match the theme
of the research i.e., multi-sensory experiences, in most instances. The congruence between
the participants’ response to the items indicated that smartwatches and fitness trackers
might be out-of-scope for this research. We also learnt that participants needed more
than 3 minutes to understand and adapt to the haptic sensation to answer our evaluation
questions. This raised the question of how participants’ responses will change with the
length of exposure to the experience. We decided to capture this data in our main study
for analysis and future work.

For the subsequent iteration, we increased our task duration to 5 minutes and reduced
the set of experiences to games and haptic videos. The combined results of the sessions
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were used to build the table Figure 4.5 to identify and refine the questions that were highly
confusing and the ones that are most likely to be misunderstood.

4.5.2 Results

Including a definition for haptic feedback enhanced the understanding of the items. We
noticed that the participants liked having a definition section to refer to and clarity on
what the items meant. Decision to modify or drop an item was based on common opinions
and feedback. Figure 4.5 shows how we compared the responses of each participant using
three categories - Accurately & FEasily understood, Misinterpreted/Unsure, Confusing/-
Complicated. As mentioned earlier, majority of “misunderstood” or “confused” feedback
came from users who used smart watches or fitness trackers to complete the study. This
indicated that certain factors like “Immersion” and “Realism” may be confusing to users
evaluating a simple, stand-alone, notification type information. No items were dropped in
this stage. Slight modifications were made for a few questions.

4.5.3 Outcome

In addition to modifying some of the items, the cognitive interviews helped in finalizing
the devices and applications we used for the main study. We shortlisted applications
and devices that most participants found easy to access and use. Identification of other
variables that can potentially affect haptic experience was also a major take away from this
study. For example, two participants with varying duration of exposure to the application,
described and rated the experience differently.

4.6 Study 4: Survey Pilots

Through three pilot studies, we were able to design an online study that enabled partici-
pants to use commercially available haptic enabled devices (e.g., Smartphone and gaming
consoles) to experience haptic feedback and complete the haptics experience index as a
survey afterwards.

We first conducted the study using Qualtrics [7], an online survey platform. The
purpose was to gauge how smoothly participants could navigate the study. The participants
in this study were recruited through university mailing lists and snowballing techniques.
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# Statement P1|P2|P3|P4(P5|P6|P7|P8 (P9
H1 The haptic feedback fits well with the other senses (e.g. Sound, Visuals)
H2 | like having the haptic feedback as part of the experience

H3 The haptic feedback felt disconnected from the rest of the experience
H4 The haptic feedback felt appropriate when and where | felt it

H5 The haptic feedback felt out of place

Al The haptic feedback felt satisfying

A2 The haptic feedback would feel good by itself

A3 | disliked the haptic feedback

A4 | would prefer the system without the haptic feedback

E1l The haptic feedback all felt the same

E2 | felt adequate variations in the haptic feedback

E3 The haptic feedback helps me distinguish what was going on

E4 The haptic feedback changes depending on how things change in the system
ES The haptic feedback reflects varying inputs and events

11 The haptic feedback distracted me from the task

12 | felt engaged with the system due to the haptic feedback

13 The haptic feedback helped me focus on the task

14 The haptic feedback increased my involvement in the task

R1 The haptic feedback was realistic

R2 The feedback was believable

R3 The haptic feedback was convincing

R4 The haptic feedback matched my expectation

|easy & accurately understood |Misinterpreted/unsure | |Confusing/comp|icated

Figure 4.5: Classification of the questionnaire items into three categories based on the
cognitive interviews conducted on a sample of the target population
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Approximately 6 participants completed this pilot and provided additional feedback and
suggestions over an informal chat or email. We were interested in the estimated duration
to complete the study, clarity of instructions, and if correct options showed up based on
participants’ previous selections. Three iterations of the study were conducted on Qualtrics,
where improvements on the design of the study based on user feedback were made.

The next step of the pilot study was to conduct the study on Prolific, a crowd-sourcing
online platform to recruit participants [5]. The participants in this study were from the par-
ticipant pool. The participants were between 18 and 34 years old and 36% of the recorded
responses were female participants. The first iteration on Prolific involved 10 participants.
The results showed that 9 participants used smartphones, and only 1 participant used a
gaming console as the preferred haptic device for the study. The 9:1 ratio of smartphones
vs. gaming consoles suggested a restriction might need to be placed to limit smartphone
participants to ensure study results were valid with both devices, since the questionnaire
should be applicable to any haptic device and not just smartphones. We then conducted
a second study on Prolific, where we specified that all participants have to complete the
survey with a gaming console. The survey was validated and improved based on feedback
from the pilot participants.

4.7 Study 5: Survey Administration

With the help of the pilot studies, a remote online study was deployed using Qualtrics and
Prolific. The participant pool on Prolific were notified of the study once published and
they could complete it at their convenience. The study was released to 50 participants at
a time to reach audience from various time-zones. This also helped in keeping the study
under control and preventing issues or glitches affecting the entire participant pool. The
chat feature was useful to communicate with remote participants when necessary and run
the study as effectively as possible.

The data collected were from two categories of devices - smartphones and gaming
consoles. All the applications had vibrotactile feedback as part of the experience and a
total of 302 responses were recorded. 261 of those responses were identified and verified to
have experienced haptic feedback and evaluated it using the HXI.

4.7.1 Study Design/Setup

The following steps were created on Qualtrics [7] to facilitate this study
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Figure 4.6: Left: Prolific study dashboard. Study progress can be monitored and man-
aged here. Participant submissions can be viewed and approved as well; Right: an image
uploaded by a prolific participant for completing the study

e Select Device & Application

Review & Consent to Study

Demographic Questionnaire (age, gender, familiarity with haptics, etc.)

Instructions to complete the task (e.g., Play Animal crossing on Nintendo Switch)

Upload anonymized images to confirm task completion

Complete the HXI (22-items, randomized order)

Exit Survey (rate overall experience and additional comments)

A survey with the above sections was published and a link to the study was added
to Prolific. Appendix C shows a sample of this survey. Figure 4.6 shows the Prolific
dashboard where the study was monitored and managed and also a sample of the image
that was uploaded as part of completing the study. The participant ID, study ID and
session information was captured through URL parameters to verify the entries and provide
remuneration to successful submissions.

4.7.2 Significance of Demographic and Exit Survey Questions
Through the demographic questionnaire, we were able to calculate metrics like distribution

of age groups, gender, familiarity with the haptic device, application, and haptic technology.
Figure 4.7 shows distribution graphs for some of the demographic questions. The exit
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Distribution of devices used by participants

115
100
63
50 48 49
26
0
iPhone Android Device Nintendo Switch PS4 Other gaming
devices
Gender Distribution
210
200
150
100 =
50
6 1
0
Male Female Non-binary/third gender | prefer not to say
Device distribution among different gender
74
60
44 -
40
29 33 32
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Figure 4.7: Bar graphs depicting the distribution of valid user entries based on devices
used and genders.
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survey helped in identifying participant’s satisfaction with haptic feedback and whether
they understood the intention of the study. Questions in the section were used to assess the
quality of responses and used in the data cleaning process. Additional questions regarding
duration of use were collected for future work. Figure 4.8 shows distribution graphs for
some of the exit questions.

4.8 Chapter Summary

This chapter elaborates on the five user studies that we ran in the process of developing
a scale. We have highlighted the procedures followed, results and outcomes of each study.
The result of completing the steps in this chapter is a well-defined questionnaire with
22 items in which respondents specify their level of agreement to each statement in five
points: (1) Strongly disagree; (2) Disagree; (3) Neither agree nor disagree; (4) Agree; (5)
Strongly agree. Each of the final 22 items have been carefully crafted based on literature
review, feedback from experts and a sample of the target population. The questionnaire
was then incorporated as a survey for data collection. The final data collected was used
for performing statistical analysis that is explained in detail in chapter 5. Appendix A has
recruitment materials for studies 1 to 4. Appendix B has the survey content of study 2
and Appendix C contains the qualtrics and prolific materials used to run study 5.
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Distribution of the number of participants who felt haptic feedback
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Figure 4.8: Top: A Bar graph showing the number of participants who answered “yes” or
“somewhat” to the question “Did you feel the haptic feedback”. Bottom: A Bar graph
showing the distribution of what the participants based their responses on.
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Chapter 5

Exploratory Factor Analysis

Factor analysis is a statistical method used to study the dimensionality of a set of variables.
Factor analysis identifies categories of similar statements. The common factor model re-
flects the view that the effect of one or more common factors (i.e., shared latent causes)
as well as unknown variable-specific variance is expressed by covariation between a set of
observed variables. Items are called indicators of the latent variables that underlie their co-
variation (a form of a reflective latent variable model) in the common factor model. Thus,
factor analysis partitions variation in the indicators into common variance and unique vari-
ance. Common variance reflects the shared influence of underlying factors on an indicator.
Unique variance represents a) reliable variation in the item that reflects unknown latent
causes, and b) random error due to unreliability or measurement error.

Each indicator has a communality, which is the total variance in an indicator explained
by latent factors. The remaining unexplained variation is called an indicator’s unique-
ness. Factor analyses are conventionally conducted on standardized data, meaning that
the communality and uniqueness should sum to 1.0 for each indicator. Altogether, if a
factor model is a good representation of the data, then the correlation among items that
load onto a factor should be largely attributable to the factor. More generally, a good
factor model should have high communality estimates and low uniqueness for all items. If
the uniqueness of an indicator is high, it indicates that variation in the indicator is not
explained by the specified factor structure

The factor analyst’s first task is to determine how many categories are sufficient to
capture the bulk of the information contained in the original set of statements. In factor
analysis, latent variables or indicators represent unobserved constructs and are referred
to as factors or dimensions. The goal of factor analysis is to model the interrelationships
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among items. The procedure has four steps:

e Data Cleaning & Transformation
e Correlation Analysis and Scree Plot
e Selecting Extraction Method, Rotation and Number of Factors

e Interpretation of the Factors

5.1 Data Cleaning and Transformations

As part of cleaning the data, we removed incomplete submissions, submissions with in-
valid image uploads and submissions of users who reported that “haptic feedback was
not noticeable at all.” A copy of the data was transformed into p X m matrix in order
to perform exploratory factor analysis, where p = number of valid observations (N=261)
and m = number of observed variables (N=22). All responses were complete and invalid
responses were excluded. The transformed data was loaded into R for statistical analysis
and interpretation.

5.2 Correlation Analysis and Scree Plot

The first step in factor analysis is to look at the correlation of the observed variables for
patterns [2].

The process begins with a correlation matrix for all the individual items. Using this
matrix as a starting point, factor analysis examines the patterns of covariation represented
by the correlations among items. This amounts to a provisional assertion that a model
having a single latent variable (i.e., a single factor), with a separate path emanating from
it to each of the items, is an accurate representation of causal relationships.

An initial look at the correlation table or the graphical representation of the correlation
matrix generally gives an idea about variables that cluster together. In Figure 5.1, we can
see clusters of blue and red dots which is an indication of factor existence.

Once we collect information around variable correlation, it is a good idea to perform
tests to confirm the adequacy of data collected. A Kaiser-Meyer-Olkin (KMO) [3] test is
used in research to determine the sampling adequacy of data that are to be used for Factor
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Kaiser-Meyer-Olkin factor adequacy

Overall MSA = 0.93
MSA for each item

H1 H2 H3 H4 H5 E1 E2 E3 E4 E5 R1
0.9720 0.9436 0.9429 0.9543 0.9482 0.8340 0.8697 0.8987 0.9069 0.8960 0.9105
R2 R3 R4 I 12 I3 14 Al A2 A3 A4
0.9253 0.9720 0.9612 0.9323 0.9278 0.8975 0.9209 0.9652 0.9392 0.9388 0.9225

Table 5.1: Kaiser-Meyer-Olkin factor adequacy test

Analysis. Social scientists often use Factor Analysis to ensure that the variables they have
used to measure a particular concept are measuring the concept intended. The KMO test
allows us to ensure that the data we have is suitable to run a Factor Analysis and therefore
determine whether we have set out to measure what we intended. The statistic computed
is a measure of 0 to 1. Interpreting the statistic is relatively straightforward; the closer it
is to 1, the better the data is. The overall KMO for our data is 0.93 and all our observed
variables show values greater than 0.90 as shown in Table 5.1. This suggests that the
collected data is adequate for factor analysis.

Next, we move on to determining the number of factors that the Principal Component
Analysis (PCA) suggests, by plotting and interpreting the scree plot (as seen in Figure 5.2).
The initial scree plot using parallel analysis suggested that the number of factors was
between three and five. .

5.3 Extraction Method, Rotation and Number of Fac-
tors

In order to determine the number of factors, we investigated the scree plot [51] to under-
stand the number for underlying factors. The initial graph strongly indicated the presence
of 3 highly probable factors. Among the many ways to do latent variable exploratory factor
analysis (EFA) [01], we used Maximum likelihood (ML), Ordinary least squares (OLSS)
and Principal Axis Factoring (PAF) extraction methods for the initial evaluation. We
also tried various rotations including both oblique and orthogonal types to understand the
correlations between the variables. Through factor rotation, we can make the output more
understandable and it is usually necessary to facilitate the interpretation of factors.
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Parallel Analysis Scree Plots
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Figure 5.2: Scree plot showing the num-
Figure 5.1: Graphical representation of ber of possible factors in the data. Notice

the correlation matrix. We see that there a drop at the 3rd point and a more sub-
are some “clumps” of items that are pos- tle one at 5. This indicates that there
itively correlated - evidence of some com- could be 3 - 5 factors underlying the 22
mon factors. variables in the data.

While EFA does identify latent directions in the data, there is no guarantee that these
directions are inherently interpretable. Thus, we may wish to rotate the axes of the factor.
It is also important to note that rotation does not change the fit or the amount of variance
explained. Instead, it redistributes the variance across factors to aid in interpretation.
This may change the eigenvalues of each factor, but not their sum (i.e., same total variance
explained). Rotations should usually be applied after selecting an appropriate number of
factors. Orthogonal rotations such as “varimax” try to rotate the factors to obtain simple
structure while keeping the directions at 90 degrees to each other (uncorrelated). This has
the advantage of keeping the standardized factor loadings in correlational units. Oblique
rotations allow for the factors to correlate but are still motivated to achieve simple structure
of the loading matrix. In general, assuming that factors are uncorrelated is probably a bad,
or at least a questionable, idea [55]. Therefore, the loadings after applying a rotation no
longer represent the correlations between items and factors. Instead, they are standardized
partial regression coefficients i.e., the unique effects of a factor on a variable.

The aim is to find a simple solution where each factor has a small number of large
loadings and a large number of 0 (or small) loadings. Starting off from 3 factor model,
we increased the number of factors to 4 and then 5 in order to obtain the simple factor
solution. The goal is to find a model with a strong factor structure, i.e., minimum cross-
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loading, high factor loading, and sum of squared loadings related to each factor. From
our initial set of 36 models, we shortlisted eight for further evaluation. Out of these eight
shortlisted models, the best model was selected based on highest factor loadings, minimal
cross-loadings and other model fit metrics discussed in later sections. Figure 5.4 shows
the solution with the best model fit: a five-factor model built with maximum likelihood
extraction method and oblique rotation (promax) because of its strong factor structure and
metrics (explained in subsection 5.4.1). Table 5.2 shows the eight models we compared,
and the selected model is highlighted.

5.4 Interpretation of the Factors

Twenty of the 22 observed variables had significant loadings onto 5 factors (ML1, ML2,
ML3, ML4, ML5). The factor analysis object obtained from R using psych package is
show in Figure 5.3. The variables and respective factors are described in Figure 5.4. It is
evident that the factors “Autotelic”, “Realism” and “Expressivity” have been loaded with
variables that we theorized and refined in the previous stages of the study. Interpreting,
grouping, and naming these factors were straightforward. However, “Immersion” and
“Harmony” have additional properties loaded onto it along with its other three theorized
properties. Upon further investigation, we were able to see how these new properties could
be associated with the factors that it loaded on and were able to deem the model acceptable.
Another interesting point was that the all the signs within “Harmony” were flipped and
thus its correlation with other factors were negative. We could either flip all the signs
and use it as is or we can re-name the factor to mean the opposite (e.g., Dissonance). As
there is no strong evidence to choose one over the other, we decided to keep the factor as
Harmony to be more consistent with the HX model [37], with the requirement that item
and factor values need to be negated during measurement or interpretation.

5.4.1 Goodness of Fit Test

“How well does the hypothesised model fit?” This is a critical question in almost every
application of Structural Equation Modeling (SEM) [71]. There are multiple metrics that
can be used to assess and prove the goodness of fit of an EFA model. The object returned
by the fa function from psych gives us a lot of information that we can use to diagnose
and interpret the factor model. We can look at metrics like SS loadings which is the sum
of squared loadings related to each factor. It is the overall variance explained in all the 20
variables by each factor. As a rule of thumb, the SS loading value of the factors should be
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# Model RMSR RMSEA y2/df TLI CFI
Extraction: Maximum Likelihood (ML):

1 Factors: 4 0.0330  0.0606 1.9639 0.9240 0.9515
Rotation: oblimin
Extraction: Principal Axis Factoring (PAF):

2 Factors: 4 0.0328  0.0611 1.9791 0.9227 0.9507
Rotation: oblimin
Extraction: Ordinary Least Squares (OLS)

3 Factors: 4 0.0328  0.0611 1.9791 0.9227 0.9507
Rotation: oblimin
Extraction: Maximum Likelihood (ML):

4  Factors: 5 0.0266  0.0499 1.6547 0.9482 0.9710
Rotation: oblimin
Extraction: Maximum Likelihood (ML):

5 Factors: 5 0.0265  0.0490 1.6550 0.9480 0.9710
Rotation: promax
Extraction: Principal Axis Factoring (PAF):

6  Factors: 5 0.0260  0.0508 1.6783 0.9463 0.9700
Rotation: oblimin
Extraction: Principal Axis Factoring (PAF):

7  Factors: 5 0.0260  0.0508 1.6783 0.9463 0.9700
Rotation: promax
Extraction: Ordinary Least Squares (OLS):

8  Factors: 5 0.0260  0.0508 1.6783 0.9463 0.9700
Rotation: oblimin

Table 5.2: Table showing different goodness of fit metrics to assess the fitness of the model
to the data. The basic criteria for model fitness are TLI and CFI >0.90 & RMSEA and
RMS values <0.05. The highlighted model has the highest TLI and CFI values and lowest
RMSEA and RMS values.
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H#H#

## Loadings:

## ML1 ML5S ML3 ML2 ML4
## Fits well(H1)

## Like as part of exp(H2) ©.8065

## disconnected(H3) ©.857
## appropriate(H4) -0.438
## out of place(HS5) 0.712
## All same(E1l) -0.493
## Adequate Variations(E2) ©.799
## distinguishable(E3) 0.622
## consistency(E4) ©.675
## Reflects variation(ES) 0.647
## Realistic(R1) 0.826
## Believable(R2) 9.743
## Convincing(R3) 9.495
## Matched expectation(R4)
## Distraction(Il) 0.561
## engagement(I2) ©.564
## focus(I3) 9.788
## Involvement(I4) | ©.822
## Satisfying(Al) 0.495
## Like by itself(A2) 0.704
## dislike(A3) -0.676 |0:376
## prefer no haptics(A4) -9.642
HH
HH# ML1 ML5 ML3 ML2 ML4
## SS loadings 2.483 2,384 2.244 1.947 1.907
## Proportion Var ©.113 ©.108 ©.102 ©.089 ©.087
## Cumulative Var ©.113 ©.221 ©.323 9.412 0.498

Figure 5.3: The “loading” object resulting from factor analysis obtained using the “psych”
package from R. The loading highlighted in red are discarded due to low score
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Factor 1 &
Loading size
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Factor 3 &
Loading size
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Loading size

Factor 5 &
Loading size

[feedback as part of the
lexperience

2.483 2.244 1.907 1.947 2.384
[The haptic feedback felt 495 | felt engaged with the 0.564 [The haptic feedback was 826 [The haptic feedback all felt | _ 493 [The haptic feedback felt 857
Isatisfying lsystem due to the haptic realistic fthe same disconnected from the rest of
feedback the experience
I like how the haptic 704 [The haptic feedback helped | g 788 [The haptic feedback was 743 | felt adequate variations in [ 799  [The haptic feedback felt -.438
feedback itself feels, me focus on the task believable the haptic feedback lappropriate when and where |
regardless of its role in the ffelt it
Isystem
| disliked the haptic -676 [The haptic feedback 0.822 |[The haptic feedback was 495 [The haptic feedback 675 [The haptic feedback felt out of | 772
feedback increased my involvement in lconvincing ichanges depending on how place
the task things change in the system
| would prefer the system -642 [The haptic feedback helps 0.622 [The haptic feedback reflects| g47  [The haptic feedback distracted | 561
ithout the haptic feedback ime distinguish what was arying inputs and events ime from the task
lgoing on
I like having the haptic 805

Autotelic

Immersion

Realism

Expressivity

Harmony

Figure 5.4: The final items and their loadings on each factor of the best factor model. The
higher the loading, the more the item is correlated with its factor. We named each factor
after the closest theoretical construct from the HX model, as the factors
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Factors Factor Loadings

f Autotelic .

0.4

0.4 Expressivity

0.7

Factor Correlations

06 Immersion

0.7 Realism

Items
1 like having the haptic feedback as part of the experience

I like how the haptic feedback itself feels, regardiess of its role
in the system
I disiliked the haptic feedback

I felt adequate variations in the haptic feedback

The haptic feedback changes depending on how
things change in the system

The haptic feedback reflects varying inputs and evenis
The haptic feedback all felt the same

The haptic feedback increased my involvement in
the task

The haptic feedback helped me focus on the task
The haptic feedback helped me distinguish what was going on
I felt engaged with the system due to the haptic feedback

The haptic feedback was realistic

The haptic feedback was believable

The haptic feedback was convincing

The haptic feedback felt disconnected from the
rest of the experience

The haptic feedback felt out of place

The haptic feedback distracted me from the task

The haptic feedback felf appropriafe when and
where | feit it

The haptic feedback fits well with the other senses
The haptic feedback matched my expectation

Figure 5.5: Path diagram representing the five oblique factors of the final model. The
factors were transformed to an oblique solution using promax. Dotted red lines mean a
negative loading due to the inverted item. Note that all signs for harmony have been

flipped due to factor rotation.
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Factor Correlations
| ML1 ML2 ML3 ML4 ML5

ML1 |1

ML2 | 045 1

ML3 | 0.66 041 1

ML4 | 0.62 065 0.61 1

ML5 | 0.69 0.59 0.5 0.66 1

Table 5.3: Factor Correlation matrix of the five-factor model

greater than 1. From Figure 5.4, we can see that our model has values ranging from 2 to
2.5 - indicating that these factors explain a large variance in its variables.

The magnitude of item-factor correlation ranges from 0.5 to 0.9 which is arguably an
indication of a strong structure. The factors are evidently correlated with each other as
expected. The correlations range from 16% (0.4*0.4*100) to 49% (0.7*0.7*100). High
correlation between factors is not ideal but best practices dictate that the value should not
exceed 0.7 [2].

Three model fit indices that are widely applied are considered in this study, all of which
are based on a fit function given a specific estimation method. These are Root Mean
Square Error of Approximation (RMSEA) [62, (1], Comparative Fit Index (CFI) [17] and
Tucker-Lewis index (TLI) [64]. RMSEA is an absolute fit index, in that it assesses how
far a hypothesized model is from a perfect model. On the contrary, CFI and TLI are
incremental fit indices that compare the fit of a hypothesized model with that of a baseline
model. The key advantage of TLI is the fact that it is not significantly affected from sample
size. The application of RMSEA, CFI, and TLI is heavily contingent on a set of cut-off
criteria. Earlier research [30] suggests that that an RMSEA value of <0.05 indicates a
“close fit”. It is recommended that TLI >0.90 indicates an acceptable fit [18]. And a CFI
larger than 0.95 indicates relatively good model-data fit in general. From Table 5.2, we
can see that the final model has an excellent model fit (RMSEA = 0.049, TLI = 0.948,
CFI = 0.971, x2 = 1.655).

5.5 Chapter Summary

The goal of EFA is to evaluate the dimensionality of a set of indicators in order to identify
the smallest number of latent factors that explain the pattern of correlations. EFA tries to
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identify a simple model and is a data-driven exploratory technique with little intervention
from the scientist in the estimation of the model. The primary decisions made are deciding
how many factors to extract and how/whether to rotate the factors for interpretability.
This chapter further elaborates the statistical process and methods used to extract the
factors important in measuring haptic experience and explains how we arrive at the final
structure. It also shows statistical evidence as to why the final model is an adequate
estimation of the data. Refer Appendix D for the complete R code used for the analysis.
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Chapter 6

Discussion

Our findings provide evidence and increased detail for the HX model, give concrete guide-
lines for measuring HX, and form a first draft of the HXI which can help researchers,
designers, and hapticians measure the experiential factors of their haptic designs.

6.1 Support & Elaboration for the HX Model

The five-factor model obtained from exploratory factor analysis provides evidence to the
previously proposed HX model [37]. Because the model with the best fit has five fac-
tors, each of which involves mostly questions from one HX model factor, it shows that
participants were responding to our proposed items in a way that varies according to the
five factors. The evidence of an internal structure provided by exploratory factor analysis
confirms that the underlying factors of the HX model in fact measures haptic experience.
This also supports our idea of measuring the haptic component of a system with a five-
dimensional scale, rather than a simplified model with fewer dimensions

From a factor analysis perspective, factor loading is the correlation between the ob-
served score and the latent score. Generally, it is better if this score is high since the
square of factor loading can be directly translated as item reliability. We can see from
Figure 5.5 that most of our factor loadings are between 0.5 to 0.8 with one factor loading
at 0.44. This indicates strong item reliability. It is important to note that the negative
sign on the factor loadings are that of “negatively-worded” items in the questionnaire and
thus they are negatively correlated with the factor. In total, the extracted factors explain
54.7% of the variance.
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We suspected correlation between the factors and so we used the oblique rotation for
the factor model. As a rule of thumb, correlations between factors should not exceed 0.7
[8]. A correlation greater than 0.7 indicates a majority of shared variance (0.7 * 0.7 = %
shared variance). As we can see from the factor correlation matrix Table 5.3, all the factors
have a correlation of less than 0.7. This confirms discriminant validity. Figure 5.5 shows
that the five factors are correlated with each other: the lowest correlation was 0.4 between
Immersion - Expressivity and Expressivity - Autotelics, and the highest correlation was
0.7 between Harmony - Autotelics, Autotelics - Immersion and Harmony - Realism. These
results lead to interpretations like “Feedback that feel good by itself help increase the
immersion and realism of an application” given how highly they correlate. These findings
help define what designers and hapticians must focus on in order to elevate their application
design.

6.1.1 What each factor tells us

The scale development process has further enriched our understanding of each construct.

Autotelic: ML1 turned out to be the strongest factor with maximum influence on its
variables. All variables of Autotelic (A1, A2, A3, A4) loaded significantly onto ML1 along
with another variable from harmony (H2). The high factor loading of all the items is an
indicator of how important it is to design a feedback that is likable and satisfying to the
user. The item (H2) questions the satisfaction or desirability of the haptic feedback in
the context of the system and has a very high factor loading of 0.805. While Autotelic by
definition means that the feedback feels good in and by itself, the factor loadings indicate
that the context of the system might significantly influence the likability of the feedback.
Thus, we could understand that for an application to have a good autotelic experience, the
design also needs to consider the context in which it is applied.

Expressivity: ML2 consisted of four variables designed for Ezpressivity (E1, E2, E/,
E5), but E3 (“The haptic feedback helped me distinguish what was going on”) loaded on
Immersion, suggesting that Expressivity has more to do with variance of feedback than
causality, and that feedback of someone’s actions is connected to Immersion. From the
original definition that inspired the formulation of this construct “.Expressivity allows
users to feel their input make an impact on the feedback received”, we could verify that
this item can potentially be measuring the expressivity of a system. This is not surprising,
given that Immersion involves perceiving oneself to be interacting with an environment that
has continuous stream of stimuli and experiences [70], but it is an important distinction
for HX. This distinction helps us categorize the properties of immersion and expressivity
with more clarity than before.
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Immersion: All the positive items of Immersion (12, 13, 14) loaded significantly on
ML3 thus confirming our existing understanding of the dimension. We can thus conclude
that increased involvement, focus, and engagement is in fact an indicator of an immersive
experience. Additionally, we can see that an item “The haptic feedback helped me distin-
guish what was going on” (E3) has been loaded onto this construct. What was originally
thought of as an indicator of an expressive experience has now been shifted to be an at-
tribute of Immersion. This factor overall lends support to the popular idea that when users
are able to both affect and be affected by the system, they become more immersed in it

[70].

Realism: Factor ML4 consisted only of variables for Realism (R1, R2, R3), with the
variable R4, “The haptic feedback matched my expectation” not loading significantly. This
could simply be because the item is not capturing the construct. Our initial screening had
some evidence that participants had some reservations about this question as it requires
them to have expectations about the experience as a prerequisite. The non-significant load-
ing of the factor gives additional evidence that this item may not be suitable to measure
realism in an experience. Another interesting question raised during content validity dis-
cussion was about reliability vs believability. Some of the experts argued that believability
might be a construct of its own and some agreed that it is mostly an aspect of realism.
Since “The haptic feedback was believable” has a high factor loading of 0.743, it is safe to
say that the factor “Realism” extracts sufficient variance from the variable “believability”.
Thus, believability might in fact be an underlying variable of the latent variable realism.

Harmony: ML5 was originally loaded with three negative items (H3, H5, I1) and one
positive item (H4). All the negative items were positively correlated with the factor and
the positive one was negatively correlated with it. Interestingly, the correlation between
ML5 and all other factors was also a negative correlation. We were able to deduce that
this factor was in fact the opposite of the construct Harmony. On further investigation
and brainstorming sessions, we concluded that if we flip the signs, then we can group this
factor as harmony. This suggests that harmony can indeed be the absence of a disruptive
feedback. For example, if the haptic feedback does not feel “disconnected” from the system
or “out of place” or “distracting”, then we could accept that the feedback is harmonious
with the system.

6.1.2 Customization & Generalization

While the study was done using commercially available haptic devices, which mostly fall
under smartphone or gaming console categories, we have created the questionnaire with
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inputs from experts in different fields like robotics and medical sciences. This boosts
the applicability of the scale to a wider range of applications. We even conducted the
initial screening with smartwatches and fitness tracking devices and discovered that all our
constructs may not be applicable to simpler applications such as feedback from a timer
or a “step goal reached” alert. For example, the aforementioned feedback doesn’t have a
real-world equivalent thus questions around “believability”, “realistic” and “convincing”
seem irrelevant to the experience. This proposes that the HXI may need to be devised as
sub scales that can be customised according to what the application desires its experience
to contain.

The question of whether haptic experience can be measured is also partially answered
by this study. By setting up a step-by-step guided task and providing a definition of
what haptic feedback is, helped participants to complete the task and recognise the hap-
tic feedback in them. They were aware of what they “felt” and easily connected it to
“haptic sensation” and answered the questionnaire accordingly. Approximately 12% of the
participants reported that they did not feel any haptic feedback in the guided task and
their responses consisted only of neutral options, indicating that the HXI is in fact only
applicable for applications with a prominent haptic feedback component.

What started as a five-dimensional scale with 5 items each has been refined to a five-
dimensional scale with 3 to 5 items each by the studies conducted above. The first draft
of the questionnaire contains 20 items that represent these five underlying factors and is
ready to be put to further testing using other haptic modalities such as force feedback,
mid-air haptic, electrotactile and conducting confirmatory factor analysis on the results.

6.2 Practical Matters for Measuring HX

Measuring experience is difficult. Focusing on a particular type of feedback to evaluate
while keeping in mind the overall experience is even more challenging. In order to build our
studies around measuring haptics, we had to provide participants with applications that are
experienced as a system, but also have recognizable haptic feedback. For example, watching
a haptic ad is very similar to watching any video with sounds and visuals, but has additional
vibrations that notably catches user attention and elevates the experience when done right.
We selected multi-sensory applications with visuals, sounds and vibrations and made sure
the participants interacted with it for approximately 5 minutes. The approximate time was
calculated based on the qualitative feedback obtained from cognitive interviews. This gave
enough time for users to understand the application and the feedback, and fully experience
the system.
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One of the main debates we constantly had was whether a questionnaire is the right
choice for evaluating HX. Through brainstorming and reviewing work around measurement
instruments, we were convinced that a well-designed questionnaire can collect systematic
data of user emotions and expectations about a system or design. We found participants
typically interacted with haptic experience for five minutes, with the entire task and ques-
tionnaire taking 10 minutes. This suggests that participants can complete a 20-question
instrument in less than five minutes, suitable for evaluating systems without being too
onerous on participants.

Terminologies used in the questionnaire is another important area of concern. We ini-
tially referred to the unit measured as “feedback”, in order to keep it generic and simple.
But this was ambiguous as participants were confused about what feedback we were re-
ferring to. We then decided to change it to “haptic feedback” based on the input from
experts. However, this change could potentially make the questionnaire difficult to com-
prehend for users who did not know what “haptic” was. Statistics of our study shows that
57.7% of our participants have not heard of the word or unsure of what it means. Thus,
we included a simple definition of haptic feedback to the HXI, which allowed non-expert
participants to evaluate the haptics in their experience.

6.2.1 Definition of Haptic Feedback

The following sentence is a part of the HXI that explains what we mean by haptic feedback
in our items:

Haptic feedback refers to anything that you feel with the sense of touch. It could
be vibrations, force, temperature, pressure, or any other physical sensation.

We found that defining haptic feedback was necessary to help users understand the items
of the scale as reported by 82.9% of respondents.

6.3 Applications

Although the scale is yet to be validated using confirmatory studies, the HXI can still be
used along with other measurement scales to understand user feedback. We have experi-
mented this within other lab projects and the results seem beneficial to the researcher. One
of the best applications for this version of the HXI could be to receive early feedback about
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mobile applications and game prototypes built with novel haptic effects. We also consider
the HXT to be an effective tool to be used in the design process. It gives the developers
a framework to focus their design on. For example, if the idea is to build an immersive
experience, the developer needs to make sure that the haptic feedback is designed to help
users “focus” on the task, increase user “involvement”, enhance user “engagement” and
help the user comprehend “what is going on”. We found the draft HXI to be very efficient
for mobile applications and games since majority of our data was collected based of these
experiences and participants seem very comfortable with it As we are able, we hope to
explore other, more varied haptic experiences with the HXI to see if it can evaluate longer
experiences, or work for in-person studies with novel hardware.

6.4 Limitations

While there are promising results from the study, there are several limitations. Since game-
like applications were used in the study to measure haptic feedback, we cannot be certain
that other types of haptic applications will perform the same and produce similar significant
factor structures. It is possible that users associate games with pleasant experiences and
therefore lean towards giving higher scores. This could lead to a social desirability bias.
The social desirability bias is considered to be a systematic error in self-reporting measures
resulting from the desire of respondents to avoid embarrassment and project a favorable
image to others [20]. Users tend to look for the right answer creating biased data which
threatens the validity of the research. However, we could identify, test, and prevent it while
validating the final results in future.

Moreover, it is not necessary that all applications consider these five dimensions as
important factors in their design. We have yet to explore and evaluate the usage of HXI
as sub-scale derivatives that can be customized according to the needs of designers and
researchers.

The quantitative studies we conducted are cross-sectional studies as the survey was a
snapshot of the population on which the data was collected. About 98% of the participants
answered the HXI based mostly or entirely on the study session. Since we have made
inferences about a population of interest at one point in time, we fail to take into account
the good or bad effect time has on these experiences.

Due to the remote nature of the main study, we were not able to interact with our
participants as much as we wanted to. While the messaging functionality offered by the
crowd-sourcing tool helped resolve some of the issue and questions the participants had, a
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total control of what participants were doing during the task was lacking. We were only
able to use commercially available devices with vibrotactile feedback, since finding remote
participants with advanced setups (and controlling them) was very tedious. However, we
believe our findings will translate to similar in-person studies, as prior work has found that
crowd-sourced vibrotactile studies on commodity hardware yield similar findings to remote
studies [60].

6.5 Future Work

Now that there is evidence that provides support for the HX model, confirmatory stud-
ies need to be conducted to support our results and to generalize it. Furthermore, the
confirmatory studies can benefit greatly with the use of other haptic modalities like force,
mid-air, and pressure. We may also need to lookout for other unknown dimension of haptic
experience that these novel devices and applications bring to the table.

Other variables that can likely influence HX have been identified as part of this study.
This data needs to be investigated and analysed as it has the potential to uncover new
aspects of haptic user experiences to consider. For example, some users reported that the
vibrations on their smartwatches “startled them” when they first started using it. But they
got used to the sensation and did not notice it as much with regular usage. Another notable
example is how some users prefer to “turn-off” haptic feedback on their smartphones as
it is “irritating” or “annoying” with prolonged usage. Just like how measurement of UX
over time has been gaining traction in fully understanding user experience [10], haptic
experience over time can also be a major influence on the overall effects of haptic feedback
in a system. A well-designed longitudinal study could help us record user responses to the
HXT over different periods in time and can help gain the insights that we are looking for.

6.6 Chapter Summary

In this chapter, we discussed how the research has provided evidence for a reliable haptic
evaluation instrument. We also touched upon how this work enhances our existing under-
standing of haptic experience and design. We further understood the current applications
and limitations to the first draft of the HXI and concluded with the opportunities of future
work.
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Chapter 7

Conclusion

In this paper, we introduced the HXI as the first draft of the scale developed using the
experiential dimensions of HX model. The HXI provides evidence for the underlying model
and indicates that a five-dimensional scale is a viable tool to measure haptic experience in
a multisensory vibrotactile application. The construction, validation and analysis of the
model were carried out using five user studies with 348 total participants. The constructs
in the HXI have been refined and validated and thus, this tool can readily be adopted by
hapticians, researchers and developers of multisensory applications to evaluate their design
through systematic user feedback.

Through this project, we explore why it is important to measure haptic experience,
what the currently adopted tools and methods of measurements are and the need for
a new standardised tool. We gained many valuable insights from literature review and
user studies that has helped us understand haptic feedback and its role in multisensory
applications. By interacting with haptic researchers and users, we were able to see how the
field of haptics is expanding and influencing design choices for many digital applications.
Introducing haptic feedback to communicate information is said to have highly positive
reaction in users when done right. Through tools like the HXI, developers and researchers
will have a way to understand the components of a good experience and be able to produce
innovative applications that users will love.

We hope that the next time you create a prototype or an application which employs
haptic feedback, you will be able to use the HXI and enjoy structured user feedback!
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Appendix A

Recruitment materials

W UNIVERSITY OF WATERLOO
@ FACULTY OF ENGINEERING

PARTICIPATE

in research investigating haptic experiences

We are looking for volunteers to participate in a
research study evaluating user experience of
interactive systems rendering touch-feedback.
As a participant, you would be asked to test a
touch-feedback device and provide your feed-
back through a user experience questionnaire.
To participate, you must own one of the follow-
ing devices: Fitbit, Android, 10S phone.

In appreciation of 30 minutes of your time,
you will receive $10.

This study has been reviewed by and has
received ethics clearance through a University
of Waterloo Research Ethics Committee.

For inquiries, please contact Suji at
snaathiy@uwaterloo.ca

\

Figure A.1: Participant recruitment poster for conducting Cognitive Interviews
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University of Waterloo
Research Participant’s Acknowledgement of
Receipt of Remuneration

pages and
Self-Declared Income

Section A:  To be completed by Principal Investigator or designate

Principal/Faculty Investigator’s Name: Oliver Schneider

Student Investigator(s)’s Name: Suji Nivedita Sathiyamurthy

Department: Management Sciences

Study Title: Evaluation of Haptics Experience

Section B:  To be completed by research participant

In appreciation of my involvement as a research participant in the above study,
I acknowledge that I have received § 10.00 from the University of Waterloo.

I further acknowledge that:
e this amount received from the University of Waterloo is taxable;
e that it is my responsibility to report the amount received for income tax purposes; and
e the University of Waterloo will not issue a tax receipt for the amount received.

Participant’s Name:

Participant’s Signature:

Date:

Witness’ Name __Suji Nivedita Sathiyamurthy

Witness’ Signature:

Date:

29

Form issued: December 20, 2011



Appendix B

Study 2: Content Validity

The content validity study was conducted in two parts. First, the expert hapticians were
invited to a group discussion on each of the items and then asked to take a survey to
rate the items on Relevancy and Clarity. Figure B.1 and Figure B.2 is a screenshot of the
survey conducted on Qualtrics.
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Please rate each question based on its relevance to Haptics Experience and its clarity

Relevancy Clarity
Not Negd I\{eed Very Not Negd Nged Very
3 major  minor major minor
relevant i o relevant = clear o v clear
revision  revision Tevision revision

The feedback fits well with the
other senses

I am glad I felt the feedback as
expected

The feedback was expressive
The feedback was immersive
The feedback was realistic

The feedback matched my
expectations

1 felt engaged with the system
The feedback all felt the same
The feedback felt good

Ilike it more when the feedback is
part of the experience

The feedback felt disconnected
from the system

The feedback felt out of place

I felt adequate variation in the
feedback

1 felt detached from my
environment because of the
feedback

The experience was close to what T
expected to feel based on my
actions

I am satisfied by how convincing
the feedback felt

Figure B.1: Questionnaire provided to the experts in study 2:
naire content Validity (pl)
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Relevancy Clarity

7
Not Need Need Very Not Ne'ed Nfeed
major minor

major minor
relevant A e relevant = clear s Ty
revision revision revision revision

Very
clear

I was aware of my response to the
feedback

The feedback helps me distinguish
my actions

I disliked the feedback

The feedback felt appropriate given
its context

I'would prefer the system without
the feedback

The feedback changed depending
on my action

The feedback distracted me away
from the system

The feedback was believable

The feedback would feel good by
itself

T would like to disable the haptic
feedback

The feedback changes with the way
Iinteract with the system

The haptic feedback reflects
varying inputs and events

The overall experience was
authentic

Suggestions and other comments:

Powered by Qualtrics

Figure B.2: Questionnaire provided to the experts in study 2: Expert review for question-
naire content Validity (p2)
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Appendix C

Main Study Materials

C.1 Qualtrics

The main study was designed and published on Qualtrics. A sample view of the study:
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10/27/2020

UNIVERSITY OF
WWATERLOO

https://uwaterloo.ca1.qualtrics.com/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview?ContextSurveylD=SV_d6as9nMgPYodvtr&ContextLibraryl...

Qualtrics Survey Software

Welcome page

Welcome to the study: Evaluation of Haptic Experiences

The purpose of this study is to assess your experience with an application providing haptic
(touch) feedback. You will be asked to complete a task (e.g. play a game on your game
console or smartphone) using one of the devices listed below for approximately 5 minutes.
An uploaded image of the device’s screen will be requested to verify the completion of the
task. You will then be directed to fill out a survey based on your experience with your device
and assigned application. To continue with this study, you need to have access to a haptic
enabled device( eg: Smartphone, Nintendo Switch, PS4). Haptic enabled devices refer to
anything that provide a feedback that you feel with the sense of touch. It could be
vibrations, force, temperature, pressure, or any other physical sensations

The entire process will take approximately 10 minutes.

Note: Your session will end in 44 minutes.

Please select the device with which you would like to complete the task:

Smartphones :0 place(s) remaining
Gaming & other devices: 27 place(s) remaining

O iPhone
Q Android Device
Q Nintendo Switch

QO Ps4

O My haptic enabled device is not listed here

Enter the name of your device

(eg: XBOX)

Please select the application you prefer to use for this study

All applications listed below are certified App Store applications. If you do not see a suitable application on the list, please select a different device
Ghost POP game v

Please select the application you prefer to use for this study

If you do not see a suitable application on the lst, please select a different device
Haptic Advertisements v

Please select the application you prefer to use for this study

If you do not see a suitable application on the list, please select ‘other’
Animal Crossing v

Please enter the details of the application you prefer to use for this study

Eg: Playing HalF-ife Alyx on Vive
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Please select the application you prefer to use for this study

If you do not see a suitable application on the list, please select ‘other'

GTA5 v

Enter the name of your game

Return submission

The maximum quota for using smartphones (both iPhone & Android) has been reached.
Thank you for your interest

You have not completed this study. Please return to Prolific to return this submission. You
can try to retake the study with a different device or contact the researcher if you are facing
any technical issues. Thank you for your time.

Informed Consent

Consent for Participation in the Study
Title of the study: Evaluating User Experience of Haptic Interactions

Principal Investigator: Oliver Schneider, Assistant Professor, Department of Management
Sciences, University of Waterloo, Canada, oliver.schneider@uwaterloo.ca

Student Investigator: Suji Nivedita Sathiyamurthy, Graduate Research Student,
Department of Management Sciences, University of Waterloo, Canada,
snsathiy@uwaterloo.ca

The purpose of the research study is to receive responses to the Haptic Experience
Questionnaire, a scale currently in development intended to evaluate users’ experience
with interactive touch feedback systems. In order to be eligible, you must be between the
ages of 18-64 years, have typical sensitivity to touch, and no medical hearth conditions.
You will not be eligible to participate if you fall outside of the age range or, for safety
purposes, have an atypical sensitivity to touch or known heart condition

In this study, you will be presented with a task in which you interact with a device rendering
haptic (touch) feedback. You may be asked to upload screenshots of your selected device
to verify your completion of the task. Finally, you will be asked to complete a survey based
on your experience with the device. Your identity will be confidential.

You will be completing the study by an online survey operated by Qualtrics. When
information is transmitted or stored on internet privacy cannot be guaranteed. There is
always a risk your responses may be intercepted by a third party (e.g., government
agencies, hackers). Qualtrics temporarily collects your contributor ID and computer IP
address to avoid duplicate responses in the data-set but will not collect information that
could identify you personally.

Any data collected will be stored for a minimum of three years on ECResearch, a
secure network file server for the University of Waterloo Engineering researchers.
The data will be anonymous and no names or personal information will be shared.
Anonymous data may eventually be posted online for other researchers to use.

The entire process will take approximately 10 minutes. In appreciation of your time, you will
receive a 1.25 (GBP) through Prolific. You may refuse or skip any task or question without
affecting your remuneration. Your participation in this study is entirely voluntary and you
may refuse to participate or withdraw from the study at any time up until the point at which
your data is anonymized at the end of the study. You may refuse to participate or withdraw
before this point without jeopardy. By indicating your consent, you are not waiving your

https://uwaterloo.ca1.qualtrics.com/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview?ContextSurveylD=SV_d6as9nMgPYodvtr&ContextLibraryl...  2/9
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https://uwaterloo.ca1.qualtrics.com/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview?ContextSurveylD=SV_d6as9nMgPYodvtr&ContextLibraryl...
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legal rights or releasing the investigator(s) or involved institution(s) from their legal and

professional responsibilities

You can contact the Student Investigator at Suji Sathiyamurthy <snsathiy@uwaterloo.ca>
for any additional information or concerns.

This study has been reviewed and received ethics clearance through a University of
Waterloo Research Ethics Committee (ORE #40872).

If you have questions for the Committee contact the Office of Research Ethics, at 1-519-
888-4567 ext. 36005 or ore-ceo@uwaterloo.ca.

If you have questions about the study or related research, please contact Dr. Oliver
Schneider at oliver.schneider@uwaterloo.ca.

| hereby CONSENT to participate in this study

O ves
O No

Does not consent

As you do not wish to participate in this study, please return your submission on Prolific by
selecting the 'Stop without completing’ button

introduction block

Introduction

The present study aims to better understand users’ experience with devices rendering
haptic feedback. You will be asked to complete a task (i.e. game application) using a device
you currently own and provide insight to your experience with a survey.

You will be asked to complete the following tasks:

1. Answer a demographic questionnaire.
2. Complete a guided task using your selected device.
3. Upload screen images to confirm task completion.

4. Fill out a survey based on your experience with the device.

The study should take no more than 10 minutes to complete. If you have arrived from
Prolific, you will have 45 minutes until the session times out.

If you close this website you will not be able to continue from where you left off and will
have to start from the beginning of the study. If you experience failure in attempting to
complete the study, you will be sent an email for assistance. Please respond to the email to

avoid conflicts.

Press Next to proceed.

Demographic Questionnaire

Let's start with a little bit about yourself!
None of the following questions can be used to identify you. Also, note that all of your answers will be kept strictly confidential and will only be used in

aggregate

Which of the following age groups do you fall under?

O 18-24 QO 55-64
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QO 25-34 Q 65 orolder
Q 35-44 Q | prefer not to answer
Q 45-54

What is your gender?

O wale

Q Female

Q Non-binary/third gender

Q | prefer not to say

O | prefer to self describe

What is your occupation?

How long have you been using your ${e://Field/choice}?

O Less than one month
Q Two months to less than a year

Q One year or more

How familiar are you with ${e://Field/app}?

O I have never tried it before
Q | have briefly tried it a couple times
Q 1 am very familiar

What is your experience with haptic technology?

(@] | am an expert haptician

Q I have some experience

Q I have heard of it but yet to learn more
Q What is haptic technology?

Task block

These page timer metrics will not be displayed to the recipient.
First Click: 0 seconds

Last Click: 0 seconds

Page Submit: 0 seconds

Click Count: 0 clicks

Instructions page

Instructions to complete this task

Step 1: Download the app ${e://Field/app} from the ${e://Field/store}
Link: ${e://Field/app_link}

Step 2: Open ${e://Field/app} on your ${q://QID10/ChoiceGroup/SelectedChoices}

Step 3: Before beginning to play, please take a screenshot of your initial screen

Instructions page

Instructions to complete this task
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Step 1: Open google chrome on your ${q://QID10/ChoiceGroup/SelectedChoices}
Step 2: Go to http://gleemlabs.haptter.com/website/haptic-video-marketing/haptic-videos-
examples/

(you must see a few videos in this page)

Step 3: Please take a screenshot of this initial screen

Instructions page

Instructions to complete this task
Step 1: Open ${e://Field/app} on your ${q://QID10/ChoiceGroup/SelectedChoices}
Step 2: Let the game load and wait for start screen

Step 3: Please take a picture of the initial screen and your device

Instructions page

Instructions to complete this task

Step 1: Set up your task environment with ${q://QID68/ChoiceTextEntryValue}
and ${q://QID37/ChoiceTextEntryValue}

Step 2: Let the application load and wait for the start screen

Step 3: Please take a picture of the initial set up

Upload the image here

Accepted file types: JPG,PNG GIF,PDF,MP4,MOV,QT.AVIWMV,M4V

Step 4: Play the game or use the application for ~ 5 minutes (you can play longer if you
wish but be mindful of the session end time)

Step 5: Once you are finished, please take another screenshot/picture to verify task
progress or completion

Step 6: Upload the images in the fields below

Step 4: Watch the videos on this page (the first 3 videos at the least)

Step 5: Once you are finished, please take another screenshot to verify the completion or
progress

Step 6: Upload the images in the fields below

Upload the image here

Accepted file types: JPG,PNG,GIF.PDF,MP4,MOV,QT.AVI,WMV,M4V

Note: You will not be able to come back to this page once you click next. Please check your
work before proceeding.
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What is haptics

You have completed the first half of this study! You will now be asked to complete a survey
based on the experience you just had with your device. Please click Next to proceed to the
survey.

HXI Block 1

In these q i haptic fe refers to anything that you feel with the sense of
touch. It could be vibrations, force, temperature, pressure, or any other physical
sensations

Neither
agree
Strongly ~ Somewhat nor Somewhat  Strongly
disagree  disagree  disagree agree agree
The haptic feedback felt satisfying O (e} O (@) @]
The haptic feedback distracted me
from the task o) o) o o o
The haptic feedback was realistic o) o) O (@) O
The haptic feedback all felt the same O O O O O
The haptic feedback fits well with the o) o) o) o) o)

other senses (e.g. Sound, visuals)

HXI block 2

In these q i haptic fe k refers to anything that you feel with the sense of
touch. It could be vibrations, force, temperature, pressure, or any other physical
sensations

Neither
agree
Strongly ~ Somewhat nor Somewhat  Strongly
disagree  disagree  disagree agree agree
| felt engaged with the system due to
the haptic feedback O O o O O
| like having the haptic feedback as
part of the experience o o O o} O
The haptic feedback was believable O O O O O
| like how the haptic feedback itself
feels, regardless of its role in the O O O O (@)
system
| felt adequate variations in the haptic
feedback 9 o) o o o
HXI block 3
In these q i haptic feedback refers to anything that you feel with the sense of

touch. It could be vibrations, force, temperature, pressure, or any other physical
sensations

Neither
agree
Strongly ~ Somewhat nor Somewhat  Strongly
disagree  disagree  disagree agree agree
The haptic feedback felt disconnected
from the rest of the experience O O O o) ®)
| disliked the haptic feedback O o) O O O
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Neither
agree
Strongly  Somewhat nor Somewhat  Strongly
disagree  disagree  disagree agree agree
The haptic feedback helps me
distinguish what was going on o o O o} O
The haptic feedback was convincing O O O O O
The haptic feedback helped me focus
on the task O O O o) o)
HXI block 4
In these q i haptic feedback refers to anything that you feel with the sense of

touch. It could be vibrations, force, temperature, pressure, or any other physical
sensations

Neither
agree
Strongly  Somewhat nor Somewhat  Strongly
disagree  disagree  disagree agree agree
| would prefer the system without the
haptic feedback o o O o} O
The haptic feedback changes
depending on how things change in O O O O O
the system
The haptic feedback increased my
involvement in the task
The haptic feedback matched my
expectation
The haptic feedback felt appropriate
when and where | felt it
HXI block 5
In these q i haptic feedback refers to anything that you feel with the sense of

touch. It could be vibrations, force, temperature, pressure, or any other physical
sensations

Neither
agree
Strongly ~ Somewhat nor Somewhat  Strongly
disagree  disagree  disagree agree agree
The haptic feedback reflects varying
inputs and events O O o O O
The haptic feedback felt out of place O O O O (@)

End Survey

We are almost done!

Please answer the following questions about the study

Approximately how long did it take to complete this study (in minutes)?

In general, how would you rate your experience with the following:

Your
${q://QID10/ChoiceGroup/SelectedChoices}
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The application: ${e://Field/app}

The haptic feedback in the application

How noticeable was the haptic feedback?

O Not noticeable at all
Q Somewhat noticeable
Q Very noticeable

Did the definition of Haptic feedback help you understand the survey questions better?

O Yes
Q Somewhat

Q No

Has your understanding of haptic technology increased after this study?

O ves
Q Somewhat

QO No

Were your survey responses based on your experience with the task/application during this
session or your experience with the task/application prior to the session

O My responses were based entirely on this session

O My responses were based mostly on my experience during this session

Q My responses were based equally on this session and my previous experience
QO My responses were based mostly on my experience prior to this session

O My responses were based entirely on my experience prior to this session

Do you think your responses would change if you performed the task for a longer period of
time?

O Yes
Q Somewhat
Q No

Any additional comments on the study

Feedback Letter

Thank you for participating in this study!

We appreciate your participation in our study and thank you for spending the time helping
us with our research!

The purpose of the study was to gain insight into your experience interacting with a system

https://uwaterloo.ca1.qualtrics.com/Q/EditSection/Blocks/Ajax/GetSurveyPrintPreview?ContextSurveylD=SV_d6as9nMgPYodvtr&ContextLibraryl...  8/9
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that employed touch feedback using the Haptic Experience Questionnaire. Your responses
will allow us to analyze the quality of the scale, thereby helping us to identify and address
any necessary revisions. The final product will be a reliable and valid questionnaire ready to
be deployed for use by haptic designers and researchers. The Haptic Experience
Questionnaire will allow for the identification of a system’s strengths and weaknesses, as
well as comparisons between devices.

All information you provided is considered completely confidential; indeed, your name will
not be included or in any other way associated, with the data collected in the study.
Furthermore, because the interest of this study is in the average responses of the entire
group of participants, you will not be identified individually in any way in any written reports
of this research. Paper records of data and photos collected during this study will be
retained for a minimum of three years on ECResearch, in a secure network file server for
the University of Waterloo Engineering faculty members. Only researchers associated with
this study will have access to the data. All identifying information will be removed from the
records prior to storage.

This study has been reviewed and received ethics clearance through a University of
Waterloo Research Ethics Committee (ORE #40872). If you have questions for the
Committee, contact the Office of Research Ethics, at 1-519-888-4567 ext. 36005 or ore-
ceo@uwaterloo.ca. If you have questions about the study or related research, please
contact Dr. Oliver Schneider at oliver.schneider@uwaterloo.ca

We really appreciate your participation and hope that this has been an interesting
experience for you!

References (related studies that may be of interest to you):

Kim, E., & Schneider, O. (2020). Defining Haptic Experience: Foundations for
Understanding, Communicating, and Evaluating HX. Proceedings of the 2020 CHI
Conference on Human Factors in Computing Systems. doi:10.1145/3313831.3376280

Guest, S., Dessirier, J. M., Mehrabyan, A., McGlone, F., Essick, G., Gescheider, G., ... &
Blot, K. (2011). The development and validation of sensory and emotional scales of touch

perception. Attention, Perception, & Psychophysics, 73(2), 531-550
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C.2 Prolific

The participant pool was screened and recruited through prolific. A sample of how the
study was published to the participant pool:
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Measuring Haptic Experince
Hosted by SUJI SATHIYAMURTHY

£1.25 + 10 minutes » £7.50/hr+ 298 places remaining

00

As a participant in this study, you will be asked to complete a task on your
iPhone/Android/gaming consoles. The task involves you interacting with a game or
an application for ~5 minutes. Once the task is completed, participants will be asked
to upload an image as proof of completing the task. After this, you will complete a
survey to rate your experience.

If you are unable to complete the study due to technical difficulties, please email
snsathiy@uwaterrloo.ca with the study URL.

Open study link in a new window

Figure C.1: Participant recruitment poster created on Prolific for the main study
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Appendix D

Exploratory Factor Analysis R code

D.1 R Script

title: "Exploratory,Factor Analysis"
author: "SujiyNiveditaySathiyamurthy"
date: "02/09/2020"
output:
slidy_presentation: default
powerpoint _presentation: default
beamer _presentation: default

““‘{r setup, include=FALSE}

knitr::opts_chunk$set (echo = FALSE)

library (psych)

library (ggplot2)

library(corrplot) #plotting correlation matrices

library (GPArotation) #methods for factor rotation
library(nFactors) #methods for determining the number of
factors

library(xtable)

[SNN1
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## Procedure

Data Cleaning
- Assumptions:
- Presence of latent variables underlying the measured variables
- Correlation between factors
- Missing Data

Select Extraction Method

Decide on how many factors

Select Rotation method

Interpret Results and Group factors
Replication or evaluation of robustness

## Extraction Methods

Maximum likelihood (MLAF) - Most Robust and

asymptotically significant

Principal Axis factoring (PAF) - Recovers weak factors
Ordinary Least Squares (OLS) - Recovers weak factors, works

well with TETRACHORIC/POLYCHORIC CORRELATIONS

## Rotations

Orthogonal : Forces factors to be uncorrelated
- Types: varimax, quartimax, bentlerT, equamax,
varimin, geominT ,bifactor
Oblique : Factors can be correlated if it yeilds optimal solution
- Types: Promax, oblimin, simplimax,
bentler(], geominQ, biquartimin,cluster

## DATA

Number of varibales: 22
Number of Latent variables: 5
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- Number of responses: 303
- Number of valid responses: 261
¢““{r , echo = TRUE, include=FALSE}
setwd("C:/Users/ssuji/Documents/Studies&Pilot/Main_Study/Analysis/")
HXIV2 <- read.csv(file="Main,Study_ Prolific_HXI_V1_old.csv",
sep=’,’ ,header=T)
HXIV1.2 <- HXIV2[,c(1,10,14,16,21,2,7,13,18,22,3,8,12,20,4,9,15,
19,5,6,11,17)]
HXIV1.3 <- HXIV1.2

names_of_col<- c("Fits_,well (H1)",
"Likeasypart of experience (H2)",
"disconnected (H3)",
"appropriate (H4)",

"out of place(H5)",

"All  same(E1)",

"Adequate Variations (E2)",
"distinguishable (E3)",
"consistency (E4)",
"Reflects variation(E5)",
"Realistic(R1)",
"Believable (R2)",
"Convincing (R3)",

"Matched expectation(R4)",
"Distraction(I1)",
"engagement (I2)",
"focus(I3)",

"Involvement (I4)",
"Satisfying (A1) ",
"Like_ by, itself (A2)",
"dislike (A3)",
"prefer no haptics (A4)")

names_of_col2<- c("H1","H2","H3",6"H4",

I|H5l| ,|IE1II’IIE2II,I|E3H ,"E4","|_|E5" ’llRlll’llell,llell ’|IR4II’III1II,
I|I2H’|II3|I,III4H’HA1H’IIA2II’IIA3II’IIA4H)
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names (HXIV1.2) <- names_of_col?2

[SNN1

¢““{r , echo TRUE}
head (HXIV1.2)

describe (HXIV1.2)
#Data Adequacy

KMO (HXIV1.2)

## Correlation Matriz

¢“‘{r , echo = TRUE, include=FALSE}
hxicor<-round (cor (HXIV1.2),2)
upper<-hxicor

upper [upper.tri(hxicor)]<-""
upper<-as.data.frame (upper)

#Hide lower triangle

lower<-hxicor

lower [lower.tri(hxicor, diag=TRUE)]<-""
lower<-as.data.frame(lower)

print (xtable (upper), type="latex")

(SN N1

¢ “{r results = "asis"}
upper

[SNN1

## Cor Plot
((({r}

corrplot (cor (HXIV1.2, use="complete.obs"),
order = "hclust", tl.col=’black’, tl.cex=.75)
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## Scree Plot
l(({r}

scree (hxicor ,factors =
«C ¢ ¢

FALSE)

## Parallel Analysis

¢“‘{r , echo = TRUE}

# Maximum Likelihood

fa.parallel (HXIV1.2,fm="ml’, fa="fa’)
#Principal Azis

fa.parallel (HXIV1.2,fm="pa’,fa="fa’)
# Minimum residual

fa.parallel (HXIV1.2,fm="minres’,fa=’fa’

[SNN1

## Maximum Likelihood
### 3 factor model

¢““{r , echo = TRUE}
M1_3f=fa(HXIV1.2,nfactors = 3,rotate =
print (M1_3f$loadings,cutoff = 0.33)
M1_3f_2=fa(HXIV1.2,nfactors = 3,rotate
print (M1_3f_2$loadings,cutoff = 0.33)
« ¢ ¢

### 4 factor model

¢““{r , echo = TRUE}
Ml1_4f_1=fa(HXIV1.2,nfactors = 4,rotate
print (M1_4f_1$loadings,cutoff = 0.33)
M1_4f_2=fa(HXIV1.2,nfactors = 4,rotate
print (M1_4f_2$loadings,cutoff = 0.33)
M1_4f_3=fa(HXIV1.2,nfactors = 4,rotate
print (M1_4f_3$loadings,cutoff = 0.33)
M1_4f_4=fa(HXIV1.2,nfactors = 4,rotate
print (M1_4f_4$loadings,cutoff = 0.33)

« ¢«

79

)

"oblimin",fm="ml")

= "promax",fm="ml")

= "none",fm="ml")
= "oblimin",fm="ml")
= "promax",fm="ml")

= "yvarimax",fm="ml")



### 5 factor model

¢“¢“{r , echo = TRUE}
M1_5f_1=fa(HXIV1.2,nfactors =
print (M1_5f_1$loadings,cutoff
M1_5f_2=fa(HXIV1.2,nfactors =
print (M1_56f_2$loadings,cutoff
M1 _5f_3=fa(HXIV1.2,nfactors =
print (M1_5f_3$loadings,cutoff
M1_6f_4=fa(HXIV1.2,nfactors =
print (M1_5f_4$loadings,cutoff

[SNN1

## Principal Azxzis Factoring
### 3 factor model

¢““{r , echo = TRUE}

Paf _3f_1=fa (HXIV1.2,nfactors =
print (Paf _3f_1$loadings,cutoff
Paf_3f_2=fa(HXIV1.2,nfactors =
print (Paf_3f_2$loadings,cutoff
Paf _3f_3=fa(HXIV1.2,nfactors =
print (Paf _3f_3%loadings,cutoff
Paf_3f_4=fa (HXIV1.2,nfactors =
print (Paf_3f_4$loadings,cutoff

(SN N1

### 4 factor model

¢“¢“{r , echo = TRUE}
Paf_4f_1=fa (HXIV1.2,nfactors =
print (Paf_4f_1$loadings,cutoff
Paf _4f_2=fa(HXIV1.2,nfactors =
print (Paf_4f_2$loadings,cutoff
Paf_4f_3=fa(HXIV1.2,nfactors =
print (Paf_4f_3$loadings,cutoff
Paf_4f_4=fa (HXIV1.2,nfactors =
print (Paf_4f_4$loadings,cutoff

[SNNY
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0.33)

,rotate
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### 5 factor model

¢“‘{r , echo = TRUE}
Paf _5f_1=fa(HXIV1.2,nfactors = 5,
print (Paf_5f_1$loadings,cutoff
Paf _5f_2=fa(HXIV1.2,nfactors =
print (Paf _5f_2$loadings,cutoff
Paf _5f_3=fa(HXIV1.2,nfactors =
print (Paf_5f_3$loadings,cutoff
Paf _5f_4=fa(HXIV1.2,nfactors =
print (Paf_5f_4$loadings,cutoff

[SNN1

3

o

b

3

oo

## Ordinary Least Squares

### 3 factor model
¢““{r , echo = TRUE}
minres_3f=fa(HXIV1.2,nfactors

print (minres_3f$loadings,cutoff
«C ¢

3

### 4 factor model

¢“‘{r , echo = TRUE}
minres_4f_1=fa(HXIV1.2,nfactors =
print (minres_4f_1$loadings,cutoff
minres_4f_2=fa(HXIV1.2,nfactors =
print (minres_4f_2$loadings,cutoff
minres_4f_3=fa(HXIV1.2,nfactors =
print (minres_4f_3$%$loadings,cutoff
minres_4f_4=fa(HXIV1.2,nfactors =
print (minres_4f_4$loadings,cutoff

[SNN1

###5 factor model

¢“‘{r , echo = TRUE}
minres_5f_1=fa(HXIV1.2,nfactors =
print (minres_5f_1$loadings,cutoff
minres_bf_2=fa(HXIV1.2,nfactors =
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print (minres_5f_2$loadings,cutoff = 0.33)
minres_b5f_3=fa(HXIV1.2,nfactors = 5,rotate = "promax",fm="minres")
print (minres_5f_3$%$loadings,cutoff = 0.33)
minres_5f_4=fa(HXIV1.2,nfactors = 5,rotate = "varimax",fm="minres"
print (minres_5f_4$loadings,cutoff = 0.33)

# Checking what happens if we increase the factor further more

# SS loading shows factor 6 is mnot significant
minres_6f_4=fa(HXIV1.2,nfactors = 6,rotate = "promax",fm="minres"
print (minres_6f_4$loadings,cutoff = 0.33)

(SN NY

##Model Fit

- RMSR :Root mean square of residuals should be close to 0 (<0.05)
- RMSEA:Root mean square of Error Approximation should be <0.05

- TLI :Tucker Lewis Index >0.90

All models have RMSR value of 0.03
A1l 3f models have RMSEA as 70.07
All 4f models have RMSEA as 70.06
A1l 5f models have RMSEA ~0.05
¢““{r , echo = TRUE}

diagram(M1_5f_3)
plot (M1_5f_3)

[SN N1
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Appendix E

Study Scripts for User Studies

E.1 Face Validity Script
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Face Validity of Questionnaire

Welcome the participants

Present the Power Point

State purpose of the gathering: Get feedback from the group for the initial draft of the questionnaire
Consent form: Hand over consent form and get it signed

Demo the example stimuli to add context: Play the ball game and let group members try it out if they
want to.

Go over the HX model: Briefly explain the constructs

Display the questions: One by one go through the questions and discuss the following -

Individual perception of the question
e Complexity of the questions

e What construct it is trying to measure
e Do the stimuli serve the purpose?

Record the feedback
Ask for any final thoughts/ additional feedback
e What are your impressions given the purpose of this scale?

Thank the participants for their time.
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E.2 Content Validity Script

85



Content Validity - Expert Review Script

Pre-Session Set-up

Pre-session email package: Send the following materials using the email below
1. Doodle link to select time slot
Hi <NAME>,

Thank you for agreeing to participate in this study. Please use the following link to choose your time slot.
You will receive a confirmation mail with a survey link that you can use at the end of the session.

Send confirmation mail with the following:

1. Brief Instructions for the meeting
2. Confirmed time slot

3. Zoom / webex/ skype

4. Survey link

Audio Recording

O Initiate FlashBack Express Recorder
O Once session is completed, save as a WMV file and convert to audio file using: https://online-audio-

converter.com/
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Group Discussion

Introduction
Hello Everyone,
Thank you so much for participating in the study with me today.

| am a graduate student at the University of Waterloo, and I’'ve been working with Dr.Oliver since the beginning
of this year. Since then I've been working to develop a user experience questionnaire to evaluate haptic
experiences. We want to create this tool to quantify haptic interactions, giving users a simple means to
communicate about their experiences and allowing designers to easily identify the strength and weaknesses of
the haptic portion of their system.

Before getting further into the session, | would like to mention that this session is being recorded and its mostly
for internal use only. Some feedback obtained in this session maybe anonymized and quoted in our paper. Does
that sound good? Stop me if you have any questions and concerns.

Thank you.
Self-Introductions

Before we get started, | was wondering if you could share a little bit about your background and experience with
haptics

Goal of the Research

The goal of my research is to create an evaluation tool for haptics experience. Or a first cut draft of it at the
least. Using an existing theoretical framework (Called the HX model — | will shortly be talking about it in detail),
we have come up with a set of items to build a haptics experience questionnaire. The idea is to administer this
questionnaire as a survey to a large number of participants after they complete a task that includes experiencing
a haptics application. The end goal is to propose a statistically valid scale to measure Haptics experience and also
prove the HX model.

Goal of this Study:

Now that we have generated a pool of items, we are in the process of refining its validity and reliability. We have
already conducted one round of validity test where we conducted group discussion with participants from other
research labs in the university. We have learnt a lot from it and improved our item pool. Similarly, we would like
to repeat the same with experts like you and do some rigorous grooming to our questionnaire.

So essentially, I’'m going to ask for your feedback, first through a brief semi-formal interview followed by a quick
survey

Now I’'m going to be sharing my deck. It has details on the HX model | mentioned earlier and the questions that
we have come up with so far. ]7



The HX Model:
<Display the slide with the HX model’s pictorial representation>

The HEQ: Now, on to the questionnaire we have built based on this model. | would like to go around the table
for each question and collect feedback and thoughts.

Harmony:
<Definition Slide>
<Questions Slide>

Notes:

Realism:
<Definition Slide>

<Questions Slide>

Autotelic:
<Definition Slide>
<Questions Slide>

Notes:

Immersion:
<Definition Slide>
<Questions Slide>

Notes:

Expressivity:
<Definition Slide>
<Questions Slide>

Notes:
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Follow-up
Now that you have completed the review. There are some general questions | would like to get your opinion on.

- Does the order in which these questions are asked matter?
- Do we need to have the questions in sections? (eg. Harmony, Realism)
- Are the questions generic?
o If so, does it sound vague
o If not, should it be more general or customized to a experience/system.

The reason we began this project was because the field currently lacks a consistent evaluation tool.

- How would you use the scale we are creating?

Thanks, and Survey

| really appreciate all of you, for taking this time today and sharing your insights with us. We have got some
valuable feedback that will help us make our questionnaire better. Additionally, we are also aiming to get a
validity score for each of these items. So, | hope you can fill out a quick survey rating these questions you just
saw, based on its relevance to haptics experience and the level of clarity with which its worded.

| have pinged the survey link in the chat. You can also find it in the confirmation email sent earlier.

One more question: | will be sending you an amazon gift card. So could you please let me know/post in the chat
which email address you want me to send it to?

| can stay on the call while you get started if you need me around.
Thank you so much once again!
Wrap-up

O Send remuneration (via Amazon or Pay Pal, based on request) and Money Form
O Send Feedback Letter
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E.3 Cognitive Interview Script
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Cognitive Interview — Study Script

Requirements

# of Participants: ~10 (+2 pilot participants)
Experiences:

o  Fithit:
Task:
o Setanalarm
o setastep goal and achieve it!
e Android:
Task:
o Open Chrome
o goto - http://gleemlabs.haptter.com/website/haptic-video-marketing/haptic-videos-
examples/
o play the first 2 videos
(or)
o Download this fidget spinner
https://play.google.com/store/apps/details?id=com.zairong.fidgetspinner
o Spin, stop and play with the digital fidget spinner
e |0S

Task:

Download iTranslator Converse

Skip subscription

Choose language

Tap & Hold — Speak

(or)

Open Clock app

Go to Timer

Set a timer for 5 seconds
o Feel the timer go off

e Game Console (ps4)

O O O O O

O O O

Pre-session set up:

Create survey on Qualtrics — Consent form + HXI

Share this link with participants

Consent form: https://uwaterloo.ca1.qualtrics.com/jfe/form/SV_3IRpU1zdcncJvyR
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Email:

Hi <name>,

Thank you for agreeing to participate in this study. You will be using your (Android device/IOS/FITBIT/)
to complete a task.

Here are some links that you will need during the study.
Task links:

http://gleemlabs.haptter.com/website/haptic-video-marketing/haptic-videos-examples/

or

https://play.google.com/store/apps/details?id=com.zairong.fidgetspinner

*Add notes to download/update necessary apps

Research-Took

Survey Links:

Consent form : https://uwaterloo.ca1.qualtrics.com/jfe/form/SV_3IRpU1zdcncJvyR

survey: https://uwaterloo.ca1.qualtrics.com/jfe/form/SV_0ecbS8aFfq6hul P
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Introduction:

Hello <participant-name>

My name is Suji. Im a research student in University of Waterloo. I’'m doing my master’s in management
science here. my research is based on evaluating user experience in haptic devices and a applications
with haptic feedback

Thank you for joining this study with me today. This study is going to be 30-45 mins long and will require
you to use <one-of-this-devices>.

- Fitbit

- Apple Watch

- Android phone

- 10S phone

- Ps4

- Laptop/desktop (for video call and surveys)

Before we begin, please take a few minutes to go through the consent form in the following link —

https://uwaterloo.cal.qualtrics.com/jfe/form/SV_3IRpU1zdcncdvyR

if you are not able to find it you can check the webex chat, | have posted it there.
Feel free to ask me any questions you may have regarding this step.

The session will be recorded for internal purposes and may be anonymized and shared in our paper if
need be. Does this sound good? If not, you may let me know!

Now that we have completed the initial procedure, let me give you a brief idea of what this study is
going to look like.

The study will have 2 parts.

Part 1: you will complete a task (or play a game (in your case it is <game name>) using Fitbit/Apple
watch/Android/IOS phone/ps4.

Part 2: This is basically a think-aloud interview. Based on the task completed you will be asked to "think
aloud" and answer a set of survey questions. | will not be explaining any questions if they are unclear
but will make sure to note your confusions down. | will explain more about this part while we get to it.

Now-letssetuplookback

*Help/Guide withlookbacksetup*

*Once setup, guide participant through one of the tasks described in the “Requirement” section*
*After completion of the task, proceed to part 2”

Now you can open the survey link that | provided earlier.
https://uwaterloo.ca1.qualtrics.com/jfe/form/SV 0OecbS8aFfq6hulLP
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*If you don’t mind, can you share your screen so that we can go through the statements together*

Hope you can see the “Definition of Haptics”. Read it and try to recall(and match) the haptic feedback in
the task you just performed. Because the statements that follow need to be answered based on it.

Let us go through every statement one by one.
| will the statement aloud.

You will explain your interpretation of the question; Choose the answer you see fit; Briefly explain why
you went with that answer.

I would like to remind you again that | will not be clarifying any ambiguous statements because | I'm
trying to avoid biased answers and understand how you interpret these statements (or misinterpret in
some cases)

*insert probing questions like: “What does <TERM> mean to you?”
*insert probing questions like: “Can you repeat the question | just asked in your own words”

*insert probing question like: “How did you arrive at that answer? Was that easy or hard to answer? |
noticed that you hesitated - tell me what you were thinking”

Please hit the submit for the survey. And that brings us to the end of the session.

| really appreciate your time. Thank you once again. | will be sending you an amazon gift card worth $10
for your time shortly.
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Post session

Save and import recording to next cloud.
Send feedback letter

Send Remuneration

Send Remuneration acknowledgement form
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Appendix:
Consent form:

Welcome to the research study!

We are interested in testing the validity of the Haptic Experience Inventory (HXI) we are
building in the haptic lab at the University of Waterloo. For this study, you will be presented
with information relevant to Haptics Experience and its applications. Then, you will be asked
to answer some questions about it. Your responses will be kept completely confidential.

The study should take you around 30 minutes to complete. You will receive $10(CAD) for
your participation. Your participation in this research is voluntary. The study will be recorded
for internal purposes only. You have the right to withdraw at any point during the study. The
Principal Investigator of this study can be contacted at Oliver

Schneider <oliver.schneider@uwaterloo.ca>; Student Investigator at Suji Sathiyamurthy
<snsathiy@uwaterloo.ca>.

By clicking the button below, you acknowledge:

Your participation in the study is voluntary.

You are 18 years of age. You agree to Audio and Video record this session for internal
purposes.

You are aware that you may choose to terminate your participation at any time for any
reason.
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