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Abstract

Captions have traditionally served as a bridge between the spoken word and its written representation,
helping make speech accessible to Deaf and Hard-of-Hearing (dhh) individuals. It is worth considering,
however, howmuch fromspeech is left out by this ‘bridging’ between soundandvisuals. This dissertation
describes a research project that has, over six studies, looked at this very issue.

We first examined whether there is an issue here at all. What does the experience of dhh individuals
with captioning systems tell us about these systems’ shortcomings? For one, we found, captions are felt
asmonotonous and ambiguous. While communication ismultimodal, and dhh individuals also use non-
speech cues such as facial expressions or body language to disambiguate a speaker’s intendedmeanings,
these channels are imperfect. Relying on conventional captioning systems is, at theirworst, an alienating
experience – a lot is lost in these audiovisual translations of speech, and what is lost matters.

Study 2 looked into interventions to captioning systems that could close the gap between spoken words
and text. Through various prototypes, it aimed at understanding what dimensions from speech would
make captions most helpful: prosody, emotions, or a combination of both. Emotions, we found, were
the best compromise between utility and legibility.

Study 3 explored the design space of these ‘affective’ captions. What typographic parameters can best
bemodulated to depict an emotion’s valence and arousal levels? The investigation looked both at subjec-
tive preferences and objective measures. We found that valence should be depicted through color. For



v

arousal, either font-size or font-weight should be used, with the former preferred for videos with looser
legibility requirements.

Studies 4–6 constitute the final phase of this work, looking over how haptics can be shaped to convey
a speaker’s arousal, and what are the consequences of doing so. Study 4 experimentally selected a
wrist-worn vibrotactilemapping for arousal, identifying a single short pulse at 75 Hz (amplitude scaled to
arousal) as the best compromise between comfort and discriminability. Study 5 then compared five cap-
tioning conditions on longer clips and found that a combined approach – valence via color plus arousal
via both font-weight and haptics – significantly increased Narrative Engagement for dhh viewers over
both a neutral baseline and a visuals-only affective style. Finally, Study 6 measured arousal-decoding
accuracy on short clips and showed that adding haptic cues reliably reduced absolute error in perceived
arousal, whereas visual weight did not yield a main effect. Together, these studies indicate that multi-
modal affective captions can be both more engaging and more informative than conventional captions.

Taken as a whole, this dissertation demonstrates an approach for taking captions beyond verbatim tran-
scription, incorporating affective dimensions of speech. Across six studies, we showed that affective
captions are not only technically feasible but also valued by dhh viewers: they can increase engagement,
clarify emotional nuance, and support decoding of subtle aspects of speech. By combining visual typogra-
phy with haptic signals, we offer both conceptual andmethodological advances towardmore expressive
and inclusive captioning systems. Beyond the specific designs and findings, the broader contribution is
to reframe captioning as a fertile, multimodal design space capable of accommodating diverse commu-
nication needs.
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CHAPTER 1

Introduction

Words carry meaning, yes, but nonverbal cues like winks, blushes, body language, and even tone of voice
can add depth, nuance, and context to a speaker’s message. They will sometimes contradict what’s be-
ing said, reveal hidden feelings, show changes in mood and confidence, etc. Within this complex, multi-
modal dance between words and nonverbal cues, communication takes place.

For Deaf and Hard-of-Hearing (dhh) individuals, the translation of speech to text in captions does not
necessarily provide functional equivalency to spoken audio. The processwill typically omitmeta-speech
information suchas speaker identification, sentiment, tone, etc, resulting in loss ofmeaningor confusion
[106]. This issue is compounded in automatically generated captions, which are increasingly employed
in online communications [116]. Unlike human-generated captions, which can include non-speech in-
formation annotations, these automated systems render speech in a uniform, monotonous tone [126],
stripping from it acoustic and affective nuances. Their rendering of captions can then lead to communi-
cation breakdowns [128] exacerbating, as we will see, feelings of social isolation among dhh individuals.
The shift towards remote work since the covid-19 pandemic [24] has intensified these challenges, high-
lighting the need for improving captioning technology’s fidelity with spoken language.

These omissions are not merely technical shortcomings; they alter how conversations unfold. For in-
stance, captions may fail to indicate who is speaking in multi-party calls, leaving participants confused
about turn-taking or attribution [128]. Lag in automatic captions can prevent timely responses in fast-
paced discussions, while overlapping voices are often transcribed chaotically or not at all [128]. Even
when the words are correct, captions strip away tone, sarcasm, or emphasis, flattening speech into text
that can obscure intent or emotional nuance [106]. These gaps can cause dhh participants to miss jokes,
mistake frustration for seriousness, or feel excluded from the rhythm of group conversation.
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In this dissertation, we investigate the challenges posed by this incomplete rendition of some, and not
all, elements of spoken speech, and explore approaches that could helpmitigate these difficulties. We en-
vision that these approaches could help expand the design space of captioning, with particular benefits
to applications that employ automatically generated captions, such as online meetings, live streams, or
video calls. These settings have become increasingly prevalent, and given how automatic captions are
at times the only means through which dhh individuals can access spoken content, investigating how
captions can be made better could bring significant benefits.

The idea of integrating tone of voice into captions is not new [137]. However, and perhaps because auto-
matic captionswere historically unreliable, such efforts were limited to bespoke solutions, e.g., giving cre-
ators a tool to manually make text more expressive [69, 156], or to help language learners tackle prosody
[59]. While automatic captioning remains imperfect [70, 97], the technology has advanced [80] to a
point where exploring ways to convey more than just the words through automated approaches now
seems feasible. A growing body of research has investigated these possibilities [38, 85, 99, 158, 170, 205],
including my own prior work [49, 51, 52]. This dissertation reviews the research I conducted through-
out my Ph.D., where I examined pain points in current captioning approaches and the consequences
of what they omit, the relative importance of different speech features, and how to represent affective
dimensions of speech – first through visuals, then through haptic feedback. Throughout this research,
we collaborated with dhh participants to learn not only about their prior experiences but also their im-
pressions of the ideas we proposed and the many prototypes we developed.

This document is divided into three parts. In the first, we investigate the impact of missing paralinguis-
tic cues in captions for dhh individuals. In the second, we explore which paralinguistic features from
speech dhh individuals feel captions should convey, and which visual styles are most effective to depict
them. In the third and final part, we examine haptic feedback as a channel for conveying arousal in cap-
tions and its combination with typographic cues: selecting a comfortable and effective haptic pattern
for arousal, evaluating how visuals and haptics affect narrative engagement, and measuring how well
participants decode arousal from haptics and/or visuals in a controlled identification task.

1.1 Part I: Gaps in Current Captioning Approaches

Westart by investigating the state of automatic speech recognition, and the current practices of computer-
mediated communication between hearing and dhh folks. Study 1, reported in Chapter 2 (partially pub-
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lished in chi’23 [53]), investigated whether Deaf and Hard-of-Hearing users themselves feel that the gap
between captions and spoken speech is significant. In-depth interviews with dhh individuals were con-
ducted to look into their experiencewith onlinemeetingswith hearing colleagues. We asked aboutwhat
works and what doesn’t in current captioning approaches, whether used in professional, educational, or
personal settings, and what could be done to alleviate potential issues they highlighted. In so doing, we
aimed at answering the following research questions:

RQ1.A In what ways do dhh individuals experience the absence of prosodic and emotional depictions
in computer-generated captions, as are used in online meetings with hearing peers?

RQ1.B How can their current experiences and workaround strategies inform the design of new caption-
ing systems that depict prosody and/or emotions?

1.2 Part II: Affective Captions with Speech-Modulated Typography

The second part of this dissertation explores the design space of speech-modulated captions – what
should be depicted, and how. Given how Study 1 showed that dhh participants themselves felt that
captions are lacking something, Study 2, reported inChapter 5 (partially published in chi’23 [53]), looked
into what exactly this something could be. To do so, we designed a set of different captioning styles, each
depicting adifferent combinationof features extracted fromspeech. Comparing these against eachother
and an additional, conventional caption style that served as a baseline, we sought to answer:

RQ2.A How easily can a speaker’s emotions, moods, and emphasis be identified when captions depict
prosody and/or emotions in addition to words?

RQ2.B In what settings is the use of these visual depictions of prosody and/or emotion the most appro-
priate from the point-of-view of dhh individuals?

Having identified in Study 2 the key speech features to represent – specifically, valence (whether a word
is spoken in a positive or negative tone) and arousal (whether it is calm or excited) – Study 3 focused on
the how, i.e.,what visual cues could represent emotions through a caption’s typography. For instance, if a
speaker is angry, what visual parameters will render their words as having negative valence and excited
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arousal? This focus was prompted by a gap in the literature, which provides little guidance on which
visual cues are most effective if one wants to typographically represent emotions.

We proposed a multi-phase study design, as reported in Chapter 6 (published in chi’24 [55]), that resem-
bled a ‘battle royale.’ Beginning with a wide range of visual styles for captions, in each round of the
study we ran participant-led evaluations that progressively filtered the number of viable options. The
first phase explored how to depict valence and arousal independently. The second phase tested combi-
nations of these styles, further narrowing down the potential styles. Finally, the third phase compared
the remaining four styles against each other and a neutral baseline, measuring not only subjective pref-
erences but also how effective each style was in conveying emotions – essentially, whether participants
could accurately perceive the emotions being encoded in the typographic modulations. In so doing, we
aimed to answer the following research questions:

RQ3.A Are there caption styles that emerge as preferred by dhh viewers to represent valence or arousal
when depicted individually?

RQ3.B Are there caption styles that emerge as preferred by dhh viewers to represent valence or arousal
when depicted in combination?

RQ3.C What factors influence dhhviewers’ preference for specific caption text styles conveying valence
and arousal in speech?

RQ3.D Do the most preferred methods for conveying valence and arousal in combination, selected in
the answering of RQ3.B, outperform a baseline caption text when dhh participants engage in an
emotion-recognition task when watching captioned videos?

RQ3.E Do the most preferred methods for conveying valence and arousal in combination, selected in
the answering of RQ3.B, outperform a baseline caption text when dhh participants report on
their subjective impressions of how each caption style performs according to the factors outlined in
the answering of RQ3.C?

1.3 Part III: Using Haptic Feedback to Convey a Speaker’s Arousal Levels

The third part of this dissertation investigates how haptic feedback can complement or extend visual
cues in affective captions. Studies 2 and 3 identified valence and arousal as central dimensions to repre-



CHAPTER 1 Introduction 5

sent, and pointed to specific visual encodings – font color for valence and either font-weight or font-size
for arousal. While these visual cues were effective, participants also raised concerns about legibility, dis-
traction, and the difficulty of finding a universally clear mapping for arousal. In light of these limitations,
and building on prior work suggesting that vibrations can aid dhh viewers in perceiving emotional infor-
mation, we investigated haptics as a complementary channel – extending visual encodings of valence
while offering an alternative means of representing arousal.

Study 4, reported in Chapter 10 (partially published in chi’25 [54]), experimentally compared six haptic
patterns created by combining three rhythmic structures with two frequency levels. Using a best-worst
scaling method, dhh participants consistently favored the single short pulse rhythm at 75 Hz over alter-
natives, describing it as both effective and comfortable. In contrast, patterns at 250Hz or with multiple
rapid pulses were often rated as unpleasant or distracting. These findings established the single short
pulse at 75 Hz as the preferred encoding of arousal for subsequent studies.

Building on this result, Study 5 (Chapter 11, partially published in chi’25 [54]) examinedwhether combin-
ing haptic and visual cues could influence narrative engagement when watching emotionally charged
video clips. We compared five conditions: conventional captions without affective cues; captions with
valence and arousal shown visually; captions with valence visually and arousal through haptics; cap-
tions combining both visual and haptic cues; and captions showing valence only. Narrative engagement
scores were significantly higher for the combined visual+haptic condition than for both the baseline
and visuals-only captions, indicating that integrating haptics enhanced viewers’ absorption in the story.
Open-ended comments highlighted both benefits (e.g., clearer sense of mood shifts, stronger empathy,
heightened presence) and challenges (e.g., distraction when vibrations were too frequent or strong).

Study 6 (Chapter 12) then assessed how well participants could decode arousal levels when conveyed
through haptics, visuals, or both. Participants watched short clips spanning the arousal spectrum and
rated the perceived intensity of the speaker’s emotions. A repeated-measures analysis showed that hap-
tic cues reliably reduced arousal-decoding error, whereas visual font-weight modulations did not yield
significant improvements. These findings suggest complementary strengths: haptics improved accuracy
in decoding arousal, while visuals, especially when combined with haptics, enhanced engagement over
longer narratives.

Together, these three studies address the following questions:
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RQ4 What combinationof a rhythmicpattern and frequency, presented ashaptic feedback, is perceived
as the most effective and comfortable for conveying a speaker’s arousal levels, as judged by dhh
individuals?

RQ5 How do haptic feedback and typographic modulations, used alone or in combination, influence
arousal depiction and narrative engagement for dhh individuals when compared to a baseline
comprised of standard, neutral captions?

RQ6 How well do modulations of haptics and typography map to how dhh participants perceive a
speaker’s arousal levels?

1.4 Final Remarks

The research presented here addresses a core shortcoming of current captioning technology for dhh au-
diences: its uniform rendering of speech that omits prosodic and affective nuance. Part I documents the
lived consequences of this gap; Part II identifies valence and arousal as priority dimensions and estab-
lishes effective visual encodings; and Part III shows that haptics can play a role alongside typography.

Together, these studies reframe captioning as a multimodal design space: visuals (e.g., color for valence,
weight for arousal) and haptics (e.g., ssp at 75 Hz) can be composed to improve both experience and
information uptake. We translate these findings into actionable guidance and surface open questions
around comprehension and longer-term use (e.g., learning effects, distraction, genre-specific tuning, etc).
Beyond the specific contributions, the broader argument is that caption systems can (and should) move
beyond verbatim transcription toward expressive, user-tunable, multimodal representations of speech.



PART I

Gaps in Current Captioning Approaches
Includes Study 1



CHAPTER 2

Study 1: Deaf and Hard-of-Hearing Folks’
Experiences with Computer-Generated
Captions in RemoteMeetings1

2.1 Introduction

Agatha, a participant from this first study, shared howher father would at times say that, since she hadn’t
milked the cows on time, their udders were going to explode. Anxiously, she would wonder: ‘Does he
want me to call a vet? Are they going to die?’ Eventually, though, it dawned on her that he was joking
– something she missed out on at first because the key to getting it was not in what he said, but how he
said it. Agatha2 is hard-of-hearing and, she tells us, frequently falls for these pranks because whatever
hints of a joke were in her father’s voice are lost by how captions will render his speech deadpan.

Automatic captioning systemshave seen remarkable developments in the last decade acrossmanydimen-
sions – they are faster, more accurate, and readily available for little to no cost. Their wide availability
has had meaningful implications for the accessibility of speech for Deaf and Hard-of-Hearing (dhh) in-
dividuals who may rely on these systems. However, one aspect that has received less attention from the
research community is how captions, no matter how accurate, fail to capture the rich expressiveness of
spoken language.

Despite ongoing discussions about visual extensions dating fromat least the 80s, e.g., [137], captions have
changed very little since their inception – for most purposes, they are still rendered as uppercase letters
1This study was part of a joint project between myself, Matthew Watkins, a graduate student at rit, Dr. Sooyeon Lee, then a
post-doc at rit, and my co-advisors, Dr. Roshan L. Peiris and Dr. Matt Huenerfauth. I led the study design, stimuli creation,
data analysis, and writing of the paper, which was published at the acm chi’23 conference [53].
2All names in Study 1 are pseudonyms.
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displayed white-over-black in coarse fonts [12].3 The consequences of this flat representation of speech
are made worse in settings where automatic captions are employed, for whereas a human captioner
might add hints in parentheses of paralinguistic information they consider relevant, automatic captions
invariably present words spoken without the added context that non-verbal cues inform.

Human speech, we know, is meaningful beyond just its words. Having captions flatly rendered means
ignoring features in a speaker’s voice such as prosody (how loud, melodic, or fast does someone’s voice
sound?), vocal quality (does it sound old or young?), their disposition (is it tired or excited?), or even emo-
tions (does it carry anger or joy?) – in other words, conventional captions strip from speech most of its
paralinguistic cues.

As motivation and guidance for work in this area, we sought to understand whether this absence of par-
alanguage in captions negatively impacts dhh users, particularly in communication settings between
dhh and hearing individuals. From this stems Study 1, reported in this part. In eight in-depth interviews
with dhh individuals, we probed their experience with automatic captions used for meetings with hear-
ing peers, focusing on captions’ non-depiction of prosody and emotions, the consequences of this, and
workarounds they employ to deal with the challenges that arise in such settings. We sought to answer:

RQ1.A In what ways do dhh individuals experience the absence of prosodic and emotional depictions
in computer-generated captions, as are used in online meetings with hearing peers?

RQ1.B How can their current experiences and workaround strategies inform the design of new caption-
ing systems that depict prosody and/or emotions?

Our three main findings are that among other failings, (1) captions’ depiction of words is felt as leaving
out meaningful dimensions of speech, and (2) in automatically captioned meetings, this can lead to
dhh individuals often feeling left out. This state of affairs has been naturalized to the point that (3) some
interviewees seem to accept that there are types of conversations that theywon’t be able to participate in,
as if an inherent quality of automatically captioned speech and not a consequence of how these systems
have traditionally been designed.
3Interestingly, some captioning standards, e.g., the cea-708 standard for digital tv, support rich visual features, but common
authoring tools are still constrained to more limited, analog-era standards, such as the cea-608 [115].
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2.2 Background and RelatedWork

Automatic speech recognition (asr) or speech-to-text is a technology that combines methods from com-
puter science and linguistics to convert spoken language into text. It is used in a wide range of applica-
tions, fromvoice-controlled assistants to real-time captioning for dhh individuals. The latter is the focus
of the interventions presented in Parts II and III, but to ground their discussion, we will first provide an
overview of the current state of asr technology, acknowledging its progress and highlighting some of its
persisting challenges.

Next, we will discuss known issues in settings that employ asr-tech to facilitate communication, in par-
ticular between dhh and hearing folks. Of note, these systems leverage processes where written text is
used as a stand-in for spoken audio, a process for which there are still many unresolved aspects, some of
which underpin the work discussed in this dissertation.

2.2.1 The State of Automatic Speech Recognition

An Automatic Speech Recognition (asr) system works by converting spoken language into text through
a series of computational processes. These systems have seen dramatic improvements in the last 10 years.
This is due tomassive increases in transcribed data sets, progress in gpus, and better learning algorithms
and model architectures [80]. Such has been this improvement that, for certain transcription tasks, digi-
tal systems have surpassed word error rates of human-made transcriptions [70, 80].

This, togetherwith thewide-ranging availability of asr technology, has commoditized automatic caption-
ing technology – so much so that its use in low-powered portable personal devices has given rise to nu-
merous previously unforeseen applications, such as enabling spontaneous conversations with strangers,
supporting employment opportunities (e.g., customer service roles), and assisting with speech training
for cochlear implant users [36, 116, 123]. This is significant because it has helped universalize real-time
captions as an accessibility option for impromptu or low-resourced settings where dhh and hearing
individuals might interact and where services such as sign-language interpreting and cart4 might not
be available.
4Communication Access Real-Time Transcription is a service where a stenographer will provide real-time transcriptions of
speech, either remotely or on-site.
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Yet, despite its advancements, asr technology is still far from perfect. Improvements in word error rate
(wer) seem to be plateauing [80], while at the same time faith in the wer metric as an end-all correlate
to the quality of these systems has faltered. Authors such as Aksënova et al. [3], for instance, argue that
wer can be too coarse to describe the perceived quality of an asr system – somewords are key tomaking
sense of an utterance; others, not so much. wer may be oblivious to these differences, but users are not.

Compounding this, wer’s function as an average can hide a system’s effectiveness in a long-tail of ‘fringe’
contexts, with particular relevance for speech accessibility purposes. Factors such as regional language
nuances, variations in non-native accents, diverse gender and age groups, latency, domain-specific lexi-
cons, and so on, may negatively impact the recognition performance, and thus also users’ overall expe-
rience. For example, a study by Feng et al. [63] assessing the capabilities of a cutting-edge asr system
designed for Dutch observed notable variations in performance among speakers of distinct genders, age
groups, regional accents, and particularly, non-native accents.

While progress has beenmade in the recognition of non-standard speech – e.g., Lea et al.’s workwith asr
systems and people who stutter [110] or have dysarthria [111] – work is still needed to address the recog-
nition of other non-standard speech patterns. Thus, while recent developments in asr have improved
the accessibility of speech in general, there are still many underserved fringe cases.

2.2.2 Communication Practices Between dhh and Hearing Folks

Understanding the limits of current asr systems is important, but the challenges of computer-mediated
communication between dhh and hearing individuals extend beyond them. Recognizing and address-
ing these broader dimensions is needed when creating inclusive communication environments.

Videoconferencing – i.e., synchronous, multi-party audio-video communication platforms such as Zoom,
Microsoft Teams, orWebex – has become ubiquitous in work, education, healthcare, and social contexts,
especially since the covid-19 pandemic accelerated their adoption. It is a settingwhere these challenges
are salient, and can include issues such as the placement of sign language interpreters, the clarity of their
signs, and even how the aural-centric nature of the medium shapes its design solutions and constraints
[106, 134, 159, 161, 188].

Similarly, when a speaker also employs visuals, e.g., slides, these challenges can compound. The visual
channel can easily be overloaded in multimodal communication environments. In a digital lecture, a
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hearing person can look at slides while listening to a speaker, for instance, whereas a dhh person may
need to switch back and forth between the two, which can lead to visual dispersion and loss of informa-
tion [39, 109].

Looking at current communication practices between hearing anddhh folks, Elliot et al. [60] found that
non-asr-based communication strategies, whether technologically mediated or not, were felt as being
largely unsatisfactory for the latter. This ties with McDonnell et al., who posit that conversation access
is fundamentally a social problem, woven into the dynamics and norms between conversation partici-
pants. This social dimension predates technology, but is also influenced by it. In particular, they show
that assumptions about hearing-centered styles of interaction are often embedded into both technology
design and everyday practices, meaning that access depends as much on renegotiating group norms as
it does on improving technical accuracy [129].

Illustrating this dynamic, Seita et al. [168] found evidence that hearing speakers will adjust their speech
when aware of the presence of an asr system. They found that, through real-time visual cues, speakers
could be ‘guided’ toward speech patterns that are both more accessible for dhh individuals and easier
to recognize by asr systems [128, 169]. That is not always the case, however: hearing participants some-
times carry misguided assumptions that worsen communication – such as speaking more quickly, over-
lapping turns, or using unnatural articulation – which have been shown to reduce clarity for both asr
recognition and dhh listeners [168, 169].

2.2.2.1 Information Overlays and Caption-Design Considerations

This section sets the stage for later discussions on innovative caption design that can better convey emo-
tional and prosodic cues. Using visual cues as a channel with which to convey additional information be-
yond the captions themselves is not a simple task. Preferences for caption design vary widely, and while
some individuals are open to some more experimental choices, others might resist any changes. The
challenge is further complicated by how whatever benefit any new approach offers will have to be bal-
anced with very complex functional requirements, such as considerations of readability in fast-moving
text and scene occlusion [46].

Berke et al. [19], for instance, observed a tension in small-group online meetings, with most of their
dhh participants’ preferences divided into favoring either caption styles with better legibility or those
that caused less image occlusion. Similarly, participants in the study by Crabb et al. [46] were divided
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between preferring captions placed outside of the video area to avoid image occlusion and others who
felt this detachment made the watching experience less engaging.

Some researchers have explored overlaying designs of teleconferencing software withmeta-information
about the meeting or the asr-system’s performance. Amin et al. [10], for example, investigated the im-
portance of identifying the current speaker in a panel discussion, while Berke et al. [20] tested different
visual strategies to represent the uncertainty levels that asr systems assign to each predicted word.

Berke et al. [20] is notable because it uncovered an unintended side effect of conveying information not
typically included in captioning systems. In their study, some participants mistakenly understood that
captions that displayed their accuracy were less accurate than captions that did not, even if accuracy for
both conditionswas essentially the same. Even though the interventionwas successful in conveying new
information, this was not enough to update participants’ mentalmodel of asr systems and, thus, did not
bring about the expected benefits. This consideration underscores a point present in later studies in this
document: understanding information overlays on captions may be an insufficient metric for capturing
how these systems influence users’ overall experience.

2.3 Study Design

The exploration of paralinguistic cues in captions, as highlighted through the example of Agatha’s misun-
derstanding, underscores the impact of non-verbal communication elements on the understanding and
interpretation of spoken language, particularly for the dhh community. This study aims at a nuanced
view of the experiences of dhh individuals with current captioning technologies. Through in-depth
interviews, we sought to not only uncover the immediate functional shortcomings of existing systems,
considering their relationship between captions and spoken speech, but to also provide a foundation
for developing more inclusive and effective communication tools that recognize and replicate the rich,
multifaceted nature of human speech.

We created a semi-structured interview study, with protocol presented in full in Appendix A, which we
divided into two parts: (1) an exploration of participants’ experiences with remote meetings, including
some questions about how speakers’ emotions, moods, and other dimensions are handled; (2) new ideas
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for howcaption design could be enhanced to include these dimensions,5 afterwhichwe also asked about
participants’ experiences with and preferences for each.

After the semi-structured section of the interview was over, we showed three early design prototypes of
captioning systems that depicted prosody and emotion. The goal here was to gauge participants’ initial
reactions to each design and to qualify the discussions about how captioning systems can be expanded
to include different features extracted from speech.

2.3.1 Early Designs for Depicting Prosody and Emotion in Captions

Anticipating that the interviews would suggest a follow-up study, for which we could need to develop
captioning prototypes, we decided to use the final few minutes of each interview to show participants
videos with some initial designs. While the caption styles used in Study 2 would be redesigned following
our analysis of the interviews herein, we wanted to gather some initial reactions that could later inform
our work in the subsequent study.

Given the sparse literature on the depiction of prosody and emotions in captioning systems, we con-
sulted with design and typographic professionals to discuss these initial prototypes. This decision was
not based on the assumption that theywould accurately predict the dhh community’s response to these
designs – knowledge that is not yet well established. Rather, it was because their experience with type
design reflects a quality that is also present in the challenge of ‘enhancing’ captions: the need to balance
maximum expressiveness within very tight functional constraints.6 While our goal here was not to es-
tablish definite design recommendations for new caption styles, we still needed some designs that were
sufficiently expressive and to that end, these consultations could be one element helping us find good
enough design parameters.

In conversations that lasted up to two hours, we showed and discussed an initial set of ideas with four
domain experts in type and graphic design. A selection of these is shown in Figure 2.1. We received as-
sorted feedback: using visual particles – colored blobs that floated around the screen following speech
5Given the technical nature of a discussion about prosody-based and emotional models to represent speech, participants
were given a brief primer on these topics. The circumplex model places emotions in a two-dimensional space (valence and
arousal) [160], but for brevitywe reduced it to a one-dimensional version: valence only, i.e.,wordswere described as negative,
neutral, or positive. The idea of contrasting which words are important was related to prosody, which we also did not break
down into its constituent dimensions of loudness, pitch, and duration.
6See, for instance, Erik Spiekermann’s claim that 95% of a given font has to look like any other font, leaving type designers
with only 5% to differentiate their work [90], a setting not too dissimilar to ours.
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Figure 2.1: Selection of the prototype designs discussed with the subject matter experts.

utterances, as seen in the top left and top right images in Figure 2.1 – as we had done in some of the pro-
totypes, seemed problematic since they would demand too much visual focus from the user, an already
overloaded resource.7 These experts also suggested that we increase the contrast between various visual
properties to make them more apparent. After further refinement based on this round of feedback, we
settled on the three designs shown in Figure 2.2 as the most promising to be presented at the end of the
interviews in Study 1.

For these designs, we worked with videos available in the Stanford Emotional Narratives Dataset (send)
[143]. These are short videos of persons looking at the camera and telling stories with strong emotional
valence (negative, positive, or both). Includedwith each file were the video’s complete transcription and
a set of data-points representing the speaker’s self-reported valence levels throughout their speech. This
transcription was divided into blocks of 5 seconds, and the valence levels were sampled at 2 Hz.

To approximate the behavior of scrolling captions in the prototypes, we divided the 5-second text blocks
into evenly-sized chunks, approximating the timestamps for each individual word. We then assigned
7This is specially true for automatic captioning systems, where text is typically added one word at a time (scrolling captions),
versus block captions, where speech is divided into meaningful blocks that are displayed as a whole [132, 152].
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a value for the valence of each word, interpolated from the self-reported dataset, and its loudness, mea-
sured using the audio from the video and each word’s timestamp.

In terms of how valence and loudness were depicted, one design had a border whose thickness varied
with loudness andwhose color variedwith valence (Figure 2.2a); in another, words had their font-weight
related to loudness and color to valence (Figure 2.2b); in the last, we used a specially designed ‘emotional’
typeface comprised of five unique, but related, letter shapes, going from very negative to neutral to very
positive (Figure 2.2c); etc. These design decisions were grounded, where possible, in our conversations
with experts and informed by the limited guidance from prior work, e.g., [52, 205], though many of the
mappings necessarily remained speculative.

2.4 Participants and Recruitment

The irb-approved study ran fromMarch to May 2022. A Deaf research assistant fluent in asl conducted
eight semi-structured interviews with dhh individuals, sometimes in asl, sometimes in English and asl,
the latter accompanied by an interpreter. Interviews took on average 51 minutes (σ = 14’). Participants
were recruited through social media, particularly through dhh specific Reddit channels, and dhh spe-
cific mailing lists. $40 compensation was offered. The screening factor used was whether the person
identified themselves as dhh and had had previous experience working with hearing colleagues some-
time in the past five years. Out of the eight participants, five identified themselves as female, two asmale,
and one as non-binary. Three identified themselves as hard-of-hearing, and five as Deaf. Their average
age was 26 (σ = 8).

2.5 Analysis

Research assistants fluent in asl transcribed the eight interviews. On this qualitative data, we performed
an iterative thematic analysis [32], taking an inductive, bottom-up approach. Codes were generated
directly from the transcripts and refined through several rounds of collating and grouping (e.g., loss of
affective information), which led to the development of candidate themes (e.g., Captions’ dull ambiguity).
Thesewere reviewedbymyself and the teamworking on this researchproject in a series ofmeetings, after
whichwe synthesized a final list of four themes, presented in the next section. A summary of participants’
reactions to the prototypes is reported in subsection 2.6.5.
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(a) Colored, ondulating border

(b) Changes to font-weight and color

(c) Promphan [61]’s valence typography.

Figure 2.2: Three exploratory designs for an enhanced captioning system shown to dhh interviewees.
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2.6 Findings

With varying degrees, interviewees related having faced hardships when using automatic captioning sys-
tems to communicate with hearing peers. While some issues stem from failings of the current state of
automatic speech recognition software, a lack of depiction of prosody and emotions emerged as a cause
for captions’ dull ambiguity. Since interviewees faced this on a nearly daily basis, communicationbecomes
an uphill battle, with significant cognitive and emotional tolls.

Strategies to alleviate these ambiguities are diverse and include reliance on multimodal signals such as
facial expressions, body language, and general engagement. Interviewees indicated that using these
cues is not a straightforward, lossless process, and they were therefore favorable towards the promise of
captions’ depicting prosody and emotions. Therewas nuance to this preference: given howmultifaceted
these features can be and given the diversity of what is needed in particular settings, different contexts
call for different solutions.

Where needed, quotes were edited for clarity and conciseness.

2.6.1 theme 1: Captions’ Dull Ambiguity

Captions’ imperfections are felt in different ways. Automatic speech recognition capabilities in live cap-
tions have gotten better in recent years, but they still leave a lot to be desired. Agatha: ‘Sometimes it’s
really, really, slow. Someone speaks, and when a few seconds later the caption finally appears the speaker is
already on the next topic.’ Eliah: ‘Often, when people speak with accents captions will have a lot of mistakes.’
Otto: ‘They’re horrible, missing context and words. It takes a lot of work to understand exactly what the
person is saying.’

Beyond how latency and imprecision canmake the linguistic content hard to understand, there are also
consequences related to how a shift in mood can go unnoticed. Alex tells us of a time when there was
a quick shift from a casual to a serious topic that was not apparent right away, leading to them ‘jumping
in at the wrong time and causing my hearing colleagues to look down at me like I’m bad at reading people,
which I’m not.’

Human-made transcriptions of pre-recorded dialogue allow for greater accuracy, but even when spoken
words perfectly match written counterparts, still, something seems missing. A common occurrence is
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failing to understand whether comments are serious or not. Alex says that since ‘comedy relies heavily
on tone, hearing people can understand immediately when something is a joke, but my friend, who is also
dhh, has a hard time because they’re missing that tone.’ Erin tells of a time when ‘someone was telling a
story that had a specific inside joke, and I had no idea what was going on because it was connected to the
tone.’ Otto: ‘Sometimes I’ll realize it’s a joke after they look at me and ask whether I understood it, and I was
like “oh, I thought it was serious because the captions seemed serious.” ’

Participants complained about the monotonous, droning quality of inexpressive captions. Alex tells
that because of this they find it hard to focus on captions: ‘I can find it easy to zone out because speech is
not really... emphasized?’ Erin finds the contrast between captions and signing hard since she ‘grew up
accustomed to some use of body language, so it is hard to just watch and read captions all of the time.’ Otto:
‘Facial and body language will show a lot of context, while captions are bland.’

All of this gives captioned speech an unapproachable ambiguity that disproportionately affects dhh
individuals. This is particularly true with dimensions of communication that are already inherently am-
biguous, such asmoods and emotions. Otto thinks that this disconnection is analogous to texting, which
‘tends to be devoid of emotion. It’s better to interact with the person, to see their real raw emotion, while tex-
ting hides it, making it hard to be emotionally transparent.’ For Agatha, when reading captions she tends
tomiss ‘meaning or feeling behind the words.’ To deal with this, she usually has ‘to read the full paragraph
of what was said, but even then there’s a delay in understanding.’

2.6.2 theme 2: Communication as an Uphill Battle

Working and studying among hearing peers, our interviewees relate recurrent feelings of isolation. The
frequent shortcomings of captioning systems fall almost exclusively on their shoulders, leaving them
forced to either speak up or facemissing out onwhat’s going on. Ira told us of how inmeetings her peers
can at times urge her to ‘use captioning right away, but I feel awkward because I’m the only person using
them. Sometimes I will miss something and feel awkward to ask hearing group mates to repeat themselves;
it just feels weird.’

Sometimes, it’s onlywhen they later read ameeting’s transcript thatwhatwas said becomes clear. Agatha:
‘I later understood, but I had to go back and read the transcript to fully understand.’ Eliah: ‘It’s nice that live
captions’ transcriptions can be saved as a transcript so I can catch up to what was said.’



CHAPTER 2 Study 1: DHH Folks’ Experiences with (...) Captions in RemoteMeetings 20

For some, this distance from peers has become naturalized. Erin: ‘I am curious that I don’t know what’s
happening and I just have to wait there. I know that I am frustrated but at the same time I know that I have
to collaborate. I can’t expect it to be easy to communicate all of the time.’ She later added that ‘I tend to
accept it because of work. Every weekend, they talk about parties and I accept that I am not part of that
conversation and just leave it.’

Some environments are more welcoming than others. Otto’s manager makes a point of checking how
their captions are coming out, saying ‘ “lemme check the captions... Oh no, I didn’t mean that,” and then
repeating themselves until the captions are accurate.’ Eliah’s boss writes them a summary of what is being
discussed because even with an interpreter and captions ‘there’s a lot of overlap and I can’t really catch
the specifics.’

The flip side is that dhh persons depend on sometimes-lacking goodwill from their hearing colleagues
to be included in the conversation. Ada: ‘Often,my coworkers forget that I need a good environment before
I can understand, so they’ll be having a conversation with background noise, or not looking at me. I’ll still
try, but I’ll feel alone and left out.’ Irene also faces issues with her coworkers’ carelessness with how their
environment can impact accessibility. When she raises the issue to leadership, they might try to do
something, ‘but the othermembers of the group are not as willing and, especially since covid, have reached
their limits.’ Otto: ‘I try to be assertive, trying to talk to them, but even if I type in the chat some hearing
people don’t know how to use it or just ignore it and keep talking anyway. That means I can’t domuch about
it.’ When she does intercede, Agatha feels that ‘with the captions, I’m delayed, so if I had questions I need
to ask them to go back on the conversation. I feel like it’s annoying to my boss.’

The emotional ambiguity of captions heightened these feelings of isolation. Eliah: ‘With a large team,
it’s hard to see their faces and I usually depend on captions. I don’t know their emotions, and I feel like I’m
not there, not connected with them.’ Otto feels missing emotional representation always impacts him: ‘In
general communication, I can’t really participate fully. The discussion can be work-related but there’s also
another discussion that’s humorous, and I wouldn’t understand. Most of them are laughing and I’m left out,
unsure whether they’re actually joking or not.’

2.6.3 theme 3: Reliance onMultimodal Signals

Interviewees related being very attuned to how people communicate with their facial expressions, body
language, and general engagement. This, some said, is a way to tackle the shortcomings of captioning.
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Ira: ‘When people are talking I can look and figure out what their thoughts are based on their behavior. With
masks, I sometimesmiss out on information, so I’ll look at their eyebrows or eyes, but it’s hard.’ Alex says that
to gaugemood or emotion they ‘have to look up from the captions at their expressions, body language, and
how they react so I can tell what they mean,’ although ‘that doesn’t mean I capture all the information.’ In
describingwhatmakes a speaker’s emotions easy to identify, Erin says that it comes out to ‘body language;
how they’re shifting in their seat, how they’re moving, their facial expressions, and mouth movement.’

Cultural differences come into play here. Erin: ‘Here in America you can definitely identify it easily, but in
other countries, it’s challenging.’ Irene: ‘It is very hard to understand hearing people’s body language and
tone, especially through the computer. They tend to sit very relaxed with their hands on their face, or look
neutral, while Deaf people are extremely expressive and clear.’

Technology adds to the complexity of navigating this mosaic of affective signals, and this is present in
Agata’s comment that ‘with captions, sometimes Imiss the facial expressions or emotions behind the words.’
The delay in captions makes Ada struggle with trying to listen and read at the same time: ‘it’s really hard:
I have a choice of either listening to the person or reading the captions, but trying both simultaneously takes
more work and won’t help me.’

2.6.4 theme 4: Different Contexts Call for Different Solutions

Having introduced to the interviewees the idea that a speaker’s tone of voice can serve to signify both
different emotions and as a contrastive focus to emphasize certain words, we asked them what they
would think was most important to represent in captions. Answers were varied and were tied to what
interviewees felt was appropriate for different types of meetings.

Some, such as Otto, claimed that while both dimensions are important, in work environments one
should prioritize prosody, ‘because I need to understand information better, to pay attention to which word
is important. Emotion is important, yes, but I’d rather hold off on that because it’s more suitable for general
communication.’ Eliah echoed this: ‘We don’t need to depend on mood because we’re here for work. The
working environment usually has a lot of discussions so it’s important to have emphasis so that we can be
involved, discuss more, and ask more questions as deaf people.’

Others were undecided. Ada, for instance, said that while for her prosody would be generally more im-
portant, when their hearing is fatigued, ‘I no longer can figure out valence myself, so it would then become
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the more important one.’ Alex: ‘I think both should be included. Valence can show emotion, but not what’s
important; prosody emphasizes what’s important, but not emotion, so how would I know?’

Others preferred the representation of emotions. In Erin’s case, the choice between prosody or valence
was almost a tie, but ‘emphasis I can figure out, while emotion is really nice to have on the screen so that
I know what is going on.’ Ira: ‘Emotion is more important since it helps to visualize the full picture, which
deaf people usually miss, while emphasis is just for a specific word.’ For Agatha, ‘emotions add more depth
to words,’ and are thus more important to be visualized.

2.6.5 Design recommendations from the pilot study

Reactions to the design prototypes shown after the interviews were mixed. There was an appreciation
of the ideas explored, but not exactly their execution. This issue arose particularly when there was a per-
ceived mismatch between what emotions/emphasis the captions were denoting and what participants
were seeing from facial expressions in the video. Eliah: ‘The woman on the video was showing distinct
facial expressions, there wasn’t much change in the border of the first design [Figure 2.2a], but then later on
when she wasn’t showing much the border became pink or blue.’

The imprecise alignment betweenwords and sounds was highlighted. Irene: ‘I would see the speaker take
a breath but there was no break in the captions.’ The display of loudness also seemedmisaligned. Ira liked
‘the idea in the second design of bolding somewords for emphasis, but it didn’t seem tomatch the sentences.’

Legibility was a major concern, with six out of the eight interviewees having mentioned it. Some of this
could be related to the colors used: Erin: ‘you get tired of reading, and then the colors start to change, it is
confusing to try to understand the tone.’ She alsomentioned having some degree of color vision deficiency,
which made matters worse. The fonts used were also a source of concern. Ira: ‘It was too busy. The font
and color changes made it hard to read and look at the person’s emotion.’

Some participants did not notice the border changes in the first design, and some that did found it dis-
tracting. Erin: ‘The border was awful. Its constant motion would give me a headache.’ Alex: ‘Zoom or
Microsoft Teams already have a border aroundwhoever is talking, so if you add an additional one tied to the
captions it’ll be extremely distracting.’ For Eliah, inversely, the border, which reminded him of a similar
device used in the video-game ‘The Sims,’ was functional precisely because it didn’t get in theway: ‘I liked
how the color change represented mood while staying out of the view of the captions.’



CHAPTER 2 Study 1: DHH Folks’ Experiences with (...) Captions in RemoteMeetings 23

Reactions to the typographic designs (designs two and three)weremixed. Agatha: ‘I wish the third design
[Figure 2.2c] had an easier font to read but I enjoyed the changing fonts because it helped to show the emo-
tions.’ Ada: ‘The best thing about the second design [Figure 2.2b] was maybe the change in font thickness,
whether it’s thin or thick to show the emphasis, I think that was helpful.’ Ira: ‘Seeing the caption change color
was interesting because it helpedme separate one sentence from another, while also helpingme understand
how the person is saying specific phrases.’

2.7 Discussion

The first goal of the study was to find out in what ways dhh individuals experience the absence of
prosodic and emotional depictions in computer-generated captions, as are used in meetings with hear-
ing peers (RQ1.A). Our interviewees discussed the many dimensions in which speech accessibility solu-
tions can fail them. Captions, they pointed out, havemany shortcomings. Some come fromknown limits
of current automatic speech recognition systems, which negatively affect dhh individuals’ experience of
captioning systems [106, 128], and include high-latency and difficulty with non-‘standard’ accents [3, 63].

Beyond these failings, participants also felt that captions’ depictions of words were lacking, leaving out
meaningful dimensions of speech. These elements are acoustically present in spoken language but not
represented in captions, and their absence creates barriers for dhh individuals. Missing a shift in tone
froma serious to a humorous conversation, for instance, was a frequent complaint – and an expected one,
given that much humor is conveyed through prosodic markings altogether absent from captions [13].

Our interviewees deal with these challenges in a myriad of ways, but the strategies employed are imper-
fect. Reading and interpreting text perceived as dull has an additional cognitive toll, and is perceived
as a boring task. This finding agrees with studies that show that emotional stimuli draw more attention
and are better remembered than neutral counterparts [114], an effect that extends to written text [104].

All of these issues leave interviewees feeling as if not part of the group when they are in meetings with
their hearing peers. In fact, this is such a common occurrence that for some it has been naturalized as
an inherent aspect of such meetings, rather than a consequence of how their underlying technologies
have been designed.

Our second goal was to understand how these strategies and experiences could inform the design of
new captioning systems that depict prosody and/or emotions (RQ1.B). While participants agreed that
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including some paralinguistic features of speech could help alleviate the ambiguities of asr-generated
captions, they diverged as to which of these dimensions would be most helpful: either emotional cues,
prosodic cues, or both.

A follow-up study investigating how these captions could look like could thus face a design space too vast
to explore. A plausible alternative is to first evaluatewhat non-textual dimensions aremost effective to al-
leviate the communication issues emerging from the interviews, thus allowing future studies a narrower
research scope while still measuring whether these expanded captions can help dhh individuals iden-
tify paralinguistic dimensions in speech. This is the focus of Study 2, presented in Chapter 5. A ‘good
enough’ design style for captions may be adequate for this first ‘what dimensions’ study. However, the
parameters of this design still require careful consideration. For a detailed discussion on our approach
to addressing this in Study 2, see subsection 5.1.2. For a follow-up exploration of how the design space
was explored once the ‘what dimensions’ have been determined, refer to Study 3 in Chapter 6.

In discussing the prototypes shown, responses reflected a diverse set of preferences, allowing some high-
level recommendations: (a) Legibility is a notable concern, even when participants felt prosody and
emotions were being well represented; (b) Even though participants will generally complement their
understanding of captions with a holistic, multimodal understanding – integrating information from
such signals as facial expressions and body language – peripheral visual elements used for representing
prosody or emotions run the risk of being ignored.

2.8 Conclusion

By examining the experience of dhh individuals with automatically captioned meetings, we found that,
in many situations, they feel left behind and unable to fully participate in conversations with their hear-
ing peers. Importantly, we saw that the gap between captions and speech means not only losing access
to aesthetic flourishes, but also to key meaning-bearing cues. Losing access to prosodic and affective
information led to misread intent, missed topic or stance shifts, and miscalibrated turn-taking – poten-
tially harmful instances ofmisunderstanding andmiscommunication tied to how captions are currently
designed to give access to speech.

The consequences extend beyondmomentary confusion. Interviewees linked these misunderstandings
to concrete, practical harms: hesitance to contribute, breakdowns in coordination during group work,
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Figure 9.2: Example of how typographic attributes can be modulated to convey a speaker’s valence and
arousal levels. Here, valence is represented by font-color, with red indicating that the first sentence was
said in anegative tone, transitioning to amoreneutral and lightly positive tone as they say ‘much caffeine.’
Arousal is shown by changes to font-weight (thickness), reaching its highest when they say ‘it’s fine.’

9.3 Typographic Representations of Valence and Arousal Levels

Typographic modulations were used in both phases of the study to convey speech features and, in some
conditions, were combined with haptic feedback. Our approach was similar to that described in 6.2.1.1.2;
see that section for further details. Of note, the speech→ typography mappings we used were based on
the top-performing choices from Chapter 6, namely, font-color mapped to valence, and font-weight to
arousal. An example of this font-color / font-weight modulation is shown in Figure 9.2.



CHAPTER 10

Study 4: Using Haptic Feedback to Convey
a Speaker’s Arousal Levels1

Building onpriorwork that has intensity as the primary haptic dimension for communicating differences
in arousal, Study 4 aimed at experimentally determiningwhich frequency and rhythmic properties of this
signal are perceived as effective and comfortable for doing so.

10.1 Defining the Different Haptic Patterns

10.1.1 Rhythm

Rhythm refers to the variations in the haptic signal over time. Our goal is to determine whether the vi-
bration should be continuous throughout a speaker’s utterance, include pauses to emphasize individual
words, or have its own independent rhythm. To investigate this, we selected three distinctly different
1This study was part of a joint project between myself, Dr. Saad Hassan, assistant professor at Tulane University, Lloyd May,
Ph.D. student at Stanford University, Michelle M. Olson and Toni D’Aurio, graduate students at rit, and my co-advisors,
Dr. Roshan L. Peiris and Dr. Matt Huenerfauth. I led the study design, stimuli creation, data analysis, and writing of the
paper, which as published at the acm chi’25 conference [54].
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rhythmic patterns from the set defined by Ternes and MacLean [179]. These patterns are listed below
and schematically represented in Figure 10.1:

lp A long pulse, vibrating for the whole duration2 of the word (Figure 10.1a);

ssp A single short pulse lasting for two-thirds of the duration of the word, with a one-third silence
at its end (Figure 10.1b);

msp A series of multiple short pulses with a fixed duration.3 The number of pulses will be propor-
tional to the duration of the word itself (Figure 10.1c).

10.1.2 Frequency

Alongwith rhythm, Akshita et al. [4] conceptualizes frequency as a defining property of a haptic signal. In
essence, this is the rate at which the haptic signal oscillates, typicallymeasured inHertz (Hz). Frequency
determines the pitch of the vibration, a property that is related to perceptual qualities of the haptic
feedback signal.

Following how Ævarsson et al. define ranges of maximum sensitivity at the wrist [2], we defined two
frequency levels: a low tier, at 75 Hz, and a high tier, at 250 Hz.

From previous perception literature [2], we learn that on the glabrous (non-hairy) skin of the wrist, the
threshold of detection of a vibrotactile signal of 250 Hz is approximately 10 dB higher than for a 75 Hz one.
Although the perceptual metric gauged detection threshold and not equal intensity, for the purposes of
coarse calibration, we believe this 10 dB perceptual difference offset is sufficient as we could not locate
research that established perceptually equivalent intensity levels across frequencies of vibrotactile stim-
ulation on the wrist.

We performed frequency calibration of the hardware through recordings using a piezoelectric surfacemi-
crophonewith the hardware freely vibrating and under a 2 kg load, approximating the loading condition
of being strapped comfortably to a participant’s wrist. In both situations, the amplitude of themeasured
2To avoid pops on the haptic device’s speaker, we apply fade-in and fade-out for the envelopes for attack and release of the
signal, each lasting either 1/40th of the duration of the word or, if the word is too short, 12.5ms or 1/2 of the word, whichever
is shorter.
3The duration of these pulses follows Seifi andMacLean [167], whose fast-pulse rhythmic pattern uses 62.5ms pulses (1/16 s).
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(a) lp: One continuous vibration per word.

(b) ssp: Vibration intensity increases for 1/3 of the word duration, then decreases for another 1/3, followed by 1/3
of silence.

(c) msp: Pulse duration remains constant. Long words have many pulses, while short words have few.

Figure 10.1: These charts illustrate how three haptic signal configurations (y-axis, right) respond to chang-
ing arousal levels (y-axis, left) over time (x-axis; aligned to word onsets). The dashed-blue lines indicate
the predicted arousal values for each word, while the shaded-pink areas show the duration and intensity
of each corresponding haptic vibration. The phrase ‘just a hypothetical example’ is spoken with increas-
ing arousal from ‘just’ to ‘hypothetical,’ then decreasing for ‘example.’
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frequency rhythmic pattern
Long
Pulse

Single
Short Pulse

Multiple
Short Pulses

75 Hz lp75 Hz ssp75 Hz msp75 Hz
250Hz lp250 Hz ssp250 Hz msp250 Hz

Table 10.1: The six haptic conditions evaluated in Study 4.

75 Hzwaveformwas approximately 4 dB lower than the 250Hzwaveform. Because the perceptual deficit
at 250 Hz is 10 dB yet the actuator already delivers a 4 dB hardware boost at that frequency, we added
only +6 dB to the 250Hz drive level (10 − 4 = 6) to approximate equal perceived intensity while keeping
overall intensity constant as a potential confound.

The two frequencies, combined with the three rhythmic patterns, gave us the six total conditions, or
haptic patterns, evaluated in this first study and presented in Table 10.1.

10.2 Experimental Procedure

Participants were recruited by sending out irb-approved ads to social network groups and university-
related student groups. Participants qualified to participate in this experiment if they identified as Deaf
or Hard-of-Hearing. For Study 4 we recruited a total of 16 participants, 9 of which identified as female
and 7 as male, 11 of which identified as Deaf and 5 as Hard-of-Hearing, with a mean age of 27.1 years
(σ = 8.9). A compensation of $40 was offered.

The studywas conducted in person. Upon arrival, participantsmet with an asl-native research assistant
who explained the study. After agreeing to take part in the study, participantswere assisted in attaching a
haptic device to their non-dominant hand. A test haptic signalwas played to ensure the device’s intensity
was comfortable. Once this setup was complete, participants began the study, which was conducted
through an interactive website.

Thewebsite was developed using jsPsych [56], and is shown in Figure 10.2. The number of stimuli shown
for each participant echoed the study described in Chapter 6, i.e., 10 rounds, each with a different video,
with four conditions tested per round, and again employing a best-worst scaling setup. We counterbal-
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Figure 10.2: Screenshot of the test platform.

anced video and condition order. As in studies 2 and 3, for Study 4 videoswere sourced from the Stanford
Emotional Narratives Dataset [143].

Participants were asked to watch each short video excerpt in its entirety at least once, with the option of
rewatching them as needed. Using keyboard or mouse, participants were asked to ‘Select the vibration
patterns that you believe best and worst reflect the intensity of [the speaker’s] emotions.’

Finally, participants answered the following questions: ‘Did the vibrations influence how you under-
stood what the speaker was saying in the different versions of the same video? If yes, could you provide
further details?,’ ‘What aspects of thebest vibrationpatterns do you thinkworkedwell?,’ and ‘What issues
did you encounter with the worst vibration patterns?’
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10.2.1 Analysis plan

As mentioned, we adopted a best-worst scaling (bws) methodology, which allowed us to measure partic-
ipants’ preferences towards the six haptic patterns by establishing a simple criterion – which patterns
best and worst convey the intensity of the speaker’s emotions? – and prompting participants to judge
which stimuli are the best and worst examples of it. Following Study 3 and recent examples in hci re-
search [146], we adopted Herbrich et al.’s TrueSkill implementation of an elo-rating system [86], with
Clark et al.’s recommendation to average rankings across randomly ordered iterations to address the
order-independence of bws tuples.

10.3 Findings from Study 4

10.3.1 Haptic pattern rankings

Study 4 had 16 participants evaluating 4 videos per round for 10 rounds. A 4-way bws generates 5 data
pairs, so 16 × 10 × 5 = 800 pairwise comparisons. Table 10.2 shows the results from the study, including
both the raw answers – i.e.,what participants explicitly chose (or ‘n/a’, for the times a patternwas shown
but was not explicitly chosen as either the best or worst option) – and the choices implied by leveraging
the bws setup.

TheTrueSkill values –wherehigher values correspond tohigher levels of preference– for the lp rhythmic
pattern (the long pulse) with 75 Hz and 250Hz were, respectively, µ = 23.8, σ = 0.8, and µ = 22.1, σ = 0.8.
Values for the ssp rhythmic pattern (the shorter, single pulse) with 75 Hz and 250Hz were, respectively,
µ = 29.6, σ = 0.8, and µ = 27.7, σ = 0.8. Lastly, values for the msp rhythmic pattern (the multiple fixed-
duration pulses) with 75 Hz and 250Hz were, respectively, µ = 24.3, σ = 0.8, and µ = 22.4, σ = 0.8. These
values are also shown in Figure 10.3. Note that before processing participants’ preferences, each haptic
pattern was initialized with a skill of 25.4

4TrueSkill parameters set at their default values of µ = 25, σ = µ/3, β = σ/2, and τ = σ/100.
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Figure 10.3: Final TrueSkill rankings of the six haptic patterns. lp represents the long pulse; ssp, the
single short pulse; msp, the multiple short pulses. These are combined with two frequencies, 75 Hz and
250Hz. The skill is shown below each line, with its 95% confidence range shown above.

Haptic pattern raw answers implied answers
won lost n/a wins losses

lp, 250 Hz 14% 48% 38% 33% 67%
msp, 250 Hz 10% 36% 54% 37% 63%
lp, 75 Hz 17% 31% 52% 43% 57%
msp, 75 Hz 17% 24% 59% 47% 53%
ssp, 250 Hz 38% 9% 53% 64% 36%
ssp, 75 Hz 54% 3% 43% 76% 24%

Table 10.2: Raw and implied (as per the bws method) results for each one of the six haptic patterns. In
the raw results columns, choosing a pattern as the best option counts as a win, and choosing it as the
worst option counts as a loss. ‘n/a’ columns indicate the percentage of times a given pattern was shown
in a round but was not marked as best or worst option. The ordering of the table follows the patterns’
ascending top-to-bottom TrueSkill values, also shown in Figure 10.3. lp represents the long pulse; ssp,
the single short pulse; msp, the multiple short pulses.
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10.3.2 Open-Ended Comments

Participants shared their thoughts on what worked well and what did not with the different haptic pat-
terns, as well as more general feedback on using vibrations to represent speakers’ arousal levels. Below,
we present a summary of these ideas, supported by participant quotes. Where needed, quotes were
edited for clarity.

Some participants felt that different emotions had a different tactile feel. For p1, happy emotions were
‘more peppy or bouncy,’ and sad ones less so. These differences helped p15 ‘understand the various em-
phases the speaker put on words.’ At times, though, they felt vibrations and what the text seemed to
say were mismatched: ‘For example, super intense and strong vibrations when the text seemed bland,
unemotional, or matter-of-fact. Or calm, weak vibrations at a particularly emotional moment.’ Other
participants echoed this, describing how the vibrations could sometimes disrupt their experience. p14
thought some patterns were counterintuitive, noting that ‘the worst vibration patterns were very loud
and very disruptive tomy experience. The speakerwould be talking about something personal or serious,
and then my wrist is vibrating up the storm.’ This suggests that while haptic feedback can help under-
stand emotional content, poorly matched vibrations can lead to a disjointed and distracting experience.

Participants reported that, at its worst, the vibrations caused significant physical discomfort. They partic-
ularly disliked the 250Hz frequency, with p5 describing it as feeling ‘like scratching on a blackboard.’ p9,
who consistently rated 250Hz poorly regardless of its matching rhythm, said that ‘the worst vibrations
felt so uncomfortable that I wished the speaker would finish talking. They included too many longer
vibrations [lp] or harsh [250Hz] vibrations at the wrong time.’

The msp rhythmic pattern, regardless of which frequency it was paired with, also brought negative feed-
back. Although some participants, like p7, mentioned that it made them feel physical discomfort, the
more common complaint touched on it being distracting. About msp pattern, p5 said it ‘would vibrate
repetitively for one word,’ making it very distracting and, thus, harder ‘to understand the message in
the videos.’ p4 found it hard to keep track of words with msp, a problem they did not experience with
other patterns. p16, whose bws responses had panned both lp and msp, shared that they ‘felt a bunch of
vibrations, which kind of overwhelmed me while watching the videos.’

Despite the discomfort or distraction some participants experienced, others found the haptic feedback
beneficial in specific contexts. Some participants, for instance, felt it could help them understand an off-
camera speaker’s emotions. While this was not an issue with the videos used in the study, p9 said that if
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a speaker isn’t visible, ‘this systemwould helpme keep track of their tone andwhatmood they are in.’ p2
echoed this, saying they were ‘able to notice the difference in emotion as the person is speaking without
visually seeing them.’ p5 added: ‘with the wrist-worn system, it would be helpful if I could understand
whether they are being neutral or emotional when I can’t see their face.’

Furthermore, some participants argued that the effectiveness of haptic feedback depends on contextual
factors. For example, vibrations could help when speakers communicate with reduced or too subtle
facial expressions. p10 thinks ‘sometimes hearing people’s faces don’t really show facial expressions, and
I can’t tell their emotions.’ p3 agreed, saying that intense vibrations would tell if a speaker was ‘excited or
speaking in a calm manner, which helps deaf people since sometimes hearing people aren’t clear with
their facial expressions.’

10.4 Discussion of Study 4

In response to RQ4, we found that participants consistently preferred the single short pulse (ssp) haptic
pattern over both the long pulse (lp) and multiple short pulses (msp) patterns. This was clear from the
TrueSkill ratings (Figure 10.3) and in some of the comments participants shared.

The picture is less clear when we look at the two evaluated frequencies. While ssp with 75 Hz had a
higher TrueSkill than the same pattern with 250Hz, there is still overlap between the two options’ 95%
confidence intervals. In terms of the implied probability of choice, this difference means that the ssp
75 Hz pattern has a 62.4% chance of being chosen over its 250 Hz counterpart [173]. For comparison’s
sake, in a pairing between the top andworst performing patterns – lp 250Hz and ssp 75 Hz, respectively
– the latter would be chosen over the former 89.4% of the time.

While the ratings are close, participants’ comments help differentiate the two. Several mentioned that
the higher frequency felt physically uncomfortable, comparing it to ‘scratching on a blackboard.’ This
discomfort likely contributed to its lower ratings, and even though the feedback by itself may not be suffi-
cient to entirely discard the high-frequency pattern from future explorations of the haptic design space,
here it is enough to justify its exclusion in our second study. Given that, as we will discuss, the second
study involved long-form videos, ensuring participant comfort during the test was a key consideration.

While this study focused on participants’ subjective preferences, it highlighted both the promise of our
proposed haptic-arousal approach – e.g., helping understand the intensity of speakers’ emotions – and
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some challenges – e.g., potential for distraction. We further explore these themes in Study 5, with a
primary focus on identifying an engaging combination of haptic feedback and typographic modulations.

10.5 Limitations

Our work in Study 3 suggested modulating either font-size or font-weight to convey arousal. Here, in
Study 4, we chose the latter, because it offered better legibility. However, font-size was perceived by
some dhh participants as offering a clearer depiction of arousal, which could influence how it relates to
haptic-feedback also depicting the feature, and thus change the results reported here. This aspect is left
as a recommendation for future research.

We conducted the tests in a controlled environment. It is uncertain whether the results would be repli-
cable in different settings, such as varying screen sizes, device types (phones, tvs, etc.), and lighting con-
ditions. This uncertainty extends to the haptic device itself, which was selected based on recommenda-
tions from prior literature [64, 196]. Users of these systems may be interested in different configurations,
which merits further exploration.

Lastly, the videos and haptic signals were pre-generated. While latency in automatic captioning systems
has improved, it is not nil, and it remains to be seenwhat would be the best strategy to deal with a haptic
signal that is out-of-sync with the image of subjects on the screen.



CHAPTER 11

Study 5: Visual–Haptic Affective Captions
and Narrative Engagement

Having established the ssp rhythmic pattern combined with the low frequency setting (75 Hz), we set
out to answer our follow-up research question and determine whether depicting emotions embedded
in speech through haptic feedback and captions with typographic modulations influence narrative en-
gagement for dhh individuals. To do this, we compared four conditions depicting a speaker’s emotions
through visuals and/or haptics against a neutral baseline with no affective information.

11.1 Methods

11.1.1 Conditions

To answer RQ5, we defined four conditions regarding the portrayal of arousal:1 arousal through visuals-
only (c2 V), haptics-only (c3 H), visual and haptics (c4 V+H), and no arousal depiction (c5∅). We also
included a conventional condition that had neither arousal nor valence as a baseline (c1 B). Table 11.1
summarizes the five conditions.
1Because valence isn’t our focus here – and Study 3 showed font color conveys it effectively – we encode valence with font
color in all conditions.
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condition arousal depiction valence depiction
c1 B (baseline) n /a n /a
c2 V visuals visuals
c3 H haptics visuals
c4 V+H visuals & haptics visuals
c5∅ n /a visuals

Table 11.1: The five conditions presented to participants in this study. The c- abbreviations are used
throughout this section. For reference: c1 B are conventional captions (the baseline condition); c2-5
all use font-color to depict valence, with differing approaches for arousal: c2 V uses visuals only (font-
weight); c3 H uses haptic-feedback only; c4 V+H uses both visuals and haptic-feedback, and c5∅ uses nei-
ther, showing only valence.

11.1.2 Stimuli

In selecting videos for Study 5, we followed three basic criteria. These criteria are broadly consistent
with those applied in earlier studies (Studies 2–4), but we restate them here because they serve as the
foundation for the different choices we had to make in this study, especially regarding arousal variation:

1. The videos should predominantly feature one speaker.2

2. The videos should be short enough to allow all five conditions to be presented within the allotted
session time;

3. The videos should tell emotionally charged stories, with a particular emphasis on a variety of
arousal levels.

In Study 4, as in studies 2 and 3, the videos used met the first two criteria but generally had unchang-
ing arousal levels. This is understandable, given that the individuals in the send dataset were recalling
past memories, leading to stories recounted in a calmmanner with only occasional bursts of excitement.
While for Study 4 we sliced the videos to include these bursts, this approach would not have been suit-
able for the goals of Study 5. Here, measuring changes in narrative engagement required arousal levels
2This criterion is based on the scrolling-caption-based style from our work in Study 3, which has not yet been adapted or
evaluated for multi-speaker settings – a topic outside the scope of this study.
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that varied over a longer duration, meaning that a complete narrative arc needed to be established. To
achieve this, we selected fictional videos with diverse arousal levels that could also tell a full story.

We searched both general (e.g., YouTube, Vimeo) and short film-dedicated platforms (e.g., ShortVerse,
Short of the Week).3 From an initial pool of 26 titles, we processed 13 through the affective captioning
pipeline (described in subsection 9.1). These were evaluated by a second rater and me for narrative co-
herence and consistency between perceived and synthetically inferred emotions. Ultimately, five videos
were selected, as listed in Table 11.2. Each of these five videos was prepared in all five conditions, giving
us 25 combinations to counterbalance each story’s inherent effects on narrative engagement.

name source original source
Sheriff Hassan’s Monologue Midnight Mass, episode 6, season 1 youtu.be/olhpqJso41M
Sally’s Monologue Barry, episode 7, season 2 youtu.be/qw62N4v8Cwo

The Arrival Short film by Daniel Montanarini vimeo.com/166075559
Scene from Damage Short film by Matt Porter vimeo.com/325243238
Scene from The Human Voice Short film by Pedro Almodóvar dvd copy

Table 11.2: The five videos used in Study 5.

11.1.3 Narrative Engagement

A challenge in conceptualizing effectiveness in affective captions, whether coupled with haptic feedback
or not, comes from defining what it is that they allow their users to do better when compared to tradi-
tional captions. Previous, we – along with other researchers [85, 99] – have relied on self-reported mea-
sures of usefulness (Study 2) and objective assessments of perceived valence and arousal levels (Study 3).
These methods provide valuable insights, but they also have limitations. Self-reported measures may be
susceptible to novelty bias [198], and assessing the interpretation of valence and arousal levels does not
necessarily indicate whether users’ engagement with the content is actually affected by having access to
this additional information. Because of these points, in Study 4 we propose using a different metric to
capture the effects of affective captions: narrative engagement.

Narrative engagement, as a measure, captures changes in cognitive processes in individuals as they at-
tempt to make sense of a story [35]. It builds upon established constructs such as spatial presence
3shortverse.com and shortoftheweek.com

https://youtu.be/olhpqJso41M
https://youtu.be/qw62N4v8Cwo
https://vimeo.com/166075559
https://vimeo.com/325243238
https://www.shortverse.com/
https://www.shortoftheweek.com/
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(the sensation of being physically present and able to act within the depicted environment [108, 203]),
identification (experiencing events portrayed in the narrative as if they were happening to oneself [43]),
flow / transportation (becoming deeply absorbed in the narrative to the extent of losing self-awareness
and awareness of surrounding events [34]), etc.

Although narrative engagement instruments are typically used to explore the phenomenological aspects
of engagement with fictional stories, the cognitive processes they model are not limited by the distinc-
tion between fiction and non-fiction [162].4 As Gilbert suggests, human perception accepts mental rep-
resentations as true, and disbelief requires additional cognitive steps [74]. This implies that althoughwe
used fictional videos in our experiment, one can reasonably assume that similar effects could be seen
with a similar setup used in more general contexts.

Narrative engagement has been widely used in media studies and hci research to compare how differ-
ent platforms influence audiences’ experiences. For example, studies have compared the experience
of watching a 360° video using virtual reality headsets versus smartphones [25] (finding no significant
differences), evaluating game narratives with low versus high fidelity graphics [31] (also finding no signifi-
cant differences), and comparing automatic versus professionally authored closed captions for YouTube
videos [98] (again, finding no significant differences).

While this diverse set of comparisons did not yield measurable significant differences, it does not under-
mine the utility of the narrative engagement instrument. Instead, it highlights the robustness of the
underlying processes it measures, which seem to transcend variations in media fidelity. This is intuitive
for anyone who has been absorbed in a book – a notably low-fidelity medium that is nonetheless capa-
ble of eliciting deep immersion. However, there are cases where manipulations do produce measurable
effects: for example, Sukalla et al. experimentally varied cohesion and emotional content in medical
drama clips and found significant differences across subscales, with lower cohesion reducing narrative
understanding and presence, and higher emotional content increasing emotional engagement and atten-
tional focus [175].
4A difference between the two, argues Busselle and Bilandzic, is that we use different schemas – i.e., the stereotypes and
tropes we bring in as predetermined expectations about how events will unfold – to process fiction and real-life [34].
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11.1.4 Experimental Design

Study 5 employed a single-factor, univariatewithin-subjects design to evaluate the effects of haptics, typo-
graphicmodulations, and their combination on narrative engagement. Each participant experienced all
five conditions, randomly applied to each one of the five videos to account for potential confounds aris-
ing from the inherent narrative engagement of each video or potential asymmetric transfer effects. By
counterbalancing the order of presentation, we aimed tomitigate the influence of specific video content
on the participants’ engagement scores and isolate the effects of the captioning conditions.

11.1.5 Experimental Procedure

Like with the previous study, this was conducted in person. A research assistant fluent in asl met with
participants and, after the introduction and consent procedure, helped them attach and calibrate the
haptic device. After this, participants went through the five videos, presented in counterbalanced order
and conditions, responding after each one the 12-item narrative engagement instrument. The questions
used, grouped by their four sub-scales, are presented in Appendix B. Each question was presented as a
Likert-type item, allowing participants to indicate their level of agreement on a scale ranging from 1 to 7.
In the analysis phase, some items were reverse coded so that higher scores consistently reflected greater
narrative engagement [35].

After finishing this section, theywere presentedwith a screen, shown in Figure 11.1, that described each of
the five conditions and which video they were applied to, and asked three open-ended questions about
each condition, namely, Did you think this caption style worked well with this particular video? Why, or
why not?, Did you like this caption style? Why, or why not?, and In what genres of video or viewing situation
do you think this caption style would work well? E.g. ‘Watching a sci-fi movie at the cinema.’ To analyze
these answers, we used a inductive thematic analysismethod, where one of the authors engagedwith the
data, allowing patterns and central ideas to emerge from participants’ responses [33]. These were then
discussed with other authors and refined.
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Figure 11.1: Screenshot of the page where participants gave feedback about each condition. The image
captured from the video was used as a mnemonic device for each caption condition, together with the
illustrations and short descriptions. In this example, we see c4 V+H (here labeled as ‘caption style 1’),
which includes visuals and haptics for arousal, and visuals for valence.
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condition narrative engagement
narrative

understanding
attentional

focus
narrative
presence

emotional
engagement

total
score

c1 B 15 14 12 15 51
c2 V 16 14 11 13 55
c3 H 16 16 11 14 54
c4 V+H 18 15 13 16 62
c5∅ 17 15 13 14 60

Table 11.3: Median raw scores for each of the four sub-scales and median total Narrative Engagement
score. See Figure 11.2 for distribution of scores for each condition. Note that each sub-scale ranges from
3 to 21, and the total scores range from 7 to 84.

11.2 Findings from Study 5

Recruitment, compensation, and inclusion criteria matched those of Study 4. We initially had a total of
31 participants, although one was removed from the data due to equipment malfunction during testing,
with three others excluded after test duration logs indicated that they had not watched all of the stimuli
videos in full. Among the remaining 27 participants, 15 identified as female and 12 as male, with 20
identifying as d/Deaf and 7 as Hard-of-Hearing. Their mean age was 24.7 (σ = 7.6).

Throughout this section we follow the condition-abbreviation scheme presented in Table 11.1. Where
needed, participant quotes were edited for clarity and conciseness.

11.2.1 Narrative Engagement

Scores were initially calculated summing the 12 raw Likert-scale items for each condition for each partic-
ipant. Themedian values for overall Narrative Engagement scores for each one of the five conditions, as
well as median values for the sum of each of its four sub-scales, are presented in Table 11.3.

The distribution of scores is shown in Figure 11.2. Given that this is a within-subjects study with non-
parametric data,5 we used the Friedman test to compare the raw answers – i.e., the individual 12 Likert-
5While there are examples both ways, we align ourselves with authors who have treated narrative engagement data as non-
parametric, e.g., [77, 78, 206].
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Figure 11.2: Ridge plot of Narrative Engagement scores across conditions, ranging from7 to 84. Each ridge
represents a condition, with its height indicating the density of scores. Significant pairwise comparisons
(p < 0.05) between c4 V+H and c2 V, and c4 V+H and c1 B, are highlighted by the curly brackets.

item narrative engagement scores answered for each condition – with Dunn-Bonferroni post-hoc pair-
wise comparisons for significant results.

The Friedman test indicated statistically significant differences in the narrative engagement scores
across the different conditions (χ2(4) = 32.5, p < 0.001). Post-hoc comparisons showed significant
differences between c1 B and c4 V+H (p = 0.01) and between c2 V and c4 V+H (p = 0.02). The Friedman test
yielded statistically significant differences for the Narrative Understanding (χ2(4) = 12.0, p = 0.02) and
Narrative Presence (χ2(4) = 18.4, p = 0.001), but with no significant differences in the post-hoc tests.

11.2.2 Open-Ended Data

Much like with their answers to the narrative engagement questionnaires, opinions on the five different
captioning conditions were widely spread, ranging from participants sharing how their feelings were
shaped by the haptic and visual cues as they watched the videos, to some that questioned the premise
of having an external source of interpretation for characters’ emotions, to many others who commented
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onways they felt the different approaches could bemade better. In this sectionwe present three themes
that organize these thoughts.

11.2.2.1 theme 1 Establishing an Emotional Connection

For some participants, adding haptic feedback improved how understandable the videos were and how
connected they felt to them. Discussing c4 V+H, p1 said that ‘the haptic feedback does make a difference.
I feel I can understand the movie without context. I was able to pick up the story.’ Haptics, they added,
made it ‘feel more exciting and connected to their world.’

Visuals also helped. p1 said that they ‘would work great in a scene where there were multiple people
talking with differing emotions and tones. The colored words (c2–5) and emboldened fonts (c2 V and
c4 V+H) could make clear what is going on in the scene and the emotions being shown on screen.’ For
p10, affective captions bridged information gaps left by other communication channels. They compli-
mented c2 V because of how it helped them ‘understand the character’s tone even though they were
displaying almost no facial expressions in the scene.’ For p25, c2 V allowed them to see the character’s
emotions, which helped them ‘get more connected to the speaker’s voice.’ p12 thought c2 V showed char-
acter’s ‘emotions and tone of voice,’ saying that they were ‘not used to this new caption, [but] it helps
me understand better.’

Commenting on the baseline condition (c1 B), some participants shared that experiencing the other
modalities made conventional captions feel lacking. p10 thought that going back to c1 B ‘was unusual
because every other video prior had some feature to make me feel involved, and then this one was just
black andwhite, and I had to rely on the speaker’s facial expressions... I think it’s still nice, but once I see
the colors and thickness, those styles were more engaging than this one.’ This reliance on other visual
cues becomes apparent. p14 said that with c1 B they were ‘unsure what the emotions are,’ needing ‘to rely
on context that is surrounding the character to identify (guess) their emotions.’

Not all participants found haptics helpful. For some, the constant vibrations were a distraction, which
drew them away from the scenes. p25, commenting on c4 V+H, said they ‘felt the haptics were too over-
whelming, distracting me from connecting with the speakers,’ going so far as to say that ‘haptics ruined
it.’ p13, explaining why they preferred c2 V over the conditions with haptic feedback, said that ‘vibrations
have a purpose, but I feel that they distracted me from the story. In this particular scene, they would
have taken away instead of adding to it.’
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Fast speakers can make this distraction worse. Commenting on c3 H’s use in Sally’s Monologue–a fran-
tic stream-of-consciousness monologue–p6 said that ‘in this kind of video, the speaker talks really fast,’
adding that in that case ‘vibration is a distraction to me, and it is difficult to follow captions when you
can’t concentrate.’

Improvements to feelings of empathy and spatial presence facilitated by affective captions were also
discussed. Adding to their impressions of c3 H, p7 said that they ‘could feel what the speaker was feeling
through colored words, and I understood their pain as if it was my own, so it worked very well.’

Some participants described feelings of spatial presence. p10 felt c4 V+H made them ‘see the character’s
thoughts vividly,’ making it their ‘favorite combination out of all the five videos. The combination of the
colors, thickness and thinness, along with the vibration, made me feel like I was truly there in the scene.’

11.2.2.2 theme 2 Affect as Information

Therewaspushback fromsomeparticipants about howwell affective captions couldwork. For one, there
was uncertainty about how precise such a system could be. p22 talks about how, while the visual cues in
c2 V were clear, they were not sure whether they were necessarily accurate, or whether they were able to
‘100% convey the speaker’s original emotion,’ which led them to ‘disassociate slightly from them.’

This is further complicated by how complex emotions can fall outside, or become ambiguous, under the
circumplexmodel of emotion. Again p22: ‘There was also a hint of sarcasm somewhere and I’m not sure
if it was really captured with the subjective colorings, because emotions are subjective.’ p21 suggested
that ‘the caption style could include a fewdifferent types of emotions. Something to show the character’s
depression, disgust towards certain things, patience with his life, not just sadness or rage.’ This lack of
nuance was also seen by p8 who, commenting on whether c2 V was able to match one of the videos, said
that while the style allowed them to ‘understand the environment of the video,’ the visual cues ‘seemed
to be out of tune. Is the speaker being sarcastic or genuine?’

In some of these cases, this mistrust seemed to be related to a mismatch between what the visual cues
and/or vibrationswere telling andwhat viewerswere getting fromother cues in the videos. Commenting
on c3 H, p21 tells that they were ‘a little lost because the character almost didn’t show emotions, even
though the caption style showed their feelings.’ p7, discussing c2 V, talks about how ‘red text tells us
the speaker is feeling angry or somewhat frustrated, and then when the text turns to bold it made me
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think that the speaker is shouting, but the speaker is actually thinking to themselves in the video, so that
connection between the text and the speaker isn’t there.’

Some of the resistance stemmed from the intended purpose of affective captions, namely, to provide an
external interpretation of emotions as conveyed by a speaker’s tone of voice. p22 offers that ‘emotion
is subjective, and it is up to the viewer/listener to interpret it, so I’m not sure if it is necessary for a
captioning user interface to determine that.’

For some, the need for visual or haptic affective cues depends onwhether a speaker’s emotions are other-
wise clear. In the Hassan video, for instance, p15 felt the added affective cues were not needed because
the speaker was ‘able to express their emotions in a sincere and clear way to those watching.’ The neutral-
looking c1 B would be better, they added, ‘for those who are skilled at acting and conveying emotions not
just by tone of voice, but by facial expressions as well.’

As a counterpoint, many participants embraced the information that captions added to the scenes. p13,
on c4 V+H, says that ‘the three aspects serve as a great supplement to the story, as they gaveme a good idea
of just what the speaker felt.’p11 said they loved the idea behind c4 V+H, since ‘films show purposeful and
powerful emotions, and all of us, especially people who read closed-captions, would like to be part of it.’

For some participants the value added by affective captioning approaches, in particular for conditions
that had haptics, seemed to be not necessarily because of the exact emotions they conveyed, but rather
because of how they highlighted shifts in moods. p14, commenting on c3 H, offered that he felt it worked
‘because I was able to see the start and finish of the emotions the character plays.’ Echoing this sentiment,
p23 mentions that c4 V+H ‘worked well because it allowed me to understand the shifts in the speaker’s
mood and attitude over the span of the video.’

11.2.2.3 theme 3 Contextual Considerations in Affective Captions

Some feedback focused on how effective the visual and haptic parameters implemented in c2 V, c3 H,
c4 V+H, and c5∅ were. While part of this was included in the two previous themes as it relates to their
own overall discussions, a few comments had a narrower scope, focusing on a deconstruction of the
design underpinnings of affective captions and how they work (or don’t) under different situations.
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As previously noted, many participants found the use of vibrations distracting. This was also true for font-
color. For instance, p26 felt that c5∅ had ‘too many colors in one sentence, making it easily distracting.’
For p18, the use of color worked and was able to influence how they perceived emotions, but it also
made text ‘hard to read while I was thinking about other things.’ p14 was even harsher: ‘I don’t think this
caption style worked because I couldn’t figure out what the colors represent. It just felt like an update to
the current captioning style, but nothing really changed.’

Some complaints focused on the colors used for positive and neutral tones. p9, for instance, complained
that ‘it is kind of hard to see the difference between blue andwhite,’ as did p17, who disliked c2 V because
it was ‘hard to recognize the blue orwhite font, making it hard forme to identify happy andneutral tones.’
For p3, ‘caption color was not vibrant, so it was hard to decipher.’ p1 found this particularly tricky with
lighter shades of red and blue, stating, ‘I wasn’t sure if somewords were neutrally white after long reading.
It was almost like they blended together. I think it needs some adjustments to color tones and fonts.’

The use of font-weight also had its discontents. p24 thought that, in c2 V, the ‘color changes and bolding
of captions hurt my eyes.’ Many participants complained that the more extreme font-weights used in
the captions did not work. p26 thought ‘the font is too thick to recognize,’ while p20 said that it ‘made
everything feel blurred.’ At times this was caused by the combined effect of having changes to weight
and color. p5 thought ‘bold is too much when the caption is also colored.’ p1 echoed this: ‘the font with
the bold felt almost hard to read along with the color.’

Some participants were not against the idea of haptics, but felt it could be used only for important words,
or even for non-speech sounds. p9 suggested that ‘in horror movies, it could include only the screaming.
Suspense, but not the words.’ On this, p23 added: ‘Maybe it would be a good idea to limit the vibrations
to only the emotional climaxes in movies. Having vibrations on throughout the whole movie would
probably be distracting and annoying.’ p25 went further, saying that in sci-fi or scary movies it could be
used ‘so we can feel background noises, scary music, etc.’
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11.3 Discussion of Study 5

11.3.1 Using Haptic Patterns to Convey Arousal

We saw that the fourth condition (c4 V+H) stood out as the most effective. This condition combined the
winning haptic pattern fromStudy 4with visualmodulations of font-weight for arousal and font-color for
valence, as inspired by previous research. This haptics-visuals integrated approach significantly outper-
formed a visuals-only affective caption style (c2 V), which was designed to mirror previously discussed
affective captioning models, e.g., [53, 85, 99]. Interestingly, our findings suggest that a combination of
both haptics and visuals creates an experience that, for our 27 dhh participants, resulted in higher levels
of narrative engagement with audio-visual content. Thus, in answering RQ5, we recommend a combined
approach to haptics and visual modulations to depict a speaker’s arousal levels.

Furthermore, we found that the condition combining haptics and visuals also promoted significantly
higher narrative engagement scores when compared to the baseline condition (c1 B), i.e., conventional,
non-styled captions. In other words, the c4 V+H option was more engaging than both the conventional
captions in everyday use and the recommended option from prior work on affective captions (c2 V).

11.3.2 Consideration of Users’ Experience with Affective Captions that Employ Haptic Feedback

Despite quantitative findings showing that the combination of haptics and visuals led to a significant
improvement in narrative engagement, our participant’ feedback revealed individual variability in their
subjective experiences. While some participants found the vibrations to be a valuable addition that en-
hanced their connection to the videos, increased empathy, and created a sense of spatial presence,6 oth-
ers experienced the constant buzzing as a distraction that pulled their attention away from the content,
disrupting insteadof improving their overall viewing experience. This echoes a finding that echoesWang
et al. [196], who previously combined haptics and captions to aid with speaker identification. While this
diversity in users’ experiences could simply be a byproduct of the inherent diversity within the dhh
population in general [172], the tension between enhancement and distraction also aligns with broader
challenges in designing multimodal captioning systems [27], particularly when considering the cumula-
tive effects of such features over longer durations.
6Spatial presence in this context refers to the user’s perceived sense of physical existencewithin a digital environment, where
the technology facilitates a feeling of being ‘there’ in the virtual space, contributing to a more immersive experience.
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Our study’s design, which featured multiple conditions and extensive surveys, did not accommodate
long-length videos. There are reasons to believe that the effects we measured could be even higher in
such settings. For one, longer videos are correlatedwith higher Narrative Engagement scores [93], so the
differences between conditions we saw could potentially accumulate over time. This could compound
with how decoding affective captions is subject to learning effects, as we saw in Study 3, or with how
certain haptic stimuli may becomemore favored through repeated exposures [92]. However, it remains
to be seenwhether the distraction and annoyance that someparticipants experiencedwould persist over
time. While these issues could plausibly subside given sensory adaptation, i.e., the phenomenon where
sensitivity to a haptic stimulus diminishes after prolonged exposure [17, 148], theymight also continue or
even intensify depending on individual differences. This underscores the need to study whether sensory
adaptation lessens distraction over time or if prolonged exposure increases annoyance, both of which
could affect narrative engagement.

Related to this point, future work could also look into thresholding approaches to mitigate the negative
aspects some participants experienced, such as distraction and annoyance. If haptic vibration were to
occur only when some relevance threshold was crossed – e.g., only vibrate words that are significantly
more intense or calm than the average – then perhaps distraction can beminimized. Adjusting intensity
dynamically or via user-based personalization could also help, although additional studies would be
needed to further explore this.

Focusing on the four sub-scales, we see that while the Friedman test revealed significant differences for
the Narrative Understanding and Narrative Presence sub-scales, no significant differences were found
in the post-hoc analysis across the five conditions. This suggests that while Narrative Engagement can
give a comprehensive measure of engagement with the audio-visual content, it may also be too blunt
a measure for an in-depth exploration of its four sub-scales independently. For such purposes, more
targeted instruments might be preferable – a recommendation for future research.

Quantitative data and participant feedback indicate that haptics were especially effective when paired
with visual arousal cues, suggesting intermodal integration – stimulation in one channel can enhance or
alter perception in another [26]. We echoKushalnagar et al. [105], who found that visual-tactile captions
for non-speech information outperformed tactile-only ones. This effect may explain the non-significant
advantage7 of c4 V+H over c3 H, where haptics and visuals outperformed haptics alone for conveying
7Although these differences were not statistically significant, we offer speculative commentary for future research.
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arousal. The higher performance of c4 V+H over c3 H further suggests that haptics alone may not provide
sufficient perceptual salience for arousal, underscoring the importance of intermodal cues.

Alternatively, the non-significant patterns observed in the improvements for c5∅ – which had no depic-
tion of arousal – over both c2 V and c3 H could suggest that, if arousal is not strongly reinforced by both
visuals and haptics, it might be better to omit it altogether. This could be related to how arousal has been
shown to be perceived as if of lesser importance than valence [62]. While future work should explore
this hypothesis further, the relative performance of the conditions also point to a novel direction for re-
search: if intermodal integration in the c4 V+H condition is effectively facilitating the communication of
arousal as a speech dimension, could similar strategies enhance the depiction of valence through haptic
signals? For example, would modulating the frequency in tandem to valence, alongside the amplitude
changes that convey arousal, reinforce the font-color modulations, increasing the perceptual salience
of valence?

For some participants, the haptic feedback acted notmerely as a synthetic signal but as a direct analog of
the speech signal itself. This suggests that, to them, hapticswasperceived as a formof sensory substitution,
i.e., they understood the vibrations as if representing the actual speech sounds, instead of an artificial
signal that is related, but not equal, to speech. This approach aligns withWang et al.’s method for haptic
captions [196]. While the extent of this perspective among dhh users of affective captions remains to
be fully explored, it presents a promising avenue for future research: could the actual sound signal, i.e.,
its amplitude envelope and frequencies, be an additional dimension in the haptic signal? Should this
dimension replace the synthetic arousal signal, or be integrated into it?

11.3.3 Fine-tuning Color and Font-weight Style Dynamics in Affective Captions

Participants’ feedback on affective captioning styles also relates to design guidelines already established,
e.g., those from Study 3 and Hassan et al. [85]. Questions arise on how clear the colors used are, but
also howmuch they should leave open to interpretation; in terms of font-weight, guidance is needed to
answer: howmuch is too much? It was positive to see that the legibility of the captions we used did not
emerge as a major concern, which is an improvement over similar past studies that were plagued with
these issues, e.g., studies 2, 3, and Kim et al. [99]. Still, there were cases where the font-color and weight
modulations did not work well.
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The color palette recommended by Hassan et al. [85] appeared ambiguous for near-neutral words. This
need not be necessarily seen as a defect. Given how affective information can be thought of as context-
dependent [29, 87], some researchers have advocated that design solutions are made to be purposefully
ambiguous and open to interpretation [72]. In fact, some participants appreciated the color scheme’s
flexibility for personal interpretation. However, complaints could also reflect disagreement with the
chosen colors. Future work could explore alternative palettes that better balance clarity with openness
to contextually-based interpretations.

While our findings from Study 3 suggest the use of changes to font-weight to depict arousal, further work
would still be needed to define specific guidelines for how these should be implemented. While minor
changes in weight may not significantly affect legibility [145], in our implementation, words with very
lowor high arousalwere shownwith extremeweight changes, which someparticipants felt was toomuch.
Future work should establish clear thresholds for designers. Additionally, we observed negative effects
from certain combinations of visual modulations, as p5 noted the overwhelming impact of bold fonts
used alongside colored words, meaning color should be included as a confound in these studies.

These findings serve to both affirm the current design guidelines on how to use typographic cues to
convey emotional content in text and to suggest that more precise recommendations are still needed
to optimize and ruggedize the application of affective captions. This underscores the importance of
iterative testing and refinement in their design as more and more scenarios and use-cases are explored.
Alternatively, the variance in opinions could be seen as a case made for offering personalization options
for the visual parameters. In this, they would echoMay et al. [125], who has suggested that a one-size-fits-
all approach for non-speech information accessibilitymay not be sufficient given howdhh expectations
and preferences vary.

11.4 Limitations

As a construct, Narrative Engagement is reflective of users’ experience, and can be tied to improvements
to the perceived dullness in traditional captions, as we saw in Study 1. It does not capture othermeasures,
such as comprehension, memory, task performance, etc. Some of these are related to how captions are
also perceived as ambiguous, and as such is an important consideration for future studies.
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Thematerials and setting also bound generalizability. Stimuli were single-speaker, scripted clips of short
to medium duration, viewed in a controlled, low-distraction environment. Effects may differ with multi-
speaker dialogue, overlapping speech, live/unscripted content, longer formats (e.g., feature-length), dif-
ferent genres, languages, or typical at-home contexts with competing distractions.

Our implementation choices further constrain interpretation. Haptics were delivered on the wrist via a
watch-like device using a single rhythmic pattern at 75 Hz; other body locations, devices, or parameteri-
zations (e.g., different carrier frequencies, envelopes, or adaptive intensities) may yield different results.
Visual encodings used a specific color palette for valence and font-weight changes for arousal; legibility
and discriminability can vary with display characteristics, ambient lighting, and individual differences
(including color-vision deficiencies). Several participants reported distractionwith strongerweights and
dense color changes, suggesting thresholding or rate-limiting may be necessary in longer viewing.



CHAPTER 12

Study 6: Haptics-decoding Performance1

Study 4 identified a haptic pattern that, through its combination of frequency, rhythm, and varying in-
tensity, was judged by participants to be a good encoding of speech arousal levels. When used alongside
typographic cues that visually encoded emotions, this pattern improved viewers’ engagement with au-
diovisual content. This suggested that affective captions could meaningfully enhance the experience of
dhh viewers by addressing one key limitation of conventional captions, as we had seen in Study 1: they
are often dull.

Yet, while engagement captures howdrawn in or emotionally attuned viewers feel, it does not necessarily
tell us how well they are able to decode or make sense of the conveyed information. In Study 1, partici-
pants highlighted that the ambiguity of conventional captions is a key pain point. If the goal of the cues
we add through visuals and haptics is not only to improve engagement but also to help disambiguate
speech and speaker intent – and it is – thenunderstandingwhether viewers canmake sense of them is an
important piece of the puzzle. In Study 3, through the EmojiGrid experiment, we saw that participants
could successfully interpret information encoded through visual changes to font color, weight, and size.
However, after Study 4, it remained unclear whether the same could be said of the haptic signal. In other
words, how clearly do participants actually understand the arousal values conveyed through haptics?

Addressing this question not only complements our findings on engagement but also deepens our un-
derstanding of what makes affective captions effective. If captions aim to improve how understandable
speech – in all its complexity – can be, then whatever information is conveyed through haptics must
also be understandable. Moreover, this knowledge could guide future efforts to use haptics to represent
1This studywas jointly conductedbyme, Stephanie Patterson, graduate student at rit, andmyco-advisors, Dr. RoshanL. Peiris
and Dr. Matt Huenerfauth. I led the study design, stimuli creation, data analysis, and writing of the paper, which is currently
being prepared for submission.
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other kinds of information, whether for speech accessibility [196] or in broader multimodal contexts
[124], thus expanding the expressive potential of the medium.

As such, while Study 5 examined howmultimodal captions affect viewers’ emotional engagement, Study
6 turns to the question of decoding: viewers’ ability to extract or recognize the intended affective mean-
ing encoded in the cues. Whereas engagement concerns how immersed or emotionally connected view-
ers feel, decoding concerns interpretability – the clarity and accuracy with which information is under-
stood. This distinction is key, as improving interpretability directly addresses captions’ ambiguity, one
of the main issues identified in Study 1.

To guideour investigation, andconsideringourmultimodal setup,wepropose the following researchques-
tion:

RQ6 How well do modulations of haptics and typography map to how dhh participants perceive a
speaker’s arousal levels?

To answer it, we designed a study where participants would be exposed to short video clips where the
speaker’s voice would present itself in arousal levels from across the spectrum – ranging from very low
to very high. In these clips, these levels would be conveyed either through haptic feedback, typographic
modulations, both, or neither, allowing us to measure how effective each modality is in conveying the
affective dimension.

12.1 Methods

Our set-up for this study was similar to that of Studies 4 and 5: participants wore the haptic device on
their non-dominant arm while watching short video clips on a computer screen. The videos’ original
soundtrack was available and played through an external speaker. Unlike our previous studies, partici-
pants were allowed to wear the device on either side of the wrist. This flexibility was acceptable here
because we were not comparing signals of different frequencies and therefore did not need to account
for differences in the skin’s frequency response across the ventral (palmar) and dorsal (back-of-hand)
surfaces. Figure 12.1 shows this set-up.
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Figure 12.1: Picture of the set-up for Study 6.
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12.1.1 Conditions

Participants completed an arousal-identification task under four within-subject conditions, balanced
across trials: (1) No visuals, no haptics (plain captions, no haptic signal); (2) Visuals only (caption weight
modulated by arousal, no haptics); (3) Haptics only (wrist-worn vibrotactile feedback modulated by
arousal, unmodified, plain captions); and (4) Visuals & Haptics (both channels modulated).

12.1.2 Stimuli

Weassembled a pool of captioned clips that included a ted talk, a talk-showhost giving amonologue, an
interviewwith an Iranian filmmaker, scenes frommovies (short,medium, and feature length), a recorded
Zoom meeting, among others. The content is challenging to summarize, given that the clips were very
short (between 2 and 12 seconds) and that they came from 22 distinct sources, but as a sampler they
included a tense phone call with an ex-lover, a woman singing while driving, a man reflecting on his life,
a eulogy for one’s deceased mother, a cheerful discussion about fashion choices, a tense negotiation for
the sale of a bass amplifier, etc. The excerpt selection is discussed below, but the videos themselves were
chosen to ensure diversity in speech style (natural or acted), video genre, and speaker gender and age.
An example of such an excerpt, together with the test platform, is shown in Figure 12.4.

To determine which excerpts to include, our rationale followed two main principles:

1. We sought to capture segments representing different points along the arousal spectrum – from
calm and subdued to highly energetic – so that the full set of videos would include examples
covering the entire dynamic range of the affective dimension.

2. Because participants would be asked to estimate a single average arousal level per clip, we pri-
oritized segments with low internal variability in arousal over time. This was crucial for inter-
pretability: if a segment contained strong fluctuations, participantsmight anchor their ratings on
different portions of the clip.

A practical consequence of these two principles was that we favored shorter clips, from which it was
easier to identify candidates that both spanned the arousal spectrum and maintained low within-clip
variability. This was also well suited to the temporal nature of haptics: because the vibration cue is
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Figure 12.2: Example of the Single Short Pulse (ssp) haptic pattern, originally explored in Study 4.

experienced sequentially over time – unlike a caption line that can be apprehended at a glance – short,
locally stationary segments helped give focus to themoment-to-moment haptic impression. Thismeant
that, at the lower end, videos were as short as two seconds, a deliberate choice aimed at preserving
low within-clip variability in arousal and to allow participants to form a single, coherent impression
of intensity.

The dialogue from the videos was transcribed as WebVTT with word-level timestamps using Whisper
[151] and its timestamped extension [117]. Each token was annotated with a dimensional arousal score
ai ∈ [0, 1] byWagner et al. [190], whichwe encode in the caption classes (e.g., v_arou_0p565) following
a coding approach I describe in de Lacerda Pataca [49] and have used throughout this dissertation.

Using token durations, we slid a 20-token window with a hop of one token to create candidate segments.
Windows had to be temporally continuous (no gaps >5 s) and contain at least six valid tokens. For each
valid window we computed a duration-weighted mean arousal and its duration-weighted spread. We
partitioned the arousal range into six target levels {0.0, 0.2, 0.4, 0.6, 0.8, 1.0} and, within each source
video, selected the window nearest each target (tolerance ±0.20) to ensure broad coverage with enough
candidates per bin while avoiding excessive overlap, breaking ties by lower within-window variability.
This yielded a bank of comparable, low-variance clips across the arousal spectrum.

12.1.2.1 Haptic Mapping

Vibration amplitude followed the inferred arousal at the word granularity. Following Study 4’s recom-
mended ssp pattern, shown in Figure 12.2, each word was rendered as a 75 Hz sine pulse lasting two-
thirds of the word’s duration followed by a one-third inter-word pause; amplitude scaled linearly with
the token’s arousal value ai ∈ [0, 1]. The signal chain was audio interface→ Techtile Toolkit amplifier→
Acouve Vp2 actuator enclosed on the non-dominant wrist.
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Figure 12.3: Example of the font-weight modulation, originally explored in Study 3.

12.1.2.2 Visual Mapping

We followed the font-weight modulation approach described in Study 3, with an example shown in Fig-
ure 12.3. Captions used the Recursive typeface [140] with font-weight mapped linearly to arousal (low
ai→ 300; high ai→ 1000). No other caption attributes were altered.

12.1.3 Experimental Design

The arousal-identification task used a 2 × 2 within-subjects design (Visuals: on/off; Haptics: on/off). In
eight rounds, participants viewed sets of short clips spanning the six target arousal levels, i.e., 48 total
measurements, with clip-level assignments counterbalanced across the four conditions.

On each trial, participants rated the speaker’s perceived arousal using a continuous slider anchored at
calm/subdued and intense/animated, with its numeric value (0–10) recorded as the trial rating r. The
slider interface is visible in Figure 12.4, alongside the captioned video. Clips could be replayed before a
rating was submitted.

To mitigate order and assignment effects, stimuli sequencing and condition assignment were random-
ized and counterbalanced. Within each round, clips were presented in a randomized sequence to avoid
systematic primacy or recency effects. Condition assignment was balanced across trials using a prior-
itization algorithm that tracked usage frequencies: for a given clip-arousal target pair, conditions not
yet seen at that arousal level were prioritized, followed by those used less frequently overall, and finally
those less frequent for that specific target. This ensured that across the experiment, all four conditions
appeared equally often per participant and were evenly distributed across arousal levels.
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Figure 12.4: Screenshot of the test platform, showing the captioned video (top) and the arousal rating
slider (bottom).
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12.1.3.1 Outcome

For each trial, participants produced a continuous rating r on the 0–10 arousal scale, representing how
intense or animated they perceived the speaker to be. Each clip also had an intended target arousal
level T, derived automatically from the speech-emotion recognition model (see Section 12.2). This T
value serves as the ground-truth reference for that clip, i.e., the ‘correct’ or expected arousal intensity
according to themodel. The discrepancy between the perceived and intended level was expressed as an
absolute error E = ∣ r − T ∣, with lower E values indicating judgments closer to the intended arousal.

For each participant and condition, we averaged the trial-level errors to obtain a condition-level mean.
These values were then entered into a 2 × 2 repeated-measures analysis (Visuals: on/off; Haptics: on/off;
n = 14) to test whether the presence of visual or haptic modulations reduced arousal-decoding error.

12.1.4 Experimental Procedure

Sessions were conducted in person by a research assistant proficient in asl. Procedures were reviewed
and approved by our Institutional Review Board. Participants were recruited via local Facebook groups
and snowball sampling. Study sessions were held either in a research lab or a library study room. Eli-
gibility required self-identifying as d/Deaf or Hard-of-Hearing. We recruited 14 participants (11 female,
3 male; 9 d/Deaf, 3 Hard-of-Hearing, 2 other: deaf in one ear; deaf & low-vision), mean age 43 (σ=17).
Compensation of $40 was offered.

At the start, participants performed a brief haptic calibration on the non-dominant wrist: they adjusted
the amplifier so the minimum corresponded to a just-noticeable vibration and the maximum to a com-
fortable upper bound. Regardless of condition, all videos were presented unmuted. Participants could
replay the clip as needed before placing a continuous rating on the slider.

12.2 Findings from Study 6

The target value for each clip represents the intendedarousal level derived automatically from the speech
signal usingWagner et al. [190]’s speech-emotion recognitionmodel – the sameoneused throughout this
dissertation. (As introduced in Section 12.1.3.1, these target values T are the reference used in computing
the participant-model difference E = ∣r − T∣.) The model fine-tunes a transformer-based architecture to
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predict continuous arousal values from speech. In our pipeline (seeChapter 5), we apply a paddingmech-
anism to obtain per-word values and compute the duration-weightedmean predicted arousal across the
clip, treating this mean as the ground-truth reference for analysis.

At each reading, the output of the speech-emotion recognition model was treated as the target arousal
value, i.e., the ‘correct’ answer. Participant performance was quantified as the absolute deviation from
this target. Because the dependent variablewas an ‘error’ score (bounded at zero andpotentially skewed),
we first assessed whether the distribution met the assumptions of parametric testing. Normality was
tested using the Shapiro–Wilk statistic on participant-level mean errors within each condition. Effect
sizes are reported as partial η2 for omnibus tests and as Cohen’s dz for pairwise contrasts.

We first verified normality (Shapiro–Wilk, all p> .13). A repeated-measures anova showed a significant
main effect ofHaptics, F(1, 13) = 4.82, p = .047, η2

p = .27: errorswere lowerwhenhaptic cueswere present
(M = 2.52, SD = 0.63) than absent (M = 2.90, SD = 0.99), a medium-to-large effect with a paired-samples
contrast of t(13) = 2.20, p = .046, dz = 0.59. Neither the Visualsmain effect, F(1, 13) = 1.58, p = .23, η2

p = .11,
nor the Visuals×Haptics interaction, F(1, 13) = 1.65, p = .22, η2

p = .11, reached significance.

We also conducted exploratory post-hoc pairwise comparisons among the four conditions using paired
t-tests with Holm correction. Before correction, Haptics only tended to yield lower error than No Visu-
als/No Haptics, t(13) = 2.40, punc = .032, dz = 0.64, and also lower than Visuals only, t(13) = 2.36,
punc = .034, dz = 0.63. However, after correcting for multiple comparisons, none of the six contrasts
remained significant (all pcorr > .19). In other words, while the anova revealed a reliable main effect of
Haptics (collapsing across visuals), no individual pair of conditions could be identified as significantly
different once correction was applied.

Condition Mean Error sd
No Visuals, No Haptics 2.91 1.01
Visuals only 2.89 1.11
Haptics only 2.35 0.69
Visuals & Haptics 2.69 0.72

Table 12.1: Mean absolute deviation from target arousal (0–10). Lower is better.

In summary, the analyses showed that adding haptic cues reliably reduced arousal-decoding error overall,
as reflected in the main effect of Haptics. By contrast, we did not observe any significant effect of visual
modulations, either alone or in combination with haptics. Exploratory pairwise comparisons suggested
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lower errors in theHaptics only condition, but these contrasts did not remain significant after correction
for multiple tests.

12.3 Discussion of Study 6

12.3.1 Haptics Helped People Decode Arousal Without Extra Visuals

Across conditions, haptics measurably reduced decoding error for speakers’ arousal levels relative to no
haptics, even when presented alone. This shows that themodality is indeed promising as a way of encod-
ing affective information, in particular arousal.

By contrast, we observed no main effect of visual modulations (font-weight) on arousal-decoding accu-
racy. This could reflect our small sample size (n = 14) and the subtlety of weight changes, possibly com-
pounded by the fact that our sample skewed older than in our previous studies (µ=43, σ=17). Method-
ological differences from prior evaluations may also have played a role. In Study 3, participants judged
static caption images using the EmojiGrid, where they could examine subtle typographic differences at
length. Here, in Study 6, captions appeared only briefly and in synchronywith audio (and sometimes hap-
tics). While this dynamic presentation was essential for testing haptics, it may have made fine-grained
typographic judgments more difficult.

The contrast with Study 5 is also worth noting. There, font-weight performed better, where, combined
with haptics, it improved narrative engagement. Yet those videos were generally longer than in the cur-
rent study, potentially giving participantsmore time to ‘train’ themselves to recognizeweight differences,
however subtle. Here, by contrast, clips were much shorter, leaving less opportunity for such learning.

A cautious interpretation is that the two modalities may serve complementary purposes: haptics sup-
port accurate decoding of affective information, while visuals, given sufficient exposure, can enhance
engagement. The current study supports the role of haptics in decoding, but is underpowered to fully as-
sess whether there is a negative interaction between the two modalities. Future systems may therefore
need to combine them deliberately, while further studies should examine their interaction, including
whether increasing the visual salience of typographic changes (e.g., larger deltas in weight or shifts in
font-size) can improve resiliency to contextual factors (e.g., fast dialogue, brief exposure) and personal
factors (e.g., low vision).
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12.4 Limitations

Because we aimed to obtain single measurements of average arousal from short audio segments, and
because these needed a clear ‘target’ mapped onto six arousal bins, it was important that the segments
remain brief. This design effectively showed that haptics reduced arousal-perception error, though the
video-watching setup was still quite different frommore typical experiences. Alternative measurement
methods could help further examine how the haptic signal is decoded inmore ecologically valid settings.

Our small sample size limits the generalizability of these findings. A larger participant pool could clarify
the relative contributions of each condition and reveal whether decoding accuracy varies systematically
across the arousal spectrum – for example, whether extreme values (very high or very low) are easier to
perceive than mid-range values.

Finally, our ground-truth arousal targetswerederived from the continuouspredictions of the transformer-
based speech-emotion recognition model by Wagner et al. [190], rather than from human annotations.
Although the model achieves high agreement with benchmark corpora (concordance correlation co-
efficients of approximately 0.74 for arousal on msp-Podcast) and demonstrates robustness across do-
mains andmoderate noise conditions, its predictions remain approximations of humanperception. The
model’s performance can vary by speaker, recording quality, and linguistic domain, and it has been
shown to exhibit fairness differences across speakers and genders. Future work could compare model-
derived targets with human-labeled data to assess the extent to which such prediction variability affects
decoding accuracy.



CHAPTER 13

Conclusion to Part III

In this part, we present and evaluate a novel approach to translate a speaker’s arousal levels in the form
of haptic signals. These are transmitted to users via a wrist-worn device, providing information about
the speaker’s emotions that serve as a complement to their transcribed words shown through captions.
This method aims to improve the accessibility of spoken communication for individuals who are d/Deaf
and Hard-of-Hearing.

Our approach involved designing six distinct patterns by mixing three rhythmic configurations with a
low and a high frequency. In Study 4, we tested these patterns with 16 dhh participants. The results
showed that the most preferred pattern was a single, short pulse (ssp) per word at a frequency of 75 Hz.
Unlike prior work that looked at the design space of visual cues to depict arousal levels, participants’ pref-
erences in our study had a higher convergence, suggesting that haptic-feedback can serve as an adequate
representation of this emotional dimension in affective captions.

In Study 5, we used the ssp haptic pattern to examine how various combinations of visual cues and hap-
tic feedback influenced the narrative engagement of dhh viewers of audio-visual media. We observed
that caption style c4 V+H, which integrated both a haptic signal and visual cues to represent arousal, along-
side additional visual cues for valence, significantly enhanced engagement compared to a conventional
caption style (c1 B) devoid of affective information. Additionally, it outperformed another affective cap-
tioning style that, based on recommendations from prior work, relied solely on visual cues to convey
both arousal and valence (c2 V).

Finally, in Study 6 we employed the same ssp haptic pattern, together with font-weight typographic
modulations. These were presented either individually or combined, andwemeasured howwell 14 dhh
participants were able to decode the inferred arousal values from a speaker in short video clips. We saw
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that haptics, by itself, produced a significant reduction in participants’ error rate, an effect that neither
the baseline, visuals-only, or visuals-and-haptic conditions showed.

Taken together, the studies in Part III show that haptics are a promising addition to affective captions.
They not only improve narrative engagement in longer-form viewing (Study 5), but also enhance decod-
ing accuracy of arousal in short clips (Study 6), with consistent user preference for the low-frequency ssp
pattern established in Study 4. Visual cues alonewere less reliable, but in combinationwith haptics, they
contributed to richer engagement. Overall, Part III demonstrates that affective captions can benefit from
a haptics-first approach, with haptics ensuring reliable transmission of arousal and their combination
with visuals adding engagement, and that future designs should emphasize personalization and salience
adjustments to accommodate diverse user needs.



CHAPTER 14

Summary and Contributions

This dissertation looked into the relationship between speech and captions that make it accessible for
Deaf and Hard-of-Hearing individuals. Even when transcription is flawless and has little to no latency,
we posit that captionsmight still fall short due to how they do not differentiate vocal expression – words
are depicted the same way, regardless of how they were said.

Initially, we investigated this issue by gathering insights from dhh users of teleconferencing software,
where communication with hearing partners is typically mediated by captioning systems. Our focus
was on understanding their perspectives regarding this gap between the expressive nature of human
speech and the flat representation provided by captions.

This exploration prompted us to conduct a subsequent study wherein we experimented with captions
that portrayed different combinations of features from speech. In a third study, we explored the design
possibilities for these enhanced captions.

A fourth study investigated how a haptic feedback signal echoing dimensions of speech could be used
to add to the expressiveness of affective captions. In a follow-up, fifth study, we compared different com-
binations of visual and haptic cues with a traditional captioning style to measure how each approach af-
fected dhh viewer’s narrative engagementwith audio-visual content. Lastly, our sixth study investigated
how well haptic feedback, by itself or combined with typographic modulations, allowed participants to
decode the conveyed arousal levels.
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14.1 Contributions

Part I, which included Study 1, looked into the experiences of dhh individuals with automatic captions
in remotemeetings, identifying gaps in how these systems convey nuances of spoken language. Through
eight in-depth interviews, the research highlighted that while caption technology has improved, it fails
to capture essential elements like tone and pitch, often leading to misunderstandings and feelings of
exclusion amongdhhusers. The participants’ feedback onprototype captioning systems that attempt to
include emotional and prosodic cues points to a strong demand for expressive and inclusive captioning
solutions. The study shed light on the shortcomings of current technologies, setting the groundwork for
my follow-upwork by both justifying its need and showing that addressing the absence of paralinguistics
in captions is a promising first step.

Part II, which included both Study 2 and 3, looked at bothwhat features from speech aremost helpful to
depict through captions, and how to visually do so. In Study 2, dhh participants viewed short videos cap-
tioned in four styles – conventional, prosody-only, emotion-only, and prosody& emotion – and, for each,
rated emotional clarity, emphasis, legibility, and willingness to use in work/personal settings. Results in-
dicated that captions incorporating emotional cues (either alone or combinedwith prosody) weremore
effective in helping participants identify the speaker’s emotions and moods compared to conventional
captions. However, traditional captions were found to be more legible. Overall, the study showed that
embedding emotional information into captions can enhance their communicative value for dhh indi-
viduals, though trade-offs in legibility and preferences for use in different settings (work vs. personal
meetings) need to be carefully managed.

Beyond demonstrating the feasibility of enhanced captions, the study produced a speech-processing
and caption-rendering pipeline that became the technical foundation for the experiments reported in
Studies 3–6. It includes both functions for measuring of prosodic cues in us-English, and a machine-
learning basedmethod to infer affective cues from speech, along with the visualization of these features
through the modulation of typographic parameters in captions.

In Study 3, we explored the preferences of dhh participants for caption styles that depict valence and
arousal. We were able to identify nine typographic parameters that can be applied to captions as a way
of conveying bipolar scale such as valence and arousal. We measured dhh participants’ preferences
for the use of these nine styles for depicting either valence or arousal, at first, and then both valence
and arousal. The top-performing choices of the latter were then evaluated for their ease of reading,
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low distraction, intuitiveness and clarity of emotional representation. We offer two designs
as recommendations for affective captioning applications, namely, using font-color for valence and font-
weight for arousal, or using font-color for valence and font-size for arousal. The former is to be preferred
in applications where legibility is at a premium.

Methodologically, Study 3 offered an exploration of the use of Best-worst scaling for capturing explicit
and implicit preferences, paired with an elo-rating system for analyzing data and ranking preference
choices. We also showcased the use of EmojiGrid measures for affective captioning studies.

Part III includes Study 4, where we explored how and whether haptic feedback can complement the
visuals-only approaches we had previously developed towards more inclusive and engaging captioning
systems. To do so, we introduced a per‑word, amplitude‑modulated vibration stream that mirrors a
speaker’s arousal levels and can run alongside visuals-only affective captions. The implementation in-
cludes a novel word‑timed haptic synthesis pipeline, along with methods to incorporate it within an
inexpensive wrist‑worn actuator setup suitable for lab studies.

Using best-worst scaling with TrueSkill ranking, we identified a preferred option among six combina-
tions of rhythmic and frequency patterns: a single short pulse per word at 75 Hz, with amplitude carrying
arousal. We also documented comfort and distraction trade‑offs (e.g., user discomfort at 250 Hz) and
established a simple calibration procedure to balance device response and perceived intensity.

In Study 5, we applied this top-performing choice, together with the winning set of visual properties
coming out on top from Study 3, and examined how their varying combinations influenced viewers’
engagement with audiovisual content. The condition combining both visual and haptic modulations
significantly outperformed a baseline and visuals-only condition in terms of Narrative Engagement.

Finally, in Study 6, we tested how well our proposed haptic feedback pattern, whether combined with
visuals or not, allowed participants to decode the varying arousal levels inferred from speech. Haptics
had a significant effect in helping participants more accurately interpret these values, whereas visuals
alone or in combination with haptics did not yield a comparable effect.

As such, combined findings from Study 3 through 6 led to four actionable design guidance:

1. Depict valence with font‑color and arousal with font‑weight when legibility is a priority;

2. Pair visuals with a single‑pulse 75 Hz haptic track for arousal when optimizing for engagement;
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3. Avoid dense, multi‑pulse rhythms, especially when coupled with high‑frequency (250Hz) vibra-
tions, due to both distraction and comfort issues;

4. Consider thresholding and personalization (e.g., vibrating only salient arousal peaks) to reduce
fatigue in fast speech or long‑form content.

Lastly, our work providedmethodological advances for caption research. Namely, we were able to adapt
the Narrative Engagement instrument to captioned video comparisons, while also showing how bws →
TrueSkill can efficiently down‑select haptic patterns, and provided a reproducible, word‑synchronous
toolchain that aligns asr, affect inference, visual modulation, and haptic output.

14.2 Publications

The completed research presented in this dissertation has led to three publications at the acm chi Con-
ference on Human Factors in Computing Systems, the premier international conference on Human-
Computer Interaction:

CHI 2023

The research presented at chi’23, detailed in Chapters 2 and 5, comprised two parts. The first
was an interview-based study that investigated the challenges faced by dhh users of captioned
teleconferencing applications and identified potential improvements. The second part evaluated
various captioning prototypes, assessing the effectiveness of different combinations of features
from speech for enhancing dhh participants’ comprehension of speakers [53].

CHI 2024

The research presented at chi’24, detailed in Chapters 6, explored the design space of affective
captions through a three-phase study. The first phase measured preferences among dhh users
for typographic features like color, boldness, and size. The second phase tested combinations of
these preferred styles for effectively portraying both valence and arousal. The final phase com-
pared these combinations against each other and a non-styled baseline, focusing on criteria such
as readability and emotional clarity. The study culminates with a set of design recommendations
for affective captions [55]. This paper received an Honorable Mention (top 5%).
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CHI 2025

The research presented at chi’25, detailed in Chapter 10, introduced a multimodal approach to
affective captions that encodes arousal as per‑word, amplitude‑modulated vibrations that, as we
did, can be delivered via a wrist‑worn device alongside visual cues. In a formative study, we com-
pared six rhythm× frequency patterns and identified a preferred option for dhh users: a single
short pulse per word at 75 Hz. A follow‑up within‑subjects study showed that combining this hap-
tic channel with visuals significantly increased narrative engagement compared to both a conven-
tional baseline and a visuals‑only affective caption style, supporting a design recommendation to
pair visual valence with haptic arousal [54].

Related, not included as a chapter. Our assets 2025 paper – CuCap: Comparative Analysis of Customized
Captioning between North American and South Korean d/Deaf and Hard-of-Hearing Users [50] – extends
the findings from Study 3 by evaluating a customizable affective/prosodic captioning interface (CuCap)
with 49 dhh participants in North America and South Korea. Emotion visualizations were consistently
preferred across both groups, whereas preferences for prosodicmappings diverged: Korean participants
selected features often excluded by North American participants. These cross‑cultural differences moti-
vate flexible, user‑configurable caption systems.

14.2.1 Additional Publications

Beyond the work included as dissertation chapters, I have also contributed to several other projects dur-
ing my Ph.D., which explore related themes of accessibility, video comprehension, and interactive learn-
ing systems:

ASSETS 2022

Support in the Moment: Benefits and Use of Video-Span Selection and Search for Sign-Language
Video Comprehension among asl Learners [82]. Introduced a prototype that lets learners select
spans of signing videos to retrieve dictionary results in situ, improving translation quality and re-
ducing workload compared to conventional tools. This paper received a Best Paper nomination
(top 6%).

TACCESS

Exploring the Benefits and Applications of Video-Span Selection and Search for Real-Time Support
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in Sign Language Video Comprehension among asl Learners [83]. Extended the assets 2022 work
with three studies, showing span-selection improved comprehension speed and accuracy, and of-
fering design recommendations for sign-language learning systems.

CHI 2024

Designing and Evaluating an Advanced Dance Video Comprehension Tool with In-Situ Move Iden-
tification Capabilities [84]. Extended the Wizard-of-Oz prototype used for asl learning for the
context of dance education, showing automatic move identification enhanced note-taking and
reduced workload, pointing to opportunities for ai-supported movement learning. This paper re-
ceived an Honorable Mention (top 5%).

ASSETS 2025

CapTune: Adapting Non-Speech Captions with Anchored Generative Models [89]. Presented a cus-
tomizable caption system balancing creator intent and viewer control. Evaluations with creators
and dhh viewers showed enhanced engagement and revealed trade-offs between expressiveness
and cognitive load.

14.3 Future Directions

The visual and haptic approaches discussed here were able to produce measurable improvements in fac-
tors such as recognition of emotions in speech and engagement with audiovisual content. Work still
needs to be done to better understand whether affective captions improve understanding. While en-
abling users to perceive affective information through visuals and haptics is an important first step, their
broader impacts on how viewers make sense of spoken content remain an open question. Future work
could examine both the effects of affective captions in comprehension and memory metrics, for when
the material is prerecorded, or conversational outcomes, when captions are used in live meetings – for
instance, whether users respond differently to questions when presented through affective captions.

Studying users’ reactions to longer videos, or even videos presented over time in extended longitudinal
studies, could bring important insights into how the proposed visual and haptic modulations behave as
users get used to them. It is plausible that, through learning, the decoding and immersion effects we
observed could improve over time. At the same time, distraction and fatigue remain plausible trade-offs,
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which may call for more discrete visual/haptic modulations or adjustments to the algorithmic feature-
selection process (e.g., setting thresholds below which cues are ignored).

In parallel, these studies could incorporate videos that stress the systemwithmore challenging speaking
scenarios, such as those involvingmultiple speakers, or videoswhere other non-speech information cues
like speaker identification labels, music and sound effects descriptions, lyrics, etc, compete with the
affective cues. Viewing settings could also be expanded, including different form factors and contexts,
e.g.,mobile phones, larger displays, watching in public, with other viewers (dhh or not), etc.

A key takeaway throughout many of our studies was that user-personalization is a key consideration
when designing captioning systems. Imagining a complex richer feature set raises complex interface
and experience challenges, given how these systems will need to convey additional dimensions of non-
speech information. How can users make sense of these complex, multi-dimensional settings in a way
that is intuitive but does not force them to forfeit agency?

14.4 Concluding Thoughts

This dissertation advances the understanding of communication barriers faced by the dhh community
that, while subtle, can be significant. By exploring the representation of nuanced dimensions of speech
through captions, using both visual and haptic mediums, we aim to improve how dhh individuals can
communicate with hearing peers and, more generally, engage with audio-visual content. We employ a
novel combination of methods and approaches that have allowed us to explore hard-to-measure dimen-
sions of perception, and we intend these to inspire other researchers working in similar sets of problems.
Finally, the approaches discussed here are not exhaustive, and we expect they will serve as a foundation
for further exploratory and applied research, particularly in developing more inclusive technologies.
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APPENDIX A

Interview Protocol for Study 1

A.1 Introduction

A.1.1 Brief Greeting

Thanks to the participant and introduce yourself (Experimenter).

A.1.2 Goal/Purpose of the Study

This is a study about how online meetings that use automatic captions between hearing and Deaf and
Hard-of-Hearing individuals can sometimes fail, especially from the point of view of dhh persons. We
want to understand in what situations they can go wrong, and what happens when they do.

A.1.3 Procedure

This interview will be divided into two parts. First, we will ask you a bit about your experience with
online meetings, whether for work, school, or your personal life. Following, we will show you three
videos of design ideaswe think couldbe added toonlinemeeting software, andwill ask youyour thoughts
about them.
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A.2 The Interview

A.2.1 Participants’ Experiences

1. Where do you typically use online meeting software?

2. Was there ever a situationwhere you felt left out of a conversation that was going between hearing
participants in a meeting? How was it?

2.a. How often do things like this happen?

2.b. How do you deal with it? Do you have any strategies to make it better?

3. Do you ever feel as if things hearing individuals are saying are hard to understand?

3.a. Can you give us some examples of this happening?

3.b. Can you elaborate why you think that is the case?

3.c. Would you say that some speakers are harder to understand than others?

3.d. What makes themmore difficult to understand than others?

3.e. What does an easy-to-understand speaker do that sets them apart?

4. Even when words are correctly represented, do you ever feel as if something the speaker said is
missing when it is presented to you through an interpreter or captions?

4.a. Can you give us some examples?

4.b. Can you elaborate on why you think this happens?

4.c. If something is missing, what do you think it is?

4.d. Have you ever wondered how these ‘missing’ elements could be made available?

5. When a hearing person is speaking, how do you usually figure out their mood or emotions?

6. Do you use any accessibility tools, such as live captions, multi-pinning, etc.?

6.a. If you’ve ever used live captions, what is your impression of them?

6.b. What do you think they do well?

6.c. Where do you think they could improve?

6.d. When captions are correct, do you ever feel as if something is still missing? What?
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A.2.2 New Ideas for Meeting Software

We are now going to discuss a few ideas we are working on to enhance online meeting software. We are
interested in exploring ways of representing elements of the voice that are not represented in traditional
automatic captions.

1. What do you think those elements could be?

1.a. Have you ever felt that this loss was consequential? How?

1.b. If you were to make these missing elements accessible for dhh individuals, how would you
do it?

2. Have you ever felt valence, or emotion in general, was something useful in speech but missing in
traditional meeting software?

3. Do you remember any situation where this lack of emotion in captions was an issue for you?

4. How do you think valence could be presented to dhh individuals?

5. Have you ever felt prosody was useful in speech but missing in traditional meeting software?

6. Do you remember any situation where this lack of prosody in captions was an issue for you?

7. How do you think prosody could be presented to dhh individuals?

8. Between valence and prosody, which do you think is more useful? Why?

A.3 Prototype Demo and Preliminary Evaluation

We are now going to show you three videos where a speaker’s voice has some of these elements overlaid
on the interface. Imagine that you were talking with this person on the video in an online meeting soft-
ware, and that they are telling you a story of their life. Each video explores a different interface element.

(The three demo videos were shown.)

1. Which of the three prototypes did you like the most? Why?
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2. Which did you like the least? Why?

3. Considering each prototype:

3.a. Border changing color and thickness – what worked well, what didn’t?

3.b. Words changing color and thickness – what worked well, what didn’t?

3.c. Font shape changing – what worked well, what didn’t?

4. In general, what do you feel the design ideas added to what was being said?

5. Do you see yourself using these features? In what situations?

6. Do you have any suggestions on how you would do things differently?

7. Any last comments?

A.4 Collect Demographic Information

A.5 Exit the Interview

Thank the participant for their time and close the session.
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12-Item Narrative Engagement Scale

The questions below, adapted from Busselle and Bilandzic [35], were administered to participants after
each of the five videos in Study 2. Although grouped here by their four subscales, the experiment ran-
domized their order for each participant, who was unaware of these groupings.

1. Narrative Understanding

(a) At points, I had a hard time making sense of what was going on in the video.

(b) My understanding of the characters is unclear.

(c) I had a hard time recognizing the thread of the story.

2. Attentional Focus

(a) I found my mind wandering while the video was on.

(b) While the video was on I found myself thinking about other things.

(c) I had a hard time keeping my mind on the video.

3. Narrative Presence

(a) During the video, my body was in the room, but my mind was inside the world created by
the story.

(b) The video created a new world, and then that world suddenly disappeared when the video
ended.

(c) At times during the video, the story world was closer to me than the real world.
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4. Emotional Engagement

(a) The story affected me emotionally.

(b) During the video, when the speaker was happy, I felt happy, and when they suffered in
some way, I felt sad.

(c) I felt sorry for the speaker in the video.
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