
Fuzzy Feelings: Arousal’s Interpretive Noise 
and the Case for Acoustic-Based Haptics 

Caluã de Lacerda Pataca∗ 
Department of Computer Science 

Birmingham City University 
Birmingham, United Kingdom 

Computing and Information Sciences 
Rochester Institute of Technology 

Rochester, New York, USA 
calua.pataca@bcu.ac.uk 

Stephanie Patterson∗ 
School of Information 

Rochester Institute of Technology 
Rochester, New York, USA 

slp9101@rit.edu 

Roshan L Peiris 
School of Information 

Rochester Institute of Technology 
Rochester, New York, USA 
roshan.peiris@rit.edu 

Matt Huenerfauth 
Computing and Information Sciences 
Rochester Institute of Technology 

Rochester, New York, USA 
matt.huenerfauth@rit.edu 

Figure 1: Haptic feedback—here implemented as speech-driven vibrotactile signals—can enrich captions for Deaf and Hard-

of-Hearing viewers, but research has so far focused on vaguely defined speech arousal cues. We introduce an acoustic-based 
approach that maps speech features into distinct emotional vibrations. 

Abstract 
Captions rarely convey emotional nuances in speech, leaving Deaf 
and Hard-of-Hearing (dhh) viewers without access to tonal and 
affective information. We present a two-part mixed-methods study 
on how haptic feedback can communicate vocal emotion without 
adding visual load. In Part 1, we replicated an arousal-driven cap-
tioning approach using speech-emotion-recognition to modulate 
typographic weight and vibration intensity. Participants showed 
divergent mental models and often mapped “more vibration” to 
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loudness rather than emotional arousal, underscoring the con-
struct’s conceptual fuzziness. In Part 2, we evaluated five acoustic-
to-haptic mappings that bypass affective inference and translate 
pitch, rhythm, and waveform cues into vibration patterns. No sin-
gle pattern dominated, but participants associated options such 
as pulse or sawtooth with high-arousal emotions, and pitch-
normalized signals with calmer states. We derive design guide-
lines emphasizing contrastive, acoustically grounded mappings 
and user control for integrating emotional haptics into short-form, 
captioned media. 
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1 Introduction 
Captions are central to speech accessibility, translating voiced lan-
guage into written text for people with limited access to audio, 
such as Deaf and Hard-of-Hearing1 (dhh) individuals. Yet, they 
remain an imperfect translation: despite well-established benefits 
[21], issues persist with speed, accuracy, and—central here—their 
lack of expressive and affective information [10]. 

Much of speech lies beyond literal words. A lack of tone, rhythm, 
and emotional nuance flattens expressive meaning—a known pain 
point for dhh viewers [10, 33]. To address this, researchers have 
explored richer caption forms, often via visual typographic modu-
lations echoing prosodic2 [5, 9, 47, 59] or affective [12, 23, 26, 48] 
aspects of speech. dhh viewers generally find emotional cues help-
ful [10], though these visual modulations conveyed valence better 
than arousal [12]. To work around arousal’s weaker visual encod-
ing, recent work paired captions with haptic cues that indicated 
excitement or calm; it was found that such combinations increased 
engagement relative to conventional captions [11]. 

Despite these benefits, a key question remains: what do dhh 
viewers actually understand arousal to be? Unlike valence, arousal 
lacks a stable technical definition, at times described as excite-
ment, intensity, activation, or salience [50]. Studies have shown 
this ambiguity in both captioning and haptics: dhh viewers often 
conflate arousal with loudness [8, 11]. If arousal-driven haptics aim 
to support comprehension, we must assess whether the construct 
is meaningful for dhh viewers; if not, alternative acoustic-haptic 
mappings are needed. 

To explore this issue, we conducted a two-part study (Figure 2) 
examining how dhh viewers interpret haptic cues that are either 
arousal-driven or acoustically grounded. Part 1 replicates and ex-
tends prior arousal-based caption-haptic work [11] to probe how 
viewers conceptualize these cues. Participants showed divergent, 
often conflicting mental models—echoing theoretical tensions in 
psychology [50]—raising questions about how consistently mean-
ingful arousal is for many dhh viewers. 

Given these divergent interpretations, Part 2 examines an alterna-
tive haptic mapping approach that avoids arousal inference entirely. 
In this part, we tested multi-parameter, acoustically grounded hap-
tic patterns representing four discrete emotions, allowing us to 
assess both mapping clarity and which interpretive strategies dhh 
viewers use when judging affective haptics. 

Across both parts, qualitative analysis revealed shared inter-
pretive tendencies—attention to contrast, rhythm, and material3 

“feel”—shaping how participants assigned affective meaning. These 

1We acknowledge the diverse identities represented in the dhh acronym, including 
deaf, Deaf, hoh, Black-deaf, etc. 
2Acoustic features such as loudness, pitch, and rhythm.
3“Material properties” refer to signal-level features (rhythm, intensity, spectral bright-
ness) and how they feel on the body. 

themes support our broader claim: mappings tied directly to acous-
tic features offer clear and interpretable emotional cues that allow 
designers to sidestep issues related to arousal-based abstractions. 

Regardless of arousal’s usefulness as a construct, implementing 
it in real-time captioning also carries technical challenges. Speech-
emotion-recognition (ser) requires computationally intensive mod-
els; although de Lacerda Pataca et al. [11] found arousal-driven 
haptics immersive, they used pre-processed stimuli. In real-time 
settings, any mismatch between visual and haptic cues may re-
duce or eliminate benefits, since cross-modal consonance predicts 
immersion [58]. Further, ser models remain vulnerable to gender, 
speaker, linguistic, and domain biases [54]. 

As an alternative approach, prior work has shown that hap-
tic signals derived directly from a speaker’s voice can convey af-
fective qualities without explicit emotion inference [56]. Building 
on this insight, Part 2 explores acoustic-driven haptic mappings 
that bypass intermediate affective modeling altogether. We devel-
oped five acoustic-to-haptic mappings and selected four canoni-
cal discrete emotions—one per circumplex quadrant—to examine 
how dhh viewers interpret haptic patterns grounded in specific 
speech features. This design allows us to characterize the interpre-
tive strategies participants use when engaging with acoustically 
grounded affective haptics, without presupposing their relationship 
to arousal-based cues. 

Our contributions are as follows: 

(1) Empirical evidence of divergent mental models of haptics and 
speaker arousal, highlighting ambiguity in how the construct 
is interpreted by dhh viewers; 

(2) Novel acoustic-to-haptic mappings that translate emotional 
cues in speech into distinct haptic patterns for four discrete 
emotions; 

(3) Actionable design guidelines for employing haptic patterns 
expressing specific emotions (e.g., happiness, anger) in short-
form, captioned videos. 

2 Background 
Here, we review limitations of current captioning and challenges 
in representing non-linguistic speech features. We focus on haptic 
representations of emotional information, examining prior work 
encoding affect through haptic stimulation, much of which centers 
on arousal as a key parameter. We end with recent critiques showing 
that the affective construct is difficult to operationalize. 

2.1 Traditional captions as an imperfect but 
essential accessibility tool 

For over 50 million U.S. residents with hearing loss [24], captions 
are essential for accessing auditory information. Since 2006, U.S. 
law has required captions for all new video programming [39], 
yet issues persist. Standards such as wcag mandate access to non-
speech information (nsi) like sound effects and music [6, 53]. Extra-
speech information (esi), a subset of nsi, covers non-linguistic 
aspects of speech—identity, tone, vocal affect. For instance, “[Upbeat 
pop music playing]” conveys nsi, while “Alex: [Cheerfully] Hello!” 
conveys esi (speaker identity and emotional tone). 

https://doi.org/10.1145/3772318.3793421
https://doi.org/10.1145/3772318.3793421
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Figure 2: Overview of the two study pipelines. Both parts start from the same digital speech signal but diverge in how the signal 
is processed and mapped to haptics and captions. Part 1 uses timestamped transcription and transformer-based speech-emotion-

recognition to infer arousal values that drive visual and/or haptic modulations. Part 2 bypasses affect inference and instead 
applies one of five acoustic-based signal processing algorithms to generate haptic patterns directly from the speech signal. 

Yet many captions omit nsi and esi entirely. Surveys with dhh 
users report minimal or low-quality depictions of nsi, causing con-
fusion and frustration [31]. Auto-generated captions also neglect 
these cues [32]. Captionists and viewers alike describe nsi/esi as 
underdeveloped, with limited conventions and inconsistent judg-
ments about what to include. McDonnell and Findlater [35] further 
argue that captioning research often overlooks relational and con-
textual aspects of access, reinforcing gaps in how these dimensions 
are handled. 

2.2 Expressive captioning and other 
representations of esi 

To bridge expressive gaps between captions and speech, researchers 
have explored techniques that visually encode prosodic and affec-
tive cues by modulating typography. de Lacerda Pataca et al. [10] 
identified which speech dimensions users wanted represented and 
found strong preference for affective information. A follow-up 
study [12] compared modulation styles, revealing more consis-
tent preferences for valence-encoding than arousal-encoding cues. 
While such augmentations can enrich captions, readability and 

comprehension remain priorities for dhh users. This work sug-
gests value in going beyond traditional captions, but not at the cost 
of visual overload [28], motivating exploration of complementary 
modalities—especially haptics—to convey affect without adding 
visual load. 

2.3 Prior work on adding haptic feedback to 
captioning 

To address the uneven performance of visual styles—effective for va-
lence but less so for arousal—researchers have explored haptics as a 
complementary channel. de Lacerda Pataca et al. [11] extended [12] 
by adding a wrist-worn device encoding arousal via vibration pat-
terns; participants reported greater engagement when haptic and 
visual cues were combined. Gage et al. [18] used haptics through a 
ps5 controller to represent nsi in action films and found improved 
enjoyment, clarity, and engagement. Related media-enhancement 
work shows haptics can shape affective interpretation: Mazzoni and 
Bryan-Kinns [34] found that higher-frequency, higher-intensity pat-
terns increased self-reported arousal, and their synthetic vibration 
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sequences were often interpreted as echoing natural sound events 
during film viewing. 

Although many systems map arousal to haptic intensity, evi-
dence shows participants also interpret haptics in terms of valence 
and other affective qualities [11], challenging a strict visual–valence 
/ haptic–arousal divide. Wang et al. [56] found that directly translat-
ing speech into haptics helped dhh participants distinguish voices 
(their primary goal) but also perceive affective qualities. Other work 
shows dhh individuals can distinguish sound and pitch from audio 
transformed into haptic patterns [17, 41]. This suggests translating 
emotion-correlated acoustic features [22] into haptics is promising, 
but designers must consider not only what signals are delivered 
but how they are interpreted. 

2.4 Interpretation of haptic signals 
Communicating information through haptics is not straightforward. 
Zhou et al. [60] identify a tension between devices designed for clar-
ity and those that invite ambiguity. Rather than a flaw, some argue 
ambiguity supports sense-making [20]. This openness aligns with 
esi’s interpretive nature [40] but contrasts with affective computing 
traditions that treat emotion as objectively conveyable [42]. We fol-
low the view that meaning is enacted in context [4]: interpretation 
depends on relational, situational, and cultural embeddings. The 
same cue can read differently—e.g., a strong vibration might sug-
gest anger or simply vocal effort in a noisy club—and open-ended 
designs can lead users to invent their own affective encodings [51]. 

This open-endedness reflects embodied associations: touch me-
diates our relation to the world, and prior tactile experiences shape 
perception. Haptics can also bias perception across modalities. For 
instance, Gatti et al. [19] found haptic feedback altered arousal 
ratings of images; Salminen et al. [45] showed amplitude-based 
haptic echoes heightened perceived arousal; and Ackerman et al. 
[1] demonstrated that incidental sensations (e.g., weight or hard-
ness) biased social judgments. Similarly, Turchet et al. [52] showed 
vibrotactile music enhanced immersion, arousal, and emotional 
interpretation for cochlear implant users. Such effects highlight 
that meaning emerges from how a signal is situated and experi-
enced, complicating attempts to tie haptics to specific emotional 
constructs—especially arousal, whose boundaries remain contested. 

Such effects support the view that sensorimotor experience scaf-
folds conceptual knowledge, with later tactile encounters draw-
ing on these embodied metaphors [1]. These observations under-
score that haptic meaning does not reside in the signal alone, but 
emerges from how it is situated and experienced. These complexi-
ties complicate attempts to tie haptic patterns to specific emotional 
constructs—especially arousal, whose conceptual boundaries have 
long been contested. 

2.5 Issues with arousal as a construct 
The intertwining of sensation and meaning echoes longer debates 
about arousal itself, from Kant’s eighteenth-century division of 
affects into either energizing and sedating, to the twentieth-century 
emergence of “emotional excitement” as a felt activation of the body 
[13]. The tug-of-war between physiological and phenomenological 
views helps explain why arousal remains ill-defined [3] and raises 

a practical challenge: how should we treat the construct when 
designing haptic captions? 

Researchers urge caution. Smith et al. [50] argue that arousal has 
become a “fuzzy” umbrella spanning related but distinct phenom-
ena, with no unequivocal physiological correlates and inconsistent 
perceptual findings. Because the term is entrenched, they recom-
mend replacing vague usage with more explicit constructs. Sander 
[46] further proposes abandoning unspecified usage and reframing 
many cases as affective relevance—context-dependent salience that 
guides attention and action.4 

2.6 Research Questions 
Together, these threads reveal gaps in how captions encode affect— 
particularly arousal—through haptics and typographic means. First, 
although (1) haptics have been shown to influence arousal judg-
ments in audiovisual stimuli and (2) speech-synchronous haptic 
feedback can increase engagement, little is known about how effec-
tively viewers, especially dhh individuals, decode such signals. As 
such, we ask: 
rq1 How well do modulations of haptics and typography map to 

how dhh participants perceive and conceptualize a speaker’s 
arousal levels? 

Answering rq1 addresses the clarity of a combined haptic / ty-
pographic design. It does not address how haptic material qualities 
influence perceived affect, the focus of rq2: 
rq2 What are the material qualities in a haptic signal that best 

correlate to the perceptual/phenomenological qualities in 
speech with distinct emotional tones? 

3 Part 1: Investigation of dhh individuals’ 
perceptions of arousal as an affective 
construct 

We ran an in-person study with dhh individuals who watched 
captioned videos while wearing a wrist-mounted haptic device (Fig-
ures 4a–4b). This particular form factor follows from Findlater et al. 
[15]’s findings that smart-watches were the most preferred locus for 
haptic feedback in sound-awareness systems, with participants com-
monly selecting wrist-based haptics in their ideal configurations. 
The study involved two sequential tasks (Figure 3). Although we 
describe procedures separately, our qualitative analysis integrates 
open-ended responses from both parts: participants used similar 
interpretive strategies when reasoning about arousal-driven cues 
in Part 1 and about acoustic–haptic patterns in Part 2, motivating a 
unified thematic analysis (Section 3.2). 

3.1 Methods for Part 1 
Methodologically, Part 1 closely follows de Lacerda Pataca et al. 
[11] in using an ser-derived arousal signal to drive caption and 
haptic modulations, but differs in using shorter, more diverse videos 
and avoiding immersion measures. This shift allowed us to focus on 
participants’ interpretive strategies for speakers across a broader 
set of settings. 

4Here, we use “arousal” pragmatically as the output of a speech-emotion-recognition 
model that aggregates acoustic cues into a [0,1] estimate of how “energetic” a segment 
sounds. 
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Figure 3: Overview of all experimental steps. Part 1 includes haptic–arousal priming and an arousal-rating survey using 48 
captioned video clips. Part 2 includes priming and evaluation of five acoustic-to-haptic mappings across 40 rounds. Demographic 
questions were collected at the end. 

Table 1: Participant demographics. 

pid Gender Age Status CI Primary Comm. 

p1 f 58 HoH Yes Lipreading 
p2 f 38 d/Deaf Yes Speech + asl 
p3 f 43 HoH Yes English + asl 
p4 f 49 d/Deaf No asl 
p5 f 54 d/Deaf Yes Speech 
p6 f 20 d/Deaf No Spoken English 
p7 f 19 d/Deaf Yes asl 
p8 m 27 d/Deaf Yes asl 
p9 f 47 HoH Yes Spoken English + asl 
p10 m 24 d/Deaf Yes Sim-com, asl 
p11 f 55 Deaf (1 ear) Yes Verbal 
p12 m 28 d/Deaf Yes English 
p13 f 65 Deaf / LV No asl 
p14 f 72 d/Deaf Yes Oral 

3.1.1 Study design. An asl-proficient author facilitated the study, 
which received Institutional Review Board approval. Participants 
were recruited through local Facebook groups and snowball sam-
pling, with sessions held in a research lab or library room. Eligibil-
ity required self-identifying as d/Deaf or Hard-of-Hearing. Four-
teen participants enrolled (11 female, 3 male; 9 d/Deaf, 3 Hard-of-
Hearing, 2 other: deaf in one ear; deaf & low-vision; see Table 1), 
mean age 43 (𝜎=17), and received $40 compensation. 

Participants first calibrated the amplifier so the lowest amplitude 
produced a just-noticeable vibration and the highest a comfortable 
maximum. After the facilitator explained Part 1, they completed 
a priming task with 48 clips showing arousal via caption modu-
lations, haptics, both, or neither (details in Section 3.1.2). Stimuli 
order and condition assignment were counterbalanced. Across all 
trials, participants watched captioned clips while arousal cues were 
factorially varied. They focused on arousal intensity and how each 
setting shaped interpretation; these ratings served primarily as 
elicitation and priming instruments rather than as a reliable quan-
titative measure of perceived arousal. Participants then answered 
open-ended questions about how they infer arousal in conversation, 
which cues signal excitement or calmness, and their confidence in 
these judgments. After the second priming task (Section 4), they 

described what makes a haptic pattern match an emotion and what 
signals guided their interpretations. 

3.1.2 Arousal inference. For the first priming task, we adapted the 
conditions from de Lacerda Pataca et al.’s study [11]. Because our 
focus was on arousal rather than valence, we excluded the latter: the 
documented U-shaped relationship between valence and arousal 
[27] would make the former a confounding variable in our analysis. 
Videos were shown under four conditions: conventional captions, 
visual arousal cues, haptic cues, and combined visual-haptic cues. 

We collected short (2–12 s) video clips from mainstream stream-
ing and video-sharing platforms, including talks, interviews, films, 
online videos, and recorded video calls. Clips were chosen to ensure 
diversity in speech style (natural vs. acted), genre, and speaker age 
and gender. We prioritized single-speaker scenes with clean audio 
that avoided competing sound sources. Clips were transcribed with 
Whisper [43] and its timestamping extension [30]. Each word token 
was fed into a transformer model [54] to infer arousal, encoded as 
WebVTT classes (e.g., v.arou_0p565 for a word with 0.565 inferred 
arousal) [7], which our typography and haptic pipelines read. 

To select the final excerpts, we sampled short segments spanning 
a broad arousal range, seeking representative high- and low-arousal 
speech. We favored locally stable passages whose mean arousal 
values evenly covered the [0,1] range, yielding comparable clips 
representing calm, moderate, and highly energetic speech. 

3.1.3 Depicting arousal through haptic feedback. Following prior 
work [11, 56], we delivered haptic feedback using Acouve’s Vp2 
Vibro-Transducer5 , powered by a Techtile Toolkit amplifier [36] 
and enclosed in a 3d-printed wrist case (Figure 4a). The device 
functions as a loudspeaker driver transmitting vibrations through 
direct contact and is driven by an audio-interface → amplifier → 
actuator chain. 

We generated the signals by reading per-word arousal values 
from the WebVTT captions and modulating the intensity of a 75 Hz 

5We did not obtain direct mechanical measurements of vibrotactile output (e.g., rms 
acceleration, displacement, or frequency response), as we lacked access to special-
ized vibrotactile instrumentation. According to the manufacturer’s specifications, the 
Acouve Vp2 vibro-transducer supports tactile frequencies starting at approximately 
16 Hz and reproduction from 20 to 15,000 Hz. The device has a diameter of 43 mm, 
thickness of 15 mm, and weighs 49 g (http://www.acouve.com/product/prod_vp2.asp). 

http://www.acouve.com/product/prod_vp2.asp
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(a) Close-up of the Techtile Toolkit vibrotactile driver used in both 
studies. The photograph shows the amplifier box, audio input con-
nection from the laptop, and the wired output to the transducer 
worn by the participant. 

(b) Participant wearing the wrist-mounted vibrotactile transducer 
while watching captioned video clips on a laptop. The Techtile 
Toolkit driver (right) delivers synchronized vibration patterns to the 
wrist as the clips play. 

Figure 4: Experimental setup used in both studies, showing 
the vibrotactile driver and the wrist-mounted transducer 
during video viewing. 

sine pulse lasting each word’s duration. This replicated the top-
performing pattern in de Lacerda Pataca et al., with a bell-shaped 
pulse covering two-thirds of each word followed by a brief pause 
to create discrete haptic units. Signals were synthesized in ChucK 
[55] using WebChucK [37] and mixed so original audio played 
through speakers while the haptic signal was routed to the device 
(Appendix A, Algorithm 1). 

Figure 5: Example of font-weight modulation from the lowest 
(300) to the highest (900) possible values in the Recursive 
typeface. Per-word font-weight values appear in red. 

3.1.4 Depicting arousal through typographic modulations. Two con-
ditions conveyed per-word arousal through visual changes. We 
modulated each word’s font weight, a well-established approach 
for expressing affective and acoustic cues in captions [8, 9, 12, 59]. 
Words appeared thinner or thicker depending on arousal values. 
Following de Lacerda Pataca et al. [11], we used the Recursive 
typeface [38], whose variable weight axis spans 300/thin–900/thick 
(Figure 5). 

3.2 Results and Discussion of Part 1 
To understand how dhh viewers make sense of affective haptics, the 
thematic analysis synthesizes qualitative responses from both parts 
of the study: (1) reflections on arousal-based haptics and expressive 
captions in Part 1, and (2) participants’ evaluations of the five haptic 
patterns in Part 2 (Section 4). 

Two authors independently coded the data and iteratively devel-
oped themes based on codebook similarity. The analysis revealed 
differences in how participants understood arousal and how they 
believed it could be represented through haptics. These differences 
shaped how they mapped haptic signals to emotion, judged multi-
modal clarity, and envisioned real-world use. 

3.2.1 Theme 1: Arousal as an ambiguous and inconsistently under-
stood construct. Although arousal is a central dimension in affective 
science, participants did not share a common understanding of what 
it means for a speaker to sound “aroused.” They drew on diverse 
and often incompatible cues to infer emotion. Some grounded their 
judgments in visual behaviors such as “facial expressions and body 
language” (p6) or noticing when “mouth movements [are] more 
prominent” (p2). Others relied on semantic or narrative content, at-
tending to “the feeling behind the words” (p11) or “the topic of what 
they’re talking about” (p4). Still others referenced broad, subjective 
impressions like “high energy” (p8) or even cinematic framing, such 
as “the way the camera focuses on them” (p4). 

Many participants described arousal as “more of something”— 
more movement, intensity, or emphasis—but their definitions as to 
what counted as “more” varied widely. No single cue was reliable 
across users, making arousal difficult to define and even harder to 
map to a single perceptual channel. 

Cross-cutting implication #1: Arousal is a fuzzy target. Open-
ended responses showed diverse mental models: some participants 
mapped stronger / denser vibrations to “anger” or “excitement,” oth-
ers longer/steady vibrations to “neutral,” and others used figurative 
descriptions like a “bouncy” signal for happiness. This heterogene-
ity is not surprising: conceptually, arousal is neither unitary nor 
cleanly separable from valence, with definitions that are at times 
circular [50]. 

Participants implicitly reframed arousal as affective salience or 
contrast (i.e., changes over time), not a monotonic “more amplitude 
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→ more arousal” mapping. The latter reflects an acoustically cen-
tered view in which arousal and volume are assumed to dominate 
the speech signal, e.g., high loudness/high pitch → high arousal 
[22], and is in line with previous speech-accessibility approaches 
[11]. By contrast, the salience perspective explains why a strong 
yet continuous signal read as neutral: despite high energy, low 
variability conveyed little contrast, aligning with accounts defining 
arousal as affective salience [50]. 

3.2.2 Theme 2: Haptic meaning-making is subjective, phenomeno-

logical, and not linearly mapped to arousal. Participants did perceive 
emotional information in the haptic signals, but their interpreta-
tions were not uniform. While some inferred that stronger vibra-
tions indicated high arousal, and weaker ones calmness, others 
assigned meaning based on rhythm, contrast, or overall “feel.” Ex-
amples included anger being described as “long intensity” (p11), or 
vibrations that are “dense and strong” (p3) or “harder” (p10). Hap-
piness, by contrast, was “short with multiple durations” (p11), or 
“bouncy” and apparently “lighter” (p10). For p3, emotion emerged 
from the “urgency of the beats/taps.” These abstract sequences often 
evoked familiar sonic events, echoing prior findings that synthetic 
haptics evoke rhythms and ambient sounds [34]. 

A recurring motif was contrast. Abrupt changes (“on and off” for 
anger, p4), lack of variation (“no change” for calm/neutral, p11), or 
rhythmic alternation (“bounces back and forth,” p10) shaped affec-
tive judgments. Participants often described the raw, unmodulated 
speech signal in Part 2 as low-contrast, suggesting that haptic con-
trast is important for signaling emotionally rich moments, though 
not necessarily for representing arousal. 

Cross-cutting implication #2: Emotional interpretation is individ-
ual and context-dependent. Participants stressed that the usefulness 
of arousal-based haptics depends on personal preference and con-
text. Some valued the added emotional information, while others— 
shaped by long-term caption use—found haptics optional or unnec-
essary. Many said such cues “should be up to the user to turn on or 
off,” and their suitability varied by environment: helpful in enter-
tainment or teleconferencing but less so in clinical settings, public 
spaces, or situations requiring discretion. This variability reinforces 
that arousal is not universally meaningful and that these systems 
need to support customization, a common theme in accessibility 
and haptics research [11, 52]. 

3.2.3 Theme 3: Cross-modal consistency and clarity are crucial for 
trust and comprehension. Participants repeatedly emphasized that 
emotional cues—visual, semantic, and haptic—must align. Conflicts 
between haptics and facial expression, body language, or caption 
style caused confusion and reduced trust. As p5 noted, vibrations 
“helped when the emotions were more intense” but were otherwise 
confusing. p13 echoed this: “I felt conflict between the vibrations 
and the words. I didn’t know which to trust. . . my gut about the 
meanings of the words? Or the vibrations?” 

When haptics aligned with perceived affect, participants reported 
increased access to emotional information and reduced cognitive 
effort. One noted that “the vibration gave me more information 
about the emotions and tone” (p8); another said that without visual 
modulations they could focus more on facial expression and body 

language, suggesting that arousal-related haptics were less visually 
intrusive (p3). 

Cross-cutting implication #3: Cross-signal consonance matters. Par-
ticipants emphasized that haptic cues must work with visual, seman-
tic, and contextual information. Misalignment between channels 
created uncertainty about which signal to trust. Users interpreted 
vibrations relationally, consistent with Wirth et al. [58], who note 
that immersion declines when modalities conflict. This does not 
preclude ml-based emotion inference (e.g., [11]) but suggests such 
approaches may be better suited to non–real-time settings, where 
multimodal consistency can be ensured. 

4 Part 2: Representing categorical emotions 
using five acoustic modulation patterns 

In Part 2, we shift from ser-inferred values to five speech-
derived haptic patterns that manipulate pitch, duration, and tone— 
paralinguistic cues that convey emotional nuance [22] and map 
readily onto haptic properties [2]. 

Participants played short acted utterances with captions while 
feeling the corresponding haptic pattern on the wrist. As in Part 1, 
the session began with a priming phase in which participants heard 
utterances transformed by one of the five modulation algorithms, 
then identified which emotion each haptic rendering best matched. 

Given Part 1’s evidence of limits in the interpretability of arousal 
as an affective dimension, in Part 2 we adopted a discrete, categori-
cal framing that we believed would better approximate participants’ 
intuitions about emotional qualities in speech and haptics. Thus, 
we did not explicitly model arousal and, consistent with its exclu-
sion in Part 1, also did not include valence. However, the discrete 
categories we selected inherently encode both arousal and valence 
polarity, which allowed us to examine how participants mapped 
haptic patterns onto affective qualities without requiring continu-
ous dimensional judgments. As such, all speech samples used the 
same sentence spoken in three Ekman emotions—happy, sad, angry 
[14]—plus calm, thus covering the four quadrants of the circumplex 
model through four distinct emotions [44]. Audio files were sourced 
from the ravdess Emotional Speech Audio dataset, produced by a 
professional actor [29]. 

The five haptic patterns each interpret the audio signal differ-
ently, emphasizing distinct acoustic features derived from speech: 
pitch-exaggerated, pulse, sawtooth, pitch-normalized, and 
unfiltered (the original signal played as haptic vibration). 

4.1 Modulation algorithms 
We iteratively developed four patterns translating key acoustic in-
dicators of speaker emotion, modulating parameters that had been 
kept fixed in Part 1 while ensuring that each pattern produced a dis-
tinctive haptic sensation. Instead of holding frequency, waveform, 
or rhythm constant (with amplitude alone reflecting arousal), we 
allowed these parameters to mirror acoustic changes in the speech 
signal. This approach directly correlates sound and haptics and is 
feasible for real-time use, e.g., teleconferencing, whereas Wagner 
et al. [54]’s ser model is limited to pre-recorded content due to 
computational latency. 

Table 2 summarizes the four modulation patterns plus unfil-
tered, which acted as a baseline and is described in Appendix B, 
Algorithm 3. We built an algorithm that extracts pitch, rhythm, 
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and amplitude from the speech signal using Python’s Parselmouth 
library [25] (Appendix B, Algorithm 2). Because the perceptible 
range of haptics differs from aural speech, pitch was normalized to 
vibrotactile thresholds [16]. Extracted features were sent to ChucK 
[55], which synthesized haptic patterns approximating the pitch 
changes and rhythm of the original audio. 

The four patterns are as follows: 
• pitch-normalized: smooths and normalizes pitch to 80– 
300 Hz, approximating the range of maximum vibrotactile 
sensitivity on the wrist [61]; (Appendix B, Algorithm 4); 
• pulse: inserts silence intervals between pitch changes; (Ap-
pendix B, Algorithm 5); 
• sawtooth: applies the pitch-normalization algorithm but 
uses a sawtooth wave instead of a sine wave; (Appendix B, 
Algorithm 6); 
• pitch-exaggerated: raises incoming pitch values above 
120 Hz, amplifying higher pitches and pitch changes; (Ap-
pendix B, Algorithm 7). 

4.2 Results 
4.2.1 Discrete Emotion Judgments of the Acoustic-Haptic Cues. Par-
ticipants replayed each of the five haptic patterns and rated, on a 
7-point Likert scale, “how well the pattern represented the emo-
tion anger / happiness / sadness / calmness.” These within-subject 
ratings (pattern × emotion × participant) underpin our analyses. 

We ran Friedman tests per emotion comparing ratings across 
the five conditions. Omnibus effects were significant for anger, 
𝜒 2 (4) = 23.20, 𝑝 < .001; calmness, 𝜒 2 (4) = 13.80, 𝑝 = .008; happi-
ness, 𝜒 2 (4) = 18.39, 𝑝 = .001; and sadness, 𝜒 2 (4) = 9.77, 𝑝 = .045, 
all with 𝑛 = 14 matched participants. Effect sizes, quantified via 
Kendall’s 𝑊 , indicated small-to-moderate concordance across con-
ditions (anger: 𝑊 = .38; calmness: 𝑊 = .18; happiness: 𝑊 = .29; 
sadness: 𝑊 = .15). Median scores for the five conditions × the four 
emotions can be seen in Table 3. 

Post-hoc Wilcoxon signed-rank tests with Holm correction re-
vealed several significant contrasts and trend-level effects (𝑝 < .10). 
For anger, ratings in the pulse condition were significantly higher 
than those for calmness and sadness, with trends suggesting saw-
tooth anger ratings exceeded those for calmness and happiness. 
For happiness, pulse was rated higher than calmness and sadness, 
and happiness was rated higher than sadness. Calmness received 
higher ratings than happiness under unfiltered, but was consis-
tently rated lower than sadness under both pitch-normalized and 
pulse. No single condition dominated, but these contrasts illustrate 
how haptic patterns shaped judgments. See Table 4 for full details. 

5 Discussion 

5.1 Direct acoustic → haptic mappings 
supported affective interpretation, but were 
not universally decisive 

In Part 2, no single algorithm dominated across discrete emotions, 
though some associations emerged (sawtooth for anger, unfil-
tered for calm, pulse for high arousal). This supports the use of 
multi-parameter bundles—i.e., combinations of intensity, rhythm, 
pitch, and waveform texture—as a viable design direction for haptic 

(a) Angry unfiltered 

(b) Angry pitch-normalized 

(c) Angry pulse 

(d) Angry sawtooth 

(e) Angry pitch-exaggerated 

Figure 6: Graphs generated using Python showing the pitch 
contour of the angrily-spoken utterance under our five dif-
ferent processing conditions. 
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Table 2: Descriptions of the five haptic conditions for the second part. 

Condition Description Parameter modulated Pitch contour graph 

unfiltered The raw speech signal Unfiltered Figure 6a 
pitch-normalized Speaker pitch normalized to haptic range Rhythm, pitch Figure 6b 
pulse Short tones instead of long Length/rhythm Figure 6c 
sawtooth Sawtooth waveform instead of sine Tone Figure 6d 
pitch-exaggerated Speaker pitch exaggerated Pitch Figure 6e 

Table 3: Median ratings by condition for each emotion. 

Emotion sawtooth pitch-exaggerated unfiltered pitch-normalized pulse 

Anger 5.5 3.0 1.0 4.5 5.0 
Calmness 1.0 1.5 4.5 1.0 1.0 
Happiness 3.0 3.5 1.0 3.0 4.0 
Sadness 4.0 4.0 2.0 3.0 2.0 

Table 4: Pairwise Wilcoxon signed-rank comparisons after Holm correction. Effects with 𝑝 < .05 are marked and those with 
𝑝 < .10 labeled as trends. High-arousal emotions are shown in small-caps, low-arousal ones in italics, and the higher emotion 
in each comparison in bold. 

Condition Comparison 𝑊 𝑝 holm Higher Note 

sawtooth anger > happiness 14.5 .072 anger Trend 
anger > calmness 13.0 .065 anger Trend 
sadness > calmness 9.0 .069 sadness Trend 

pitch-exaggerated Omnibus not significant; post-hoc skipped. 

unfiltered anger < calmness 7.0 .035 calmness * 
happiness < calmness 4.0 .024 calmness * 

pitch-normalized anger > calmness 5.0 .018 anger * 
sadness > calmness 4.5 .022 sadness * 

pulse anger > sadness 3.0 .008 anger * 
anger > calmness 1.0 .002 anger * 

happiness > sadness 14.5 .050 happiness * 
happiness > calmness 0.0 .006 happiness * 
sadness > calmness 8.0 .050 sadness * 

affect representation. In contrast to the approach of Part 1 and prior 
work [11] that emphasized single-parameter, monotonic mappings, 
Part 2 explored how distributing information across multiple pa-
rameters shapes interpretation. Notably, waveform texture proved 
meaningful, contrasting with Akshita et al. [2], who viewed it as a 
less discernible haptic parameter. Overall, the results favor moving 
beyond single arousal “dials” toward a composite vocabulary that 
emphasizes cross-parameter contrast. 

5.2 Contextual considerations 
Participants cited haptics as helpful when faces are not visible (e.g., 
narration), lip-reading is not possible, or expressions are muted. 
They also saw haptics as reducing load on the already overburdened 
visual channel. Distributing information across modalities can aid 
comprehension even when cues are partly redundant, aligning 

with Wickens’ multiple resource theory, which predicts better time-
sharing when tasks draw on distinct resource pools [57]. 

Participants also emphasized user control, noting that many 
would still prefer traditional captions. Those skeptical of expressive 
captioning agreed it fit entertainment contexts better than serious 
ones like work meetings or medical appointments. One partici-
pant worried that expressive captions could be visible to others, 
potentially marking users—an established concern in accessible 
technology [49]. Although smartwatches have been well received 
as Sound Communication Technology [15], designers must still con-
sider how added features may draw unwanted attention or reveal 
unwanted information. 
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5.3 Design guidelines 
Based on our mixed-methods results, we offer preliminary design 
guidelines for haptic representations of affect. These guidelines 
reflect patterns observed across our studies rather than a definitive 
comparison between mapping approaches. Content creators can use 
these to create rich emotional feedback for dhh users and others, 
since haptics may capture felt qualities of speech relevant to affect. 

(1) Conceptualizing “arousal” as affective contrast or salience 
uncouples it from “acoustic loudness,” making it more ac-
tionable for haptic design. Rhythm, waveform, and pitch can 
denote altered emotional states without relying on mono-
tonic intensity-arousal mappings; 

(2) A categorical model of emotions can support distinct, multi-
parameter mappings, reducing reliance on strictly monotonic 
“more is more” assumptions. For these, we offer the following 
specific recommendations: 

(a) For low arousal emotions such as calmness and sadness, 
we recommend the pitch-normalized haptic pattern; 

(b) For high arousal emotions such as anger or happiness, we 
recommend the pulse haptic pattern; 

(c) For representing high arousal, low valence emotions such 
as anger, we recommend the sawtooth haptic pattern; 

(3) Designers should avoid haptics that conflict with visual cues 
(facial expressions, body language, or the captions them-
selves), as conflict consistently caused confusion; 

(4) Additional cues like haptics are especially important when 
facial expressions or body language are absent. When a 
speaker’s face or mouth is not visible, haptics can substi-
tute for affective information typically gathered visually; 
when affect is visually available, haptics can still reinforce it. 

6 Limitations 
Our study has limitations that bound interpretation. sample. The 
sample was modest (𝑛=14) and skewed older (𝜇=43, 𝜎=17), which 
may limit generalizability within the dhh community and across 
cultural/linguistic contexts. Although we did not conduct a formal 
a priori power analysis we report Kendall’s 𝑊 effect sizes in Part 2 
to contextualize the magnitude of observed differences. stimuli 
& task. We used short edited clips and, in Part 2, a single acted 
utterance; longer, naturalistic speech may elicit different patterns. 
While our findings seem appropriate for short-form video, they 
should be tested with longer content where distraction, fatigue, and 
habituation to vibration may emerge. outcomes. Our primary out-
comes were judgments (Likerts, pairwise choices) and self-reports. 
We did not test downstream comprehension, recall, or task perfor-
mance, so functional benefits remain to be established. We also did 
not measure whether participants would prefer to watch captioned 
content with these haptics enabled or disabled; a controlled prefer-
ence study comparing captions with vs. without haptics remains an 
important next step. comparability across parts. We did not 
directly compare the arousal-to-haptics mapping (Part 1) with the 
acoustic-to-haptics mappings (Part 2) within the same paradigm; 
differences across parts should not be over-interpreted as head-to-
head performance. ecological validity. Sessions were in-lab. 
Real-world use (teleconferencing, mobile viewing, public spaces) 
introduces noise, divided attention, social acceptability concerns, 

and device heterogeneity that we did not study. These constraints 
suggest caution in generalizing beyond our setup and motivate 
future work on longer-form content, head-to-head comparisons of 
mapping strategies, richer haptic/visual parameterizations, and field 
evaluations that assess comprehension and user burden over time. 

7 Future Work 
A direct, head-to-head comparison of arousal-to-haptics (Part 1) 
and acoustic-to-haptics (Part 2) within a unified paradigm could 
clarify their respective strengths and trade-offs, including inter-
pretability, cross-modal consistency, and cognitive load. Given the 
role of individual preference observed across both parts, future 
work could employ participatory and co-design approaches with 
dhh users to refine mappings that better align with users’ mental 
models, contexts of use, and desired levels of control. 

Longitudinal studies could examine how learning, habituation, 
and fatigue influence the perception and usefulness of affective 
haptic patterns over time, particularly in longer-form content, po-
tentially incorporating parameter personalization as a mitigating 
strategy to explore. Finally, future systems might investigate alter-
native affective constructs—e.g., valence, dominance, or affective 
relevance—alongside or instead of arousal to better capture the 
dimensions of speech that dhh viewers find meaningful. 

8 Conclusion 
Haptic feedback can enrich access to vocal affect for dhh viewers, 
especially in short-form, caption-heavy video where quick cuts, 
overlays, and on-screen text strain vision. In our study, arousal 
alone proved an unstable target: participants held diverse men-
tal models and often mapped “more” vibration to loudness rather 
than emotion. Shifting from single-parameter arousal dials to multi-
parameter acoustic → haptic mappings yielded clear emotion judg-
ments (e.g., pulse for high arousal; pitch-normalized for low). 
For creators and platforms, offloading affective cues to the wrist 
or hands—emphasizing contrast over absolute energy, combining 
rhythm/pitch/waveform, aligning tactile with visual cues, and pre-
serving user control—can make short clips emotionally resonant 
without crowding the screen. These findings offer actionable guid-
ance for haptic-infused captioning that conveys not just words, but 
also the feeling behind them. 
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A Part 1: Arousal-to-Haptic Pulse Mapping 
In Part 1, each caption cue is annotated with an arousal value 
𝑎 ∈ [0, 1] and a cue duration 𝑑 (in seconds). When haptics are 
enabled, we render a single short vibration on the wrist for each 
caption, using a fixed carrier frequency of 75 Hz and an amplitude 
proportional to arousal. 

Concretely, for each caption cue we compute a target ampli-
tude 𝐴 ∈ [𝐴min, 𝐴max] from 𝑎, and drive a 75 Hz sinusoid through 
an attack–sustain–release envelope that spans the cue duration 
𝑑 . The implementation is realized in WebChucK by generating a 
short ChucK script per cue, but the logic can be summarized as 
Algorithm 1. 

Algorithm 1: Part 1: Single-Pulse Arousal-to-Haptics Map-
ping (75 Hz) 
Input: caption cue with arousal 𝑎 ∈ [0, 1] and duration 

𝑑 > 0 
Output: control parameters for a single haptic pulse on the 

wrist 
Data: fixed carrier frequency 𝐹 = 75 Hz, minimum 

amplitude 𝐴min 
// 1. Map arousal 𝑎 to an output amplitude 𝐴 

1 𝐴 ← max(𝑎, 𝐴min) 
// 2. Define a simple attack–sustain–release 

envelope over duration 𝑑 
// Split the cue into three equal phases 

2 𝑇seg ← 𝑑 /3 
3 𝑇attack ← 𝑇seg 

4 𝑇sustain ← 𝑇seg 

5 𝑇release ← 𝑇seg 

// 3. Synthesis (realized in ChucK/WebChucK) 
6 Create a 75 Hz sine oscillator and envelope: 

(1) Set oscillator frequency to 𝐹 . 
(2) Set envelope target to 𝐴 with duration 𝑇attack, then trigger 

key-on. 
(3) Wait 𝑇attack + 𝑇sustain seconds. 
(4) Set envelope duration to 𝑇release and trigger key-off. 
(5) Wait 𝑇release seconds to complete the pulse. 
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B Part 2: Speech-to-Haptics Mappings 
This appendix provides detailed pseudocode for all acoustic-to-
haptic mappings used in Part 2 of the study. All mappings share a 
common frame-level analysis stage: the audio signal is segmented 
into short windows, and for each window we extract two acoustic 
parameters: 
• Pitch 𝐹 0𝑓 (in Hz): fundamental frequency estimated using 
Parselmouth. When a frame is unvoiced, pitch is undefined 
and the frame is discarded. 
• Intensity 𝐼 𝑓 (dB): averaged intensity within the frame. This 
is used to detect and ignore silence within the frame, to avoid 
sending noisy pitch information. 

All five mappings therefore take as input a stream of 𝐹 0𝑓 data 
and transform it into haptic control parameters. Each mapping 
specifies: 
• how pitch is modified (e.g., clipped, rescaled, exaggerated), 
• how amplitude is applied (continuous or pulsed), 
• and, in one case, which waveform is used (sine vs. sawtooth). 

The Python implementation transmits the pitch parameter via 
osc messages (/pitch). On the receiving end, a ChucK synthesizer 
updates oscillator frequency and amplitude in real time. Algorithm 2 
describes the shared analysis stage, followed by Algorithms 3– 
7 which define each mapping. Algorithm 2 specifies the osc-to-
synthesis loop used in all conditions. 

Algorithm 2: Part 2: Frame-Level Acoustic Analysis (com-
mon to all mappings) 
Input: audio waveform 𝑥 (𝑡 ) 
Output: sequence of pitch data 𝐹 0𝑓 
Data: window size 𝑤 , hop size ℎ, intensity threshold 𝐼min 

1 ( )
2 compute average pitch for window 𝐹 0𝑓 
3 compute average intensity for window 𝐼 𝑓 
4 if 𝐹 0𝑓 < 80 or 𝐹 0𝑓 > 300 then 
5 skip frame (pitch outside of speech range) 
6 if 𝐼 𝑓 < 𝐼min then 
7 skip frame (treat as silence) 
8 else 
9 send 𝐹 0𝑓 to the selected haptic mapping 

for each frame 𝑓 in 𝑥 𝑡  with step ℎ do 

Algorithm 3: Part 2: Unfiltered Mapping (baseline) 
Input: sequence of pitch data 𝐹 0𝑓 
Output: osc messages to haptic synthesizer 

1 for each frame 𝑓 do 
2 𝑓haptic ← 𝐹 0𝑓 
3 send osc message 
4 /pitch = 𝑓haptic 

Algorithm 4: Part 2: Pitch-Normalized Mapping 

Input: sequence of pitch data 𝐹 0𝑓 
Output: osc messages to haptic synthesizer 
Data: vibrotactile band [𝐹min, 𝐹max] 

1 for each frame 𝑓 do 
2 𝑓haptic ← clip(𝐹 0𝑓 , 𝐹min, 𝐹max) 
3 send osc message 
4 /pitch = 𝑓haptic 

Algorithm 5: Part 2: Pulse Mapping 

Input: sequence of pitch data 𝐹 0𝑓 
Output: osc messages to haptic synthesizer 
Data: pulse on-duration 𝑇on, pulse off-duration 𝑇off 

1 for each frame 𝑓 do 
2 𝑓haptic ← clip(𝐹 0 )𝑓 , 𝐹min, 𝐹max  

// Emit a short vibration pulse followed by 
silence 

3 send osc message 
4 /pitch = 𝑓haptic 
5 wait until 𝑇𝑜 𝑓 𝑓 has elapsed to continue 

Algorithm 6: Part 2: Sawtooth Mapping 

Input: sequence of pitch data 𝐹 0𝑓 
Output: osc messages to haptic synthesizer 
Data: vibrotactile band [𝐹min, 𝐹max] 

1 for each frame 𝑓 do 
2 𝑓haptic ← clip(𝐹 0𝑓 , 𝐹min, 𝐹max) 
3 send osc message with waveform flag 
4 /waveform = “sawtooth” 
5 send osc message 
6 /pitch = 𝑓haptic 

Algorithm 7: Part 2: Pitch-Exaggerated Mapping 

Input: sequence of pitch data 𝐹 0𝑓 
Output: osc messages to haptic synthesizer 
Data: breakpoint 𝐵 = 120 Hz, scale factor 𝛼 > 1, band 

[𝐹min, 𝐹max] 
1 for each frame 𝑓 do 
2 𝑓haptic ← clip( 𝑓haptic, 𝐹min, 𝐹max) 
3 if 𝑓haptic > B then 
4 𝑓haptic ← 𝐵 ∗ 𝛼 
5 send osc message 
6 /pitch = 𝑓haptic 
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