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Abstract

Hearing loss affects millions of people worldwide, and its prevalence is pro-
jected to rise due to factors such as population aging and increased exposure
to loud noise. Although hearing aids and cochlear implants have significantly
improved speech perception, individuals with hearing loss continue to face
challenges in other domains, including music appreciation and speech under-
standing in noisy environments. Newer generations of children with hearing
loss benefit from early detection and intervention programs, outperforming
previous generations in language development and overall quality of life. Nev-
ertheless, many still experience substantial difficulties with complex listening
tasks, including spatial hearing and vocal emotion recognition, and those with
special conditions often exhibit poor outcomes despite early intervention and
auditory training.

This thesis investigates the potential of novel training tools to support the
musical and auditory development of children with hearing loss. Grounded in
user-centered design principles, the research involves clinical professionals,
children, and their parents throughout the design and evaluation processes,
in collaboration with the Copenhagen Center for Hearing and Balance at
Rigshospitalet.

Part I provides an Extended Summary that includes a brief introduction
(Chapter 1), synthesizes the background literature (Chapter 2), research ques-
tions (Chapter 3), a summary of the papers (Chapter 4), and findings (Chapter 5).
The main contribution comprises six core research papers reported in Part II,



vi Abstract

including a state-of-the-art analysis (Paper A) and the development of five
prototypes: three vibrotactile systems—Tickle Tuner (Paper B), designed for
individuals with hearing loss; Vibrotactile Memory (Paper C); and Vibrotactile
Teddy Bear (Paper D), both tailored for children—and two additional tools,
SoundCubes (Paper E), designed to enhance spatial hearing, and EmotiCubes
(Paper F), developed to improve vocal emotion recognition, both intended for
pediatric use. These studies examine the design, implementation, and evalua-
tion of the prototypes, providing insights into their usability and effectiveness,
and identifying challenges and future research directions. Additionally, two
further studies presented in Part III explore neurophysiological mechanisms
of audio-tactile integration (Paper G) and participatory design approaches
for multisensory music experiences with cochlear implant users (Paper H).
Collectively, this work advances understanding of multisensory strategies for
enhancing auditory experiences in children with hearing loss and contributes
novel design solutions for inclusive auditory training.



Resumé

Heoretab pavirker millioner af mennesker verden over, og forekomsten for-
ventes at stige pa grund af faktorer som befolkningens aldring og eget udseet-
telse for hej stej. Selvom hereapparater og cochleaimplantater har markant
forbedret taleopfattelsen, meder personer med hgretab fortsat udfordringer
pa andre omrader, herunder musikoplevelse og taleforstaelse i stajende om-
givelser. Nyere generationer af bern med heretab drager fordel af tidlig op-
sporing og interventionsprogrammer og klarer sig bedre end tidligere genera-
tioner, hvad angar sprogudvikling og overordnet livskvalitet. Til tods for dette,
oplever mange fortsat betydelige vanskeligheder ved komplekse lytteopgaver,
herunder rumlig herelse og genkendelse af folelser i stemmen, og dem med
seerlige tilstande udviser ofte utilfredsstillende resultater trods tidlig indsats
og auditiv treening.

Denne athandling underseger potentialet i nye treeningsveerktgjer til at
understotte den musikalske og auditive udvikling hos bern med heretab.
Forankret i brugercentrerede designprincipper involverer forskningen kliniske
fagpersoner, bern og deres foreeldre gennem hele design- og evalueringspro-
cesserne i samarbejde med Copenhagen Center for Hearing and Balance pa
Rigshospitalet.

Del I giver en Udvidet Sammenfatning, der indeholder en kort intro-
duktion (Kapitel 1), syntetiserer baggrundslitteraturen (Kapitel 2), forskn-
ingssporgsmalene (Kapitel 3), en sammenfatning af artiklerne (Kapitel 4) og
resultaterne (Kapitel 5). Hovedbidraget omfatter seks kerneforskningsartik-
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viii Resumé

ler beskrevet i Del II, herunder en state-of-the-art-analyse (Paper A) og ud-
viklingen af fem prototyper: tre vibrotaktile systemer—Tickle Tuner (Paper B),
designet til personer med heretab; Vibrotactile Memory (Paper C); og Vibrotac-
tile Teddy Bear (Paper D), begge malrettet barn—samt to yderligere veerktgjer,
SoundCubes (Paper E), designet til at forbedre rumlig herelse, og EmotiC-
ubes (Paper F), udviklet til at forbedre genkendelsen af felelser i stemmen,
begge tilteenkt peediatrisk brug. Disse studier underseger design, implementer-
ing og evaluering af prototyperne, giver indblik i deres anvendelighed og
effektivitet og identificerer udfordringer og fremtidige forskningsretninger.
Derudover preesenteres to yderligere studier i Del III, som undersgger neu-
rofysiologiske mekanismer ved audio-taktil integration (Paper G) og delta-
gende design-tilgange til multisensoriske musikoplevelser med brugere af
cochleaimplantater (Paper H). Samlet set fremmer dette arbejde forstaelsen
af multisensoriske strategier til at forbedre auditive oplevelser hos barn med
heretab og bidrager med nye designlgsninger til inklusiv auditiv treening.
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CHAPTER 1

Introduction

1.1 Prelude

Music has been an integral part of human life for millennia, and my own
experience is no exception: in fact, it had a major role in my upbringing, and
shaping my identity, study, and career path. I began my musical education at
the age of three and started playing drums at five. I got involved in several
music projects, many of my friendships and connections have developed
through music. These and many more reasons made me think that making
experiencing music for children with hearing challenges (HC) more accessible
and enjoyable would be a perfect fit for my research, since I personally cannot
imagine life without sound and music. Indeed, music plays a vital role in the
lives of many people, encompassing social interaction, entertainment, and
even therapy. Being a passionate musician or avid music consumer is not what
everyone is aiming for, but I believe that everyone should have the opportunity
to choose to be one.

During my Sound and Music Computing (SMC) master’s internship, I
had the opportunity to work on a project focused on making music more
accessible for people with HC, specifically with cochlear implant (CI) through
vibrotactile feedback. This collaboration between the Multisensory Experience
Lab (ME Lab) and Oticon Medical, supervised by Professor Stefania Serafin
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and Marianna Vatti, became the basis for my master’s thesis, and revealed how
I could combine my passion for music and technology with accessibility. With
the support of my supervisors, I continued this journey in my PhD, which
has culminated in this thesis. Recognizing that the thesis is a milestone rather
than an endpoint, I am excited to further contribute to music accessibility for
people with hearing challenges.

1.2 Definition of the Project

This PhD project aims to explore how training can be used to enhance the music
experience for children with hearing challenges. The project has its roots in the
ME Lab at Aalborg University, where research on human-computer interaction,
the development of novel technologies, and solutions for specific target groups
is a key focus. Furthermore, this project shares common foundations with
research conducted by my esteemed colleagues: Dr. Razvan Paisa, who has
investigated vibrotactile feedback to enhance music enjoyment for adults with
CI and hearing aid (HA), and Jesper Andersen, who has focused on music
training and concert experiences for individuals with HC.

As mentioned in the Prelude 1.1, this project evolved from a master’s thesis
and initially aimed to explore how vibrotactile feedback could enhance the
music experience for individuals with CL Through the beginning of a fruitful
collaboration between the ME Lab and the Copenhagen Hearing and Balance
Center (CHBC), we realized that children could also benefit from training
supported by vibrations. However, as the project progressed and insights
were gained through interactions with both children and clinicians, it became
evident that vibrotactile feedback was not always the most suitable solution.
Consequently, the focus broadened toward music training, which emerged as a
crucial element in enhancing the music experience for children with HC, with
particular attention to individuals with specific etiologies such as cochlear
nerve deficiency (CND) (see Section 2.1).

The main objectives of this project are to investigate how training can
enhance the music experience for children with HC and to develop novel
solutions applicable in both clinical and domestic settings. The PhD research
examines various aspects of training from an engineering and technological
perspective, including prototype development, technology, and methodology,
and how these factors influence the music experience for children with HC.
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Each phase of the project has involved a specifically designed prototype and
a case study, with one or more children and their families participating in
testing and evaluation.

1.3 Research Methodology

A central tenet of this PhD project has been the active involvement of children
with HC and their families throughout the research process. The methodology
is grounded in user-centered design with a participatory approach, ensuring
that end users and clinicians contribute meaningfully to both the development
and evaluation of prototypes and training programs. By integrating the lived
experiences of children with the practical expertise of clinicians, the project
aims to create solutions that are both relevant and effective. Iterative feedback
loops enabled continuous refinement, with each cycle informed by direct input
from participants. This approach aligns with the established practices of the ME
Lab, which emphasizes multidisciplinary, user-driven research in technology
development for specialized populations. To address the unique challenges of
this work, iterative design processes and close collaboration among clinicians,
children, and their families were employed—including recruitment of young
participants, tailoring training to individual needs, measuring the impact of
training on musical experience, and ensuring activities remain engaging.
Given the diverse needs of children with HC, as well as the rarity of specific
conditions, this PhD project largely adopted a case study design involving
single or small groups of participants. These case studies enabled in-depth
exploration of individual experiences and provided valuable insights into the
effectiveness of the developed solutions; when possible, a test-retest design
was incorporated to assess the reliability of findings over time. An in-depth
discussion of these methodological aspects is provided in Chapter 2 and in the

included papers.

1.4 Parts Involved

Over the course of this PhD project, several partners have contributed in vari-
ous capacities. Some participated directly in the studies, while others provided
support, expertise, and/or access to participants. The project benefited from
the collaboration of several institutions and companies, each bringing specific
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expertise relevant to the research objectives.

The main partner is Copenhagen Hearing and Balance Center, a special-
ized center within Rigshospitalet, Denmark’s leading hospital. The CHBC
provides comprehensive care for children and adults with hearing and balance
disorders. It offers advanced diagnostics and treatment, including CIs and
bone-anchored hearing systems, and emphasizes a multidisciplinary, family-
centered approach. It also houses some research facilities, including a spatial
hearing lab and neuroimaging tools, enabling research in auditory processing
and rehabilitation. CHBC was instrumental in providing access to children
with HC and their families, as well as to clinicians who contributed to the
design and evaluation of the prototypes. Personnel from CHBC also offered
valuable insights into the challenges faced by children with HC, which in-
formed the design of the prototypes and training programs.

Oticon Medical, a company that operates globally in implantable hearing
solutions and part of the Demant Group, was involved in project for the first
prototype featuring vibrotactile feedback, through the supervision of Marianna
Vatti.

Professor Federico Fontana from the University of Udine, whose research
focuses on sonic interaction design, haptic feedback, and computational model-
ing of sound, contributed to the design aspects of some of the studies. Andrea
Gulli, also from the University of Udine, collaborated on the systematic re-
view presented in Paper A, bringing his knowledge at hand about assistive
technologies and hearing loss (HL).

Dr. Laura Rachmann and Professor Deniz Baskent from db SPL (Deniz
Baskent’s Speech Perception Lab) provided audiological expertise and con-
tributed to the development of the study on training for emotion recognition.
The db SPL, based at the University Medical Center Groningen, focuses on
auditory perception, speech processing, and cochlear implant research. The
lab investigates a wide range of topics, including vocal emotion perception,
music training, and communication in children and adults with hearing im-
pairments. During my PhD, I had the pleasure to undertake a short research
stay in Groningen in June 2024, where I worked closely with Laura and Deniz,
laying the foundation for the project on training vocal emotion recognition
presented in Paper F.

Christa Thomsen from Bgrnecenter Kebenhavn, a municipal center spe-
cializing in child services, supported the recruitment of children with HC.
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The center’s speech and hearing consultants work closely with children with
complex communication needs, providing specialized pedagogical support
and expertise in augmentative and alternative communication.

This PhD project was also supported by the Nordic SMC Network (Nord-
Forsk fund), which co-funded the project alongside Aalborg University, and
the GN Foundation. The NordicSMC brings together leading researchers
from all five Nordic countries—Denmark, Finland, Iceland, Norway, and Swe-
den—and promotes interdisciplinary research in SMC. The network spans
the arts, humanities, sciences, and engineering, and supports collaborative
projects, conferences, and short-term scientific missions. Its goal is to advance
the understanding and development of sound and music technologies through
computational methods.

The contribution of each partner has been essential to the development
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CHAPTER 2

Background

This chapter aims to provide a comprehensive overview of the current state
of the art in the topics that this thesis touched upon and are necessary to
have a good understanding of the context in which this PhD project has been
developed. Following an introductory section about HL (2.1), it examines
the technologies and approaches used to address these hurdles (2.1.3), with a
particular emphasis on children (2.1.4). The section also discusses the Danish
approach to managing hearing impairment (2.1.5), explores the role of music in
the context of HC (2.1.6), and concludes with an overview of the consequences
of HL on emotion recognition abilities (2.1.7), a topic not strictly related
to music but sharing common perceptual aspects and playing a major role
in quality of life (QOL), and relevant for Paper F. The subsequent section
presents the multisensory integration process and its relevance to hearing-
related challenges and solutions (2.2), which is essential for understanding
the rationale behind the use of vibrotactile stimulation in Papers B, C, and D.
This is followed by a focus on the training of hearing capabilities, a central
aspect of the thesis (2.3) and common to all the prototypes presented. For the
same reason, the chapter concludes with a section on gamification and serious
games (2.4).
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2.1 Hearing and its Challenges

Hearing is the process by which the auditory system detects, transmits, and
interprets sounds—fluctuations in air pressure—from the surrounding environ-
ment. It is one of the senses that enables us to perceive and make sense of
the world around us. Being immersed in a sound-rich environment, makes
hearing an effective source of information - ranging from the voice of a loved
ones, the rustling of wind through trees, to the intricate soundscape of a sym-
phonic orchestra piece, such as Claude Debussy’s Prélude a U'Aprés-midi d’un
Faune. Hearing allows us to interpret our surroundings, providing insight into
spatial dimensions and the materials that compose them. It helps us estimate
the direction and distance of a sound source, and whether it is moving or
stationary [93]. Through sound, we communicate, express emotions, share
thoughts and ideas, and evoke memories. Although often taken for granted
especially in favor of vision (e.g., the McGurk effect [90]), hearing is a complex,
delicate, and powerful sense that plays a crucial role in our daily lives and is
relied upon continuously.

2.1.1 The Hearing System

The hearing system is a articulated network of structures that work together to
detect, transmit, and process sound, and its main components are highlighted
in Figure 2.1. It can be divided into three main parts: the outer ear, the middle
ear, and the inner ear. Sound waves enter the auditory system through the
outer ear, which comprises the pinna and the external auditory canal. The
pinna, with its complex arrangement of ridges and grooves, helps collect and
amplify high frequency sounds, particularly around 5000 Hz, thereby aiding
sound localization. These sounds are then directed into the ear canal, which
functions as a resonator due to its tube-like structure. This resonance typically
enhances frequencies between 3000 and 4000 Hz in adults, contributing to the
natural quality of sound perception [97].

The middle ear, an air-filled cavity within the temporal bone, receives
these acoustic signals at the tympanic membrane. Vibrations of the tympanic
membrane are conveyed through the ossicular chain-three small bones called
malleus, incus, and stapes. This chain amplifies sound energy through three
mechanisms: the difference in surface area between the tympanic membrane
and the stapes footplate, the lever action of the ossicles, and the buckling
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Fig. 2.1: Overview of the human hearing system.

motion of the tympanic membrane. These mechanisms help overcome the
impedance mismatch between air in the outer ear and fluid in the inner ear.
Additional components of the middle ear include the Eustachian tube, which
regulates air pressure, and two muscles—the tensor tympani and stapedius-that
contract in response to loud sounds, initiating the acoustic reflex. Ligaments
and a branch of the facial nerve also provide structural support to the ossicular
chain [97].

Ultimately, the amplified mechanical energy is transmitted to the cochlea
in the inner ear, where it is converted into neural signals that travel through
the auditory pathways to the brain for processing. The cochlea, plays a pivotal
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role in transducing mechanical sound energy into neural signals interpretable
by the brain. Anatomically, the cochlea is a spiral-shaped, fluid-filled structure
embedded in the petrous portion of the temporal bone. Inside the cochlea, the
organ of Corti is situated atop the basilar membrane; this organ contains two
types of hair cells: inner hair cell (IHC) and outer hair cell (OHC). Inner hair
cells are primarily responsible for transmitting auditory information to the
brain, whereas OHCs contribute to the amplification and fine-tuning of sound
through their electromotile properties. The stereocilia of these hair cells are
deflected by shearing forces generated by basilar membrane motion, starting
a process which activates the auditory nerve fibers [97].

In a healthy ear, the basilar membrane inside the cochlea acts as a so-
phisticated frequency analyzer. Its stiffness gradient creates a tonotopic map,
where high frequencies peak near the basal end and low frequencies near
the apex. Frequency discrimination is achieved through two complementary
mechanisms: temporal coding for frequencies < 5 kHz and spatial coding for
frequencies > 5 kHz [95]. Outer hair cells further enhance this process by
actively amplifying basilar membrane motion and sharpening tuning curves,
especially at low sound intensities. This active mechanism improves sensitivity
by up to 50 dB and introduces nonlinearity, allowing for amplitude compres-
sion and dynamic adaptation across a wide range of sound intensities [95].

The auditory nerve (AN) consists of approximately 30’000 fibers and con-
veys the electrical impulses generated in the cochlea to the brainstem. Func-
tionally, the AN encodes sound frequency through both place and temporal
mechanisms. The characteristic frequency of each fiber corresponds to the
frequency at which it responds most sensitively. Intensity is encoded by the
firing rate and the number of active fibers [97]. Together, the inner ear and
auditory nerve form a highly specialized and finely tuned system for the initial
stages of auditory processing, converting acoustic stimuli into precise neural
codes for further interpretation by central auditory structures.

In terms of auditory perception, several key aspects can be highlighted:
a healthy and young auditory system can detect a wide frequency range,
spanning from 20 Hz to approximately 20 kHz [92]. The dynamic range of
human hearing is extensive-typically around 120 dB-allowing us to perceive
sounds from the faintest whispers to loud explosions [145]. The non-linearity
in sensitivity across different sound levels enables the perception of a wide
range of sounds without distortion, thanks to the active mechanisms provided
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by the OHC. This phenomenon is well illustrated by the equal-loudness-level
contour graphs (see Suzuki et al. [127] for an example). Frequency resolution,
or the ability to distinguish between different frequencies, allows for the
detection of frequency differences smaller than 1 Hz in the lower frequency
range [92]. Frequency discrimination becomes significantly poorer at higher
frequencies, with minimum frequency gap of 120 Hz at 1 kHz [110]. Around
5 kHz, we loose the ability of discerning pitch, and thus we do not recognize
melodies above this threshold [110]. Another interesting characteristic is
the auditory system’s non-linear response to sound intensity, acting like a
compressor. As sound level increases, response growth becomes markedly
sublinear, with mid-to-high levels exhibiting shallow slopes; for example, a
10 dB increase in input results in only about a 2 dB increase in output. This
property supports robust encoding across a wide dynamic range [110].

2.1.2 Hearing Loss

Hearing loss is a common condition that affects millions of people world-
wide [139] and can significantly impact an individual’s QOL. There are several
etiologies of HL, which can be categorized as conductive, sensorineural, or
mixed. Conductive HL prevents sound from being transmitted through the
outer ear canal to the eardrum and the ossicles of the middle ear. Sensorineu-
ral HL involves damage to the inner ear or auditory nerve and can result
in permanent impairment. Mixed HL is a combination of both conductive
and sensorineural components. Hearing loss can also be classified as mild,
moderate, severe, or profound, depending on the degree of impairment. It
may be congenital (present at birth) or acquired later in life due to various
factors such as aging, exposure to loud noises, infections, ototoxic medications,
or genetic predisposition [99]. Over the years, advancements in screening
techniques have enabled earlier detection and intervention [109]. The impact
of HL can vary widely among individuals, depending on the severity and type
of loss, the age of onset, and the individual’s overall health.

Hearing loss has wide-ranging effects on individuals of all ages, impacting
not only the ability to perceive sounds but also cognitive, emotional, and social
well-being. In older adults, it is associated with an increased risk of depression,
social isolation, and reduced QOL, as well as a higher likelihood of cognitive
decline and dementia, making it one of the most significant modifiable risk
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factors for these conditions [23, 30, 80, 105]. Even mild HL can increase
listening effort, strain memory, and disrupt spoken language comprehension
by requiring the brain to recruit additional cognitive resources, potentially
leading to fatigue and further cognitive challenges [30, 123]. Structural brain
changes, including reductions in gray and white matter, have been observed
in both congenital and acquired HL, suggesting that auditory deprivation
can affect brain organization across the lifespan [78]. Balance and mobility
may also be affected, particularly in complex environments or when other
senses are compromised, potentially increasing the risk of falls [24, 98]. Noise-
induced HL, a common form of acquired HL, can further contribute to stress,
social withdrawal, and diminished QOL [81]. Unilateral HL, or one-sided,
impairs spatial hearing, making it difficult to localize sounds and understand
speech in noisy environments, which can negatively affect learning, work,
and social interactions [14]. Bilateral implantation of CIs has been shown
to be insufficient for restoring spatial localization abilities, and older age
at testing as well as earlier onset of deafness are associated with greater
average localization error [11]. Early detection, rehabilitation, and appropriate
interventions are crucial for mitigating these effects and improving overall
outcomes for individuals with HL [12, 24, 30].

During the development of this thesis project, sensorineural hearing loss
(SNHL) associated with auditory neuropathy spectrum disorder (ANSD) and
CND received particular attention. Auditory neuropathy spectrum disorder is
characterized by desynchronized transmission of auditory signals from the
inner ear to the brain, despite preserved OHC function. This condition is
typically identified by normal otoacoustic emissions—indicating functional
OHCs-combined with absent or severely abnormal auditory brainstem re-
sponses, reflecting impaired neural synchrony [37, 113, 146]. Such disruption
can lead to difficulties in speech perception, particularly in noisy environments,
and may result in communication and social challenges [113]. In addition,
individuals with SNHL may present with a wide range of hearing capabilities
on pure tone audiometry, from normal sensitivity to profound HL, without a
consistent audiometric pattern. Exposure to high-intensity or prolonged tonal
stimuli can lead to auditory fatigue, complicating the assessment of hearing
thresholds. Progressive hearing decline is commonly reported across both
pediatric and adult populations [37]. Temporal aspects of auditory process-
ing are notably affected in ANSD. Deficits include reduced pitch perception
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at lower frequencies—suggesting impaired phase-locking mechanisms—-and
diminished sensitivity to brief acoustic events and silent intervals between
sounds. Spatial hearing, particularly the ability to localize sound using inter-
aural time difference (ITD), is also impaired. Additionally, the perception of
loudness for continuous tones presented over extended periods (e.g., three
minutes) is diminished in ANSD patients, with the extent of this reduction
varying across different frequencies [37].

The most common form of ANSD is CND, accounting for approximately
45% of cases [79]. This condition is categorized as either nerve hypoplasia-
where the nerve is present but underdeveloped—or nerve aplasia—where the
cochlear nerve is absent. Cochlear nerve deficiency can significantly impair
auditory processing and speech comprehension [7]. Both ANSD and CND
can substantially affect an individual’s ability to hear and process sounds,
regardless of the use of CIs or HAs, leading to considerable challenges in daily
life. The incidence of CND varies across studies but is generally reported
in 25%-50% of children with unilateral SNHL and about 1% of those with
bilateral SNHL, increasing to 10%-16% among children with severe or profound
bilateral HL [26]. Although post-implantation outcomes in children with CND
are often less favorable compared to those without the condition, several
studies indicate that these patients can still achieve meaningful auditory and
speech improvements following CI [26]. Prognosis appears to depend on the
anatomical characteristics of the cochlear nerve; for example, cochlear nerve
hypoplasia offers a better outlook for sound perception and speech recognition
than complete nerve aplasia, as residual fibers may leverage neuroplasticity—-
the brain’s ability to adapt and reorganize in response to sensory changes,
injury, or learning [58]-to support auditory function [104].

2.1.3 Technologies and Approaches

In the past decades, significant advancements in hearing technology have led
to the development of assistive devices capable of restoring auditory function
in individuals with mild to severe HL. These devices have enabled affected
individuals to regain access to the auditory world, thereby improving their QOL
and facilitating greater participation in social, educational, and professional
activities. The most common devices include HAs and ClIs. The latter are

particularly beneficial for individuals with severe to profound sensorineural
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HL who do not gain sufficient benefit from HAs. With both typologies of
devices, research shows that timely intervention provides the best hearing
outcomes in both children and adults [17].

Hearing Aids

Hearing aids are electronic sound-amplifying devices worn inside or behind
the ear. They include a microphone that captures sound, an amplification
and digital signal processing (DSP) stage that processes and increases the
sound’s intensity, and a speaker that delivers the amplified sound to the ear.
The input captured by the microphone is low-pass filtered at 9 kHz, and then
band-limited signal is processed applying frequency-dependent amplification,
amplitude compression and limiting, noise reduction, cancellation of acoustic
feedback, and directional processing [111]. The dynamic range of HAs is
generally up to 96 dB, which is constrained by the 16-bit precision of the
analog-to-digital converter (ADC) integrated into the processor [111]. Hearing
aids can be tailored to an individual’s specific HL profile, enhancing speech
understanding and overall auditory experience [111]. They are particularly
effective for individuals with mild to moderate HL: the whole chain still rely on
the ability of the ear to detect, convert and transmit the treated and amplified
signal to the brain through the auditory nerve.

To be eligible for a HA in Denmark, individuals are evaluated based on
their pure tone audiometry (PTA) thresholds at 1, 2, 3, and 4 kHz. If the average
threshold of HL exceeds 45 dB, they are considered candidates. Guidelines
also recommend including functional hearing assessments, which should
account for more realistic listening environments. The frequency range of
commercially available HAs typically spans from 200 Hz to 8 kHz and includes
dynamic range compression features to better accommodate the specific needs
of users [71].

Cochlear Implants

Cochlear implants are surgically implanted devices designed to bypass the
outer and middle ear, directly stimulating the auditory nerve. They consist
of an external processor that captures sound and converts it into electrical
signals, which are transmitted via an antenna to an internal receiver implanted
beneath the skin (see Figure 2.2). The internal component then decodes the
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received signal and generates the electrical stimuli that are sent to electrodes
placed within the cochlea, enabling sound perception by stimulating the audi-
tory nerve [87, 142]. Depending on the model, CI contain between 12 and 24
electrodes, which divide the audible spectrum into discrete bands that stim-
ulate different regions of the cochlea [144]. This configuration represents a
significant simplification compared to the natural auditory system, which com-
prises approximately 30,000 afferent nerve fibers—each connected to an IHC
region tuned to a specific frequency [95]. This stark difference highlights the
degree of information compression inherent in cochlear implant technology.

A schematic of the main components of a CI is shown in Figure 2.2.

Receiver

Transmitter-|

\Cochlea

Fig. 2.2: Schematic representation of a cochlear implant and its main components: external
processor, transmitter, internal receiver, and electrode array.
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Cochlear implants leverage the ear’s tonotopic map to stimulate specific
frequency regions within the cochlea (coding by place); the lower the stimu-
lus frequency, the closer the stimulation occurs to the apical (deeper) region
of the cochlea [142]. A second mapping strategy for frequency coding is
based on rate, that is, the frequency of the pulses delivered to the electrodes.
Research has shown that the average maximum rate of pulses perceivable
by ClIs is approximately 300 Hz. Frequencies above about 300 Hz are rep-
resented by the site of stimulation (coding by place), whereas frequencies
below about 300 Hz are represented by temporal variations in the modulation
waveforms (rate) [142]. The amplitude information of the incoming signal is
conveyed through pulse intensity. The dynamic range of Cls is typically around
60 dB, which is lower than that of HAs or the natural ear (= 120 dB) [145]. This
limitation affects the implant’s ability to replicate the fine-grained auditory
resolution and dynamic responsiveness of typical hearing (TH), underscoring
the technological challenges in restoring complex auditory functions. Simi-
larly to a vocoder [85], each electrode corresponds to a distinct channel that
analyzes a specific frequency band of the incoming signal. Within each chan-
nel, the signal undergoes band-pass filtering, followed by envelope detection
to extract its energy profile. This processed signal is then transformed through
a nonlinear function and used to modulate a sequence of balanced biphasic
pulses. This architecture ensures that stimulation parameters are tailored to
the spectral characteristics of the input [142]. Although current CIs on the
market provide up to 24 electrodes, existing strategies for electrode placement
and signal processing do not appear to offer significant benefits beyond the use
of more than eight channels [87, 142]. The electrical stimuli delivered to the
cochlea activate relatively wide areas due to electrode placement, stimulating
broader regions compared to the precise activation mechanism of IHCs in TH
subjects [87].

In Denmark, eligibility for a CI requires a HL of at least 75 dB in the im-
planted ear, as determined by PTA thresholds at 1, 2, 3, and 4 kHz. Additionally,
candidates must demonstrate limited benefit from HAs, defined as < 50%
sentence recognition in the ear to be implanted. Despite these criteria, implan-
tation decisions are made on a case-by-case basis by a multidisciplinary team,
reflecting the complexity and individuality of HL.
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2.1.4 Implications for the Children

In children, the implications of HL are comparable to those observed in adults;
however, because childhood represents a critical period for the development
of language, communication, and social skills, the impact of HL can be even
more profound. If untreated, it is associated with adverse outcomes across
multiple domains, including speech and language acquisition, educational
achievement, social interaction, cognitive development, and overall QOL [80].

Timely interventions, can promote the achievement of developmental
milestones in auditory perception that are comparable to those of their TH
peers in children with severe-to-profound HL. Research indicates that early
implantation supports the development of horizontal sound localization abil-
ities at a similar age to TH children, suggesting the presence of intrinsic
mechanisms guiding this aspect of auditory development [12]. Language
development in children with CI shows promising progress within the first
four years post-implantation, with performance increasingly resembling that
of TH peers. However, between four and six years after implantation, chal-
lenges emerge in specific language domains, notably receptive vocabulary
and expressive grammar. These findings underscore the necessity of sustained
language intervention to support continued development and highlight the
importance of comprehensive long-term monitoring [136]. The importance
of tailored speech rehabilitation strategies—such as auditory-verbal therapy
(AVT)-has been widely emphasized to enhance speech perception develop-
ment in children with CIs, particularly during the early stages of auditory
learning [131]. Notably, cochlear implantation alone does not guarantee age-
appropriate speech and language outcomes, even when performed early and
bilaterally [108].

In hearing disorders, compensatory neuroplasticity supports adaptation
and enhances outcomes from interventions like CI [10]. Early childhood,
particularly up to 3.5 years of age, represents a sensitive period of height-
ened plasticity [58, 126]. This phase is critical for auditory pathway develop-
ment, which depends on early language exposure and social interaction [126].
Early cochlear implantation and auditory-verbal habilitation can promote age-
appropriate language leveraging neuroplasticity [108]. Hearing deprivation
leads to two distinct forms of cortical reorganization and it is a characteristic
of HL [41]. Cross-modal plasticity occurs when intact sensory modalities, such
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as the visual or somatosensory systems, recruit auditory cortical areas to com-
pensate for the missing input. While this reorganization may support visual
speech processing, it can interfere with auditory outcomes in CI users [10, 58].
Intra-modal plasticity refers to reorganization within the auditory system
itself. For example, in cases of unilateral HL, altered hemispheric activation
patterns can emerge, leading to reduced interhemispheric asymmetry and
impairments in spatial hearing [10].

Auditory deprivation and degraded Cl input also affect neurocognitive func-
tions. Children with CIs show persistent deficits in verbal working memory,
which correlate with language outcomes [13]. The auditory neurocognitive
model links reduced auditory experience to delays in executive functions and
phonological processing [13]. Interventions leveraging neuroplasticity include
auditory training (AT), music-based therapy, and bimodal stimulation [13].
Encouraging speech production and sensorimotor interaction further supports
language development. Effective early intervention can reverse maladaptive
reorganization and optimize outcomes [10, 58].

2.1.5 The Danish Way

When it comes to healthcare, it is essential to consider the cultural and so-
cietal context in which it is delivered, as well as the structure of the local
healthcare system. This paragraph provides an overview of the Danish ap-
proach to addressing hearing challenges, which is particularly relevant to the
studies presented in this thesis, as they were conducted within this context.
Acknowledging the complexity of the topic—particularly in relation to sociocul-
tural aspects of disability and community belonging-this section only offers
a documented perspective on the circumstances under which this project
was conceived and developed. The following paragraph is an overview of
the landmarks in educational planning for deaf and hard of hearing (d/hoh)
children in Denmark over the past few decades.

In 1993, the first children in Denmark underwent CI surgery for deaf-
ness [107], marking the beginning of a new era in hearing rehabilitation. By
2005, universal neonatal hearing screening was implemented, enabling the
diagnosis of HL by three months of age and intervention by six months [76].
This milestone significantly advanced early identification and intervention
efforts in Denmark. However, early implantation alone was not sufficient to
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ensure age-equivalent language performance, raising questions about the edu-
cation system for children with CIs [106]. In 2012, the National Board of Health
recommended AVT as the standard rehabilitation practice for children with
HL [76]. Three years later, in 2015, the Danish National Board of Social Affairs
extended this recommendation to include AV practices for the (re)habilitation
of children with HL, regardless of the type of hearing technology used [66].
To minimize socio-economic influences, all medical, technological, and AVT
interventions are provided at no cost to children with HL [76]. By 2020, most
d/hoh children in Denmark were being educated in local community schools
using AVT, with minimal or no use of sign language-marking a shift from the
previously applied sign language-based model. This transition has sparked on-
going debate, particularly within Deaf communities, where cochlear implants
are sometimes perceived as a threat to cultural identity. Nonetheless, the
oralist model has become dominant in both policy and practice [35], supported
by scientific evidence.

Research indicates that 90-95% of deaf children have hearing parents [94],
who are often motivated to enable communication with their children in
their native language (i.e., mother tongue) [107]. This aspect is also reflected
in studies where deaf children report difficulties communicating with their
hearing parents [107]. The inability to share a fluent language with one’s
parents can hinder social-cognitive development [126]. These are among the
driving reasons why AVT has been chosen by families with children with
HL as a preferred intervention approach, eventually becoming the standard
adopted by the Danish healthcare system.

This short overview serves as a memento for both myself and the reader
that, when working with families, children, or people in general, we must
remain mindful of the context in which we operate. This includes cultural,
social, and individual factors that may shape their experiences, expectations,

and needs.

2.1.6 Music and Hearing Challenges

Music encompasses a wide range of auditory experiences, from simple melodies
played on a single instrument to complex compositions performed by a sym-
phonic orchestra. It is characterized by elements such as pitch, rhythm, timbre,
and dynamics. From a signal perspective, music exhibits an extremely rich
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First cochlear implant in children
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Bilateral cochlear implants approved for children
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2011
Guidelines for evaluation, surgery, and rehabilitation

|

2023
Three years of auditory rehabilitation firmly anchored
in audiology departments in all five Danish regions

Fig. 2.3: Timeline of major milestones in pediatric cochlear implantation and auditory rehabili-
tation in Denmark. Adapted from [107].

spectral and temporal structure, often spanning the entire human audible
frequency range (20 Hz to 20 kHz) and, at times, the full dynamic range (0
to 120 dB). The challenges associated with music perception in individuals
with HL are deeply rooted in the anatomical and physiological structures of
the auditory system. As outlined in Moore’s review [96], dysfunction of the
OHC:s leads to an elevation of the absolute threshold, meaning that the qui-
etest sound detectable by the listener becomes louder. This elevation not only
affects basic audibility but also compromises the ability to resolve fine spectral
details in complex acoustic signals. Specifically, individuals may struggle to
perceive distinct frequency components and to identify the spectral shape
of sounds, which are essential for recognizing musical timbre and harmony.
Additionally, pitch clarity is often degraded, and the dynamic range—-the span
between the softest and loudest perceivable sounds—is significantly reduced.
In contrast, impairments involving IHCs, synaptic transmission, and neural
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pathways primarily disrupt pitch perception and sound localization. These
deficits are particularly detrimental to music listening, where accurate pitch
discrimination and spatial awareness contribute to the richness of the expe-
rience. Hearing technologies attempt to address some of these limitations.
Hearing aids, for instance, employ automatic gain control to compensate for
elevated thresholds and use directional microphones to improve signal-to-
noise ratio in complex listening environments. However, these strategies do
not effectively restore the auditory abilities required for music appreciation.
Similarly, CIs incorporate automatic gain control but are constrained by a
reduced dynamic range intrinsic in the device’s technology, which limits their
ability to convey the subtle nuances of musical expression. Furthermore, cur-
rent spread along the cochlea—where electrical stimulation activates broader
regions than intended-compromises frequency selectivity. This phenomenon
makes it difficult for users to distinguish closely spaced pitches, resulting in
poor pitch perception. Reported consequences include difficulty identifying
melodic contours, recognizing harmonic structures, and detecting consonance
and dissonance. Despite these limitations, rhythm perception tends to remain
relatively intact, suggesting that temporal processing is less affected by the
anatomical constraints of HL and cochlear implantation.

Beyond anatomical limitations, individuals with HL encounter a range of
perceptual and psychosocial challenges that influence their musical experi-
ences. Even though the value of music remains undiminished, their ability to
engage with it meaningfully is often compromised. Several factors influence
music perception in this population, including the etiology of HL, the degree
of residual hearing, the duration of auditory deprivation, and individual cog-
nitive and physiological differences [4]. These variables interact to determine
how music is perceived, interpreted, and enjoyed. Although HAs can enhance
access to musical sounds, they do not fully restore the richness of the expe-
rience to the level enjoyed by TH individuals [8]. Moreover, the subjective
music enjoyment tends to decline as HL becomes more severe [8]. For users
of ClIs, the limitations of the device can even result in music having a negative
impact on overall QOL [4]. Interestingly, despite these perceptual challenges,
many CI recipients continue to regard music as an important and meaningful
aspect of life [4], underscoring the resilience of music’s emotional and cultural
significance.

In a UK-based study by Greasley et al. [62] involving both HA users and
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audiologists, 58 % of HA users reported never having discussed music listening
with their audiologist. Additionally, half of the audiologists indicated that
they initiated such conversations with only one in five patients or fewer. A
larger proportion-72%-noted that fewer than one in five patients raised the
topic themselves. These findings highlight the rarity of music-related dialogue
in clinical settings and the inconsistent approaches to programming HA for
music. The study also revealed that even minimal exposure to training-such as
attending a single professional development session or conference—can posi-
tively influence clinical practice by increasing audiologists’ confidence and the
likelihood of tailoring HAs for music. Among the most frequently cited chal-
lenges were difficulties with pitch perception, restricted dynamic range, and
reduced lyric clarity, making music listening problematic for approximately
two-thirds of participants.

Adult CI users often report that their musical experiences have improved
following implantation, particularly in terms of access and clarity. How-
ever, many still find music listening to be disappointing [40], suggesting that
technological improvements alone are insufficient. This dissatisfaction high-
lights the need for personalized interventions and comprehensive clinical
assessments that address both perceptual and emotional dimensions of music
engagement [4]. Commonly cited challenges include the complexity and fa-
miliarity of musical material, with background music frequently described as
a barrier to effective communication [56]. When listening demands exceed
an individual’s auditory capacity, such situations may become overwhelming,
leading to withdrawal from social and musical activities. To counteract these
effects, rehabilitation and counseling strategies should consider the listener’s
problem-solving orientation and motivational factors that promote active en-
gagement. Social connection, cultural relevance, and personal preference in
musical content can serve as powerful motivators [56]. Additionally, research
has shown that musical training may enhance auditory processing under
challenging conditions. Musicians, for example, outperform non-musicians in
speech perception tasks involving two-talker maskers and demonstrate more
efficient lexical decision-making in noisy environments [73], suggesting that
musical expertise can confer cognitive advantages in complex auditory scenes.

A comprehensive systematic review by Bleckly et al. [16] further empha-
sizes the scope of these challenges. Analyzing 131 studies, the authors found
that research on music and HL in adults predominantly focuses on perceptual
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accuracy, especially among CI users. Pitch, timbre, and melody recognition
emerged as the most problematic domains, while rhythm perception remained
relatively preserved. Despite this, overall musical fidelity was found to be poor.
Crucially, the review identified a significant gap in the literature: few studies
address music appreciation, emotional engagement, or active participation,
even though music is widely recognized for its psychosocial and cultural im-
portance. This narrow focus limits the development of holistic rehabilitation
strategies. The authors conclude that while hearing devices are effective in
restoring speech perception, they fall short in restoring music perception,
which can negatively affect emotional well-being and social connectedness.
Given that CIs and HAs are primarily optimized for speech, music percep-
tion remains significantly degraded. The review calls for future research to
explore the broader psychosocial role of music, develop targeted rehabilitation
programs, and improve device technology to enhance musical fidelity.

Improving the music experience for individuals with HL has long been a
challenge, due to the complex interplay between anatomical factors, music
perception, and technological limitations. Given that each individual is, by
definition, unique also in their hearing profile, solutions that are effective for
one person may not be suitable for another. Researchers and clinicians have
identified training as a potential key to enhancing the music experience for
people with HL. Section 2.3.2 provides a comprehensive overview of training
programs and their efficacy.

2.1.7 Emotion Recognition Abilities

An important element of the social context is the capacity to perceive and
interpret emotions conveyed through speech. This ability is crucial for success-
ful communication and social engagement, as it allows individuals to respond
appropriately to others’ emotional states. In this PhD project, this topic is
particularly interesting, as the vocal emotion recognition shares many acoustic
features with music perception.

Vocal emotion communication is primarily conveyed through systematic
variations in pitch, represented by fundamental frequency (F), as well as
loudness, voice quality, and timing. High-arousal emotions such as anger,
fear, and happiness typically exhibit elevated Fy and intensity, whereas sad-
ness is characterized by lower values [72]. Additional cues—such as high
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frequency energy, formant shifts, and speech rate—signal vocal tension or
relaxation, further differentiating emotional states. These cues combine into
emotion-specific acoustic patterns that allow listeners to infer both the type
and intensity of emotions [72]. Without the use of HAs, individuals with HL
face challenges in discerning these critical acoustic cues, leading to difficulties
in accurately perceiving and interpreting vocal emotional content in speech
and nonverbal vocalizations [42]. Even with assistive devices, the performance
of individuals with HL in vocal emotion recognition tasks remains inferior
to that of TH individuals [42]. Adults with bilateral HAs have been shown
to exhibit lower identification accuracy and longer reaction times to vocal
emotional stimuli compared to their TH peers [27]. Unsurprisingly, difficulties
in recognizing vocal emotions are also experienced by CIs users. Vocal emo-
tion recognition is impaired in both adults [134] and children with CIs [67].
These challenges extend to emotion recognition in music, where both CI and
HA users rely more on tempo information than on Fy or harmonic content
to identify emotions [96]. Furthermore, congenital HL has been found to
exert a more detrimental impact than acquired HL on emotion recognition
in music [96]. Music exposure during early developmental stages with TH
appears to facilitate the acquisition of emotion recognition skills in music,
which persist even after the onset of HL [96].

Literature suggests that age is one of the strongest correlates of vocal
emotion recognition ability in speech. In TH individuals, these abilities sig-
nificantly improve with age, showing increased accuracy and more nuanced
attribution of emotions in prosody from childhood to adolescence, even when
the stimuli are linguistically meaningless [44]. A recent study by Rachman
et al. [112] found that children with HL also exhibit developmental improve-
ments, although these are less pronounced than in their TH peers. Notably,
performance did not significantly differ between the two groups until the age
of eight, with some individuals performing at age-typical levels and others
falling below expectations—even at chance levels. Further complicating the
picture, neither aided nor unaided hearing thresholds were found to predict
vocal emotion recognition performance [112]. The authors hypothesize that
additional factors—such as cognitive abilities, early auditory exposure, and
language experience-may have had an effect on these outcomes. This high-
lights the high degree of variability among individuals and underscores the
importance of considering individual differences when assessing vocal emo-
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tion recognition abilities in children with HC. In this complex context, the role
of screening and targeted interventions using ad-hoc tools becomes crucial in
supporting children with HL in developing their vocal emotion recognition
skills.

2.2 Multisensory Integration

Everyone perceives the world not through a single sensory modality, but by
integrating information from multiple senses. For example, when analyzing
the characteristics of a fruit, we use sight to observe its color and shape, smell
to detect its aroma, touch to assess its temperature and texture, and taste
to experience its flavor. Unless we are particularly attentive, we typically
integrate two or more senses to form a holistic experience without consciously
realizing it. This process of combining information from different sensory
modalities is known as multisensory integration, and it is fundamental for the
brain to construct a coherent representation of the external world.

Multisensory integration is crucial for various cognitive functions, includ-
ing perception, attention, learning, and memory. By integrating inputs from
multiple senses, the brain enhances the accuracy and reliability of its interpre-
tations, leading to improved decision-making and adaptive behavior [100]. It
also helps resolve ambiguities that may arise from relying on a single sensory
modality, thereby enriching the overall perceptual experience [100].

One of the pioneering studies in this field was conducted by Stein and
Meredith [124]. They demonstrated that when inputs from different modalities
are spatially and temporally aligned, the resulting neural response is often
greater than the sum of its parts—a phenomenon known as superadditivity.
This enhancement is not arbitrary; it follows specific principles, such as the
spatial rule (stimuli must originate from the same location) and the temporal
rule (stimuli must occur close together in time). These rules ensure that the
brain prioritizes signals likely to originate from the same external event. The
authors also showed that these integrative processes are reflected in behavior
and that multisensory integration develops through experience. This behav-
ioral relevance is further illustrated by findings that congruent environmental
sounds can enhance memory for object locations—even when those sounds
lack explicit spatial cues—highlighting the role of associative mechanisms in
strengthening visual memory through multisensory input [88]. Early in life,
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the brain learns to associate sensory inputs based on their co-occurrence, grad-
ually refining its integrative capabilities [124]. This developmental perspective
provides insight into how multisensory processing can be shaped, disrupted,
or enhanced across the lifespan.

Multisensory integration doesn’t happen in just one part of the brain or
follow a single pathway. A recent review by Gao et al. [54] combined data
from 121 brain imaging studies and found that audiovisual integration uses
a wide network of regions. These include early sensory areas, subcortical
structures like the thalamus, and higher-level association areas. Among these,
the superior temporal cortex stood out as a key hub, playing an important
role in coordinating multisensory processing. The study also showed that
integration changes depending on the situation-such as the type of analysis,
the complexity of the stimulus, and where attention is focused. This supports
a flexible model where integration can happen at different levels of the brain
depending on the task and sensory input. This view fits with the idea that
experience shapes multisensory integration and highlights the need to con-
sider both bottom-up and top-down influences when studying how the brain
combines information from different senses.

2.2.1 Touch and Sound

In this PhD project, the interaction between touch and sound is of particular in-
terest due to its potential applications in auditory rehabilitation and assistance
for individuals with HL. By leveraging the principles of multisensory integra-
tion just outlined, the auditory dimension may be enhanced through targeted
tactile feedback. To better understand the potential of this specific sensory
integration, it is essential to briefly examine the underlying mechanisms of
the somatosensory system.

The Somatosensory System

The somatosensory system, which processes tactile information, is a complex
network comprising various receptors in the skin, muscles, and joints, along
with neural pathways that transmit this information to the brain. The largest
organ of the somatosensory system—and of the entire body-is the skin [132].
The skin is divided into two main types: glabrous skin, which is hairless and
found on the palms of the hands and soles of the feet, and hairy skin, which
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covers the remaining part of the body. Glabrous skin is densely populated with
mechanoreceptors that are highly sensitive to tactile stimuli and commonly
targeted by haptic feedback devices, such as those used on the fingertips.
It is innervated by four primary types of mechanoreceptors: Merkel cells,
Meissner’s corpuscles, Ruffini endings, and Pacinian corpuscles [132], each
specialized to detect distinct aspects of tactile stimuli. The sensations arising
from the activation of these receptors contribute to our perception of touch
and encompass multimodal experiences such as light and deep touch, pressure,
vibration, itch, tickle, and other complex sensory blends [132]. Among the
various types of sensory input that can be delivered through the somatosensory
system, haptics represent the most general category. L. Jones defines haptics
as “[...] the sensory inputs arising from receptors in skin, muscles, tendons,
and joints that are used to derive information about the properties of objects
as they are manipulated” [15]. Within haptics, vibrations can be identified as
a specific type of tactile stimulus, with vibrotactile referring to the sensation
produced by applying vibrations to the surface of the skin [15].

Vibrotactile stimuli can convey various types of information, including fre-
quency, amplitude, duration, and temporal patterns—properties typically used
to describe sound. Depending on the frequency of stimulation, different sensa-
tions can be elicited. Low frequencies (up to 4-8 Hz) are typically perceived
as slow up-and-down movements, mid frequencies (up to 40-60 Hz) produce
fluttering or wobbling sensations, and higher frequencies are experienced as
buzzing or diffuse vibrations [84]. Russo et al. [116] investigated whether
humans can distinguish musical timbre using only vibrotactile input. Across
five experiments, participants received complex vibrations through a chair
equipped with voice coils and judged whether pairs of tones were the same or
different. The tones included real instrument samples (cello, piano, trombone)
and synthesized tones differing only in spectral centroid (brightness), with rig-
orous masking to eliminate auditory cues. Both hearing and deaf participants
performed well above chance, even when fundamental frequency, duration,
and amplitude envelope were controlled, indicating sensitivity to spectral
content. These findings suggest that frequency-tuned skin receptors function
similarly to auditory critical bands, filtering complex tones into components
and enabling tactile perception of timbre. This work highlights the potential of
vibrotactile feedback in assistive music technology, multimodal composition,
and communication systems for individuals with HCs.
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Interaction Between Touch and Sound

When comparing human tactile and auditory capabilities, several similarities
and key differences emerge. Merchel et al. [92] conducted a psychophysical
study comparing frequency discrimination in both modalities. They found
that while tactile and auditory systems share frequency-dependent perception
thresholds and similar temporal resolution, they differ markedly in frequency
range, dynamic range, and sensitivity to aging. Vibrotactile perception is
restricted to lower frequencies and exhibits a steeper growth in perceived
intensity with level, whereas auditory perception spans a broader range and
offers greater dynamic flexibility. The highest perceivable frequency is still
debated, since previous studies report values up to 1 kHz [92], but most
recent literature highlights a limit around 2 kHz [25]. Age-related decline
affects both systems but is more pronounced in the tactile domain at higher
frequencies, potentially reducing the effectiveness of vibrotactile feedback
for older users. Additional differences include masking effects, frequency
discrimination, and spatial localization—critical factors for designing effective
auditory-tactile systems. For example, the auditory just noticeable difference
in frequency (JNDF) for sounds longer than 200 ms is typically below 1 Hz at
low frequencies and increases with frequency, whereas tactile JNDF ranges
from 4 to 100 Hz across 20-250 Hz, with some variability detected across
studies. The highest sensitivity for hearing occurs around 2-5 kHz, while
tactile sensitivity varies depending on the body location [84, 92], with wrist
peak sensitivity near 160 Hz [31], and hand (thenar eminence, i.e. under the
thumb) around 250 Hz [133]. These findings underscore the need to account
for modality-specific characteristics when developing multisensory systems
integrating touch and sound.

Considering the applications of touch-sound integration, several studies
have demonstrated the potential benefits of combining these modalities across
various auditory tasks. One of the most extensively investigated areas is speech
intelligibility, where tactile cues have been shown to enhance speech com-
prehension [29, 63, 117, 128]. Additionally, vibrotactile stimulation has been
found to improve pitch perception [86], timbre recognition [116], and localiza-
tion abilities [61]. Beyond perceptual enhancements, tactile feedback has also
been shown to increase immersion in virtual environments and multimedia

experiences [122]. These findings underscore the versatility and effectiveness
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of touch-sound integration in augmenting auditory perception and experience
across a range of contexts.

Another body of literature has focused on the mechanisms underlying the
interaction between sound and touch. Crommett et al. [34], for instance, inves-
tigated how auditory adaptation influences tactile frequency discrimination.
They found that adapting to an auditory stimulus improved tactile frequency
discrimination when the auditory and tactile frequencies overlapped. This
crossmodal effect was feature-specific, as adaptation to a particular auditory
frequency enhanced tactile discrimination only within that frequency range,
suggesting shared neural mechanisms for processing frequency information
across modalities. In another study, Crommett et al. [33] explored how au-
ditory frequency sweeps affect tactile judgments of sweep direction. They
demonstrated that auditory sweeps biased tactile perception in a manner de-
pendent on the depth of the auditory sweep, with stronger biases observed for
deeper sweeps. Notably, this effect was absent when the auditory and tactile
stimuli occupied non-overlapping frequency ranges, and intensity sweeps
did not produce similar effects, indicating that multisensory integration is
governed by feature-specific interactions rather than general decisional biases.
These studies highlight the intricate neural interplay between auditory and
tactile systems, emphasizing their functional coupling in encoding temporal
frequency information.

Building on this line of research, Darki et al. [36] examined how tactile
stimulation influences auditory stream segregation, a fundamental process
for parsing complex acoustic scenes. Through psychophysical experiments
and computational modeling, they demonstrated that vibrotactile pulses syn-
chronized with a single tone sequence (either high or low frequency tones)
in an interleaved auditory pattern enhanced perceptual segregation, whereas
pulses aligned with both tone sequences promoted integration. Their neu-
romechanistic model suggests that tactile input modulates tonotopic responses
in the auditory cortex, sharpening contrast when paired with one tone and
smoothing activity when paired with both. These findings reveal that tem-
poral alignment of tactile cues can dynamically bias auditory organization,
highlighting a spatiotemporal mechanism of multisensory integration with po-
tential applications in assistive technologies for improving speech perception
in noisy environments.
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2.2.2 Vibrotactile Technology

To complete this brief overview of the multimodal interaction between sound
and touch, it is essential to highlight some technical aspects and practical
implications that support the theoretical and experimental findings discussed
thus far. A moderate but growing body of research focuses on designing and
developing prototypes that integrate touch and sound to enhance auditory
experiences. These prototypes often employ vibrotactile actuators to deliver
tactile feedback accompanied with auditory stimuli, aiming to improve or

complement various aspects of sound perception.

Actuators’ Overview

Kim et al. [77] describe the most common actuator technologies used in this
context. Electromagnetic actuators are widely adopted due to their simplicity,
versatility, and ease of integration. Two common types are eccentric rotating
mass (ERM) and linear resonant actuator (LRA). An ERM consists of a DC
motor with an off-center mass attached to its shaft; when activated, the rota-
tion of this mass generates centrifugal forces that produce multidirectional
vibrations on the skin. Although ERM actuators can deliver strong vibrations,
their torque and speed are coupled, limiting independent control of amplitude
and frequency and resulting in a narrow optimal frequency band. In contrast,
LRA devices operate using voice coils and magnets suspended on springs,
similar to loudspeakers. These actuators generate linear vibrations normal to
the skin and allow more precise control over amplitude and frequency within
a resonance bandwidth. Beyond electromagnetic designs, other technologies
include piezoelectric actuators, which deform under applied voltage to produce
high frequency vibrations; electrostatic actuators, suitable for thin and flexible
interfaces; pneumatic systems, which use air pressure for tactile stimulation;
and shape memory alloys, which exploit phase changes to generate motion.
Each technology offers distinct mechanical characteristics and interaction
dynamics with the skin, influencing haptic performance and perceptual out-
comes. Paisa et al. [102] found that the two most commonly used actuators
in auditory-tactile for applications targeting individuals with HL are ERM
and LRA. From their review, we can also notice that the most targeted body
locations for delivering vibrotactile feedback are the fingers, hands, and the
wrist, likely due to their high tactile sensitivity and ease of access, and the
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preferred amount of actuators for these locations is low, spanning from one to
six. These findings are also consistent with the overview provided by Flores
Ramones et al. [48].

Mappings

A fundamental aspect of designing effective auditory-tactile systems is the
selection of appropriate vibrotactile signals. In the context of multimodal
integration between touch and sound, the term “mappings” is commonly used
to describe the relationship between auditory features and tactile stimuli, or
in other words how the auditory stimuli are translated to vibrations (and
vice-versa). Effective mappings are essential to ensure that tactile feedback is
intuitive and enhances the auditory experience.

One of the simplest approaches, particularly common in earlier work, is the
so-called “pitch-to-position” mapping, which involves a spatial arrangement
of multiple actuators to represent different pitch levels [102]. This method
has been utilized in different studies, such as the one by Karam et al. [74],
where they reproduced the tonotopic organization of the human cochlea (see
Section 2.1.1) using an array of eight voice coil actuators embedded in a chair.
They are arranged so that low frequencies are provided near the lower back and
high frequencies near the upper back. Two mapping strategies are employed:
one divides the audio into bands, such as octaves, and assigns each band to a
specific vibrotactile channel; the other uses separate instrument tracks when
available. This design preserves timing and spatial cues, reduces masking
effects, and enhances tactile resolution, enabling users—especially those who
are Deaf and Hard of Hearing (D/HOH)-to perceive emotional aspects of
music through touch. On the other hand, more actuators increase hardware
complexity and costs, so a balance must be struck between perceptual benefits
and practical constraints.

A more articulated approached from a DSP point of view, is the one pro-
posed by Fletcher et al. [45], where a they use a tactile vocoder that transforms
speech signals into vibrotactile patterns optimized for the skin’s sensitivity
range. The process begins by filtering the audio into multiple frequency bands
using a filterbank. For each band, the amplitude envelope is extracted and op-
tionally enhanced through multi-band expansion to emphasize salient speech
cues such as formants and rapid onset changes. These envelopes then modu-
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late the amplitude of a set of fixed-phase vibrotactile carriers, each tuned to
distinct low frequency tones suitable for tactile perception. This mapping pre-
serves temporal dynamics and distributes spectral information across several
tactile channels, aiming to improve phoneme discrimination and robustness in
noisy environments while remaining computationally efficient for real-time
wearable devices [45].

Another mapping approach utilizes a double-sideband suppressed carrier
(DBSC) modulation scheme proposed by Park and Choi [64]. In this method,
the audio signal is used to modulate the amplitude a high frequency carrier
signal, which is then delivered to a single vibrotactile actuator. This technique
allows the tactile system to convey complex auditory information through
variations in vibration intensity, potentially enhancing the perception of pitch.

Other complex mappings have been explored over the years however, in
many cases, no signal processing is applied to the sound signal before it is
transmitted to the actuators [102]. One notable example of sound signal to
vibrotactile feedback is the study by Fontana et al. [49], where bass guitar
notes were recorded and paired to form melodic intervals classified as unison,
consonant, or dissonant. These audio signals were reproduced as vibrations
using tactile transducers mounted on a chair and a floor platform. The original
notes were converted into vibrotactile stimuli without additional processing,
preserving their timing and pitch differences. Interestingly, the study proved
that users could distinguish between consonant and dissonant intervals in a
similar manner as happens with the auditory channel, with consonant intervals
generally easier to identify than dissonant ones [49].

Among the various approaches to designing mappings, Aker et al. [6]
sought to identify which audio-tactile congruences are most important for
enhancing music listening experiences through vibrotactile stimulation. They
found that, in individuals with TH, congruence in intensity and timing between
auditory and tactile stimuli is crucial for enhancing music perception; when
disrupted, it can significantly reduce the perceived quality of the auditory
stimulus. In a more recent study, Aker et al. [5] demonstrated that while TH
listeners consistently preferred music accompanied by haptic stimulation con-
gruent in timing and intensity, only a subset of CI users shared this preference.
The variability in responses suggests that factors such as tactile sensitivity,
musical experience, and individual perceptual integration influence the degree
of benefit. Notably, congruent timing and intensity were more impactful than
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frequency congruence, underscoring the need for personalized and adaptable
haptic systems. These findings highlight the potential of multisensory ap-
proaches in auditory rehabilitation while also emphasizing the complexity of
designing universally effective vibrotactile music devices.

2.2.3 Vibrotactile Feedback and Hearing Loss

After exploring the hearing system and the challenges posed by HL in Sec-
tion 2.1, and reviewing the fundamentals of multisensory integration and the
interaction between touch and sound in Section 2.2.1, we can now examine
how vibrotactile feedback can assist individuals with HL.

Vibrotactile feedback has been investigated for decades as a means of sup-
porting communication and perception in this population. One of the earliest
notable examples is the Tickle Talker™, introduced in the 1980s [32]. This
system consisted of a lavalier microphone, a handset, and a speech proces-
sor. The handset featured eight electrodes arranged in four rings, positioned
to align with the digital nerve bundles along the sides of the fingers. Users
received information through electrocutaneous stimulation of these nerve
pathways, enabling the development of a tactile-only vocabulary through train-
ing [52]. Interestingly, the original Tickle Talker™ processor was derived from
the first-generation Nucleus 22-channel cochlear implant processor [52, 53],
highlighting technological parallels in the way sound has been mapped to
tactile stimuli and the tonotopic approach used in CIs. Today, research has
shifted toward vibrotactile motors rather than electrocutaneous stimulation,
making vibrotactile feedback the primary method for conveying tactile infor-
mation [48].

In general terms, vibrotactile feedback is being explored as a means to
enhance aspects of auditory perception compromised by HL. As discussed
in Section 2.2.2, the hands and fingers are the most common target locations
for delivering vibrotactile stimulation, which explains why many early pro-
totypes focused on these areas. For example, Shin et al. [118] introduced a
vibrotactile glove that encodes musical tones into tactile patterns using nine
motors spanning three octaves (C3-B5). Nine CIs and HAs users trained over
ten sessions with programs for tactile tone learning, sing-a-tone, and melodic
singing. Post-training results showed significant improvements in interval
pitch discrimination, melodic perception, and singing accuracy, with average



36 Chapter 2. Background

interval deviation reduced from 6.39 to 1.5 semitones. Participants reported
increased confidence and enjoyment, though challenges remained in recog-
nizing complex tactile tones and fast melodies. The study underscores the
potential of multisensory integration for auditory rehabilitation and music
accessibility, suggesting future improvements in tactile encoding and visual
feedback design.

Other studies with comparable prototypes have pursued different goals,
such as enabling deafblind individuals to comprehend speech in real time [57],
exploring audio-tactile mappings [141], or activating emotional processes dur-
ing audio-visual events for individuals with HL [9]. Fletcher and Zgheib [47]
proposed a signal-processing strategy that converts audio signals into vibro-
tactile stimulation on the wrists to improve spatial hearing without bilateral
implantation. Their study involved 32 participants with normal tactile percep-
tion showed that a trained group achieved a root-mean-square localization
error of 22.6°, outperforming unilateral and bilateral CI users and matching
bilateral hearing-aid performance. The approach relied on interaural level
difference (ILD) cues delivered via multi-band dynamic-range compression
and wrist sensitivity correction, with training benefits generalizing across
stimuli and being most pronounced for central sound sources.

Alternative approaches to delivering vibrotactile feedback through wear-
able devices involve embedding actuators in furniture, enabling users to ex-
perience tactile stimulation through contact with surfaces such as chairs or
sofas. Fletcher et al. [46] demonstrated that vibrotactile stimulation applied
via chair armrests can enhance spatial perception, with participants integrat-
ing spatial information from auditory and tactile cues more effectively when
both modalities were combined than when either was used alone. A notable
example of furniture-based tactile stimulation is the Model Human Cochlea,
already mentioned in Section A.10 [74]. This system supports a wide range of
audio-tactile applications: for instance, the it has been employed to improve
timbre perception in CI users [116] (see the end of Section 2.2.1 for overview
of the study) and to deliver immersive musical experiences [75]. Another
example of furniture-based vibrotactile technology is presented by Jack et
al. [69], who designed and developed a suite of audio-tactile furniture for
music listening targeted at Deaf users and designed in collaboration with
a Deaf arts charity. Other examples include the kalimba-inspired wooden
bed by Sierra et al. [121] for individuals with HL and the set of vibrotactile
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installations by Marozeau [89], which allow users to experience music through
furniture. The museum installations featured full-body immersion platforms,
chairs with frequency-specific resonance, and interactive structures such as
a vibrating flower, tree, and spiral. The music was composed specifically for
these installations, and audience feedback was collected during concerts at
the Museum of Art and History in Geneva.

The use of vibrotactile feedback for individuals with HL does not solely
imply positive outcomes and is not without challenges. Most studies conducted
so far are exploratory in nature and have not been validated through clinical
trials, large-scale studies, or in ecologically valid settings [102]. Consequently,
they often provide interesting insights, but their results are based on a small
number of subjects or on participants with TH [102]. In addition, most designs
and solutions proposed in the literature, while innovative, often fall into the
category of assistive devices that make users stand out and may therefore
lead to social stigma [119]. The aesthetics and form factors have a significant
impact on the acceptance and adoption of assistive technologies [119], yet
they are frequently overlooked due to the early stage of development or a
primary focus on technical performance.

In summary, vibrotactile feedback has demonstrated significant potential
for enhancing auditory perception and experience in individuals with HL. A va-
riety of prototypes, ranging from wearable devices to furniture-based systems,
have been developed to provide vibrotactile stimulation that complements
auditory input. These technologies exploit principles of multisensory integra-
tion and perception to improve speech intelligibility, pitch perception, spatial
hearing, and overall music enjoyment. As research in this area continues to
advance, further developments are expected to enhance both the effectiveness
and accessibility of vibrotactile feedback for auditory rehabilitation.

2.3 Training

Since birth, humans continuously acquire knowledge, and one of the most
common mechanisms for learning is training. According to the Oxford Dic-
tionary of Education [135], training is defined as instrumental in preparing
the learner for a specific task, job, or profession. It is often contrasted with
education, which serves a broader developmental purpose. In the context of
hearing, training has been investigated as a method to improve auditory skills
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and listening abilities in individuals with HC. In this section, we will explore
the concept of training in the context of hearing, focusing on three main areas:
auditory training 2.3.1, music training 2.3.2, and auditory-verbal therapy 2.3.3.

2.3.1 Auditory Training

“Auditory training can be defined as a purposeful and systematic
presentation of sounds such that listeners are taught to make
perceptual distinctions about those sounds” [101].

Auditory training is a structured approach to enhance auditory skills, par-
ticularly for individuals with HC with the goal to increase communication
abilities. Literature shows that it can be beneficial for improving communi-
cation and cognitive skills when AT is offered along with HA fitting [125] or
cochlear implantation [39].

Auditory training involves various techniques and strategies designed to
improve auditory skills and listening abilities in individuals with HC. This can
include activities such as sound discrimination, auditory memory exercises,
and listening in noise. Recent studies on AT for individuals with HL have inves-
tigated a range of approaches and outcomes. Intensive auditory and cognitive
training protocols—particularly when combined with sensory rehabilitation
and HAs—can improve auditory communication skills, although long-term
benefits remain inconsistent [125]. Evidence for AT in post-lingually deafened
adults with CI is promising, especially for nonsense word training, which
has shown improvements in sentence recognition in noise. However, further
high-quality research is needed to identify the most effective training methods
for specific auditory outcomes [21].

2.3.2 Music Training

Recent research highlights the effectiveness of music-based AT in enhancing
auditory and cognitive functions in individuals with hearing impairments,
particularly those with mild cognitive impairment [103]. Home-based musical
rehabilitation for adolescents and adults has shown promising results in im-
proving the QOL of CI users, supporting its potential integration into routine
audiological care [50]. Music perception training programs have been found
to enhance the recognition of tonal and emotional aspects of speech, indicat-
ing improved processing of spectrally rich auditory signals. Across various
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studies, musical interventions have consistently improved timbre discrimi-
nation, music appreciation, and emotional prosody perception, with socially
interactive modalities yielding particularly strong cross-domain benefits [2].
Also, auditory music training has been shown to enhance musical perception,
with effects influenced by factors such as age, training duration, and type of
hearing device [120].

In pediatric populations, younger CI users tend to benefit more from AT
than older children, likely due to greater neural plasticity [2]. Moreover, the
impact of music training varies with age, intervention duration, and type of
hearing device, with children exhibiting significantly greater improvements
than adults, reinforcing the role of neuroplasticity in auditory rehabilita-
tion [120]. In addition to traditional auditory rehabilitation, music training
has been identified as a beneficial supplementary approach. Among different
musical activities, singing has emerged as the most effective for improving
rhythm, pitch, and harmony perception, followed by instrumental play and
passive listening [1]. It enhances the perception of music and emotional speech
prosody, contributing positively to auditory and linguistic outcomes following
cochlear implantation [60]. Musical education is proposed to foster general
auditory processes such as attention and perception, which in turn support
broader cognitive and linguistic development [114]. Even modest engage-
ment in music training has been shown to yield improvements in both music
and speech perception, reinforcing its value as a complementary habilitation
strategy for children with HL [82]. Beyond auditory and linguistic benefits,
music training also appears to positively influence psychosocial well-being
and QOL in children with HL [83]. Given their increased vulnerability to
poorer psychosocial outcomes, participation in group-based musical activities
offers a promising avenue for holistic support [83].

2.3.3 Auditory-Verbal Therapy

The formal definition of AVT describes it as a specialized educational approach
aimed at supporting children with HCs in developing spoken language skills.
It prioritizes auditory input and verbal communication over sign language to
facilitate language acquisition, regardless of the degree of hearing impairment
or the type of hearing device used [137]. Auditory-verbal therapy is recognized
as a family-centered, evidence-based practice with clearly defined and measur-
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able goals. The activities conducted during AVT sessions include parent-child
interactions, auditory discrimination tasks, and language modeling techniques
to enhance listening skills and spoken language development. These sessions
are typically scheduled once a month and serve as training for parents (and
children) to enable them to carry out the exercises at home. Intervention
is delivered by speech and language pathologists who are either certified
auditory-verbal practitioners or have completed the three-year training pro-
gram offered by the AG Bell Academy for Listening and Spoken Language [137].
Thanks to this program, Danish children with hearing loss born after 2012
represent a population with optimal conditions for achieving high levels of
functional hearing, enabling participation in the hearing world [76]. Recent
studies have shown that children with HC undergoing AVT have the potential
to develop foundational language skills within the typical range and exhibit
strong social well-being [137]. Wischmann et al. [137] further emphasize that,
with high-quality technical and educational support, these children can be
fully integrated into their local hearing communities. The positive outcomes
of such interventions suggest that children with HC not only improve their
language abilities but also achieve levels of social well-being comparable to
their peers with TH [65], displaying similar emotional and behavioral profiles
as well as social strengths [138]. Nevertheless, some children may continue
to face challenges related to specific aspects of their HL, particularly in tasks
requiring complex auditory processing, such as sound localization or music
perception. These difficulties are often observed by parents and therapists
working closely with the children.

Accordingly to Estabrooks et al. [43], the principles of AVT emphasize
early identification and intervention for children with hearing impairment,
advocating prompt audiologic management and the use of advanced hearing
technologies to maximize auditory input. Central to this approach is the active
involvement of parents, who are guided to become primary facilitators of their
child’s listening and spoken language development through individualized
therapy and consistent engagement. The therapy promotes hearing as the pri-
mary sensory modality for language acquisition, encouraging the integration
of listening and spoken language into all aspects of daily life. Developmen-
tal patterns of audition, speech, language, cognition, and communication are
leveraged to support natural learning, with ongoing diagnostic assessments en-
suring tailored treatment plans and progress monitoring. Ultimately, the goal
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is to enable children to thrive in mainstream educational settings alongside

their hearing peers, supported by appropriate services.

2.4 Gamification and Serious Games

Playing games is a natural activity for children and one of the most effective
ways for them to learn and explore the surrounding world. It positively
influences mental and social development, contributing to good psychosocial
health [59] and facilitates skill acquisition [28]. For these and more reasons,
the principles of gamification have been adopted in educational contexts to
enhance the training experience [19, 115], promoting positive emotions and
skill development, often associated with virtual or physical rewards while
performing a given task [19]. The main characteristic of this approach is the
incorporation of game elements to promote motivation, engagement, and
stimulate individual behavior in environments, products, and services that do
not primarily focus on games [19, 28].

A formal definition of gamification is provided by Deterding et al. [38]:
“the use of game design elements in non-game contexts”. They highlight three
key aspects of this definition: the focus on design elements rather than full
games, the application in non-game contexts, and the emphasis on gameful-
ness (structured, goal-oriented experiences) rather than playfulness (freeform,
exploratory interaction). Gamification components can include interface pat-
terns (e.g., badges, leaderboards), mechanics (e.g., time constraints, limited
resources), design principles (e.g., clear goals, enduring play), models (e.g.,
GameFlow), and methods (e.g., playtesting, value-conscious design) [38]. The
related concept of serious games is defined by Valenza et al. [130] as games de-
signed for a primary purpose other than pure entertainment-a mental contest
played with a computer according to specific rules, which uses entertainment
to achieve other objectives. The distinction between gamification and serious
games is therefore subtle, making it difficult to establish a clear boundary [38].
In this work, both gamification and serious games are very relevant to the con-
text of AT for children with HL, as they can enhance engagement, motivation,

and learning effectiveness.



42 Chapter 2. Background

2.4.1 Gamification and Auditory Training

In the context of this PhD project, gamification plays an important role in
developing engaging and effective AT tools for children with HL. Gamification
has been successfully applied in various fields, including education and health-
care [28, 38], demonstrating its potential to enhance learning outcomes and
improve user engagement. A recent example is the study by Xiang et al. [140],
which demonstrates the efficacy of gamified AVT for 31 preschool children
with hearing impairments, particularly during intermediate and advanced
stages of rehabilitation. The study introduces a custom-designed digital game
that integrates multimodal interaction, real-time feedback, and narrative ele-
ments to enhance engagement and learning outcomes. Empirical results show
that gamification significantly improves auditory memory, articulation, and
expressive language skills, especially in children at the intermediate stage,
while also providing a more enjoyable and motivating experience compared to
traditional therapy. These findings underscore the potential of stage-specific
gamified interventions to complement professional AVT and support person-
alized rehabilitation strategies.

Other examples of gamified AT applications for children with HL is the
work from Cano et al. [22], where they introduce a serious game that integrates
physical and digital interfaces to foster engagement and learning in children
with HL. The game combines a physical board with a mobile application,
utilizing QR codes and vibrotactile feedback to enhance interaction. The
qualitative study involving seven children aged 7 to 11 from the Institute for
Deaf and Blind Children in Colombia demonstrated increased motivation,
collaboration, and gradual improvement in computational thinking skills such
as problem-solving, reasoning, planning, and communication. The findings
suggest that serious games, when designed with inclusive methodologies
and multimodal interaction, can effectively support cognitive development in
children with specific needs [22].

Mobile games have been also recently investigated, aiming for the integra-
tion of gamification into AT for CI users, aiming to enhance engagement and
perceptual learning. The study by Zhou et al. [147] introduces MOGAT (Mobile
Games with Auditory training), a mobile-based system designed to improve
musical auditory habilitation for pre-lingually deafened children with cochlear
implants. Unlike traditional AT focused on speech, MOGAT targets pitch per-
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ception and production, which are critical for music perception but challenging
for CI users. The system comprises three interactive games: Higher Lower for
pitch interval discrimination, Vocal Matcher for single-pitch production and
breath control, and Ladder Singer, which integrates pitch, lyrics, and visual
cues to guide melody singing. A cloud-based web service complements the
games, enabling teachers to monitor progress, provide feedback, and personal-
ize training remotely. Development was informed by a pilot study comparing
CI and TH children, which revealed significant deficits in pitch perception
and intonation among CI users. A two-week user study with 15 CI children
demonstrated statistically significant improvements in pitch discrimination,
pitch matching speed, and melody singing accuracy, alongside high ratings
for enjoyment, motivation, and usability (> 4.3/5). Teachers also reported
positive experiences with the web platform for managing habilitation. Overall,
MOGAT represents the first integrated mobile solution for music-focused AT
in CI children, offering an engaging, cost-effective, and scalable approach to
complement conventional therapy.

Garadat [55] developed and beta-tested SoundScapel and SoundScape2,
two smartphone-based serious games designed for adult CI recipients. These
games, based on the infinite runner genre, target early auditory skills—sound
detection and discrimination—using structured, repetitive exercises. The de-
velopment followed a participatory action research framework across three
phases, involving iterative design improvements and user feedback. Final eval-
uations with 51 participants revealed high satisfaction (> 90%) with features
such as graphics, feedback, and training mode, indicating strong usability and
motivational potential for self-directed rehabilitation. In contrast, Cetinkaya
et al. [91] focused on preschool children (ages 3-5) with prelingual HL, creating
World of Sounds, a mobile application comprising four games—Crucible Sound,
Mole Hunting, Find the Sound, and Choo-Choo-targeting auditory awareness,
discrimination, recognition, and comprehension. Usability testing with 40 chil-
dren (20 CI users, 20 TH) and their parents demonstrated high ratings for ease
of use, motivation, and design, while performance analysis showed CI users
achieving success primarily at easier levels. Positive correlations between
game scores, duration of CI use, and developmental measures underscore the
app’s developmental appropriateness. Collectively, these studies highlight
gamified AT as a promising adjunct to traditional rehabilitation, offering ac-
cessible, engaging, and customizable tools to improve auditory skills in both
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adults and children with cochlear implants.

2.4.2 Games and Haptics

When playing on gaming consoles such as PlayStation or Xbox, it is hard not
to notice that these devices provide vibrotactile feedback through their con-
trollers, specifically via actuators that convey synchronized vibrations to the
players’ hands. This feature has been shown to effectively enhance immersion
and engagement [51]. It represents one of the most evident examples of haptic
feedback in gaming and has been widely adopted by console manufacturers
over the decades. More advanced approaches have also been explored, such
as systems with six degrees of freedom that incorporate force and torque
to deliver more realistic haptic sensations to players [68]. A great body of
research focuses on the integration of haptic feedback in virtual reality (VR)
gaming to enhance user experience and immersion, since the VR environment
primarily relies on visual and auditory stimuli [18].

Especially in the context of VR gaming, haptic feedback plays a crucial
role in enhancing the sense of presence and immersion within virtual envi-
ronments [70]. It has also demonstrated its effectiveness in delivering more
congruent experiences through multisensory integration and supporting reha-
bilitation for children with special needs [18]. Various haptic devices have been
developed for VR applications, including gloves, thimbles, belts, and vests that
provide tactile sensations corresponding to virtual interactions [3, 18, 20, 70].
These devices can simulate a wide range of sensations, from simple vibrations
to complex textures and forces, thereby enriching the gaming experience.

As introduced in Section 2.2.2, mappings between audio and haptic stimuli
can be employed to convey auditory information through tactile sensations.
This approach has been explored in gaming to enhance user experience and
accessibility. A notable example of mappings applied to haptic feedback in
games, is the work from Yun et al. [143], in which they present a real-time
system for generating selective and multimodal haptic effects from gameplay
sound to enhance user experience in video games. The proposed approach
employs a machine learning classifier based to determine whether a sound
event should trigger haptic feedback and to select the appropriate modality
among vibration, impact, or a combination of both. A user study comparing
the proposed method with state-of-the-art algorithms demonstrates significant
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improvements in adequacy, synchrony, and overall preference. Furthermore,
the integration of multimodal feedback enriches immersion, although user
preferences vary depending on context. This work establishes the first machine
learning-based, explicitly selective, and real-time sound-to-haptic conversion
framework, paving the way for more immersive and scalable haptic experi-
ences in interactive media.
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CHAPTER 3

Research Questions

3.1 Problem Area 1 - State-of-the-Art and Clinical
Needs

In order to address the overarching aim of this PhD project, an investigation
of the state of the art regarding the use of haptics for individuals with HC was
conducted, particularly in training and gamified contexts. This investigation
was guided by the following research questions:

Problem Area 1 - Research Questions

Q1.1 What is the current state of the art regarding the use of
haptics for individuals with hearing challenges, particu-
larly in training?

Q1.2 What are the needs and interests of the clinical profes-
sionals working with children with HL regarding the
use of tools and prototypes for the auditory training?
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Problem Area 1 lays the foundation for the following two Problem Areas,
as they propose practical solutions based on the identified gaps and needs.

3.2 Problem Area 2 - Vibrotactile Applications

The second problem area focuses on the design and development of vibrotactile
applications for children with HL, aiming to enhance their auditory experience
of music. The research questions guiding this area are as follows:

Problem Area 2 - Research Questions

Q2_1 How can vibrotactile feedback be effectively designed
and implemented to enhance the music experience for
children with HL?

Q2_2 What are the perceived benefits and challenges of using
vibrotactile applications among children with HL and
their caregivers?

3.3 Problem Area 3 - Training Tools

The last problem area aims to create specialized training tools that can support
the auditory development of children with HL. The research questions relevant
for this area are the following:

Problem Area 3 - Research Questions

Q3_1 How can these training tools be tested and evaluated
with children with HL in real-world settings?

0Q3_2 What are the outcomes of using these training tools in
terms of auditory skills, engagement, and overall user
experience among children with HL?



CHAPTER 4

Summary of Papers

The work conducted during this PhD project has been documented in six
research papers, each addressing different aspects of the research questions
outlined in Chapter 3. This chapter provides an overview of each included
paper, summarizing their motivation, methodology, key findings, conclusions,
and a small reflection regarding the project. Furthermore, two other additional
papers, which are not part of the PhD thesis, are included. These studies are
related to the research topic and were conducted by the author in collaboration
with other researchers during the same period. The full papers are presented
in Part II of this dissertation, while this chapter serves as a concise guide to
their content and contributions to the overall research objectives.

The order of the papers is not following a chronological sequence but is
instead organized thematically based on the tools used and the specific research
questions they address. The first paper is a systematic review that lays the
foundation for the subsequent empirical studies. The following three papers
focus on the design, development, and evaluation of vibrotactile applications
and training tools for children with HL, exploring various aspects such as user
experience, effectiveness, and practical implementation in real-world settings.
The last two papers propose two novel training tools that aim to be used in
AT, one addressing the training of localization abilities, and the second the

training of vocal emotions recognition.
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4.1 Paper A

The Role of Haptics in Training and Games for Hearing-Impaired
Individuals: A Systematic Review

Motivation

This systematic review addresses the emerging field of haptic feedback for
individuals with HC, particularly in training and gamified contexts. This
specific topic has been chosen to understand the current state of the art,
identify gaps in the literature, and inform the development of the different
vibrotactile applications and training tools created during this PhD project.

Methodology

The review followed PRISMA 2020 guidelines. Searches were conducted in
Scopus® and PubMed® using keywords grouped into three categories: tactile
interaction (e.g., haptics, vibrotactile), hearing impairment (e.g., deaf, hearing-
impaired), and training/gamification (e.g., game, education). Inclusion criteria
required English-language, peer-reviewed primary research published within
the last 25 years, addressing hearing-impaired populations. After screening
294 unique records, 35 manuscripts were included. Each study was catego-
rized by research focus (design or effectiveness), study type (experimental,
quasi-experimental, pre-post test, usability evaluation, mixed methods), haptic
usage (sensory substitution or augmentation), body location, mapping strate-
gies, vibrotactile processing, target impairment, training duration, and data
collection methods.

Findings

The analysis revealed a growing interest in haptics for training in individuals
with HL, particularly in the last five years. Most studies (77.14%) focused on
effectiveness, commonly measuring task accuracy. Haptic feedback was used
for sensory substitution in 54.29% of cases and for sensory augmentation in
45.71%. Hands and fingertips were the most frequent stimulation sites, and
sound-to-vibrotactile mapping was employed in over 50% of studies. Vibro-
tactile processing often involved temporal envelope extraction or synthetic
generation. Smartphones were the most common devices, typically using
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eccentric rotating mass actuators, while high-fidelity laboratory setups em-
ployed electrodynamic shakers. Participant recruitment was challenging, with
an average of 8.31 hearing-impaired individuals per study. Outcomes were pre-
dominantly positive: 74.28% of studies reported beneficial effects, and 54.29%
achieved statistical significance. All six studies with significant positive results
used sound-to-vibrotactile mapping, confirming that perceptual aspects of
sound can be transmitted through touch.

Conclusions

The review highlights the potential of haptic feedback as a viable solution for
rehabilitation and training of individuals with HL, particularly when using
sound-derived vibrotactile stimuli applied to sensitive body areas such as hands
or wrists. However, the literature on gamification combined with haptics
remains sparse, with only three studies addressing this intersection. Device
diversity and lack of standardization in vibrotactile processing complicate
generalization of findings. Recruitment challenges and small sample sizes
limit statistical power, underscoring the need for collaborations with hospitals
and care centers. Future research with haptic technologies should prioritize
ecologically valid environments, and combine qualitative and quantitative
assessments to better capture user experience and training effectiveness.

Reflection

This review highlighted the challenges of recruiting participants with HL,
which I later encountered in the studies presented in the subsequent papers. I
also learned that utilizing ecologically valid settings and involving clinicians
in the design process are crucial considerations when developing vibrotactile
training tools for this specific target group. Recognizing that few studies have
explored the combination of gamification and haptics further motivated me
to incorporate game elements into most of the prototypes I developed during
this PhD and made me aware of the gap in the literature to which my research

could contribute.
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4.2 Paper B

Tickle Tuner - Haptic Smartphone Cover for Cochlear Implant
Users’ Musical Training

Motivation

This paper contains the partial outcome of the author’s Master Thesis, and
wants to address the challenge of designing a portable device that provides
vibrotractile feedback for musical training of CI users. Specifically, this project
has been driven by the interest in exploring how vibrotactile feedback can
enhance pitch perception, which is often limited in CI users due to the device’s
technical constraints. During the early stages of this PhD project, a second
design iteration brought a more refined version of the prototype, with an
improved ergonomic design.

Methodology

The authors developed the Tickle Tuner, a haptic smartphone cover designed
for musical training of CI users. The prototype consists of two high-quality
haptic actuators (HapCoil-One) connected to a stereo class-D amplifier and
powered via a modified digital-to-analog converter (DAC) through a USB-C
plug. A 3D-printed ergonomic shell and handles designed for comfortable
grip and optimal vibration transmission. The device’s frequency response was
measured using an accelerometer and MATLAB-generated sine sweeps in an
anechoic room. Filters were designed to compensate for internal resonances
and fingertip sensitivity. A test bench was implemented in Pure Data with a
GUI via MobMuPlat to create and evaluate audio-haptic mappings. The study
tested three mappings during a melodic contour identification task: amplitude
modulation (AM), full audio through haptics, and no haptics. Fifteen normal-
hearing participants using a CI simulation completed the task in an anechoic
room.

Findings

Results showed that AM mapping significantly improved performance in
melodic contour identification compared to other conditions. Participants
achieved with the AM mapping the 65% of correct answers, with full audio
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(CI simulation) the 45%, while without haptics only the 38%. Statistical anal-
ysis (ANOVA and t-tests) confirmed significant differences (p-value < 0.05)
between all mappings. The improvement was particularly evident for complex
timbres (e.g., viola), while sine waves were easier to identify across all map-
pings. The study found no correlation between musical experience and task
performance under CI simulation.

Conclusions

The prototype demonstrated the potential of vibrotactile feedback, specifically
with AM mapping, to convey pitch information and enhance musical training
for CI users without prior training. However, limitations include the small
sample size and reliance on hardware-based CI simulation, which cannot
replicate individual variability among CI users. Future work will involve
hardware and software improvements and further testing with actual CI users
to validate effectiveness in real-world scenarios.

Reflection

This prototype served as an entry point for my journey into the field of
vibrotactile feedback, and I learned a great deal about the design and technical
challenges of creating portable haptic devices. The positive results obtained
with AM mapping motivated me to further explore vibrotactile applications
for children with HL, but this also meant abandoning the prototype in favor
of more child-friendly designs. If time had allowed, I would have liked to
further test this prototype with the actual target group during a second design
iteration, as I received positive feedback from a few CI users during demo
sessions at conferences and events.

4.3 Paper C

Vibrotactile Memory: A Case Study of Timbre Perception Train-
ing in Children with Cochlear Implants Using a Video Game
Motivation

CI have significantly improved speech perception in individuals with pro-
found HL, but music appreciation remains challenging due to hardware and
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physiological limitations that affect timbre recognition, dynamic range, and
frequency resolution. These limitations are particularly relevant for children
with ANSD, who experience disrupted neural activity that impacts timing and
low-frequency perception. Clinicians at CHBC have indicated that this specific
target group and challenge could potentially benefit from vibrotactile feedback
to enhance music perception. This study aims to explore the feasibility and
effectiveness of a vibrotactile-enhanced video game for timbre perception
training in a child with CI and AN.

Methodology

A case study was conducted with a 7-year-old child using a bimodal hearing
configuration (CI in the left ear and HA in the right ear) diagnosed with
ANSD. The intervention involved a custom-designed video game inspired by
the memory card game, where players match musical instruments based on
timbre. The game was developed in Unity and integrated vibrotactile feedback
via the PlayStation 5 DualSense controller using FMOD for synchronized audio-
haptic streams. The training lasted two weeks, with three home sessions per
week supervised by parents. A timbre perception test was administered pre-
and post-training. Data collected included clicks per card, completion time,
and level progression. Interviews with the child and parents were conducted
post-training to gather qualitative feedback.

Findings

Quantitative results showed no significant improvement in timbre perception
after training (p-value = 0.2466). Interaction metrics indicated that the number
of clicks per card averaged 2.42, approximately twice the optimal moves, and
completion times increased with level difficulty. No clear effect of vibrotactile
feedback was observed on performance metrics. Qualitative feedback revealed
that the child experienced boredom and attempted to bypass the game mechan-
ics, while parents noted some awareness of musical instruments but suggested
improvements in engagement and reward systems.

Conclusions

The absence of measurable improvement suggests that the short training
duration, repetitive gameplay, and limited gamification elements reduced
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engagement and learning efficacy. Vibrotactile feedback did not appear to in-
fluence outcomes, possibly due to cognitive load or insufficient understanding
of its role. The study highlights the need for extended training periods and
more engaging game design. Future work should include larger participant
samples, control groups, and diversified mini-games to enhance motivation
and ecological validity. Despite limitations, the case study provides valuable
insights into designing AT interventions for children with CI and AN.

Reflection

This study introduced me to video game development for the first time, which
was both exciting and challenging. I realized the importance of incorporating
gamification elements to keep children engaged, particularly when addressing
repetitive training tasks. Although the quantitative results were not as ex-
pected, the qualitative feedback provided valuable insights that informed the
design of subsequent prototypes. This experience underscored the complex-
ity of creating effective training tools for children with HL, given the fierce
competition with mainstream games and their extremely high standards. In
retrospect, I would have liked to involve an experienced game designer in the
project to enhance the game’s appeal and offer a more varied set of activities.

4.4 PaperD

Vibrotactile Teddy Bear: Enhancing Musical Experiences For
Children With Cochlear Nerve Deficiency Through A Vibrotac-
tile Soft Toy

Motivation

Children with hearing challenges, particularly those with ANSD and CND,
face significant barriers to accessing and enjoying music, which impacts their
overall development and QOL. While HAs and Cls improve speech compre-
hension, they do not provide the full spectrum of musical experiences due
to limitations in frequency range, dynamic range, and timbre recognition.
As in Paper C (4.3), the target group and specific need were highlighted by
clinicians at CHBC. Integrating vibrotactile feedback into AVT sessions for
very young children with ANSD could offer a more holistic and engaging
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experience without relying on visual cues, which tend to dominate in CI users.

Methodology

A soft toy prototype was developed to integrate sound and vibrotactile feedback
synchronized to music. The toy, shaped like a stuffed animal, included a speaker
and a vibrotactile motor controlled via Bluetooth. Two design iterations
were implemented: the first used a stereo Bluetooth receiver and amplifier
powered by AA batteries, while the second integrated an ESP-32 AudioKit
with a rechargeable LiPo battery and programmable features. We studied
two children with CND: Little Star (aged 2 years 10 months) and Bright Star
(aged 4 years 5 months). Both were bilateral CI recipients enrolled in AVT.
Sessions were conducted at CHBC during regular therapy, with the therapist
guiding interactions. Activities included listening to music and playing a
sound identification game. Observations were recorded, and parents provided
feedback after extended home use of the toy.

Findings

Both children showed positive reactions to the prototype, but engagement
varied by age and developmental stage. The younger child, Little Star, displayed
initial curiosity and enjoyment of vibrations but required frequent redirection
and lost interest over time. In contrast, the older child, Bright Star, remained
focused, using the toy effectively during listening tasks and games. Parents
reported that Little Star played extensively with the toy at home, though it was
eventually damaged due to heavy use. Overall, vibrotactile feedback appeared
to enhance engagement and auditory experience, particularly for older children
who could understand the connection between sound and vibration.

Conclusions

The study highlights the potential of integrating vibrotactile feedback into
AVT for children with severe hearing challenges, offering a multisensory
approach to music perception. Age and developmental stage significantly
influence engagement, suggesting the need for personalized and adaptable
designs. The therapist’s role is critical in guiding effective use and integrating
the toy into therapy and home routines. Limitations include the small sample
size, short study duration, and heterogeneity of participants. Future work



4.5. Paper E 57

should explore customization options, advanced vibrotactile mappings, and
clinical integration, as well as conduct longitudinal studies with larger cohorts.
While vibrotactile feedback may not be necessary for most d/hoh children, it
could provide meaningful benefits for those with profound auditory deficits,
such as CND.

Reflection

This project adopted a slightly different approach compared to the other studies,
as the participants were very young children and the intervention aimed to
expose them to music using the vibrotactile aid rather than training a specific
skill. One of the most valuable experiences was observing how differently
the two children responded to the same prototype, which reinforced the
importance of considering age and developmental stage when designing such
tools. The positive feedback from parents and therapists was encouraging and
highlighted the potential for vibrotactile toys to become a staple in AVT for
children with specific conditions incentive their sound exposure.

4.5 PaperE

SoundCubes - Preliminary Evaluation of a Spatial Hearing Train-
ing Tool and a Sound Localization Test for Children with Hearing
Loss

Motivation

After being introduced by one of the audiologists at CHBC to the teddy bear
used for training localization abilities, we decided to design a tool to improve
this component of the AVT program. Children with HL often experience
degraded spatial hearing, which impacts communication, safety, and overall
QOL. Sound localization depends on cues such as ITD, ILD, and spectral
filtering, which are challenging to replicate with hearing technologies like HA
and CI. Training-based interventions leveraging neuroplasticity have shown
promise in enhancing spatial hearing; however, there is a lack of child-specific,
engaging tools for localization training. This study introduces SoundCubes, a
tangible and portable system designed to support AT within frameworks such
as AVT, with the goal of improving spatial hearing in children with HL.
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Methodology

A mixed-methods design was employed. Quantitatively, a pre-post evaluation
of sound localization abilities was conducted using a custom localization test
in two configurations (120° span with 15° spacing; 360° span with 45° spacing).
Six children with TH completed the test twice to assess reliability, while five
children with HL underwent a two-week home-based SoundCubes training
program. Qualitatively, usability and engagement were assessed through the
System Usability Scale (SUS) questionnaire completed by parents and clini-
cians, and smiley-scale ratings from children. The SoundCubes system consists
of up to nine wireless cubes controlled via an app, playing sound stimuli that
children identify by picking up the active cube. Data logging, adaptive fea-
tures, and feedback mechanisms were integrated. Statistical analyses included
Pearson correlation, root mean square error (RMSE), and interclass correlation
coefficient (ICC) for reliability, and paired tests for performance changes.

Findings

The localization test demonstrated high test-retest reliability in the TH group:
for the 120° configuration, Pearson r ~ 0.96, RMSE ~ 12°, and ICC(A,1)=0.709;
for the 360° configuration, r ~ 0.91-0.93, RMSE ~ 42-47°, and ICC(A,1)=0.616.
Training outcomes for children with HL were heterogeneous: two participants
showed significant improvements in correlation for the 120° test, while one
exhibited a significant deterioration in RMSE for the 360° test. Group-level
changes were not statistically significant, likely due to small sample size and
variable adherence. Usability ratings were high: parents (SUS M = 86.25),
clinicians (M = 75.63), and children reported strong enjoyment (mean rating
for “Did you like the SoundCubes?” = 4.75/5). Engagement was positive,
though sustained interest was moderate.

Conclusions

The study confirms the reliability of the localization test and the feasibility
of SoundCubes as an engaging, portable training tool for home and clini-
cal use. Preliminary evidence suggests potential benefits for spatial hearing,
but variability in outcomes highlights the need for larger samples, longer
training durations, and standardized protocols. Challenges included limited
recruitment and inconsistent adherence, underscoring the importance of struc-
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tured support for families. Positive usability feedback from parents, clinicians,
and children indicates strong potential for integration into AVT and other
AT programs. Future work should focus on enhancing long-term engage-
ment, improving ecological validity, and embedding SoundCubes into routine
rehabilitation workflows to maximize impact on pediatric spatial hearing
development.

Reflection

SoundCubes is undoubtedly the most comprehensive and extended project
I worked on during this PhD. It required considerable effort in development,
prototype construction, recruitment, and testing. As one of the final two stud-
ies, I had the chance to apply lessons learned from previous work, particularly
regarding the importance of involving clinicians, parents, and children in the
design process. The evaluation of the test has been also a valuable experience,
and allowed me to assist to the tests, observing behaviors, difficulties, and
strengths of the children while performing the task. The positive feedback re-
ceived from all stakeholders was highly rewarding and reinforced my belief in
the potential of training for children with HL. If I had more time and resources,
I would have liked to conduct a longer-term study with a larger cohort to
better assess the training effects and refine the system based on user feedback.
I believe SoundCubes has strong potential for integration into clinical practice,
and I hope future research will allow me to continue developing and evaluating
it.

4.6 PaperF

EmotiCubes - A Training Tool for Vocal Emotion Recognition in
Children with Hearing Loss

Motivation

This project originated from a collaboration with the db SPL group in Gronin-
gen, led by Dr. Laura Rachman and Professor Deniz Bagkent. Upon introduc-
tion of the SoundCubes concept, the researchers identified the potential for a
similar tangible approach to be applied to vocal emotion recognition training,
an area of ongoing interest within their research group.
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Children with HL often experience difficulties in recognizing emotions
from speech prosody, which negatively impacts social communication and
QOL. While evidence suggests that training can improve prosodic percep-
tion, few interventions specifically target vocal emotion recognition in this
population. Existing research highlights variability in performance among
children with HL, with some achieving age-typical scores and others lagging
behind. The lack of dedicated training programs for vocal emotion recogni-
tion underscores the need for innovative solutions. Tangible user interface
(TUI) have been identified as promising tools for engaging young learners,
leveraging physical interaction to support auditory training. To address this
gap, the EmotiCubes system was developed as a playful, home-based training
tool aimed at improving vocal emotion recognition in children with HL.

Methodology

A pilot study was conducted using EmotiCubes, a TUI designed to facilitate
vocal emotion recognition training through interactive auditory tasks. The
prototype consists of a cube displaying three emotions—angry, happy, and
sad—on its faces. Children listen to pseudospeech stimuli and rotate the cube
to select the perceived emotion, receiving auditory feedback and rewards
to enhance engagement. The hardware includes an ESP32 A1S AudioKit
microcontroller, IMU MPU9250, loudspeaker, and microSD storage, while the
software manages stimulus presentation and logs training data. Two Danish
participants (ages 4-12) with bilateral CI and bimodal hearing completed a
pre-training EmoHI test, engaged in three weeks of home-based EmotiCubes
training (three sessions per week, 12 trials per session), and then completed a
post-training EmoHI test. Usability was assessed via the SUS questionnaire
completed by one participant’s parents. Performance was measured using
the sensitivity index (d’), calculated from hit and false alarm rates for each
emotion.

Findings

Both participants demonstrated improvements in vocal emotion recognition
after training, with average gains of Ad’' ~ 0.37. Participant P1 improved
from d’ = —0.2958 to 0.0718, showing modest gains primarily for Happy
(A = 1.2918), while Angry and Sad showed smaller or negative changes.
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Participant P2 improved from d’ = 0.8576 to 1.2252, with notable gains
for Angry (A = 0.4841) and Happy (A = 0.6186), while Sad remained
unchanged. Accuracy increased from 25.00% to 36.11% for P1 and from 61.11%
to 72.22% for P2. Usability feedback indicated good acceptability (SUS score:
72.5), with parents appreciating reward mechanisms and suggesting slower
pacing between trials. Despite variability in training performance trends, both
participants improved in the EmoHI test, suggesting benefits from EmotiCubes
training.

Conclusions

This pilot study provides preliminary evidence that EmotiCubes can support
vocal emotion recognition training in children with HL. Improvements were
observed for both participants, with one achieving performance comparable to
age-typical peers. These findings highlight the potential of gamified, tangible
interfaces for auditory training and early intervention programs. However,
discrepancies between training and test performance, small sample size, and
lack of a control group limit generalizability. Future work should focus on
larger-scale studies, adaptive difficulty, multimodal feedback, and remote mon-
itoring to enhance usability and effectiveness. Overall, EmotiCubes represents
a promising approach for improving socio-emotional development in children
with hearing challenges.

Reflection

Ilearned a lot from this collaboration, especially about the challenges faced
by children with HL in social communication. During this project I faced
major difficulties in recruiting participants, which limited the validation of the
tool. However, the positive results from this pilot study are encouraging, and
I believe that EmotiCubes have great potential for further development and
research. If given more time, I would have liked to conduct a larger-scale study
with more participants and a control group to better assess the effectiveness of
the training tool. I also know that the db SPL team is interested in expanding
their project with more participants coming from different countries, and I
would really like to understand if EmotiCubes can be effective across different
languages and cultures.



62 Chapter 4. Summary of Papers

4.7 Additional Paper G

Enhanced Neural Phase Locking Through Audio-Tactile Stimula-
tion

Motivation

This study originated from a collaboration with a talented visiting master
student at the ME Lab, whose background in engineering and neuroscience
enabled the exploration of neurophysiological mechanisms underlying audio-
tactile interactions. The project extended previous research by investigating
neural correlates of audio-tactile integration, an area not previously addressed
in the context of this thesis.

Numerous psychophysical and neurophysiological parallels exist between
auditory and vibrotactile modalities, particularly in pitch perception. Both
systems exhibit phase locking behavior in their peripheral structures, enabling
temporal coding of stimulus frequency. Prior research has demonstrated per-
ceptual audio-tactile interactions, such as reciprocal biasing of pitch percep-
tion and shared cortical activation patterns. However, the neural mechanisms
underlying these effects remain unclear, especially at subcortical levels. Con-
sidering the efficacy of the frequency following response (FFR) in capturing
subcortical phase locking activity, this study aims to investigate whether con-
current vibrotactile stimulation enhances auditory phase locking in humans.
The hypothesis posits that vibrotactile stimuli complement auditory stimuli
and improve phase locking acuity at the fundamental frequency (F,), which is
associated with pitch perception.

Methodology

FFRs were recorded from 22 healthy young adults (28 £ 6 years; 11 female)
with no reported hearing loss. The stimulus consisted of a 40-ms /da/ speech
syllable with dynamic formant transitions (Fy: 103-125 Hz; F1: 220-720 Hz;
F2: 1,700-1,240 Hz; F3: 2,580-2,599 Hz). Auditory stimuli were presented
monoaurally through insert earphones at 80 dB SPL, while vibrotactile stimuli
were delivered bimanually using a DualSense controller calibrated to 0.85 m/s?
peak-to-peak. Each session comprised 40 blocks of 100 trials at 10.9 Hz, with
randomized inclusion of vibrotactile stimulation in 50% of blocks. FFRs were
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recorded using a vertical electrode montage (Cz-A2-Fpz) and processed with
bandpass filtering (100-2,000 Hz), artifact rejection (£23.8uV'), and polarity
addition. Spectral encoding was analyzed via fast Fourier transform (FFT) for
Fy (75-175 Hz), lower harmonics (175-750 Hz), and higher harmonics (750-1,050
Hz). Statistical significance was assessed using paired permutation tests with
Bonferroni correction.

Findings

Preliminary validation confirmed the suitability of the DualSense controller,
showing consistent frequency response and sufficient return to baseline be-
tween trials (SNR: x = 15.49 dB, y = 14.74 dB, z = 13.39 dB; p < 0.001). Time-
domain analysis revealed no significant differences in peak timing between
audio and audio-tactile conditions, indicating that vibrotactile stimulation did
not confound temporal alignment. Frequency-domain analysis demonstrated a
significant increase in spectral amplitude at Fy under audio-tactile stimulation
(mean difference = 3.30 + 8.41 puV; p = 0.033; Cohen’s d = 0.39), while no
differences were observed for harmonic frequencies. Control experiments with
vibrotactile-only stimulation produced responses indistinguishable from base-
line, suggesting that the observed effect reflects a super-additive interaction
rather than linear summation.

Conclusions

The findings support the hypothesis that vibrotactile stimulation enhances
auditory phase locking at subcortical levels, specifically at Fy. This effect may
be mediated by multisensory integration within the inferior colliculus, consis-
tent with its role as a hub for crossmodal processing. However, the absence of
effects at harmonic frequencies could stem from biological constraints (limited
vibrotactile bandwidth) and methodological factors (polarity addition favor-
ing temporal envelope encoding). Future research should explore alternative
polarity processing, weaker unisensory stimuli to test inverse effectiveness,
and correlations with behavioral measures of pitch perception. Expanding
participant demographics, including musicians and individuals with hearing
impairments (e.g., CI users), may reveal differential benefits. Ultimately, these
results suggest promising applications for audio-tactile training in improving
pitch intelligibility, with potential implications for clinical and educational
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contexts.

Reflection

The concept of FFR seemed almost too good to be true, as it enables the
assessment of subcortical activity through a non-invasive method, where
the subject does not have to perform any specific active task. The resulting
recordings can be correlated with the input stimulus to objectively evaluate
how well the brain encodes specific features of sound. In this study, we
were able to start exploring the neural mechanisms behind the audio-tactile
interactions that I had been investigating from a more applied perspective in
the previous studies. The results were very encouraging, and I believe that this
line of research has a lot of potential for future studies, especially in clinical
populations that could benefit from audio-tactile stimulation.

4.8 Additional Paper H

Multisensory Integration Design in Music for Cochlear Implant
Users

Motivation

This project was part of Dr. Razvan Paisa’s PhD project. Cochlear implant
(CI) users experience significant challenges when listening to music, including
difficulties in recognizing timbre and pitch, sound localization, and segregating
individual instruments in multi-instrument mixes. While CI technology is
advanced for speech perception, music appreciation remains underwhelming.
The diversity among CI users—due to factors such as age, residual hearing,
hearing aid use, and musical training—requires individualized approaches.
This research aims to enrich CI users’ musical experiences by integrating
multisensory feedback to support the perception of specific musical features
and elements.

Methodology

The study employed a participatory design approach through exploratory
workshops with three CI users. Each workshop lasted 60-120 minutes and
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included semi-structured interviews, think-aloud protocols, and observations.
Participants explored three installations:

« Installation 1: A multi-channel speaker setup enabling instrument seg-
regation by spatializing individual instruments.

o Installation 2: Audio-tactile seating configurations using actuators on
seats, footrests, and handheld devices to enhance low-frequency percep-
tion.

o Installation 3: Embodied interaction through movement-based perfor-
mance excerpts and in-air haptics inspired by the Felt Sound project.

Feedback was collected via pre- and post-experiment interviews and continu-
ous verbal commentary during sessions.

Findings

Participants demonstrated varied preferences and experiences:

o Installation 1: All participants improved instrument identification when
allowed to move closer to individual speakers. Spatial separation facili-
tated auditory streaming.

+ Installation 2: Tactile feedback was generally appreciated, especially
through footrests and handheld devices. Overly strong vibrations or
unsuitable music styles reduced enjoyment. Participants emphasized
the importance of music preference in enhancing experience.

o Installation 3: Gestural and movement-based performance was perceived
as supportive for understanding and enjoying music. Participants ex-
pressed interest in integrating gestures into their own musical practices.

Overall, tactile and spatial cues enriched music perception, but interpersonal
differences in musical taste and hearing profiles strongly influenced outcomes.

Conclusions

The study highlights the need for process-oriented and personalized design for
CI users. Flexibility and customization in multisensory devices are essential
to accommodate diverse hearing abilities and musical preferences. Designers
should ensure independent control of tactile and auditory stimuli and con-
sider modular hardware configurations. Integrating visual feedback, such
as gestures or movement-based performance, can further bridge perceptual
gaps. Building communities and fostering collaborations between CI users,
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musicians, and researchers remain critical for advancing inclusive music tech-
nologies. Future work should focus on creating rehabilitation and practice
frameworks that combine enjoyment with skill development.

Reflection

I took part in this project during the very beginning of my research journey,
and it was a great opportunity to learn about participatory design methods
and the importance of involving end-users in the design process. One of the
things that might seem obvious but that I learned through this experience is
how diverse CI users are, and how important it is to consider their individual
preferences and needs when designing multisensory music experiences. The
strong effect of music preference on the enjoyment of the installations was
quite surprising, and it made me realize that even the best-designed technology
might not be effective if it does not align with the user’s tastes.



CHAPTER D

Conclusion

The scope of this PhD project has been to explore and develop interactive
music training tools for children with HC. Over more than three years of
research and development, five different prototypes were created, each ad-
dressing specific challenges faced by individuals with HC in their auditory
and musical experiences. Throughout this process, I provided answers and
new questions related to the three problem areas outlined in Chapter 3. I have
encountered several obstacles, ranging from technical issues to recruitment
difficulties. These challenges yielded invaluable learning experiences, con-
tributing to my growth as both a person and a researcher, while also shaping
the direction of the whole project. Numerous rewarding moments made this
journey worthwhile, such as witnessing children’s enthusiasm while inter-
acting with the prototypes and receiving positive feedback from clinicians
regarding the potential impact of these tools. A single smile from a child
successfully using one of the prototypes made all the effort meaningful.

Nevertheless, this project has only laid the groundwork for future research
and development in this area. In the following sections, I will outline the
problem areas addressed, propose future directions, and highlight emerging
questions for further exploration.

67
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5.1 Problem Area 1

Research Question Q1.1

The systematic review presented in Paper A laid the foundation for the entire
PhD project by identifying the current state of the art in haptic and multimodal
training and gaming for individuals with HL. The review highlighted the po-
tential benefits of incorporating haptic feedback into training tools, as well
as the existing gaps in research and development in this area. One of the key
insights from the systematic review was the customary use of sound-to-haptic
mappings without complex signal processing (e.g. audio stream separation, or
Fy extraction, see 2.2.2 for more), along with the focus on highly sensitive areas
for vibrations, such as the hands. These findings were instrumental in design-
ing the various prototypes presented in this PhD project and helped providing
an answer to the research question Q1_1. Additionally, the review emphasized
the lack of research on gamified training tools that provide haptic feedback
for individuals with HL, which motivated the development of engaging and
interactive prototypes capable of effectively leveraging vibrotactile feedback
to enhance the training experience. A warning from the review concerned the
challenge of recruiting participants with HL, as most of the included studies
had a limited number of participants, making it difficult to draw definitive con-
clusions about the effectiveness of the proposed interventions. This challenge
was encountered multiple times throughout the PhD project, underscoring
the need for more extensive recruitment strategies and collaborations with
clinical partners to ensure sufficient participant numbers in future studies.
This aspect must also be put into perspective, as the studies in this PhD project
present novel prototypes that are not yet suitable for large-scale clinical trials.

Research Question Q1 2

The research question Q1_2, in contrast, required a longer time to be addressed,
as it involved extended interaction with clinical professionals and the children
assisted at the CHBC. The time available for each patient during a clinical
session is limited, requiring clinicians to carefully select the tools and inter-
ventions they employ. Consequently, any new training tool must be efficient,
easy to set up, and require minimal calibration to be adopted in clinical prac-
tice. Clinicians expressed a preference for solutions that can be used with
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multiple children with small adaptation, emphasizing the need for scalability
and robustness. Real-time feedback and quick responses were also identified
as important features to maintain high engagement during training sessions.
The AVT approach teaches and encourages parents to conduct most of the
training at home; therefore, training tools should ideally support home-based
use. This introduces additional requirements, such as user-friendliness and
the ability to track progress remotely. The latter aspect is a great feature for
clinicians to monitor training effectiveness and make necessary adjustments
in the intervention. Logging and progress-tracking functionalities are thus
essential components for any training tool intended for home use.

When collaborating with larger teams not part of the same institution,
other considerations should be made. Involving clinicians from the beginning
of the project requires time from their side, and resources from the project
budget to allocate for their participation. This sometimes is overlooked, but
it is crucial for the fair and successful involvement of clinical professionals
in research projects. Also, the clinicians’ perspective is different from that of
developers, as their primary focus is on patient care. Therefore, it is essential
to align the goals of the research project with the needs and priorities of
the clinical practice to ensure successful collaboration and adoption of the
developed tools. In other words, using the clinicians as mere testers of the
prototypes is not sufficient; they need to be actively involved in the design
and development process to ensure that the final products meet the practical
requirements of clinical settings with the ultimate goal of benefitting the
patients.

5.2 Problem Area 2

Research Question Q2_1

The insights gathered from interactions with the clinicians provided an under-
standing of the major advancements achieved in recent decades in terms of
speech acquisition and language development for children with HL. Thanks to
the AVT program, recent generations of children with CI have been able to
develop spoken language skills comparable to those of their TH peers. Con-
sequently, the need for multimodal training tools (e.g. vibrotactile feedback
prototypes) to support speech acquisition is no longer as critical as it was in the
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past. One of the core principles of the AVT program is to prioritize the hearing
sense, thus the “Sound first” rule. However, for specific conditions such as
ANSD or CND, or for more complex auditory skills (e.g. sound localization),
children with HL still face challenges. With the mentioned specific condi-
tions, the use of vibrotactile feedback could be beneficial. In both Paper C and
Paper D, I explored the potential of vibrotactile feedback to enhance timbre
recognition and music perception respectively.

From a design perspective, my anecdotal experience of speaking with
adults with HL provided valuable insights into the preferences and needs
of potential users. Adults with HL expressed a strong desire for training
tools that are non-intrusive and easy to use. Ideally, they would prefer not to
wear or handle any additional devices. For some, having a hearing device is
already one device too many, and this perspective can be extended to children
as well. These considerations should be taken into account when designing
vibrotactile training tools, as the goal is to create solutions that seamlessly
integrate into users’ daily lives without adding extra burdens. Moreover, the
idea of being dependent on a vibrotactile device for an extended period is
not appealing. When talking to clinicians, we agreed that the ultimate goal
of using vibrotactile feedback should be to facilitate learning and hearing
skill acquisition, enabling users to eventually rely solely on their auditory
capabilities. Therefore, training tools should be designed as temporary aids
that support users in developing their auditory skills, rather than as permanent
fixtures in their lives.

The creation of customized vibrotactile training tools necessitated close
collaboration with clinicians to understand individual needs. Conversely, the
generalizability of these prototypes was limited, as each child had unique
requirements that needed to be addressed individually. The etiologies of HL
are highly diverse, making the creation of one-size-fits-all solutions nearly
impossible. Furthermore, differences in age, cognitive abilities, and personal
preferences add complexity to the design of effective training tools for a
generalized population. On a larger scale, these interventions would require
significant resources to adapt and personalize the tools for each user, posing
challenges in terms of budget and scalability.
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Research Question Q2 2

The three vibrotactile prototypes developed during this PhD project were built
to explore different aspects of music perception and auditory training. In
Paper C, the focus was on enhancing timbre perception through vibrotactile
feedback. The main issue encountered during the study was the low engage-
ment of the child in the training sessions, which may have affected the overall
effectiveness of the intervention. Upon returning from the training period, the
child stated that they did not want to continue, as the video games used for
entertainment were far more appealing and enjoyable than the training ses-
sions. I learned the hard way that providing a fun and engaging experience is
crucial, but creating one that meets children’s expectations is not an easy task.
In retrospect, a larger project with an appropriate budget should have been
established to develop a more engaging training experience in collaboration
with a team of game designers and developers. With a larger workforce, we
might have been able to replicate some video game mechanics and aesthetics
that are highly appreciated by children. A final note on the timbre training
prototype concerns doubts about the proper use of the PlayStation 5 controller
for vibrotactile feedback delivery. Despite providing instructions to the child
and her parents on how to hold the controller, there is uncertainty regarding
whether the child consistently held it correctly during the training sessions.
This might have influenced the effectiveness of the vibrotactile feedback and,
consequently, the training outcomes. However, this remains speculative, as
we do not know exactly what happened during the at-home training sessions.
To address this issue in future studies, it would be beneficial to modify the
controller to include contact sensors that can detect whether it is being held
properly.

Paper D had a different outcome, as the teddy bear was generally well
received by the children. Its appealing appearance and the fact that it was
a familiar interface made it easy to accept. The study had an exploratory
nature, aiming to observe how children interact with vibrotactile feedback
in a playful context rather than quantify improvement in a specific musical
skill. This approach also made it difficult to draw definitive conclusions about
the effectiveness of the intervention. Nevertheless, the qualitative feedback
gathered from both children and clinicians provided valuable insights into
the potential benefits and challenges of using vibrotactile feedback for music
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perception. One notable case involved a very young child who initially showed
great enthusiasm for the teddy bear and its vibrotactile feedback. However,
during subsequent sessions, the child appeared to lose interest and became
less engaged with the prototype. This change in attitude could be attributed
to various factors, such as the novelty wearing off or individual preferences.
Keeping interest in a single toy over time is not a common trait in children,
where repeated exposure, habituation, and novelty are decisive factors [129].
One strategy could be to alternate different vibrotactile toys to provide variety
while maintaining consistent exposure to sound and vibrotactile feedback. The
children involved in the study, in fact, had CND and were not able to benefit
fully from auditory feedback alone, and clinicians suggested that sound and
vibrotactile exposure would be beneficial for them.

The Tickle Tuner prototype presented in Paper B aimed to explore the
potential of vibrotactile feedback for enhancing melodic contour identification.
The prototype was generally well received; however, it was not tested with
children with HL. Its design may be more suitable for teenagers, as it requires
coupling with a smartphone. This prototype could be particularly useful for
teenagers with a specific interest in music and severe conditions (e.g., CND)
who wish to improve their music perception skills. Furthermore, the prototype
could serve as a platform for composing music with the aid of vibrotactile
feedback, as the smartphone interface enables a wide range of applications. The
recruitment of teenagers with HL for testing the Tickle Tuner would require
a different approach compared to recruiting younger children, as the CHBC
primarily focuses on younger children that undergo the AVT. Collaborating
with hearing associations and leveraging social media platforms could be
effective strategies for reaching this demographic.

To sum up, the three vibrotactile prototypes developed during this PhD
project provided valuable insights into the potential benefits and challenges
of using vibrotactile feedback for music perception and auditory training.
Each prototype addressed different aspects of music perception, and their
development highlighted the importance of engagement, usability, and indi-
vidualization in designing effective training tools for children with HC.
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5.3 Problem Area 3

Research Question Q3_1

Research question Q3_1 introduces an important aspect of this thesis: the
testing and evaluation of the developed prototypes. Recruitment challenges
have already been mentioned, but I would like to elaborate further. Despite
strong collaboration with the CHBC and support from clinical profession-
als, recruiting a sufficient number of participants for testing and evaluation
proved to be a significant hurdle. Several factors contributed to this difficulty,
including the limited pool of eligible participants and logistical challenges
faced by families. This issue underscored the importance of establishing robust
recruitment strategies and fostering strong relationships with clinical partners
to facilitate participant engagement in future studies.

I attempted to overcome these problems through various approaches, such
as distributing flyers via the CHBC network, reaching out to local hearing
associations, and leveraging social media platforms to disseminate calls for
participants. Despite these efforts, recruitment remained a persistent obstacle,
highlighting the need for more effective strategies in the future. The recruit-
ment process proved highly time-consuming, and if I could go back in time,
I would initiate recruitment alongside prototype development and ideally
allocate a budget for hiring a dedicated person for this task. Additionally, I
would involve personnel from the clinic to assist with the process, as they have
established relationships with potential participants and can facilitate com-
munication and trust. To achieve this, I would ensure that the project budget
includes funds specifically allocated for recruitment efforts, recognizing the
critical role this plays in the success of research studies involving participants
with HL.

Another side of the recruitment challenge relates to the limited time and
availability of families. The frantic pace of daily life, combined with the spe-
cific needs of children with HL, made it difficult for families to commit to
the multiple sessions required for training and evaluation. This limitation
affected the depth of testing and refinement that could be conducted on the
prototypes, ultimately impacting their effectiveness and usability. The itera-
tive approach necessary for developing effective training also depended on
children’s motivation and willingness to engage with the prototypes. A sin-
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gle failed attempt could result in a loss of interest, drastically reducing the
likelihood of subsequent iterations to improve the solution. For this reason, it
is crucial to interview, observe, and involve participants in the early design
stages to ensure that the prototypes aligned with their preferences and needs
from the very first interaction.

In the context of evaluation, beyond obtaining more participants, I would
also delegate the administration of the tests to clinical personnel. This ap-
proach would help mitigate potential biases that may arise when the researcher
conducting the study is also responsible for administering the tests. My in-
volvement in the process significantly simplified project administration and
reduced costs, but most likely influenced participants’ responses, either con-
sciously or unconsciously, leading to skewed results. Furthermore, my dual
role as both developer and evaluator of the prototypes may have introduced
additional biases, as I had a vested interest in the success of the interventions.
By having clinicians administer the tests, we can ensure a more objective
and standardized evaluation process, ultimately enhancing the validity and
reliability of the findings.

Research Question Q3 _2

The development and evaluation of the SoundCubes prototype presented in
Paper E provided insights into the design and implementation of gamified
music training tools for children with HC. The SoundCubes prototype was
designed to be engaging and interactive, incorporating game-like elements
to motivate children to participate in music training. The evaluation of the
prototype revealed several strengths, including its ability to capture children’s
attention and provide a fun learning experience. To some extent, the Sound-
Cubes demonstrated that it is possible to create a gamified music training
tool that is both engaging and effective with I'd say "one-size-fits-many”. Of
course it is far from being perfect, as the actual home usage was lower than
the expected one, even though the qualitative feedback from all the involved
parties was positive. In order to sustain long-term engagement, I imagine
the SoundCubes would benefit from additional game elements, such as time
challenges or competitive features, to keep children motivated over extended
periods. This, of course, while keeping in mind the primary goal of spatial hear-
ing training. The prototype provided a reward system in the form of collectible
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trophies, but further enhancements could be made to make the rewards more
varied and thus motivating for children. From a training perspective, results
were mixed, with three out of five participants showing improvement in sound
localization skills in one condition. The small sample size makes it difficult to
draw definitive conclusions about the effectiveness of SoundCubes for spatial
hearing training, which underscores the importance of the considerations
above for increasing the chances of success in future iterations.

Similar considerations apply to EmotiCubes (Paper F), as it is another
gamified training tool developed almost concurrently with SoundCubes. The
prototype aimed to enhance vocal emotional recognition through interactive
gameplay. The evaluation of EmotiCubes highlighted its potential, with both
participants with HL showing measurable improvements in the vocal emotion
recognition abilities. However, similar to the SoundCubes, maintaining long-
term engagement proved to be a challenge. Future iterations of the EmotiCubes
could benefit from incorporating adaptive difficulty levels, allowing the game
to adjust to the child’s skill level and provide a more personalized experience.

5.4 Personal Reflections and Future directions

I believe this PhD project has only begun to explore the potential of inter-
active music training tools for children with HC. The prototypes developed
throughout this work have provided valuable insights into their design and
implementation; however, much remains to be done. Numerous ideas, projects,
interactions, and collaborations have shaped this journey, and many more
questions have emerged—questions that will likely require many more future
PhD projects to address.

One recurring challenge has been participant recruitment for the larger
studies necessary to validate the effectiveness of these prototypes. Researchers,
myselfincluded, should pay particular attention to this aspect in future projects,
as it is critical for obtaining robust and generalizable results. A key step toward
overcoming this obstacle will be close collaboration with clinical partners and
the allocation of sufficient resources to support recruitment efforts.

Now that the research conducted during this PhD has been consolidated
into a single document, it is clear that the prototypes developed are still in an
early stage. Future work should focus on refining and improving these tools
based on the feedback and insights gathered during the initial evaluation phase.
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This may involve addressing technical issues, enhancing usability, sustaining
engagement, and incorporating additional features to better meet the needs of
children with HC. I would be particularly interested in seeing at least one of
these prototypes progress to a clinical trial phase, enabling evaluation on a
larger scale. Achieving this would likely require selecting a single prototype
and investing significant time and resources into its further development and
testing, shifting from the exploratory approach adopted in this PhD to a more
confirmatory one.

From a long-term perspective, additional questions arise, such as how
to maintain these prototypes in clinical settings, where intensive use over
time may necessitate repairs and updates. These considerations are rarely
addressed in research projects, yet they are essential for ensuring the success
and sustainability of interventions in clinical practice.

I am deeply grateful for the opportunity to conduct this PhD project, which
has allowed me to explore the intersection of music, technology, and HC.
This journey has been both challenging and rewarding, and I have gained
significant insight into the complexities of designing effective training tools
for children with HC. The work in this area is far from complete, and I hope
that the insights and prototypes developed here will serve as a foundation for
future research and development. As WHO predicts [139], HL will become
increasingly prevalent in the coming decades, primarily due to population
aging and exposure to loud sounds. This trend underscores the importance of
developing effective tools for auditory training and rehabilitation.

My hope is that the growing relevance of this topic will attract more
researchers, funding, and industry engagement, ultimately leading to a broader
range of solutions and improved outcomes for individuals with HC, enabling
them to freely choose to engage with music in their lives.
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Abstract

Sensory substitution and augmentation are pivotal concepts in multi-modal
perception, particularly when confronting the challenges associated with impaired
or missing sense rehabilitation. The present systematic review investigates the role
of haptics for the hearing impaired in training or gamified activities. We applied
a set of keywords to the Scopus® and PubMed® databases, obtaining a collection
of 35 manuscripts spanning 23 years. Each article has been categorized following
a documented procedure and thoroughly analyzed. Our findings reveal a rising
number of studies in this field in the last five years, mostly testing the effectiveness
of the developed rehabilitative method (77.14%). Despite a wide variety in almost
every category we analyzed, such as haptic devices, body location, and data
collection, we report a constant difficulty in recruitment, reflected in the low
number of hearing-impaired participants (mean of 8.31). This review found that
in all six papers reporting statistically significant positive results, the vibrotactile
device in use generated vibrations starting from a sound, suggesting that some
perceptual aspects connected to sound are transmittable through touch. This fact
provides evidence that haptics and vibrotactile devices could be viable solutions
for hearing-impaired rehabilitation and training.

A.1 Introduction

Human perception is by nature multisensory, and an extensive amount of
research has been dedicated to understanding how we perceive the world
through the interaction of our senses, starting with the pioneering work pre-
sented in [68]. In Biocca et al. [10], the authors outline different ways in which
the senses interact: for instance, cross-modal enhancement refers to the fact
that stimuli from one sensory channel enhance or alter the perceptual inter-
pretation of stimulation from another sensory channel. In certain situations
individuals can lack or have reduced sensory modalities. This is the case of
individuals with hearing impairment, visual impairment or tactile impairment.
In these situations, technologies could help augment or substitute the missing
modality.

In this paper we focus on individuals with hearing impairment and in-
vestigate how devices based on the sense of touch can help them to make
better sense of different stimuli and in recent years, several devices have been
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proposed for this purpose. This approach is supported by the fact that hearing
and touch present a higher temporal resolution if compared to vision, which
is especially true when the sense of touch is experienced by the hands, which
have a greater resolution than other body parts [43].

Since the 1920s, researchers conducted experiments with the goal of in-
vestigating the perception of vibrating objects through tactile sensitivity, and
comparing their characteristics with hearing perception. These efforts also led
to new research paths such as inquiring how deaf people experience sound
through the sense of touch [42].

Recent research by Ciesla et al. [16] has shown that a speech-to-touch
sensory substitution device significantly improves speech recognition in both
cochlear implant (CI) users and individuals with normal hearing (NH). This
finding aligns with the longstanding idea that the sense of touch can be ef-
fectively employed to substitute or enhance auditory experiences in such
devices. One of the first experiments in this direction was the “hearing glove”,
a speech technology modeled on the cochlea but constrained by the limited
sensitivity of human skin, presumably invented by Norbert Wiener in the
1940s [47]. Other prominent experiments were performed by Clark and col-
leagues who proposed the Tickle Talker [19], an eight channel electro-tactile
speech processor. The Tickle Talker was used to reinforce residual hearing
or to supplement lip reading; the device showed potential in rehabilitation of
severe hearing-impaired children and adults. Since then, tactile feedback has
been used for several applications aimed at aiding hearing-impaired individ-
uals, such as music listening [52], and even tap dancing [63]. In the works
considered by this review, vibrotactile devices have been used to enhance
various dimensions of hearing, such as sound source localization [27], pitch
discrimination [35, 64], and speech comprehension [25, 69]. Experiments
have been proposed to improve non-auditory perceptual abilities, including
environmental perception [55], voice tone control [59], as well as cognitive
ones like braille perception [56], lip reading [9], or web browsing [39].

Most of the time, developers of games and video games most of the times do
not take the needs of individuals with disabilities into account while creating
their products [1]. Thus, accessible games have an important role to include a
population that otherwise would be excluded [54]. In the last twenty years [32]
a strong focus has been placed on creating accessible games for populations
with different abilities. For individuals with severe hearing loss (HL) or those
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who may not benefit from traditional speech training, augmentative and al-
ternative communication methods can support effective rehabilitation [22].
Among them, gamification principles have been demonstrated to be effective
in strengthening children’s learning performance and improving their training
experience [12, 58]; this strategy has been widely applied in children’s educa-
tion and training products, bringing principles and mechanics from the gaming
world to increase engagement and motivation of the user [15]. Therefore, a
gamification approach to auditory-verbal training is also a promising direction
for hearing rehabilitation [75], merging the fields of gamification and training
to benefit individuals with hearing impairments.

We have briefly discussed the development of devices that enhance or
replace acoustic signals, as well as the extensive use of tactile and vibrotactile
feedback in games and video games over the past several decades [7]. These
applications have roots dating back to the early days of gaming [74]. As a
result of these developments, the intersection of rehabilitation and training
techniques for the deaf, haptic and vibrotactile stimulation, and game dynamics
emerges as a promising area of research that deserves further investigation.

A relatively recent review concludes that there is a lack of research in
auditory or cognitive impairments compared with visual and motor disabil-
ities, suggesting this as a topic for further research [1]. While devices that
augment or substitute hearing using touch have been continuously developed,
it is less known how training using such devices can help improve hearing
skills. Systematic reviews have raised questions about the effectiveness of
musical training [45] and investigated and individualized computer-based
auditory training [34]. Some have underscored the influence of variables such
as participants’ age, training duration, and the type of hearing device used [65],
while some enquired the use of tactile displays for music applications design
for hearing impaired individuals [52]. Additionally, studies have explored
the impact of gamification on the learning process [12], while others have
focused on deaf students without incorporating the haptic aspect into the
assessment [17]. Therefore, the evaluation of the impact of vibrotactile tech-
nology is a crucial consideration for providing assistance in training activities
to individuals with hearing impairments.

In this paper, we present a systematic review of the literature regarding
training and gamified experiences that use haptic feedback to help individuals
with hearing impairments. Section A.2 introduces the (often ambiguous)
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terminology, Section A.3 addresses the research questions, Section A.4 the
methodology, Section A.5 the results, Section A.6 the discussion, Section A.7
the limitations of this study and Section A.8 the conclusions.

A.2 Definitions

To establish a foundational understanding of this review and facilitate com-
prehension of the central concepts addressed in it, we will commence by
providing relevant definitions. These definitions will serve as a framework for
the subsequent analysis and discussion throughout the document.

Haptic In the Dictionary of Psychology, James M. Baldwin defined haptics
as “[...] the concomitant sensations and perceptions [...] cover[ing] the whole
range of function of skin, muscle, tendon, and even of the static sense—thus
including the senses of temperature and pain, and the perceptions of position,
movement, etc.” [5].

Sensory augmentation Involves extending the individual perception of a
sense by utilizing another sense or the same sense, and can involve various
sensory systems [44].

Sensory substitution Is the replacement of a missing sensory percep-
tion by conveying the information typically acquired through one sense to
another [4].

Tactile Is an umbrella term for the perception of vibrations, static pressure,
skin stretch, or friction [14].

Vibrotactile Is a subcategory of tactile perception, where the tactile sen-
sation is caused by an oscillating object [14].

A.3 Problem Statement and Research Questions

The problem tackled by this systematic review is to explore the methods we
found that integrate haptic and vibrotactile stimulation into rehabilitation and
aid in general for people with hearing problems. This research is motivated by
arecognized gap in the existing literature, as discussed in the introduction. We
want to update the corpus of existing devices and techniques (e.g., training)
in this area and report their impact and effectiveness on the disabled popu-
lation under study. Our systematic review focuses on the following research
questions:
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RQ1 What are the main methodological characteristics of the reviewed arti-

cles?
RQ2 What are the most common strategies for designing haptic-enhanced

games or training programs to facilitate skill development, communi-
cation, or accessibility for individuals with varying degrees of hearing

impairment?
RQ3 Are the studies successful in reproducing positive effects when haptic

feedback is applied?

A.4 Methodology

In this section, we describe the methodology we employed to select relevant
literature for the systematic review. The whole study has been conducted
following the PRISMA 2020 guidelines, and the related checklist [51].

A4.1 Keywords

We curated a set of keywords concatenated with the logical operator “AND”,
organized into three essential categories: tactile, hearing impairment, and
games for rehabilitation and training. To cover various aspects of the core
topics, we used the logical operator “OR” to connect alternative keywords.
The keyword combination with the operators used for the database search is
presented below (Listing A.1):

Listing A.1. Keywords combination used for the database search.

haptic OR vibrotactile

OR tactile OR touch
AND

hearing -impaired OR deaf

OR (hearing AND impaired)
AND

game OR training OR education

OR videogame OR gamification

The first group of keywords comprises terms that cover aspects of tactile
interaction, such as haptics and vibrotactile. The term ‘haptics’ refers to the
broad sense of touch, while ‘vibrotactile’ specifically entails the presence
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of a vibrating object that stimulates the tactile sensation. For a more in-
depth explanation of these terms, we invite the reader to consult Section A.2.
The second group of keywords focuses on the target group who are hearing
impaired or deaf individuals. Lastly, the third group includes keywords related
to both training and gamification, which are at the core of this research.
Thanks to this set of keywords we intended to cover the majority of terms
that are commonly used in the research fields of tactile perception, hearing

impairment, and game-based interventions.

A.4.2 Inclusion/Exclusion Criteria

Together with the keywords, we established specific inclusion criteria. The
manuscripts accepted in our review had to be written in English, undergo peer
review, present primary research, being published in the last 25 years, and be
designed to address the specific needs of the hearing-impaired population.
During the analysis, we adopted different exclusion criteria codes to better
track the process. Concerning the first iteration where we took into account
only abstract, title, and keywords, we applied the codes that are reported in
Table A.1 with the exception of the last two (missing validation or intervention),

that have been used for the in-depth analysis.

Table A.1: Exclusion codes and data.

Description No. % Note
Not Available 5 4.27%  Cannot find the manuscript
Not English 1 0.85%
Not Game/Training/Edu 17 14.53%
Not Hearing-Impaired 28 23.93%
Not Last Publication 3 2.56%  Newer publications, same
project
Not Primary Research 5 4.27% e.g., review
Not Vibrotactile 26 22.22%
Off Topic 32 27.35% Multiple reasons
(e.g., NV + NGTE + NHI)
No Intervention 1 0.85%
No Validation 6 5.13%

Total 117  100%
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A.4.3 Database Selection

To identify relevant literature, we conducted searches in two promi-
nent electronic databases: Scopus® and PubMed®. We chose these
databases due to their extensive and pertinent literature in the techni-
cal and medical domains. Since Scopus® includes more than 90 mil-
lion records (Scopus blog, https://blog.scopus.com/posts/
scopus-now-includes-90-million-content-records,ac-
cessed on 5 December 2023) and PubMed® more than 36 million (Pubmed
about page, https://pubmed.ncbi.nlm.nih. gov/about/, ac-
cessed on 5 December 2023), we deemed incorporating additional data sources
into this review unnecessary.

A.4.4 Data Collection

Using the aforementioned keywords and criteria, we retrieved a total of 187
entries from Scopus® and 180 from PubMed® databases (as of 26 September
2023). In the former database, one paper has been automatically removed by the
Scopus® search engine due to lack of a peer review. The research results were
stored in the references manager Zotero (https://www.zotero.org/,
accessed on 5 December 2023); here, we merged the two collections and
removed the duplicates, obtaining 294 unique records. Subsequently, we
exported the results in a spreadsheet that allowed us to better organize the
references and keep the relevant information only. We performed a second
filtering operation by choosing only the manuscripts published after 1998 (i.e.,
within the last 25 years). For each of the 159 records obtained we analysed the
title, the abstract, and the keywords, finally selecting only 42 relevant records.
As a last step, we performed a comprehensive review of the full papers by
narrowing down the eligible records for this review to 35 manuscripts. In
Figure A.1 we report the diagram of the whole process for the data collection
of this systematic review.

A.4.5 Coding and Analysis

To answer the research questions, we categorized the selected entries with
the methodology illustrated in Figure A.1, analyzing the content of each
manuscript. We reported the most relevant aspects of each research in a
spreadsheet that contains, among other things, the following elements: study
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Records from Scopus® Records from PubMed®
187 180

Inelegible by automation
1

New count
6
Duplicates

73

Identification

Unique records
from both databases
294

Screening

From last 25 years
159

Selected from Title, Ab-

stract, and Keywords
42

Excluded with full-text analyisis
7

Total number of records included
35

Eligibility

Fig. A.1: Block diagram of data inclusion method.

type, haptic body location, haptic usage, vibrotactile technology, mappings, vi-
brotactile processing, target impairment, training, and data collection method.
This choice has been made to create an overview of the different applied
methodologies and technologies, with the goal of answering the research

questions.

A.4.6 Categorization

Here we introduce and explain some of the categories we applied. We divided
the entries based on their research focus. The ones that are primarily aiming
to demonstrate or validate the efficacy and outcomes of a particular approach
or intervention are categorized as effectiveness. Others that focus on exploring
and refining design methodologies and proving their validity fell into the design
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category. A second relevant category is the type of study. We differentiated
the experimental from the quasi-experimental designs when we found that
sample randomization, i.e., the random selection and assignment to a group of
participants, was missing [41]. We indicated with pre-post tests the studies that
analyzed the effect of an intervention measuring the subjects’ performances
before and after it. The development and usability evaluation study category
has been created for less structured studies that mainly focused on the design
and the functionality aspects rather than the effects of the treatment. Finally,
mixed methods was the category chosen for the experiments where the design
of the study featured different aspects of other studies.

Considerable attention has been paid to categorizing and describing the
approaches for the haptic usage, the choices around mappings, and the pro-
cessing techniques for the generation of vibrotactile stimuli (where present).
In the literature, the use of haptic feedback mainly addresses the substitution
or the augmentation of one or more senses (e.g., hearing).

Diverse mapping strategies include employing full sound for actuator feed-
back, generating vibrotactile stimuli through text or gestures, and utilizing
synthesis techniques that diverge from traditional sound-based or input-related
methods. Endless combinations can be chosen when referring to vibrotactile
processing. The categories we used try to simplify the plethora of techniques,
pointing at two main features that can be identified in most of them: funda-
mental frequency (F0) extraction and modulation of a carrier with a temporal
envelope. For more complex choices, we invite the reader to refer directly
to the related manuscripts, since it would have been impractical to put this
information inside a table.

The manuscripts reviewed in this study employed various mappings in their
research projects, which we categorized into three groups: input-vibrotactile,
input-location vibrotactile, and body location-output. In the first category, an
input source is recognized and mapped to a specific vibration output. For
example, sound-vibrotactile mapping involves generating vibrations from a
manipulated sound sample to achieve specific perceptual effects. Researchers
also utilized other inputs such as visual input (e.g., associating a specific image
with a vibration), gestural input (e.g., associating a specific movement with a
vibration), and textual input (e.g., associating a specific word or group of words
with a vibration). The second category involves the use of sound-vibration
maps on a specific body area, where the information includes both the spatial
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position and the vibration itself. Lastly, the third category incorporates the use
of body location as an input source (e.g., touch of a part of the hand) mapped
to a text output (e.g., letter, phoneme).

A.5 Results

By applying the filters presented in Section A.4, we selected 35 out of 159
articles that were obtained with the screening process (22.01% rate of inclusion).
Of the excluded items, 27.35% were marked as out of topic due to the lack of
multiple key aspects for this research (i.e., more than one exclusion code
applied). An additional 23.94% were not focusing on the hearing-impaired
population, and 22.22% were missing haptic feedback. Other reasons for
exclusion and the associated rates can be found in Table A.1. As a result, we
present in Tables A.2—-A.9 the papers that constitute this systematic review,
highlighting key characteristics of each publication.
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In Figure A.2, we can observe the distribution of manuscripts over the
years. An increase in publications concerning this review’s topic is evident
over the last four years, starting from 2019.
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Fig. A.2: Amount of articles per year of publication.

In the following sections, we will present the data retrieved from the
manuscripts and organized into charts and tables that categorize the main
themes: Section A.5.1—metrics, Section A.5.2—methodologies, Section A.5.3—
haptics, Section A.5.4—vibrotactile technologies, Section A.5.5—subjects, and
Section A.5.6—outcomes. The consequent plots have been generated with MATLAB
(version: 23.2.0 (R2023b), https://www.mathworks.com/products/
matlab.html, accessed on 5 December 2023) using a combination of plot,
scatter and bar functions.

A.5.1 Metrics

Here we display the metrics in terms of type of publication and amount of
citations per article.

Publication Types

In Figure A.3 we report the type of publication of the included articles: the
vast majority (68.57%) of them are journal articles, while only one is a book
chapter. The remaining papers are conference proceedings.

Citations

Here, we present the citation count from Google Scholar along with the
citations per year. The latter are calculated by dividing the total number of
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A.5.2 Methodologies

The first step of the analysis process included an investigation of the practices
involved in the study. We considered the type of study design, the aim of the
research, and the data collection procedure.

Study Type

We classified each article based on the study typology, as shown in Figure A.5.
The majority of articles fall into two main categories: experimental (9, 25.71%)
and quasi-experimental design (8, 22.86%). We employed this distinction
to clearly identify studies randomizing the participants’ groups (experimen-
tal) [61].

Quasi-experimental -

|
Pre-post test |- o0 000 _7
Pilot study - ° l1
Mixed methods o0 .2
Field trial ° I1
Experimental - @ @ e o0 L[] [ ] _
Development & usability eval. - ° ° ° e o _7

.
B U I R IR S SN 2 4 6 8 10
Number of articles

Fig. A.5: Study types. The size of each data point represents the amount of articles per year.

Two other frequently occurring study designs include the pre-post test
and the development and usability evaluation study. The former examines the
impact of a treatment by assessing performance before and after treatment
administration [57]; based on our research criteria, we observe that this design
has only been adopted during the last four years. The latter, as implied by its
own name, is attributed to manuscripts whose aim is to design a process or
device, and a test on a small group of participants is conducted.

We came across only one field trial, in which researchers aimed to enhance
the ability of individuals with severe hearing impairment or deaf-blindness to
detect, identify, and recognize the direction of sound-producing events [55].
Lastly, we encountered two mixed methods studies where both qualitative and
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quantitative evaluations have been made [70, 76].

Research Focus

In this section, we report the focus of each research included in this review.
Despite the high variability in study design approaches and topics, we tried to
summarize the principal goals in only two categories: design and effectiveness.
The difference between the two groups is the main focus: in the first group,
specific attention is payed to developing a solution, leaving the evaluation
as a secondary aspect; in the second group, the core of the research is the
assessment of a specific method/device in terms of its performances. We can
see in Figure A.6 that the vast majority of the articles can be grouped in the
effectiveness category (27 articles, 77.14%), and they can be found along the
whole period of time that we took into account.

Effectiveness }

Design o0 . 00 -5

SR g g O g g g g @ g @0 5 10 15 20 25 30
Number of articles

Fig. A.6: Research focus. The size of each data point represents the amount of articles per year.

Data Collection

Figure A.7 showcases a diverse range of data collection methods. Notably,
task accuracy stands out as the most commonly employed method. In this
category, we included all the manuscripts that contain accuracy measurements
to evaluate user performance in specific tasks that are crucial for assessing
the effectiveness of a treatment or a particular design. This prevalence of
task accuracy as a method is not surprising, especially when compared to the
findings in Figure A.6, which indicate that the majority of papers are exploring
the effectiveness of novel solutions.

A.5.3 Haptics

The objective of this systematic review is to explore the utilization of haptic
feedback in studies involving the hearing-impaired population and their train-
ing. To achieve this goal, it is essential to delve into various aspects of haptic
feedback. In this section, we will examine the diverse roles of haptic feedback,
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investigate the specific body parts involved in this process, and provide an
overview of the devices commonly used for this purpose

Usage

The breakdown in Figure A.8 reveals distinct patterns: 54.29% of the
manuscripts have designed their studies to convey specific information
through touch, completely bypassing other senses (sensory substitution). Con-
versely, approximately 45.71% use haptic feedback to enhance one or more
senses falling in the category of sensory augmentation, as explained in Section
A2

Word segmentation - e MWt
Wizard of Oz - o .I
Vibrotactile thresholds - ° ll
Two-interval forced choice - ° ° ° -3
Thinking aloud - ° ll
Task accuracy - © @ ® ° ° e® Qoo o o0 _20
Speech recognition - ° l 1
Speech reception threshold - o0 . 2
Six-interval forced choice - ° Il
Semi-structured interview - ° ° .2
Reading comprehension - ° I 1
Questionnaire - ) [ X ] -4
Physiometric test for intelligence - ° I 1
Physiological measurement - ° I 1
Otoscopy - ° II
Observation - [ 3 -3
N-interval forced choice - ° ° . 2
Lexical decision task - ° .l
Interview o0 .2
Detection and identification scores - ° .1
Completion time - ] ° . 2
CSUQ questionnaire - i i i ° .1
’LQQQ 'L“@' '79“& 1@6 ’L@‘b 'LQ\Q ’LQ\’L ’L“\)‘ 'L“xh ’1—0\% ’L“l“ ,)prﬁ, 1@} 0 5 10 15 20

Number of articles

Fig. A.7: Type of data collection method. The size of each data point represents the amount of
articles per year.

Sensory substitution - ® ® e ° ° LN XX ° ([N KN _19
L L I L . .

B R GRS R 5 o1 20
Number of articles

Fig. A.8: Use of haptics in the articles. The size of each data point represents the amount of
articles per year.
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Haptic Body Location

The human body presents different sensitivity to haptic stimuli depending
on the body location involved. Therefore, we investigated the distribution
on the body of stimulus application and presented the results in Figure A.9.
A significant portion of the studies focused on stimulating either hands (13
studies) or fingertips (12 studies).

Mappings

A final aspect that has a great importance in the design of the experience with
haptic feedback is the mapping, that is the way we connect a source stimulus
with the haptic feedback. It is important to notice that haptic feedback can also
play the role as an input, as in [67] where the shape/texture of a symbol was
matched with a word. In Figure A.10, we can observe that 18 articles (51.42%)
use the sound-vibrotactile mapping. The group none encompasses all the
manuscripts that do not present a specific connection between a sensorial input
and the vibrotactile feedback generated, but instead investigate a perceptual
aspect related to haptic feedback.
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Fig. A.9: Body locations where haptic feedback has been applied. The size of each data point
represents the amount of articles per year.

A.5.4 Vibrotactile Technology

The majority of the publications involved the use of some vibrotactile feedback

technology. This can be provided by either a prototype conveying vibrations
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Fig. A.10: Haptic feedback mappings. The size of each data point represents the amount of
articles per year.

or a commercially available device. In the following sections we are going to
investigate which kind of solutions have been used.

Device

Figure A.11 displays the devices utilized in various articles. Smartphones are
the most frequently used, with six publications employing their features to
provide vibrotactile feedback. We can also observe that a great variety of
solutions have been investigated, from measuring devices [24-27] to industrial
products [35], and specifically designed devices for conveying vibrotactile
feedback [2, 20, 29, 40, 72].

Actuators

Another important aspect of vibrotactile feedback is the actuator’s technology.
In Figure A.12, it is evident that the eccentric rotating mass (ERM) is the most
commonly employed type of actuator. This aligns with our earlier discussion in
Section A.5.4, where we discussed about using smartphones as tactile devices.
Notably, ERMs are the most prevalent actuators found in smartphones due to
their low cost and small dimensions. The studies that opted for some of the
Tactaid devices have been tagged with not specified, since to the best of our
knowledge it is not clear which technology operates behind these patented
devices. The second most common type of actuator is the electrodynamic
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Fig. A.11: Vibrotactile devices. The size of each data point represents the amount of articles
per year.

shaker, that is a high precision device for laboratory experiments and presents
higher fidelity for greater cost and size compared to ERMs.

Vibrotactile Processing

The choice of a specific processing technique for generating vibrotactile stimuli
is as crucial as selecting the target body part and the device. In Figure A.13, we
can observe that 10 of the studies employed a temporal envelope to modulate
a carrier signal, while an additional 10 generated bespoke signals without
starting from a pre-existing sound or source; both such techniques have seen
increased usage in the last decade. It is worth noting that five studies did
not specify how vibrotactile stimuli were created. Three among those falling
under the category none are primarily focused on haptic interactions [67, 76]
or they measure the perception of a vibrotactile stimulus that is not associated
with other sources [3]. Furthermore, three studies employed a unique and
convoluted approach to derive vibrations from sound signals that did not fit
any of the categories part of the figure. As a result, we categorized them as
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Fig. A.12: Actuator technology. The size of each data point represents the amount of articles
per year.

complex [28, 69, 77].

A.5.5 Subjects

Upon examining the various participant groups in each study, we found that
the mean number of total participants was 16.46 (STD = 15.67). By contrast, for
studies including only sensory impaired participants, the mean value was 8.31
(STD = 12.13). Figure A.14 indicates the number of total and sensory-impaired
participants in each article. It is evident that the sensory-impaired group
shows less consistency compared to the non-impaired group across different
experiments. Fourteen studies (40.00%) from this review are actually missing
an impaired testing pool. This inconsistency can be attributed to the challenge
of recruiting individuals with specific sensory impairments who are willing
to participate in the tests. As a result, it is more common to simulate sensory
impairments by depriving non-impaired individuals of a sense (e.g., using
earplugs).

Target Impairment

The distribution of target groups is quite homogeneous, with the majority of
the articles dedicating to the hearing impaired (17 studies) followed by the deaf
(Nine studies) and the deaf-blind (Eight studies). Other categories included in
Figure A.15 are associated with at least one of the above-mentioned groups.
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Fig. A.13: Vibrotactile processing generation techniques. The size of each data point represents
the amount of articles per year.

Training

A final key point of our systematic review is the training aspect. The pre-test
label reported in Figure A.16 indicates a short training experience conducted
right before the test, with variable time, and often not specified. This condition
has been reported by 13 articles (37.14%) while in four manuscripts we found
an extended training experience that took at least one month [8, 20, 49, 67].

A.5.6 Outcome

In this section we examine the overall outcomes of the included articles and
their statistical significance.

Positive/Negative

Figure A.17 depicts the results obtained in each study. None of the articles
reported only negative effects of their treatments. On the contrary, it is quite
surprising to see that 26 articles out of 35 (74.28%) obtained a positive result
from their tests, and almost all of them have been published in the last 12
years. This fact might recall the effect of positive findings on the submission
rate [18]. The category complex represents all the studies where more than
one outcome has been found and not all of them were positive.



A.6. Discussion 123

64 - Il Total participans

60 Impaired participants

56 - ---Mean total participants

52 - Mean impaired participants

Participants
@
=

=
—

|

|8

|

=

—

-
—
—
I—
-

-

F

=

|—

=
I—
-

¥
—

=)

O = = D VWAoo ANANMOMIFEID ON 0V O OO0 QO — — — =N
000090 00O = = === ™= ®®™=m=™=™>=0O = adaadadaadaaaaacaaoaadadaacaad
OO 0 0 0 0 0 0000000000000 dNO OO OO0 0000000 o
LS I o I o I o I o B o B o Y o I N A S A o I o I o A I o I o I o B S I o I oY) S o I o I o I o I o I S o I o B o I o I S )
N S T
unmmmmmmmmmmnwmnmmmmgmmnmmnmmmmmmmn
g e A e A G NN P R S 2 g
04Qm'ﬁ'}mmﬁmmmmmumﬁomﬁ$m!'@'mummum"i}'ﬁjww'ﬁ'}mu
HESe 0P dUZESEEEdS<O00dtEdsoNdsdZdSEEd
PO N P B SR s S = Wb 4 o S < S O P ) @
Mo eZ g E R e SR P <tEgTiEEE P gg L=y
SE2C2&EREEEEE pE~TETgEE L s NR) s £ 28 & ;8
£ = = s a3 = [ 2 £ 2 9.2 & N
F2rESIS SRz EY gs £ Es=2=2008= QIEUgngU%ﬁ
= 2 N N [*] TS (S E=EN < 5]
SEZS<ECLETT RS Hs 29Egs S5 2¢ EE0 5§
Q =1 ] 5 9 O = 9 = S o T
5 2 Q8 E = &g 8 @ < c = < 1] S0 &2 g
2 2 53 .2 & S o =2 QO © © S O = B & 3 S
m = Em T = 'z ] =2 -~ = = -1 O
V) Z & 5 322 0% £8 3
o~ E'u.‘u.‘ = 2 N
£ o

=}

O

Articles

Fig. A.14: Sample size for each study. The two lines indicate the mean number of participants for
each group [2, 3, 6, 8, 13, 16, 20, 21, 23-31, 35-38, 40, 49, 50, 53, 55, 59, 60, 64, 67, 69, 70, 72, 76, 77].

Statistical Significance

The outcomes obtained from each study could be statistically significant or
not, and can be related to both a qualitative and quantitative measurement. In
Figure A.18 we can see that in 19 (54.29%) articles there is an outcome that is
statistically significant.

A.6 Discussion

The primary objective of this systematic review is to gather and analyze articles
that propose haptic treatments or design solutions for the hearing-impaired
population. In our methodology we detail the sampling approach, and in the
subsequent chapter we evaluate 35 identified papers published between 2000
and 2023.

Two central themes underpin our exploration: training and gamification.
To include all relevant literature where haptic technology intersects with gam-
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Fig. A.15: Target impairment. The size of each data point represents the amount of articles per
year.

ification for hearing-impaired individuals, specific keywords such as game and
gamification were introduced. The research in this particular domain yielded
a limited number of papers. Despite the interest from industry and academia
in video games equipped with vibrotactile feedback [66], the literature re-
porting their application to enhance the experience for the hearing-impaired
population appears to be sparse. In our research, only three articles directly
addressed gamification aspects in their design processes [13, 23, 36]. Cano
et al. [13] focused on a table game for children aged 7 to 11 with hearing
impairment. The game board and cards are the principal means of engage-
ment. Additionally, a smartphone provides visual and vibrotactile feedback by
reading QR codes on the physical interface. However, the latter is somewhat
limited, offering a buzz-like sensation only when a child’s answer is incorrect,
given its secondary role since the smartphone screen simultaneously displays
a corresponding sad face emoticon. The second paper [36] introduces a mobile
app that offers vibrotactile feedback in response to a detected drumming ges-
ture by the smartphone. The interaction and feedback are described clearly,
but the study lacks emphasis on the gaming aspect, even if the keyword game
is included. The final paper addressing gamification is authored by Evreinov
et al. [23]. In this work, the authors showcase a pen which is able to provide
vibrotactile feedback when connected to a pocket PC. The primary objective
of the vibrotactile feedback in this context is to convey tactile icons (i.e., tac-
tons [11]) to deaf or blind users during their interaction with two video games
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designed for this specific purpose. Bringing together these considerations, we
noticed a gap in the literature regarding games and haptics for the hearing
impaired, making this a valuable path to investigate in the future.

Figure A.2 reveals a growing interest in haptics applied to training for
the hearing impaired. This can be paired with the increase in the number
of new systems for music applications for the same target population [52].
The majority of papers focus on the effectiveness of the developed rehabilita-
tive method, as stated in Section A.5.2. Seventeen out of 27 studies (62.96%)
measure the user’s accuracy on a specific task which is the most recurrent
measurement, as reported in Figure A.7. The remaining ones rely on psy-
chophysiological measurements (such as two-interval forced choice scores),
speech comprehension evaluations, or qualitative observations. Conversely,
all the studies that collected data regarding task accuracy have effectiveness
as a research focus, except for three [23, 60, 64]. This finding can be read as a
shared methodology construction; the experimental design of a rehabilitative
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Fig. A.18: Statistical significance. The size of each data point represents the amount of articles
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or training method includes the definition of a task whose outcome serves as
a measurable quantity that can be used as a metric for training effectiveness.
We relate the almost equal partition in Figure A.8 to some of the observed
themes’ main patterns. For the target population, we note that there are seven
studies involving blind participants in which vibrotactile technology was used
for sensory substitution; only two used it for sensory augmentation. It is
reasonable to think that absence of sight drives this design choice. Conversely,
all three studies involving users with ClIs use haptics for sensory augmentation.
CI users receive a new electrical stimulation to their auditory nerve that gives
them a mode of perception; making it multisensory could be a way to acquaint
them with hearing. We note that sensory substitution and augmentation have
a symmetric distribution concerning the main trends in vibrotactile processing
in Figure A.13. Among the studies using the augmentation approach, four
used temporal envelope and seven synthetic generation; in the other group,
six used temporal envelope, and only three generated vibrotactile stimulation
synthetically. Even if distributed almost uniformly, sensory substitution leans
toward creating the vibrotactile stimulus from scratch; sensory augmentation
tends to use a temporal envelope perceivable by the other senses.
Determining the placement of vibrotactile stimuli is crucial for achieving
the intended outcomes. The sensitivity distribution of our body to haptic
stimuli is quite diverse, and considering these concepts is pivotal for good
design. From Figure A.9 it can be seen that most devices deliver haptic feed-
back to hands, palms, and fingertips. This is because these areas are rich
in mechanoreceptors such as Pacinian receptors and Meissner corpuscles,
which are crucial for perceiving vibrotactile stimulation [71]. Notably, even
in the early stages of human life, during infants’ exploration, it has been
demonstrated that we commonly rely on our hands and fingers to give sense
to our surroundings. This tactile exploration allows humans to discern the
objects’ shapes, textures, and temperatures, even before having the ability
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to inquire them visually [73]. Another area of the body used in the selected
manuscripts are the wrists. This is a more convenient area for conducting
other activities while receiving haptic feedback, since our hands can be left
free to perform other tasks. The drawbacks are the presence of body hair that
affects sensitivity, and clothes that might interfere with the experience. It is
worth mentioning that in the article by Tufatulin et al. [70], the researchers
used a loudspeaker to convey a full-body haptic feedback experience through
water, using it as a medium to provide a multisensory experience, combining
sound and vibrations to improve children’s hearing activation after hearing
aid (HA) or cochlear implantation.

Since humans present limited tactile capabilities if compared to hearing
ones (e.g., reduced frequency spectrum and resolution [46]), often digital signal
processing (DSP) techniques are often applied to the input sound stimuli to
extract specific features such as the fundamental frequency (F0), harmonics,
and temporal envelope. This way, the vibrotactile stimulation can emphasize
certain aspects of the sound input while omitting secondary ones, aligning
with the research objectives and tactile capabilities. In Figure A.13, we can
observe that one of the most common approaches involves extracting the
temporal envelope from sound signals and applying it to the vibrotactile signal
(that could, for instance, be generated using a synthesis method). If we focus
on the articles that employed the sound-vibrotactile mapping, a remarkable
pattern emerges: all of them administered vibrotactile stimuli to either the
fingertip, the palm, or the whole hand, capitalizing on the high sensitivity
of these body parts to vibrations [71]. Furthermore, stimulating the hand or
fingertip requires minimal preparation from the participants, often eliminating
the need for additional garments or wearable equipment that might increase
the task duration and discomfort. Out of the 19 studies applying the sound-
vibrotactile mapping, nine present positive statistically significant results;
and additional six show more complex results with negative and positive
outcomes [2, 8, 31, 40, 72, 77]. These outcomes are tightly linked with both
the design choices and the characteristics of the participants. Upon examining
individual experiments, a common trend emerges in eight of the 14 studies that
reported a positive or statistically significant result: the temporal envelope
processing technique. This technique involves extracting the amplitude of
sound stimuli over time and applying it to the vibrotactile signal, aiming at
a clear amplitude correlation between the two. Summarizing these findings,
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one could argue that employing sound-vibrotactile mapping with temporal
envelope processing techniques and delivering this stimulus to the hand (or
fingertip or palm) may result in positive and statistically significant outcomes.

Moving to the device choice, we can observe that almost every arti-
cle adopts a unique approach. The most common device is the smart-
phone [21, 36, 38, 51, 53], given its near-ubiquity; with most people owning
one or at least being familiar with it, smartphones serve as convenient and
portable tools for training and enhancing experiences. However, the compact
size of smartphones comes with some drawbacks, particularly concerning
vibrotactile performance. Due to their small form factor, the actuators in
these devices must also be small, resulting in reduced frequency performance.
Additionally, the design focus for the vibrotactile experience on smartphones
has consistently prioritized conveying simple messages or notifications rather
than complex sounds. To reduce costs and keep them as compact as possible,
the majority of smartphones are equipped with ERM actuators that usually
operate on one single frequency (resonant frequency) [33]. Furthermore, using
such devices in this field introduces significant challenges in controlling poten-
tially confounding variables that are typically less pronounced in controlled
laboratory settings and equipment, hence complicating and reducing the relia-
bility of experiments and evaluations. A contrasting approach is evident in the
studies by Fletcher et al. [24-27], where electrodynamic shakers are employed
to convey vibrations through a complex and high-fidelity piece of equipment.
Specifically, electrodynamic shakers are closely linked to voice-coils and find
extensive use in industrial applications. Using this method, the HVLab device
reproduces the input signal with good quality, covering a frequency range
of 16 to 500 Hz with a low tolerance for frequency deviation (;0.1%). Given
the variety of tools and devices available, researchers should exercise caution
when choosing an actuator technology, bearing in mind that each has its
pros and cons. Broadly, two major categories can be distinguished: piezoelec-
tric, ERM, and linear moving magnets favor small size and low cost, whereas
electromagnetic vibrators, voice-coils, loudspeakers, and inertial transducers
emphasize high-quality performance.

Our research has unveiled haptic solutions that have evolved over the years,
often utilizing unique vibrotactile processing techniques tailored to specific
devices, as shown in Sections A.5.4 and A.5.4. The lack of documentation
on both hardware and software for the patented solutions generated issues



A.6. Discussion 129

concerning transparency and replicability. The lack of standardization of
processing (Section A.5.4) and device technology raises concerns about the
generalizability of the findings to broader user populations. This issue becomes
even more evident when considering the target population (Section A.5.5).

The retrieved data reveals a significant disparity in the participants in-
volved in these experiments: most studies either include a limited number
of individuals with target impairment, or simulate impairments by depriving
people of one or more senses. Thirteen publications present more than eight
participants with impairments (above the mean of the whole study group; see
Figure A.14), and ten of these studies declared an affiliation with a hospital
or collaboration with a school, health institution, or association for impaired
individuals [2, 3, 6, 8, 20, 24, 25, 31, 40, 49, 53, 70]. While recognizing the
substantial challenges in the recruitment process, particularly within minority
groups, we recommend that researchers establish close collaborations with
hospitals, schools, and care centers to access a more diverse and representative
population. Working closely within a clinical environment can also shed light
on challenges that might not be apparent to academics alone. This collabora-
tive approach can foster a better understanding of the real-world needs and
experiences of the hearing-impaired population, ultimately leading to more
effective haptic solutions.

A consistent pattern emerges when filtering the included articles to focus
on those with positive statistically significant outcomes involving impaired
individuals. All six studies meeting these criteria have been published within
the last eleven years and employed sound-to-vibrotactile feedback mapping.
If we dig into the details, four of the six articles applied haptic technology
to enhance another sensory modality by applying vibrotactile stimulation
on the wrist [20, 24, 25] or full body, as observed by Nanayakkara et al. [49].
The remaining two studies used vibrations in other body parts for sensory
substitution [35, 53]. In three of them, the vibrotactile processing techniques
utilized temporal envelope-based methods [24, 25, 53], while the other three
applied full sound [49] generated synthetic stimuli [35]. Since Daza Gonzalez
et al. [20] utilized the Lofelt bracelet, the specifics of the DSP method for the
vibrotactile generation were not disclosed.

Considering the studies with either no training or only a brief training
experience before exposing the participants to the experiment (pre-test), we
observed no relevant pattern relating the training length and the statistical
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significance of the results. Nine studies reported no significant results, whereas
seven studies did.

In conclusion, the evidence that all the significant positive outcomes in-
volved a sound-to-vibrotactile feedback mapping confirms the long-standing
idea that the multiple perceptual aspects connected to sound are transmittable
through touch. Thus, a sensory substitution of this type is a viable solution
for hearing-impaired rehabilitation and training,.

A.7 Limitations

For this systematic review, we exclusively used two databases: Scopus® and
PubMed®. We did not employ alternative methods for the literature search, such
as secondary references or websites, as we believed that these two databases
comprehensively covered the available literature. However, it’s worth noting
that we may have missed some grey literature.

Given the wide range of topics covered in the selected manuscripts, we
acknowledge that justifying the inclusion of some articles, even if they met
the selection criteria, presented challenges. For example, we are aware that
some literature primarily aims to measure perception thresholds rather than
to assess the effectiveness of haptic treatments or designs. Another hurdle
was comparing studies involving haptics with those focusing on vibrotactile
feedback. Some employed categories may not perfectly align with studies
that do not exclusively involve vibrotactile feedback. Moreover, we reviewed
studies where haptics was used to train individuals with sensory abilities
to communicate with those who have impairments, presenting a different
perspective from the majority of the included studies. Despite this difference,
we chose not to exclude these articles because they offered insights into
valuable aspects relevant to all the manuscripts.

A.8 Conclusions and Future Research

This systematic review compiles a set of papers exploring the integration of
haptic feedback in training and gamification protocols to enhance the auditory
experience for individuals with hearing impairments. We initially identified
294 articles from two prominent databases using relevant keywords. After
careful screening and eligibility checks, we included 35 manuscripts in our
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analysis. Our examination primarily centers on study design, hardware and
software solutions, training protocols, and the resulting test outcomes. Finally,
we derive insights from the findings to provide recommendations for future
researchers and designers.

Within the literature review, we observed a notable scarcity of studies
addressing games and haptics for hearing-impaired individuals, underlining
the urgency for further exploration in this critical area. Furthermore, those
that delved into the topic often had a limited focus, either on vibrotactile or
gamification aspects, leaving the combination relatively unexplored.

A noteworthy discovery is a consensus on targeting hands and wrists
with haptic feedback alongside temporal envelope-processed sound, yielding
positive and statistically significant results. This presents a promising avenue
for future research. On the contrary, the diverse array of devices conveying
vibrotactile feedback adds complexity, making it challenging to establish clear
correlations between treatment administration and observed outcomes.

We emphasize the importance of conducting research in real-world, eco-
logically valid environments, collaborating closely with end-users, rather than
confining studies solely to controlled laboratory settings. While acknowledg-
ing the challenges of field research, we contend that testing in real-world
scenarios offers a more accurate understanding of the practical challenges
and benefits experienced by hearing-impaired individuals with haptic so-
lutions. Inspired by the diversity of design choices for training programs
(see Section A.5.5), we believe that combining qualitative assessments with
quantitative data can provide a more comprehensive understanding of this
multifaceted sensory domain and richer interpretation of the results.

Referring to the results in Section A.5.6, it is crucial to note that several
papers were excluded from our analysis due to a lack of statistically significant
quantitative findings, attributed to a low participant count. This challenge
can be addressed by designing studies involving organizations and hospi-
tals, thereby ensuring a more extensive population to collaborate with and
emphasizing the importance of qualitative results alongside quantitative ones.

As a final remark for future research, we recommend exploring more
engaging technologies tailored to the younger population. While researchers
and industries have developed immersive technologies over the past decade,
it is noteworthy that previous studies emphasize the importance of clinical
environments [62]. However, there is a limited inclusion of haptic feedback in
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immersive technology specifically designed for hearing-impaired individuals,

with only a few examples found in the literature [48]. Therefore, we propose

further investigation into the potential benefits of immersive experiences

coupled with haptic feedback for this demographic.
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Abstract

Cochlear implant (CI) allow hearing impaired individuals to understand speech
with remarkable efficiency. On the other hand, they poorly perform in music
perception. It may be possible to improve the music experience with the use of
other senses such as touch. We present Tickle Tuner, a haptic feedback device
suitable for musical training of CI users. The prototype is composed of two high-
quality haptic actuators and an external digital-to-analog converter (DAC) hosted
in a 3D printed enclosure coupled with a smartphone. We describe the design
and implementation of the prototype, the analysis of its characteristics and we
introduce a test bench for the design of different mappings between sound and
vibrations.

B.1 Introduction

Cochlear implant (CI) are neuroprosthesis that allow people with severe or
profound hearing loss to restore their sound perception. They are especially
successful in reestablishing speech comprehension [6]. Music is a highly
complex phenomenon and during the electrical stimulation of the auditory
pathway, there are many factors that can influence CI users’ access and en-
joyment [5, 18, 19]. These limitations are translated into reduced pitch range
and lack of low frequencies, incapability of distinguish consonance and disso-
nance [15]. However, there is emerging evidence that music training may im-
prove music perception skills and enjoyment [15]. One of the novel techniques
to improve musical listening performance is the use of haptic feedback [8].
While vibrotactile feedback for speech understanding has a long history, start-
ing with the pioneering work of Cowan et al. [3], the same cannot be said for
musical appreciation connected to hearing impairment. Studies have shown
that haptics improve melody recognition [20], instrument identification [23]
and emotional communication [17]. Additionally, haptics have been shown to
improve speech-in-noise performance and sound localization [9, 10]. One of
the most crucial parts of this project is how the haptics are coupled with sound.
The vibrotactile sensitivity is affected by several parameters such as location
of the stimuli, dimension of the contact area and type of signal [16, 26]. In
addition, other perceptive and physiological characteristics such as temporal
masking and energy integration make even more difficult to disentangle the
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correlation between haptics and sound [21]. Thus, we hope that different map-
pings and user tests will help to clarify the situation, finding correspondence
between audio and haptic cues. Haptic feedback is widely used in video game
consoles and smartphones to enhance the visual content and Singhal and
Schneider [24] propose a vibrotactile embellishment to improve the overall
player’s experience. In Weber and Saitis’ work [27] a conceptual framework
and different methods are proposed to translate audio to vibrotactile feedback.
Other researchers found inspiration directly from the natural haptic feedback
conveyed through musical instruments [2] or propose to use digital signal
processing (DSP) techniques to extrapolate audio features and re-map them to
haptic features [1]. Finally, Dementyev et al. [4] propose a vibrotactile haptic
platform with some practical applications.

In this paper we propose the Tickle Tuner, a vibrotactile feedback device
that provides haptic information during musical training that can be performed
using ad hoc mobile games. These applications are developed for improving Cls
skills to better recognize musical features and thus increase music appreciation.
The name of our prototype derives from the Tickle Talker, the first device that
uses haptic feedback to aid speech understanding [3]. The prototype presented
was developed after considering the limitations of different projects such as
wristbands, vests [13, 28] or haptic actuators embedded in furniture [25] (chairs
and sofas). The wearable solutions (e.g. wristbands and vests), require the
user to wear an additional device and can elicit potentially uncomfortable
experiences whereas haptic chairs and sofas bound the user to a specific
location. Hence we focused on designing a prototype for mobile phones since
they are part of most of our daily activities, from work to entertainment. We
aimed for an external device, as the actuators available in smartphones are
limited in bandwidth and linearity, and the overall performance varies a lot
among models [27].

B.2 Prototype design and implementation

The smartphone cover is mainly composed by two parts: shell and handles.
The shell features an adjustable rail system and a frame that holds in position
the smartphone, connects the two handles and hosts part of the cables. The
handles are the main contact area with the user’s hands and should be shaped
in order to have a stable and comfortable grip. We choose the 3D printing
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technology to obtain a durable and comfortable object since it is possible to
use plastic materials and a good reproduction quality can be easily achieved.
For our prototype we used polylactic acid (PLA), a common and affordable
thermoplastic polyester used for 3D prints. The whole process involved four
different software and an iterative approach between a print and the next
design. The Tickle Tuner is tailored-made for the Android phone Poco X3 NFC
but it can be easily adapted to other smartphones or even tablets.

The skeleton has a fairly simple form with only some cavities to accom-
modate cables and rubber bands. Its shape can be easily represented by sum
and subtraction of primitives. For this reason, we choose OpenSCAD! since it
allows the user to create 3D models with this intuitive technique. In future
developments and adaptations to different devices (e.g. different smartphones),
we will be able to rapidly change dimensions and proportions of our prototype
between each iteration only using the user defined variables in the software.
The skeleton is divided in two parts, each of them corresponding to one handle.
To connect both sides, we used a single rail system where two cuboids slide
inside each other pulled by the force exerted by a rubber band. Two T shaped
hooks are placed on the smallest rail and a track is engraved on the biggest
one to hold in place the rails and preventing them from moving on y and z
axes. On the right side, we equipped the skeleton with a lid and some space
underneath to place an external digital-to-analog converters (DACs). The lid
can be easily secured or removed with two screws.

The handles have great importance in the design process since we aimed
to have a steady and comfortable grip as possible. We used clay to mold a
prototype of a handle, focusing on its ergonomic shape and on the fingers’
grooves. Once we obtained a satisfying result, we used photogrammetry to
reconstruct a digital version of the model. Finally, we loaded the pictures
in Meshroom? to retrieve the digital model. The reconstruction was ported
into a Blender® to remove some irregularities and artifacts created during the
photogrammetry process. Since the handles are in direct contact with the
user’s skin, we inserted a small box that perfectly contains the Haptuators.
We filled the gaps with PLA connecting three sides of each haptic actuator box
to the handle in order to conduct the highest amount of vibrations as possible.

'https://openscad. org, last access December 17, 2025
*https://alicevision.org/#meshroom, last access December 17, 2025
*https://www.blender.org/, last access December 17, 2025
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https://alicevision.org/# meshroom
https://www.blender.org/
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(a) Front view (b) Back view

Fig. B.1: The Tickle Tuner prototype.

Once we obtained the digital version of the skeleton and the handles, we
ported them into Blender project to produce a model suitable for the 3D print.
Using a Ultimaker 3 printer® with the fastest settings as possible, we were able
to print the whole prototype in approximately 12.30 hours using 100 grams of
PLA.

B.2.1 Circuitry

The Tickle Tuner features two HapCoil-One (Haptuator Mark II-D) actuators
produced by Actronika® that can reproduce frequencies from 10 to 10000 Hz.
They are both connected to a 3W stereo class-D amplifier PAM8403 chip on
a DFR0119 board. This amplifier perfectly fits our needs since features low
THD+N, low power consumption and two output channels. The smartphone
feeds the Haptuators through a digital to analog converter chip (DACs) that
receives the audio stream through a USB-C plug. We slightly modified the
DACs soldering two cables from the pin-out of the USB-C connector to retrieve
DC (+5V) and ground (GND) for powering the amplifier. In this way, with a
single plug the Tickle Tuner is able to retrieve the audio signal and the power
recalling the plug and play concept.

‘https://ultimaker.com/3d-printers/ultimaker-3, last access De-
cember 17, 2025
*https://www.actronika.com/, last access December 17, 2025
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https://www.actronika.com/
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B.2.2 Analysis

In order to understand the acoustical characteristics of the Tickle Tuner, we
measured its frequency response. Following the guidelines of Farina at al. [7],
we wrote a MATLAB script that generates a exponentially-swept sine signal
following the equation:

z(t) = sin T (e;’ln@?)_l) (B.1)
n(5)

The sine sweeps are repeated in order to perform an average of all the
sweeps reducing the noise effect of the recordings and thus improving the
Signal-To-Noise ration (S/N) [7]. We performed the measurements in an
anechoic room located at Aalborg University Copenhagen to prevent any
noise from altering the results. We placed an analog accelerometer (Sparkfun
ADXL335) on seven different areas of the device and recorded the vibrations
from one single output axe of the accelerometer. The areas taken into account
are: top, bottom and side of each handle and the center of the smartphone
screen. The signal was captured using a Stainberg UR44C audio interface at
44.1 kHz sampling rate. The impulse responses retrieved from the different
locations are fairly similar and present some common characteristics such as
a peak in the low range around 70 Hz and lower energy in the highest section
of the spectra. The average of all the repetitions in all the seven locations is
reported in figure B.2 and from now on we will refer to it as the frequency

response of the Tickle Tuner.
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Fig. B.2: Frequency response of the Tickle Tuner.
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B.2.3 Filter design

Feeding the Tickle Tuner with unfiltered audio from the smartphone creates a
satisfactory haptic feedback that is possibly enhanced by a video source. The
device provides robust low frequency vibrations and we expect that it will
contribute towards improving the perception of the lowest portion of the sound
spectra in CIs users. In order to mitigate the unwanted resonances of our device,
we designed 7 biquad filters of the second order. In addition, we developed
a second filter that compensates the fingertips’ sensibility attenuating the
mid-low range of the spectra with a center frequency of 250 Hz [16].

B.3 Methods

In the following section of the paper we will discuss the test of melodic contour
identification (MCI) mapping.

B.3.1 Participants

Fifteen normal hearing participants were selected through convenient sam-
pling of which 13 males and 2 females (age M = 28.3, STD = 4.7). The partic-
ipants self reported an average of 13.5 years of musical experience (STD =
9.7).

B.3.2 Stimuli and mappings

To design the experiment, we initially investigated different mappings devel-
oping a test bench in Pure Data® coupled with a Graphical User Interface (GUI)
using the platform MobMuPlat” to have a comfortable access to the parameters
from the touchscreen. The software currently features several functionalities
such as waves generators (sine, square, triangle, saw-tooth), subtractive syn-
thesizer, ADSR control and sequencer, audio player, pitch tracking algorithm
(with 4 controllable partials), filters for frequency response compensation and
fingertips sensitivity compensation. Every generator has its own knob for
controlling the fundamental frequency. The filter for the subtractive synthesis
features also a knob for the quality (Q) factor. All the audio sources have

6https ://puredata. info/, last access December 17, 2025
"https://danieliglesia.com/mobmuplat/, last access December 17, 2025
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separate volume control and independent routing to the audio and the haptics’
channels. The filters are the same implemented in MATLAB (B.2.3) and are
applied only to the haptics channel to leave the audio signal untouched. One
specific mapping born after some iterations and with the test bench is the
amplitude modulation (AM) of the first partial estimated through the sigmund
~ object. This approach has been inspired by Park and Choi [14] work where
they investigate the perceptual relations between amplitude modulated sig-
nals conveyed through haptics. The algorithm implemented applies AM to
the fundamental frequency fo with the modulating frequency f,, directly
dependent from the fj. The minimum and maximum frequencies can be set
accordingly to the user’s needs and the final f,,, is thus scaled proportionally
in a range between 0 and 20 Hz. The AM method used is called double-sideband
suppressed carrier (DBSC) since the modulated signal presents two sidebands
with half the energy of the carrier.

To test this mapping, We chose four different sound sources to cover
different ranges of the spectrum and timbre combinations. The clarinet and
viola sound stimuli were generated using the Audio Modeling SWAM plug-in
suite® that uses a combination of physical models and recorded samples to
obtain an extremely convincing simulation of real instruments. The piano was
recorded using the Addictive Keys Grand Piano plug-in’ that uses recorded
samples and a large variety of microphones. The last sound source is a simple
sine wave generated from a MATLAB script. Each MIDI melodic contour
was played through the above mentioned plug-ins using a sample rate of 44.1
kHz and 16 bit of depth. Moreover, we used the Cochlear Implant Simulator

AngelSim ™10

with a 8-channel noise vocoded speech simulation to modify
the audio stimuli and simulate how a CI might sound. We used three different

mappings: the AM, full audio through the haptic actuators and no haptics.

*https://audiomodeling.com/swam-engine/, last access December 17,
2025

*https://www.xlnaudio.com/products/addictivekeys, last access De-
cember 17, 2025

“http://www.tigerspeech.com/angelsim/angelsimabout, last access
December 17, 2025
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B.3.3 MCI test variant

This test was developed to investigate the effect of the AM on the perceived
pitch using different sound sources. We developed a MCI task inspired by
Galvin et al. [11, 12] and Omran et al. [22]. The test was designed with a similar
interface to the testbench using PureData and MobMuPlat. In this way, the
participants interacted directly on the Tickle Tuner’s for the whole duration
of the test. For this setup, we selected six different melodic contours. The
played notes ranged from C3 (130.81 Hz) to G3# (207.65 Hz). The different
combinations were written into MIDI files using Reaper!! to later feed different
audio plug-ins. Each note lasted one quarter at 120 beats per minute (0.5
seconds) and the contours were generated with one or two semitones of
distance between each note. Thus, the test used twelve different melodic
contours (6 contour types x 2 distances between each note).

B.3.4 Procedures

The test was conducted in an anechoic room of the Aalborg University Campus
in Copenhagen. Before the beginning of the test, each participant experienced
a mock session to get acquainted with the interface and the mechanics of the
test. The training page, with the same aspect of the test page, showed to the
participants the different combination of contours. Once the next contour
was generated, it was possible to listen to the correspondent melody played
by the piano (without CI simulation) as well as feel the AM mapping on the
haptic actuators. For every contour, the GUI highlighted the correct answer
with a green label. The training session lasted approximately 2 minutes and
no information regarding how the mappings work or which sound sources
has been used were shared with the participants before the end of the test.

B.4 Results and discussion

*The collected data present no correlation between the musical experience
and the scores obtained during the MCI task with CI simulation (correlation
coefficient = 0.37). This might be explained because the contours are extremely
difficult to recognize when there is a small distance between each note (semi-
tone and tone) and a CI simulation is used [12]. Figure B.3a shows the pooled

"https://www.reaper.fm/, last access December 17, 2025
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results for all the instruments and the two possible distances between the
notes (1 or 2 semitones) combined. AM mapping has a mean score of 65%
correct answers while CI (only audio) is 45% and no haptic 38.33%. Running
an one-way ANOVA test and t-tests on pairs of data sets, it is noticeable a
significant difference between all the data, with a p-value < 0.05. This initial
analysis shows a good performance of the AM mapping, remembering that the
participants did not receive any information about how the mappings work.
In figure B.3b and B.3c scores for all the instruments are depicted with one
and two semitones respectively. Comparing the two graphs, it is possible to
notice that the two semitones are easier to recognize (as expected), and in
the two semitones answers there is no significant difference between the full
audio and the no haptic feedback mappings. Moreover, the users scored an
average of approximately 10% better results with two semitones than with
one semitone on the AM mapping. Running a t-test analysis on each mapping
comparing the percentage of correct answer for one against two semitones,
significant difference (p-value < 0.05) has been found in both AM and NoH
mappings while for CI the semitone change does not have any effect.

Correct answers by mapping Correct answers by mapping Correct answers by mapping

Correct answers [%]
(=23
o

AM

(a) One and two semitones

Cl
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(c) Two semitones.

combined.

Fig. B.3: Percentage of correct answers, where AM is the Amplitude Modulation mapping, CI
is the full audio through haptics and NoH is no haptic feedback.

In figure B.4 we present the answers filtered by instrument to show how
the mappings affected the percentage of correct answer in each condition. The
sine wave scored close to 80% for each mapping. This can be explained thanks
to the fact that the CIs simulation can adequately reproduce a simple sine wave
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and most probably the users used mainly the sound stimuli to recognize the
correct contour. Removing the sine wave from the data set, a bigger interaction
between instrument and mappings is noticeable since AM mappings achieved
a mean of 59.07% and audio only mapping 32.78% (gap of 26.29%). Looking
at the other instruments, a common trait is the non-significant difference
between the full audio (CI) and the no haptics mappings that scored both a low
median value of correct answers. The viola (figure B.4b) has the most evident
gap between the AM and the other two mappings. Moreover, full audio and
no haptics mapping were very difficult to recognize, most probably due to the
specific spectral characteristics of the instrument (the fundamental frequency
is not very pronounced).

The test demonstrated the validity of the AM mapping to better convey
pitch information without any user training compared to no haptic feedback.
On the other hand, some limitations should be also highlighted. In fact, the
pool of subjects is modest and the CIs simulation is a mere hardware simulation
that cannot take into account the very personal hearing panorama that each
person with Cls experiences.

Correct answers by mapping Correct answers by mapping Correct answers by mapping Correct answers by mapping

(a) Sine wave. (b) Viola. (c) Clarinet. (d) Piano.

Fig. B.4: Correct answers percentage for each instrument (1-2 semitones combined).

B.5 Conclusions

In this paper we presented a stand-alone working prototype coupled with a
smartphone for CIs users’ musical training. The prototype features high quality
haptic feedback with an ergonomic interaction. We recorded its frequency
response and created a multi-band equalizer to compensate internal resonances
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and spectral irregularities. Furthermore, we designed a test bench to facilitate

the process of audio-haptic mappings creation and designed an audio-haptic

mapping suitable for melodic contour identification tasks. We plan to upgrade

the prototype with both hardware and software improvements and to conduct

further tests to assess its effectiveness in musical training for CI.
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Abstract

This paper presents a preliminary study investigating the effectiveness of a com-
puter game designed for enhancing timbre perception in children with cochlear
implants (CIs). The game focuses on instrument recognition and incorporates
vibrotactile feedback through the PlayStation 5 DualSense controller. A case study
was conducted involving a 7-year-old participant diagnosed with hearing loss due
to auditory neuropathy who uses both a CI and a hearing aid. Training sessions
were conducted over a two-week period, with assessments performed before and
after the training thanks to a modified version of the Timbre Perception Test (TPT).
Despite incorporating vibrotactile feedback and tracking participant progress,
the study did not observe significant improvements in timbre perception. Factors
such as the short duration of the training period, the difficulty of the game, and
potential boredom may have influenced the outcomes. The study highlights the
need for further research to refine the training intervention, including extending
the duration, enhancing engagement, and conducting larger-scale studies with
diverse participant groups.

C.1 Introduction

Cochlear implants (Cls) are surgically implanted neural prostheses designed to
restore hearing in people with profound hearing loss (HL) [23]. Until recently,
researchers and companies focused mainly on optimizing these devices for
speech, obtaining good results in reestablishing language comprehension [8].
These devices, however, still present challenges for music appreciation. Music,
in fact, is a highly complex phenomenon with many factors that can influ-
ence its enjoyment and access for hearing aids (HAs) and CI users [6, 20, 22].
The hardware, software, and physical limitations of CIs result in a reduced
frequency range, incapability of distinguishing sounds’ consonance and dis-
sonance, limited dynamic range, and difficulty in recognizing instruments
(timbre) [18]. Consequently, music enjoyment and the emotions that it can
elicit are directly affected, most often resulting in limited fruition. In addition,
musical background, degree of success of the surgery, as well as the presence
of other pathologies, have an effect on the hearing experience, making every
user’s sound experience unique.

These general considerations apply to young recipients too, but some ad-
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ditional aspects have to be considered when children are taken into account.
Early cochlear implantation has been shown to yield long-term positive ef-
fects, providing children with speech capabilities comparable to their normal
hearing (NH) peers before the age of four [31]. After age four, young recipients
of CIs develop speech slower than NH individuals, making personalization
of learning goals a key aspect of training [14]. Ad-hoc training is even more
important when the child suffers from auditory neuropathy spectrum disorder
(ANSD), a pathology that implies disrupted neural activity that impairs timing
perception, low frequencies’ perception, temporal integration, gap detection,
sound localization among other things [32]. However, children with HL diag-
nosed in recent years that are fitted with HA and CI before one year of age,
may perform differently from previous generations.

Emerging evidence shows that music training improves music perception
skills and experience [11, 18, 28], together with psychosocial well being and
quality of life [21]. One of the novel techniques to possibly improve musical
listening performance is the use of vibrotactile feedback [10]. Vibrotactile
feedback refers to the mappings between audio and vibrations that can help to
emphasize specific features such as pitch [13, 15]. Another common approach
that improves learning experiences for children is the gamification of the
training activities [7, 17]. This strategy can guide youngsters with HL towards
improving their musical skills [16], especially when HL is due to ANSD.

Gamification has demonstrated its effectiveness as a tool for enhancing
engagement and motivation across various domains, ranging from business
to marketing [2]. It has also shown positive impacts on the learning process,
improving engagement and knowledge acquisition [1]. Consequently, gam-
ification appears to be a promising approach for boosting participation in
training activities among individuals with hearing impairments. However,
it remains a relatively new area of inquiry that has yet to be thoroughly
explored [12].

In this paper, we introduce a computer game for musical training of children
with cochlear implants, with the aim to improve timbre perception through
instrument recognition. The game presents different levels of difficulty and
features vibrotactile feedback conveyed through the PlayStation 5 controller
DualSense!. We report a preliminary case study [4] to collect information

'Sony Playstation DualSense Controller https://www.playstation.com/
en-dk/accessories/dualsense-wireless-controller/ — Last access
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about user interaction and efficacy to train the timbre perception.

In Section C.2 we present the methodology applied for this case study,
including the process and design choices made to create the training video
game; in Section C.3 we showcase the data retrieved from this experiment and
finally in Section C.4 we analyze the results and draw some considerations
related to the whole case study.

C.2 Methodology

C.2.1 Participant

The participant was 7 years old at the time of the experiment. At the age of
4, she received a cochlear implant in her left ear, and she uses a hearing aid
in her right ear (bi-modal). She has been diagnosed with ANSD, a condition
that can pose challenges in the transmission of signals from the auditory
nerve to the brain’s auditory cortex. No assessment of the actual hearing
capabilities of the subject has been performed for the scope of this project. We
did not characterize the user’s perception of vibrotactile stimulation; given the
participant’s young age, we assumed they have ideal sensitivity capabilities,
as most degradation occurs with aging or due to traumas [24] (e.g., heavy-
machinery use). The participant has been recruited through the Center for
Hearing and Balance from the Rigshospitalet of Copenhagen with approval
from the parents and the clinicians.

C.2.2 Design

In the following sections, we present the project’s design process and the
experiment.

Participatory Design

We applied the principles of participatory design [27, 29] involving the end
user in the process to open a dialogue to gather ideas and feedback throughout
the development. The child, together with the parents and the audio-verbal
therapist contributed to the process through an official meeting and some
more informal gatherings. During the first meeting, we collected information

May 22, 2024
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about the preferred video games from the child as well as clinical practices
and training tools already available. In the follow-ups, we mainly included
the clinician to receive feedback about the experiment as well as the interface.

Experiment Design

We designed an experiment that features a video game aimed at training
children to improve their timbre perception through listening to musical in-
struments. The experiment includes an initial assessment of timbre perception,
a training period using the video game, and a final assessment of timbre per-
ception. In addition to sound feedback, vibrotactile feedback was incorporated
to convey musical information through the sense of touch. The hardware setup
comprised a laptop equipped with loudspeakers and a controller to provide
both vibrotactile feedback and input capabilities. In Figure C.1 the simple
setup is depicted.

Fig. C.1: Setup for the training experience.

The experiment extended over a two-week period, with the participant
conducting the training activity at home three times a week under the super-
vision of her parents. The training tool systematically tracked the progress of
each participant, facilitating a comprehensive analysis of their performance.
Ultimately, we conducted interviews with both the child and their parents
at the conclusion of the training period to gain insights into their overall
experience and gather feedback on potential enhancements to the prototype.

To assess the efficacy of our intervention, a modified version of the Timbre
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Perception Test (TPT) [19] was administered both before and after the training
in the clinic together with the researchers and the audiologist. The modifica-
tions involved scaling the parameters to create a more pronounced difference
in the controls, ensuring they were easily audible to the participant.

C.2.3 Assumptions

Given a single participant and the specific design of the test, we did not
formulate hypotheses but instead made some assumptions regarding our
expectations concerning the training activity that involved the child with
ANSD:
1. Increasing the training duration will lead to a reduction in the required
interaction, measured by the number of clicks, with the cards.
2. Incorporating vibrotactile feedback will improve the ability to discrimi-
nate between the cards.

C.2.4 Training Environment

While creating the training game, we drew inspiration from the classic memory
card game, where players take turns flipping pairs of cards to find matching
pairs. In our design, we incorporated the same mechanics, but rather than
requiring the player to focus on images, we asked them to concentrate on
sounds, with particular attention to the timbre of the instrument being played.
Once a card is selected, the corresponding sound (and eventually vibration)
is played through the laptop’s loudspeakers. Only when a matching pair is
found, the cards turn, revealing the image of the instrument playing. This
approach is borrowed from auditory verbal practice, where sound is provided
before vision; thus, the patient is induced to focus first on sound, while visual
feedback is given only at a later stage to reinforce the association [14] aiming
to enhance both listening capabilities in terms of timbre quality and auditory
memory.

We developed the game using the Unity game engine (ver. 2021.3.11f1) [30]
in a 2D environment. User interaction is made possible through the use of
the DualSense controller from Sony. This choice led us to face the problem of
feeding the user with a synchronized and coherent vibrotactile signal with the
audio. The controller, when connected with a USB cable, behaves as both an
input device and vibrotactile feedback. To provide both sound and vibrotactile
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feedback on independent streams, we opted for controlling the audio and
haptic stream through FMOD for Unity [9]. This allows to simultaneously
use the integrated sound card of the host laptop and the controller’s internal
sound card. In Figure C.2 we can observe a screenshot of the video game. In
the bottom side of the screen, level and scores are reported. From the main
menu of the game it is also possible to check the progress of the game and
play again the completed levels for further training.

LEVEL: 2 SCORE: 2

Fig. C.2: View of the memory game.

Level Generation

The game consists of 16 levels with increasing difficulty. The parameters that
vary between the levels include the number and similarity of instruments, as
well as the melodies played. Instrument similarity is defined in terms of timbre,
where, for instance, a violin is very similar to a viola but remarkably different
from a trumpet. Table C.1 illustrates how the levels are structured in the game.
It’s important to note that each level has two different versions—one with
haptic feedback and one without. This explains why we report only 8 levels in
Table C.1 while in the game there are 16. These versions run consecutively,
though this detail is not included in the table for the sake of readability.

In order to prevent any bias, the instrument position and type, and the
melodies are randomly assigned to each level and re-calculated at every run.
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Level #Instr. Similarity Melody

1.1 4 Different  Different
1.2 5 Different  Different
2.1 4 Different Same
2.2 5 Different Same
3.1 4 Similar Different
3.2 5 Similar Different
4.1 4 Similar Same
4.2 5 Similar Same

Table C.1: Level’s difficulty structure

Data Acquisition

With the aim in mind of tracking the progress of the participant, we imple-
mented a saving system that records the content of each level (i.e., instruments
and melodies), the number of clicks per card, and the time it took to complete
the level. All this information is stored in separate . json files saved in a
hidden folder of the host computer’s file system to prevent data manipulation
from the end user.

C.2.5 Stimuli and Instruments

To exert the highest degree of control over the musical stimuli present in the
experiment, we chose to generate all the recordings from MIDI files. This
involved using a set of four Al-generated melodies?, one ascending and one
descending scale, and two famous excerpts (Eine Kleine Nachtmusik and Piano
Sonata No. 16 "Sonata Semplice,” both composed by Mozart), totaling eight
melodies. All recordings are played at 100 BPM and last for two bars, covering a
range from A3 to F5 (220 - 698.5 Hz). The MIDI files were employed to feed a set
of audio plug-ins based on either sampled or physically modeled instruments
to achieve high-quality audio and fidelity. The instruments selected for the
experiment are listed in Table C.2, grouped by timbre similarity.

The sound stimuli were generated by loading the MIDI files into Reaper [3],
a digital audio workstation (DAW), along with the virtual instruments shown

*Magenta Studio Generator — https://magenta.tensorflow.org/studio
— Last access May 22, 2024
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Instrument Category A Instrument Category

Xylophone 1 Violin 3
Piano 1 Trumpet 4
Guitar 1 Trombone 4
Bass 2 Flute 5
Cello 3 Sax 5
Viola 3 Clarinet 5

Table C.2: Instruments categories grouped by timbre similarity

in Table C.2. The individual audio files were then exported at 44.1 kHz and 16
bits. All the stimuli were normalized at -12 dB to maintain an equal perceived
loudness. These same files were used for both the audio and vibrotactile feed-
back. The experiment was conducted feeding the vibrotactile actuators with
unprocessed audio signal. This choice was driven by the type of training task:
since we focus on timbre and musical instrument recognition, we wanted to
preserve the frequency spectrum and the envelope of the instruments, follow-
ing the approach used by Russo et al. [26]. In future iterations we will develop
other training activities that will include melodic contour identification, and
we will use different mapping techniques such as the one used in [13].

C.2.6 Vibrotactile Input

Humans’ mechanoreceptive system is capable of perceiving vibrations up to
approximately 1 kHz ( [24]) and therefore choosing actuators able to cover this
frequency range is crucial. In literature, it is possible to find several prototypes
available such as vests, gloves, and furniture ( [25]). These solutions are not
suitable for our project, since the target group requires rugged devices that
are easy to use and feature plug-and-play behavior. Consequently, we opted
for a commercially available gaming console controller that children might be
familiar with. In addition, these devices can be brought at home and connected
to any laptop, giving a good degree of flexibility. Recently, Sony released the
PlayStation 5 with the DualSense controller (2020) that features high quality
vibrotactile feedback conveyed through voice-coil actuators. The working
principle of this technology is similar to the loudspeaker, and thus shares a
comparable performance in frequency range.
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C.3 Results

C.3.1 Video Game’s Data

As introduced in Section C.2.4, we tracked how many times the user interacted
with the cards by clicking on them and listening to the sound. In Figure C.3,
the total number of clicks per session can be seen. The number shown on top of
each bar indicates the level in the video game. The bars with the green outline
represent the levels with 5 pairs of cards, while the ones without represent 4
pairs of cards. Additionally, there are green and white lines representing the
optimal number of moves for 5 and 4 pairs of cards, respectively, where the
optimal number represents the expected number of flips (clicks in our case)
with a player presenting a perfect memory as demonstrated by Velleman et
al. [5]. The optimal moves for n pairs of cards are calculated as following:

(3-2In2)n+7/8—-2In2~1.61xn
n =4 — opt.moves ~ 6.44

n =5 — opt.moves ~ 8.05

In figure C.3 we can notice that the interaction between the cards for both
levels with 4 and 5 pairs of cards are approximately twice the optimal moves
reported in the formulas above.

Observing Figure C.4, there is no recognizable patter or trend that could
suggest an effect of the vibrotactile feedback or total training time on the
average number of clicks per card. The average number of clicks per card
among all sessions is 2.42.

In Figure C.5 the amount of time elapsed to complete each level is reported.
We can observe that the average duration for levels 11 to 16 (excluding the
14th session) is 6 minutes and 8 seconds. This means that participants took
between 1 minute and 13 seconds and 1 minute and 32 seconds to find a correct
pair, depending on whether the level presented 4 or 5 pairs of cards.

Figure C.6 shows the score deviation between the target sound and the
answer from the participant. The values represent the number of steps from
the slider used in the TPT interface. Running a t-test on the difference between
the answer and the target values, we found a p-value of 0.2466 showing no
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Fig. C.3: Total amount of clicks on the cards per every level. The levels with green outline are
the ones with two extra cards. The white and green lines indicate the optimal moves for 8 and
10 cards respectively.

significant difference between the pre- and post-training. For more information

we suggest referring to the manuscript [19].

C.3.2 Interview

To prevent any possible bias, we requested the auditory-verbal therapist to
hold a brief interview with both parents and the child in the following session
after the training. This approach capitalizes on the established trust between
the parties and the familiarity between the child and the therapist. The ther-
apist was given prior instructions to pose targeted questions and guide the
discussion to gather relevant information. The conversation was conducted in
Danish.

The child reported facing boredom during the training and would not like
to repeat the training experience. The parents agree that the game “[...] seemed
to be another training”. On the other hand, they stated that the game made
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Fig. C.4: Average amount of clicks on the cards per every level. The levels with green outline
are the ones with two extra cards.

their child think about the sounds, and she might have learned about the
musical instruments. They had to supervise her during all the sessions also
because she found a way to cheat, pressing the cards randomly until finding
the matching pair. They think it could be suitable for younger recipients too.
Finally, they suggest including a more effective rewarding system to improve
engagement, and they also think it would be meaningful to be able to listen
again to the instruments even after finding the correct pair.

C.4 Discussion

The findings of this study suggest that the video game intervention designed to
enhance timbre perception in children did not produce the expected improve-
ments in participant’s performance on the TPT. Despite the incorporation
of vibrotactile feedback, which was intended to provide additional sensory
information and enhance participant’s ability to discriminate between sounds,
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the intervention did not yield significant results. This raises questions about
the effectiveness of the training approach and potential factors influencing its
outcomes.

Several factors may have contributed to the lack of observed improve-
ment in timbre perception following the training intervention. Firstly, the
relatively short duration of the training period, conducted over a two-week
period with sessions held three times a week, may not have been sufficient for
the participants to develop meaningful improvements in their auditory skills.
Secondly, this duration did not allow for gathering enough data; we aimed to
have more repetitions of the same levels to perform significant data analysis.
The difficulty of the game and potential boredom with its repetitive nature
could have impacted engagement and motivation, thereby limiting the effec-
tiveness of the intervention as well as the production of data. This is a crucial
aspect in the case study as it demonstrates how the current design includes
gamification elements in the training activity without being successful. The
child, in fact, reported that she usually plays mainstream video games with her
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friends or alone, and thus we can assume that these games are her comparison
term when talking about entertaining activities. The current design features
basic gamification mechanisms and, as stated by the parents, could maybe be
suitable for younger children in the age range between 4 and 5.

Another point of discussion is the difficulty of the task: from Figure C.5, we
can observe that the average duration for levels 11 to 16 (excluding the 14th
session) is 6 minutes and 8 seconds. This means that participants took between
1 minute and 13 seconds and 1 minute and 32 seconds to find a correct pair,
depending on whether the level presented 4 or 5 pairs of cards. Thus, we can
conclude that these levels were significantly more difficult than the first ten,
indicating a greater challenge in finding similar instruments. This is congruent
with our expectations since the harder level presents instruments with similar
timbre, thus more challenging to distinguish. In the future, we will reconsider
the complexity of the task, making the difficulty increase more gradually and
extending the number of levels to follow a gentler learning curve. Level 14 can
be considered an outlier, as the completion time is three times longer than the
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closest levels in difficulty. It can be assumed that the session was not closed
before a break, leaving the timer running until the resumption of the session.

From the graphs in the Results Section C.3, no effect of vibrotactile feedback
on both the average number of clicks and duration time is apparent. One
hypothesis could be that the activity was extremely demanding for the auditory
channel, leaving no space for attention on the tactile one. Another possibility
is that the child did not fully grasp the connection between the feedback and
the sound due to their young age. Alternatively, it could be interpreted that
the vibrotactile feedback is not capable of conveying relevant information
for musical timbre. This interpretation contrasts with the findings of Russo
et al. [26]. However, it’s worth noting that their study utilized a completely
different setup (two voice-coils on a chair), presented the vibrotactile stimuli
without sound and involved an older group of participants.

The TPT allowed us to measure the timbre perception of the participant
but did not test the learning experience in terms of recognition of the specific
instruments presented in the study. In fact, the parents of the child reported
that the child might have learned about the instruments thanks to the training
video game, but this has not been proven.

The findings of this study underscore the need for further research to
refine and optimize the training intervention for timbre perception. Future
iterations could focus on extending the duration of the training period to allow
for more comprehensive skill development, but only with variations in the
game design to increase engagement and motivation. For instance, the game
could be part of a suite of different mini-games aimed at training musical
skills of children with ANSD. The design will be put under revision to improve
both the dynamics and the interaction with the aim of making the game more
appealing to the target group.

It is important to acknowledge the limitations of this study, including
the small sample size and the lack of a control group for comparison. As
mentioned at the beginning of this paper, the study has to be considered
as a case study that requires further validation. Allowing the participant to
train at home ensured that the activity could be performed in an ecologically
valid environment. However, this approach involved some compromises, such
as the absence of researcher supervision, leading to uncertainty about the
participant’s interaction with the controller. Although the controller’s design
suggests a specific method of interaction and handhold position, we could
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not guarantee that the participant held the device optimally. Therefore, the
participant’s grip on the device might have affected the vibrotactile feedback
contribution. Additionally, the use of a single participant group and the
specific design of the training intervention may limit the generalizability of the
findings. Future research should aim to address these limitations by conducting
larger-scale studies with diverse participant groups and incorporating control
conditions to more rigorously evaluate the effectiveness of the intervention.

C.5 Conclusions

In conclusion, while the initial findings of this study did not demonstrate
significant improvements in timbre perception following the training inter-
vention, they provide valuable insights into the challenges and considerations
involved in developing effective auditory training interventions for children.
By addressing the limitations and exploring alternative approaches, future re-
search has the potential to enhance our understanding of auditory perception
and improve the effectiveness of interventions aimed at developing auditory
skills in children with CI and ANSD.
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Abstract

This study investigates the potential of a soft toy prototype that integrates vi-
brotactile feedback and sound to enhance musical experiences for children with
hearing impairments, particularly those with auditory neuropathy spectrum
disorder (ANSD) and cochlear nerve deficiency (CND). Traditional hearing aids
(HAs) and cochlear implants (CIs) often fail to deliver the full spectrum of musical
experiences, impacting children’s development and quality of life. The soft toy
provides vibrotactile feedback synchronized to music, allowing children to feel
rhythm and harmonic content, creating an holistic musical experience.

The prototype, designed as a soft animal toy, includes a speaker and a vibro-
tactile motor controlled via Bluetooth. Two children with CND interacted with
the toy during auditory-verbal therapy (AVT) sessions. Observations showed
varying engagement levels based on age and developmental stage. The younger
child required redirection, while the older child was more focused.

Findings suggest that vibrotactile feedback in AVT can enhance auditory and
emotional experience, highlighting the need for personalized, age-appropriate
approaches and further research.

D.1 Introduction

For some young children with hearing challenges (HC), significant barriers
exist in accessing and enjoying music, affecting their overall development and
quality of life. Traditional hearing aids (HAs) and cochlear implants (Cls) have
made strides in improving speech comprehension, but they still fall short in
delivering the full spectrum of musical experiences. Music, with its complex
tones, rhythms, and emotional nuances, may be difficult for many HA and CI
users to fully appreciate due to limitations in frequency range, dynamic range,
and timbre recognition [6].

Research has shown that music training can significantly improve music
perception skills and overall well-being for children with hearing impair-
ments [3, 6, 10]. This is particularly relevant for children with auditory neu-
ropathy spectrum disorder (ANSD) and cochlear nerve deficiency (CND), con-
ditions characterized by an underdeveloped or absent cochlear nerve, which
can lead to profound hearing loss. In particular, CND is often associated with
very poor hearing performance, and cochlear implantation has been proven
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to be a viable improvement for children affected [1, 12]. Regardless of how
auditory skills develop, the auditory signal provided is significantly weaker
compared to a hearing system with a normal cochlear nerve. Consequently,
the improvement must stem from the brain’s ability to process this limited
auditory signal from the CIL This explains why a longer period is needed,
particularly for the development of speech perception [12]. Early intervention
and personalized training are crucial for children with hearing loss, especially
those with ANSD or CND. Thus, it is interesting to study how music can be
enjoyed by children with conditions that disrupt neural activity and affect
sound perception [13].

One technique that might lead to positive effects is the use of vibrotactile
feedback to aid the hearing sense, which involves mapping audio signals
to tactile vibrations to emphasize specific features such as pitch [4, 5]. By
combining auditory and tactile stimuli, vibrotactile feedback can enhance
sound awareness and music perception for children with hearing loss [9].

Auditory-verbal therapy (AVT) is an established tool for enhancing auditory
skills and emotional well-being in children with hearing challenges. It has
been shown that children who undergo a 3-year program improve emotional
and behavioral problems, as well as social strengths, to the extent of being
comparable with typically hearing peers [11]. Thus, by engaging multiple
senses during AVT sessions, there is a possibility of obtaining a more holistic
and enriching experience for individuals facing the most difficult hearing
challenges. The choice of haptics over vision is driven by the AVT practice to
prioritize sound: literature shows that vision tends to overpower other senses
in CI recipients (the McGurk effect) [8]. By focusing on vibrotactile aids, we
aimed to provide additional sensory input that supports auditory processing
without taking over other senses.

To address these hurdles and facilitate the learning path of children with
specific aetiologies, we propose a soft toy prototype that integrates haptic
feedback and sound to enhance musical experiences. This toy is designed
to provide vibrotactile feedback synchronized to music, allowing children to
feel the rhythm and harmonic content of the music. By combining auditory
and tactile stimuli, the toy aims to create a more immersive, multisensory,
and enjoyable musical experience. We believe that technologies embedded in
friendly and familiar objects such as toys can make the rehabilitation process
more pleasant.
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In this paper, we present the design of the prototype, the methodology of
the study, the observations, and the discussion of the findings.

D.2 Prototype Description

The prototype is a soft toy shaped like a small animal, made of soft fabric and
synthetic wool-like filling. The soft toy was modified by adding two hook-and-
loop fasteners strips on the sides of a cut in the back, allowing access to the
electronic circuit inside.

The electronic system provides sound and vibrotactile feedback, control-
lable via any music player capable of streaming sound through Bluetooth. The
toy features a speaker located in the middle of the torso and a vibrotactile
motor positioned in the front center of its body. The vibrotactile motor is a
voice-coil (Tactuator BM1C from TactileLabs) that provides strong and broad-
band vibrations. It is powered by a rechargeable battery, which can be charged
through a USB port. The toy can be turned on and off using a switch located
on its back.

D.2.1 First Design Iteration

In the first iteration, we integrated a stereo low-power Bluetooth receiver,
the Sunrom M18!, with a 3W stereo amplifier. The amplifier’s outputs were
connected to both a vibrotactil actuator and a mini 8 Ohm loudspeaker. Power
was supplied by three 1.5V AA batteries in series configuration, providing a
total of 4.5V. With this configuration, the loudspeaker and the actuator each
received one of the two stereo output channels. Without proper configuration
of the streaming device, the system would provide separate audio streams
to the two actuators, according to how the music was mixed. Figure D.1
illustrates the electronic circuit. The circuitry and loudspeaker were housed
inside a cardboard box to protect the fragile components from impacts, while
the vibrotactile actuator, enclosed in a 3D-printed case, was positioned in the
front area of the stuffed animal’s belly to deliver strong vibrations when the
toy is hugged.

!Sunrom Bluetooth Transfer Module MX8, last accessed December 17, 2025
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Fig. D.1: First iteration of the soft toy’s circuitry

D.2.2 Second Design Iteration

In the second iteration, we integrated the Bluetooth receiver and the ampli-
fier into a single module that also includes a charging circuit for handling a
rechargeable LiPo battery. The board used is an ESP-32 A1S AudioKit, which
we programmed to behave like a Bluetooth loudspeaker. It receives, decodes,
and plays audio to both the loudspeaker and the haptic actuator. The new
circuitry is shown in Figure D.2. Additionally, we designed a simple 3D-printed
enclosure to accommodate the entire system within the stuffed toy and pro-
tect the components from impacts. The software also allows for a dual-mono
configuration, providing the exact same signal to both outputs, if needed.
The enclosure ensures the possibility to place the components in any
medium-sized soft toy. Thus, the toy can be easily customized to fit the
child’s preferences. In addition, the programmable board allows for further
customization such as real-time digital signal processing techniques to process

sound and vibrations.

D.3 Methodology

In this section, we will describe how the study was conducted, including the
participants, the procedure, and the materials used.
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Fig. D.2: Second iteration of the soft toy’s circuitry.

D.3.1 Participants

We included two young children aged 2 years and 10 months, and 4 years and
5 months. From now on, the younger participant will be referred to as Little
Star, and the older as Bright Star. Both children were diagnosed with hearing
loss and cochlear nerve deficiency and were recipients of bilateral CIs. In the
case of Little Star, her parents struggled to keep the CIs on, and as a result,
they were not used full-time on a daily basis. At the time of the study, the two
children were in their second year of AV therapy. They were recruited through
the Copenhagen Hearing and Balance Center (CHBC) at Rigshospitalet, the
largest hospital in Denmark. The study was approved by the ethical board
of Rigshospitalet through the speech and language pathologists involved in
the study. The participants were accompanied by their parents, who were
informed about the study’s purpose and procedures. The parents provided
verbal consent, allowing their children to play and interact with the prototype
during the AVT session.

D.3.2 Procedure

We arranged two sessions at the CHBC during their individual AVT program.
This choice was made to include the AV therapist in the session, in order to
provide a guided experience for the child. Moreover, the children had the
chance to be introduced to new technology with a trusted and familiar person.
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(b)

Fig. D.3: The first (a) and second (b) iterations of the soft toy’s protective enclosure. In figure
(a), it is possible to see the 3D-printed case containing the vibrotactile actuator.

Additionally, they were in the presence of their parents, as is typical for all AV
sessions. The sessions were recorded using a video camera, and the children’s
reactions were noted by the researchers.

Fig. D.4: Children interact with the prototype under the supervision of the Auditory-Verbal
therapist.

Participant Little Star

In the guided exploration at the hospital, the child was introduced to the soft
toy and allowed to play with it for 15 minutes during the beginning of the
AV session. During this time, the child was encouraged to interact with the
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toy while music, typically used for therapeutic activities such as "Fem Sma
Aber”, played through its loudspeaker and vibrotactile actuator. The child was
invited to listen to the song, touch the soft toy, and feel the vibrations.

In a later iteration, we provided the child with the soft toy to take home
for one and a half months. The child was encouraged to play with the toy and
listen to music through it. The parents were instructed to use the teddy bear
as a tool to engage the child in musical activities and to observe the child’s
reactions to the toy. At the end of this period, the parents had an informal
conversation with the researchers to report their observations and experiences
with the prototype.

Participant Bright Star

A similar approach to the one used with Little Star was adopted with Bright
Star. The child was introduced to the soft toy during the AV session. This time,
due to the older age of the participant, the AV therapist instructed the child
to play a simple video game based on the 6 Ling sound identification task.
The game, developed by one of the authors, was designed to train the child’s
listening skills in distinguishing sounds like “sh” and “ssss”. The game was
controlled through an iPad placed in front of Bright Star, while the child was
hugging the soft toy. Bright Star was encouraged to listen to the sounds, touch
the soft toy, and feel the vibrations to help him distinguish the sounds. Once
the sound was assessed, the participant had to report the answer by touching
the corresponding image on the iPad.

Fig. D.5: Interface of the video game for 6 Ling sound identification task.
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D.4 Observations and Results

In this section, we present the observations and results of the study, including
the children’s reactions to the prototype and the parents’ feedback. During
the first interaction, Little Star showed curiosity and interest in the soft toy.
She was eager to touch and hug it, and seemed to enjoy the vibrations. She
was particularly drawn to the toy’s belly, where the vibrotactile actuator was
located. She laid her head on the toy’s belly and showed surprise. Over the
session, her interest expanded to the entire toy, and she began to play with it
as if it were a regular stuffed animal.

The therapist, in accordance with the session’s tasks, used the toy to engage
the child in musical activities, such as listening to songs and playing simple
musical games involving wooden animals. In this specific activity, the soft toy
served merely as a loudspeaker, as Little Star was supposed to interact with
the wooden toys. Overall, she seemed to enjoy the activities and showed a
positive reaction to the toy, even though her focus was not always on it. After
the initial interest and surprise for the novel object, she seemed to lose interest
in the soft toy, and the therapist had to redirect her attention to it. Due to
her young age and possibly limited daily use of her CIs, Little Star required
guidance during the interaction, and the therapist had to redirect her attention
several times.

In contrast, Bright Star, the older participant, showed a different reaction to
the prototype. Bright Star was more focused and diligently held the toy on the
chest while interacting with the iPad. This allowed him to feel the vibrations
and hear the sounds while playing the game. Bright Star seemed engaged in
the task, and the therapist did not have to redirect attention to the toy, as it
was an integral part of the activity. The child showed a positive reaction to
the entire experience.

The parents provided positive feedback about the prototype, noting that
their children enjoyed interacting with it. Little Star’s parents agreed to take
the teddy bear home to allow her more opportunities to play with it and engage
with the sound features. In particular, Little Star’s parents reported that their
child played a lot with the teddy bear during the period at home, also sharing
it with her brother. At the time of return, the toy had been broken due to
extensive and intensive use.
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D.5 Discussion

In this small study, we observed a significant difference in the reactions to the
soft toy from the two children with CND. Little Star, the younger participant,
showed initial interest and curiosity in the toy but quickly lost focus and
needed redirection from the therapist. Bright Star, the older participant, was
more focused and engaged with it, using the teddy bear as a tool to hear and
feel the sound stimuli. These differences can be attributed to the children’s age
and developmental stage, as well as their familiarity with technology and toys.
Additionally, age highlights differences in attention span, comprehension, and
ability to follow instructions between the two children.

These observations suggest that toy design, as well as the activities con-
nected to it, should be tailored to different developmental stages to ensure
engagement and effectiveness in AVT sessions for children with CND. The
vibrotactile feedback might assume different roles and meanings according to
the participants’ age. For instance, the vibrotactile feedback might be more en-
gaging for older children who can understand the connection between sound
and vibration, perceiving details and nuances, while younger children might
benefit from it as a confirmation of sound presence. Furthermore, familiarity
with the toy might change the engagement over time, as the child becomes
more accustomed to it and its features. This suggests that the toy should be
introduced gradually, allowing the child time to explore and interact with it
at their own pace. Additionally, due to the rapid development in children,
the design needs to be adapted to their specific needs at the moment and
be capable of modification and upgrades over time. This might become an
expensive issue for toys that require sophisticated technology.

From the literature, we know that multisensory integration between sound
and vibrotactile feedback might be beneficial for CI recipients, as it conveys
additional information that can support the listening experience [2, 7]. Fur-
ther research should explore different ways to integrate and map vibrotactile
feedback in AVT practices. Mappings have been shown to be crucial in the
effectiveness of vibrotactile feedback, as they can highlight specific features
of the sound [4, 5].

Another consideration is the integration of the prototype into AVT prac-
tices. The therapist’s role is crucial in facilitating effective use of the device,
as they can guide the child in the interaction and ensure that the toy is used
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correctly. The therapist can also provide feedback to the parents on how to
use the toy at home and integrate it into the child’s daily play routine. This
requires a plan from the therapist on how to design the training interaction
and find suitable activities that can easily include the use of a soft toy that
provides vibrotactile feedback. The clinical integration of such a device is an
interesting topic as well. The design process should take into account the chal-
lenges brought by the use of equipment in a clinical environment, considering
safety, sanitization, and ease of use as core characteristics. Ultimately, one
of the core strengths of AVT lies in its emphasis on guiding and coaching
parents. Every session should include strategies for transferring activities
into the home environment. The overarching goal of AVT is to ensure that all
training is functional and applicable in everyday listening situations.

From a clinical perspective, engaging children with CND in AVT sessions
can be challenging due to a limited auditory access and limited attention span
compared to children with a regular sensorineural hearing loss. Integrating
both the auditory and tactile sense in the therapy showed to be very positive
and more engaging for the children. When demonstrating the toy we experi-
enced that both children showed interest in the listening task and maintained
focus when we kept the activity short and implemented toys relevant to their
developmental stage in language and play level.

Conducting studies with a larger and more diverse group of participants
would help validate the findings and explore the toy’s effectiveness across
different age groups and hearing conditions. Implementing longitudinal studies
would allow researchers to assess the long-term impact of the toy on auditory
and multisensory development, as well as its integration into daily routines.
However, the group of children with CND is small and very heterogeneous,
and vibrotactile feedback is not necessary for the vast majority of children
with hearing challenges who undergo the AVT program.

The role of vibrotactile feedback in AVT is still underexplored, as most
newer generations of children with CIs acquire hearing capabilities comparable
to their typically hearing peers. However, the contribution of vibrotactile
feedback might be beneficial for children who present more hearing challenges,
as seen with our two participants.
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D.5.1 Limitations of the Study

This study has several limitations that should be considered when interpreting
the results. Firstly, the small sample size of only two participants limits the
generalizability of the findings. A larger sample size would provide more robust
data and allow for more comprehensive conclusions. Secondly, the study was
conducted over a relatively short period, with limited interaction time with
the prototype. Longer-term studies are needed to assess the sustained impact
and effectiveness of the toy.

Additionally, the two participants were at different developmental stages,
which may have influenced their interactions with the toy and made com-
parisons difficult. This is mainly due to the rarity of the hearing aetologies
we took into consideration during the recruitment process. Future studies
should consider a more homogeneous group or cover a larger sample for
developmental variability. The activities conducted during the study were
specific to the AVT sessions and may not encompass the full range of potential
uses for the toy. Exploring a wider variety of activities could provide a more
comprehensive understanding of the toy’s effectiveness.

D.5.2 Future Work

Based on the findings and limitations of this study, directions for future re-
search are proposed.

Investigating ways to customize the toy to better suit individual preferences
and needs, such as independently adjustable vibration intensity and different
types of vibrotactile feedback, could enhance its effectiveness. Technological
advancements, such as integrating more sophisticated sensors, enhancing
the quality of vibrotactile feedback, and developing interactive features that
respond to the child’s actions, should also be explored.

Studying the practical aspects of integrating the toy into clinical settings,
including safety, sanitization, and ease of use, is crucial to ensure it meets
the standards required for therapeutic devices. Developing training programs
for parents and therapists to effectively use the toy and integrate it into AVT
practices would ensure consistent and beneficial use.



190

D.6 Conclusion

In this study, we explored the potential of a soft toy prototype that integrates
haptic feedback and sound to enhance musical experiences for children with
hearing challenges. The prototype was designed to provide vibrotactile feed-
back synchronized to music, allowing children to feel the rhythm and harmonic
content of the music. Our observations indicated that the toy was well-received
by the children, with varying levels of engagement and interaction based on
their age and developmental stage.

The findings suggest that the integration of vibrotactile feedback in AVT
sessions is a viable path for making the sessions more holistic and engaging
for children with CND. However, the study also highlighted the need for
personalized and age-appropriate approaches to maximize the effectiveness of
such interventions.

Future research should focus on a wider range of activities and contexts.
Additionally, technological advancements and customization options should
be investigated to better suit individual preferences and needs. The practical
aspects of integrating the toy into clinical settings and developing training
programs for parents and therapists are also important areas for further ex-
ploration.

Overall, this study provides a preliminary foundation for the development
of multisensory tools that can support the auditory and emotional development
of children with specific hearing aetiologies.
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Abstract

Numerous studies have underscored the close relationship between the auditory
and vibrotactile modality. For instance, in the peripheral structures of both
modalities, afferent nerve fibers synchronize their activity to the external sensory
stimulus, thereby providing a temporal code linked to pitch processing. The
Frequency Following Response is a neurological measure that captures this phase
locking activity in response to auditory stimuli. In our study, we investigated
whether this neural signal is influenced by the simultaneous presentation of a
vibrotactile stimulus. Accordingly, our findings revealed a significant increase
in phase locking to the fundamental frequency of a speech stimulus, while no
such effects were observed at harmonic frequencies. Since phase locking to the
fundamental frequency has been associated with pitch perceptual capabilities,
our results suggests that audio-tactile stimulation might improve pitch perception

in human subjects.

G.1 Introduction

The combination of both psychophysical and neurophysiological methodolo-
gies have aimed to provide a comprehensive understanding of how physical
stimuli are transformed into perceptual experiences through neural processes.
This paper focuses on the perception of pitch. Initially, we will outline how
pitch is manifested within the auditory system, followed by a discussion on its
analogous representation via vibrotactile stimulation. Subsequently, existing
interactions between auditory and vibrotactile pitch processing are explored,
establishing a solid foundation prior to introducing our research approach,
which is presented in the end of this section.

The psychophysical study of pitch perception has a long history, stretching
back to the period where Pythagoras investigated the connection between
the length of a plucked string and its excitation frequency. Meanwhile it is
understood that sound essentially involves airborne pressure waves that are
commonly characterized by three physical attributes: frequency, amplitude
and time/phase [30, 61]. Pitch, the degree to which a sound is perceived
as “high” or "low”, is arguably the most critical perceptual feature of sound.
This attribute plays an essential role in musical appraisal, speech and the
identification of sources [17]. In the case of simple pure tones representing
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sinusoidal waves with a singular frequency, pitch directly correlates to its
frequency [61]. The human auditory system is capable of detecting these
pure tones across a frequency spectrum from 20 Hz to 20,000 Hz, albeit with
varying degrees of sensitivity across this range. As illustrated in Fig. G.2A, the
hearing has lowest detection thresholds to frequencies between approximately
300 Hz - 7000 Hz. For more complex stimuli, the perception of pitch is not
always as straightforward as with pure tones. Many everyday sounds involve
harmonic complexes which are characterized by a fundamental frequency,
the first harmonic, alongside additional frequency components that occur at
integer multiples of this fundamental frequency, known as higher harmonics.
Generally, the pitch can be directly derived from the fundamental frequency,
however this is not always the case as illustrated with the missing-fundamental
stimulus [55]. A more elaborate discussion on the different conditions that
lead to pitch perception can be found in [61].

Additionally, over the past century, neurophysiological research into pitch
perception has progressed our understanding of the underlying neural mech-
anisms. Today, it is commonly believed that much of the pitch information
is contained within the temporal code of spiking neurons [38]. This is well
represented in the auditory periphery where the auditory nerve fibers syn-
chronize their firing (i.e., phase lock) to the frequency of the vibration at each
place on the basilar membrane, which is sensed through mechanoreceptors
(i.e., the inner hair cells) in the cochlea (Fig. G.2B). The upper limit of this
phase locking behavior is about 5 kHz, though the exact number is still under
debate [53]. Subsequently, pitch could be encoded by synchronization to ei-
ther the stimulus’ temporal fine structure (< 5 kHz) or the temporal envelope.
Towards higher stages in the ascending auditory pathway, the upper limit of
phase locking progressively decreases. The frequency following response (FFR)
is a non-invasive electrophysiological measure that captures phase locking
activity (< 2 kHz) within the brain stem [18] (Fig. G.1). Commonly, a "vertical”
one-channel electrode configuration is used with the active electrode on the
top head (Cz), the reference electrode on the earlobe (A1/A2) and the ground
electrode on the forehead (Fpz). Although this configuration primarily targets
the sum of synchronized neural activity in the inferior colliculus, it is believed
that the FFR in reality represents multiple neural sources that all operate in
concert with each other [5]. Interestingly, differences in FFR strength (i.e.,
phase locking efficacy to the fundamental frequency) has been correlated
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with differences in pitch perception. For example, the work of Krishnan et al.
has demonstrated that tone language speakers (e.g., Chinese, Thai) have an
enhanced FFR compared to non-tone language speakers (e.g., English) [19, 20].
Additionally, improved pitch discrimination following short-term training
has been shown to strengthen the FFR [4]. These results suggest that the
FFR likely bears pitch relevant information, despite not directly depicting the
precise mechanism of pitch extraction. Moreover, besides pitch, it has to be
emphasized that the FFR also contains information relevant to other aspects of
auditory processing. An extensive overview of the latter is presented in [22].
Ascending further towards the cortex, the phase locking ability diminishes
drastically. As a consequence, the temporal code for pitch is likely transformed
into another type of encoding. Less is understood about these higher order
representations, while current research mainly focuses on finding cortical
pitch centers” using different techniques (e.g., fMRI, EEG) [38].

To this point, the discussion on pitch perception has only focused on
its manifestation within the auditory system. However, a comparable phe-
nomenon exist for the somatosensory system. More precisely, it has been
demonstrated that vibrotactile stimuli, referring to the detection of vibrations
on the skin, can also be perceived as “high” or "low”, akin to auditory stim-
uli [39]. A number of psychophysical analogies can be drawn between these
two modalities [30]. That is, most physical properties of airborne vibrations
(e.g., frequency, amplitude) find their direct counterpart in skin vibrations [56].
A significant distinction, however, is that vibrotactile stimuli can be perceived
at different locations on the body. Here, regions with high (vibro)tactile acuity
(i.e., hands or fingertips) have been characterized by a dense concentration
of sensory receptors [3, 40]. Many research efforts have been focused on the
fingertip, and evidence seems to indicate that the perception of vibrotactile
pitch for simple sinusoids also greatly depends on the vibration’s frequency,
while possibly being modulated by its amplitude [39]. Moreover, similar to
the auditory system, a V-shaped sensitivity curve has been computed for
sinusoidal skin vibrations (Fig. G.2A). In comparison, the frequency discrimi-
nation of vibrotactile stimuli exhibits a significantly lower resolution, with
Weber fractions ranging from 0.2-0.3 in contrast to 0.003 as shown for the
auditory system [45]. Furthermore, while the frequency spectrum is some-
what restricted to a maximum of 1000 Hz, it is perceptually classified into two
distinct categories: a ’flutter’ range up to 50 Hz and ’smooth vibrations’ for
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frequencies above 50 Hz, mirroring the auditory system. In both senses, the
flutter range is characterized by the absence of pitch where individual cycles
are discernible, opposed to higher frequencies that generate the percept of a
continuous signal with an identifiable pitch. Early work by Mountcastle et al.
has linked these perceptual findings with neurophysiological studies [32, 33].
Accordingly, it has been shown that primarily two types of mechanoreceptors
are involved in the detection of vibrations within the somatosensory periphery.
Specifically, the Meissner’s corpuscles mainly account for the detection of the
flutter range vibrations, while the Pacinian corpuscles are predominantly in-
volved in the detection of the smooth vibrations. Intriguingly, these peripheral
structures exhibit phase locking behavior analogous to that observed in the
auditory periphery (Fig. G.2B). That is, the activity of afferent nerve fibers
innervating these mechanoreceptors periodically entrain to the frequency of
the vibrating stimulus, enabling synchronization to skin vibrations across the
entire spectrum up to 1000 Hz [45]. Hence, this temporal code also carries
stimulus information, and therefore potentially bears relevant information to
vibrotactile pitch processing.

Besides these psychophysical and neurophysiological parallels in pitch
perception across both sensory modalities, there is another empirical argument
that further supports the existence of a close relationship. Particularly in the
music domain, the sensation of sound can be coupled with vibrations on the
skin. This becomes apparent in the setting of a live concert where vibrotactile
stimuli complement auditory cues to enhance the musical journey for both
the audience as well as the performers [29]. Collectively, these observations
motivate the investigation into the possible interactions between the auditory
and vibrotactile (i.e., audio-tactile) modality, especially with respect to pitch
processing. This view is consistent with the recent trend of the last few decades
where the field of sensory processing has shifted from scientific research
investigating each sensory modality in isolation, to the perspective of a highly
interconnected, interactive multisensory network [52].

Over the past two decades, a considerable body of research has been ded-
icated to investigating the impact of audio-tactile interactions on human
perception. Consequently, it has been shown that audio-tactile stimulation im-
proves reaction speed [51], stimulus detection [13] and enhances the perceived
loudness [13, 47]. Interestingly, these interactions seem to depend on the rela-
tive frequencies between both modalities [57, 58], with the most pronounced
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effects observed when the frequencies of auditory and vibrotactile stimuli
closely overlap. This observation also extends to audio-tactile influences on
pitch perception. In subsequent sections, we primarily concentrate on the
examination of audio-tactile interactions within the supra-flutter range of 50
Hz to 1000 Hz because: i) it contains a distinct and identifiable perception
of pitchy; ii) it represents the overlapping region where frequencies are per-
ceptible to both the auditory and somatosensory systems. Accordingly, the
work of Yau et al. has revealed that auditory and vibrotactile stimuli recip-
rocally bias each other, demonstrating that the concurrent presentation of
a vibrotactile distractor significantly influenced the perception of auditory
pitch, and vice versa [59, 60]. Concretely, using simple sinusoids, the pitch
frequency of a stimulus in one modality was pulled towards the frequency
of the distractor modality. Subsequent research following a crossmodal adap-
tation design further substantiated these observations, demonstrating how
vibrotactile pitch perception is influenced by auditory stimuli using band pass
noise [7] and sinusoidal sweeps [6] respectively. A key finding was that these
results were only obtained when the frequencies of both modalities were suffi-
ciently aligned. Collectively, this further implicates an intimate relationship
between both modalities, and suggests shared interactive neural mechanisms
regarding frequency processing.

Subsequent research efforts have been devoted to elucidate such neural
foundations that facilitate these observed audio-tactile effects. In this regard,
a significant number of studies in human subjects have utilized the fMRI
neuroimaging technique, while specifically targeting the cerebral cortex. Ac-
cordingly, it has been shown that areas traditionally associated with a single
sensory modality are susceptible to crossmodal influences. That is, auditory
stimulation revealed robust and frequency-specific responses within the tradi-
tionally defined somatosensory regions of the parietal lobe [36]. In the same
way, vibrotactile stimuli has shown to activate areas typically associated with
auditory processing within the temporal lobe [35, 46]. Regarding the latter, it
was specifically shown that 100 Hz sinusoidal vibrations selectively impacted
the left auditory cortex, an area thought to have a specialized role in detecting
fundamental frequencies [35]. Consistent with these results, a more recent
study revealed similar overlapping activation regions and highlighted their
involvement in frequency specific processing [41]. While these results tenta-
tively indicate the existence of shared neural populations regarding frequency
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processing, the direct link of these observations to the psychophysical audio-
tactile interactions of pitch perception remains rather obscure. This challenge
can be attributed in part to the inherent constraints of fMRI. While fMRI has
proven effective for spatially identifying brain regions engaged in frequency
processing, its relatively limited temporal resolution and the sluggishness of
the blood oxygenation level dependent (BOLD) signal complicate the task of
directly linking perceptual outcomes with underlying neural processing activi-
ties. Moreover, emerging evidence from animal studies has revealed extensive
audio-tactile interactions within subcortical regions, involving both ascending
and descending projections [26]. Consequently, the activities observed in cor-
tical regions might merely reflect the crossmodal influences originating from
these lower-level neural structures. This observation would not come com-
pletely unexpected, considering the analogous temporal coding mechanisms
present in subcortical regions across both modalities.

To summarize, the pronounced similarities between the auditory and vi-
brotactile modalities concerning pitch processing, in combination with sub-
stantial perceptual evidence of audio-tactile interactions, collectively suggest
the existence of shared neural pathways for frequency processing. Efforts to
investigate such putative networks in human subjects, particularly focusing
on the cerebral cortex, have yet to yield compelling evidence. Meanwhile,
research in animal models indicates the presence of significant audio-tactile
interactions at subcortical stages. Hence, it may be beneficial to explore anal-
ogous regions in human participants. Accordingly, the principal aim of this
study is to address the latter proposition by exploring the following questions:
i) is it possible to furnish evidence supporting the presence of audio-tactile
interactions within subcortical structures in human subjects?; ii) should such
evidence emerge, what would be its implications for the temporal coding
mechanism? Our hypothesis states that vibrotactile stimuli complement au-
ditory stimuli and improve phase locking acuity. Considering the efficacy of
FFR in capturing subcortical phase locking activity to auditory stimuli, our
research seeks to build upon this by incorporating a concurrent vibrotactile
stimulus. Accordingly, this enables the investigation of how the synchronized
neural activity in the brain stem is potentially modulated by the vibrotactile
modality.
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G.2 Material and Methods

Previous studies have predominantly utilized basic and coarse audio-tactile
stimuli, such as simple sinusoidal waves, often delivered through insert ear-
phones and applied to a single finger digit. This study intends to adopt a more
natural stimulation paradigm. To achieve this, we choose to utilize real-world
speech stimuli, presented through insert earphones, alongside an ergonomic
vibrotactile controller that stimulates the entire hand. Most settings concern-
ing the auditory stimulation and FFR recording are directly derived from [21].
Details are presented below.

G.2.1 Participants

The dataset consisted of FFRs recorded from 22 healthy young adults (age: 28
=+ 6) of which 11 are female. None of the participants had a history of neuro-
logical dysfunction or a reported hearing loss and all gave written consent to
participate on voluntary basis.

G.2.2 Stimulus Selection

The selected stimulus was identical for both the auditory and vibrotactile
modality, and involved the 40-ms /da/ speech syllable. This /da/ is a generated
speech sound [16] with five formants. The syllable is characterized by an
initial noise burst followed by a formant transition between the consonant and
the vowel. More specifically, during the 40-ms, the fundamental frequency
(Fo) and the first three formants (F1, F2, F3) shift linearly (Fy: 103-125 Hz, F1:
220-720 Hz, F2: 1700-1240 Hz, F3: 2580-2599 Hz). The formants F4 (3600 Hz)
and F5 (4500 Hz) however remain constant.

This specific stimulus was chosen for the following reasons. First, /da/
is a relatively universal syllable found in the phonetic inventories of most
European languages [27]. Second, conventional FFR studies focusing on the
auditory modality only, showed that this sound stimulus elicits a clear and
replicable response (Fig. G.3B), thereby providing a normative database [49].
Last, the fundamental frequency, as well as the first formant, of /da/ lie well
within the perceivable frequency range of the vibrotactile modality and are
below subcortical phase-locking limits.
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G.2.3 Stimulus Presentation

Vibrotactile stimulation was provided through a DualSense Controller (Sony
Corporation, Tokyo, Japan) via USB connection. The reason for choosing
this device is two-fold. First, the controller has an ergonomic casing that
is rigorously tested to provide comfortable vibrations to a broad audience.
Second, on both the left and right hand side, it has two built-in voice-coil
actuators (ref. 622008, Foster Electric Company, Tokyo, Japan). These type
of actuators are frequently employed for transmitting musical information
via vibrotactile stimuli [42]. For example, audio signals can be utilized to
drive them with minimal or no further signal processing required, where pitch
and loudness directly maps to the frequency and amplitude of the vibration
respectively [37]. Corollary, it is posited that such actuators are also adequate
for conveying speech stimuli, including the /da/ used in this study. Nonetheless,
given that the DualSense controller is primarily designed for entertainment
purposes, further validation was necessary to evaluate its appropriateness for
this research (see section G.2.6). After the successful preliminary validation,
vibrotactile signals were delivered bimanually and calibrated at 0.85 m/s?
peak-to-peak.

Auditory stimuli were presented through an IP30 insert earphone (Ra-
dioEar, Middelfart, Denmark) via the Steinberg UR44C audio interface (Stein-
berg Media Technologies GmbH, Hamburg, Germany). These earphones are
electromagnetically shielded in order to minimize the stimulus artifact (i.e.,
the electrical signal produced by a transducer that could contaminate the FFR
recording). Subsequently, auditory signals were delivered monoaurally in the
right ear at 80 dB SPL. An earplug was deeply inserted in the left ear of the
participant to minimize interference from other potential sound sources (e.g.,
audible vibrations of the DualSense Controller).

The presentation of both sensory stimuli followed a block paradigm (Fig.
G.3A). Within each block, 100 /da/ trials were presented in an alternating
polarity (i.e., 50 positive and 50 negative polarity) at a rate of 10.9 Hz. In
total 40 blocks were presented for a single session, equating to 40 x 100
= 4000 /da/ trials per session. Importantly, the inclusion of a vibrotactile
block was randomized with probability 0.5. Hence, only 20 blocks involved
the simultaneous presentation of both sensory modalities where temporal

synchronization was accounted for by setting adequate latencies. That is,
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we ensured a simultaneous peripheral stimulation between both modalities.
Besides the audio-tactile condition, the remaining 20 blocks comprise only the
auditory condition. The random ordering of consecutive conditions aimed to
minimize potential confounding factors such as the expectancy effect. After
the completion of a single session, a brief intermission of ~15 seconds was
placed before proceeding to the next session. Each participant was exposed to
a total of 3 repetitions, equating to a cumulative amount of 4000 x 3 = 12000
/dal trials.

G.2.4 Data Collection

The FFR was collected with the Eclipse EP15 system (Interacoustics, Middelfart,
Denmark) using disposable Ag/AgCl gel electrodes and the EPA preamplifier
(Interacoustics, Middelfart, Denmark). The electrodes were applied in a ver-
tical montage with the active, reference and ground electrode located at Cz
(top head), A2 (right earlobe) and Fpz (forehead) respectively (Fig. G.3A). The
electrode impedance was kept below 5 k(2. The acquired signal was subse-
quently recorded at 48 kHz (sampling rate) with the Steinberg UR44C audio
interface (Steinberg Media Technologies GmbH, Hamburg, Germany). This
audio interface was thus employed for both the delivery of auditory stimuli
and the recording of the FFR. This arrangement aided in facilitating precise
alignment between stimulation and recording, coordinated through a custom
made Python script. Furthermore, during the experiment the participant was
instructed to sit relaxed on a comfortable chair while watching a mute movie
of choice (e.g., Charlie Chaplin). This visual distractor controls for attention
and aimed to minimize head movements of the participant while promoting
relaxation. Moreover, since the FFR signal is on the order of nanovolts, the
experiments took place in an anechoic chamber that was enclosed in a Fara-
day cage to reduce (electrical) noise (Fig. S1) as well as possible auditory
distractors.

G.2.5 Data Analysis

Initial processing of the FFR was identical to that of [22]. Hence, individual
FFRs for each participant were filtered offline from 100 to 2000 Hz with a
second order digital Butterworth bandpass filter [54]. After filtering, all trials
were averaged over a 75 ms window, starting 15.8 ms prior stimulus onset. The
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artifact rejection criterion for invalid trials (e.g., myogenic activity) was set at
£23.8 uV. The averaged response corresponding to each polarity was added
together (i.e., 2S82VeP Olanty; positive p Olarlty), thereby minimizing the stimulus

artifact and the cochlear microphonic [22, 50]. This procedure was followed

for both the audio and the audio-tactile condition.

The stereotyped peak landmarks and their distinct timing for the FFR
to the short /da/ stimulus are well established in literature for the auditory
modality [49], and are termed 'V, ’A’, °C’, 'D’, ’E’, 'F’, ’O’ respectively (Fig.
G.3B). Peak ’V’ signifies the positive amplitude deflection associated with
the stimulus onset and occurs at ~6-8 ms. Peak A’ is a negative amplitude
deflection directly following "V’. Peak 'C’ reflects the transition from the onset
burst to the onset of voicing. Subsequently, the three peaks 'D’, ’E’, and 'F’
are all negative deflections related to the voicing of the speech sound and are
spaced ~8 ms apart (i.e., period of the fundamental frequency). Lastly, ’O’
constitutes a negative amplitude deflection characterizing the sound offset
response. For both the audio and audio-tactile condition, peaks were identified
and labelled manually from the averaged response of the participant.

To investigate the neural frequency processing, we were specifically inter-
ested in the spectral encoding of the FFR. Therefore, a fast Fourier transform
(FFT) was applied to the formant transition of the /da/ sound as suggested
in the study of [21]. This transition corresponded to the 19.5-44.2 ms period
in the averaged window. Zero-padding was applied to increase the spectral
resolution to at least 1 Hz, and a Hanning window was applied to minimize
spectral leakage. The obtained spectral encoding was then analyzed to investi-
gate the fundamental frequency (Fy: 75-175 Hz), a neural correlate associated
with pitch perception. Additionally, the harmonics of Fy were examined. These
harmonics were categorized into two bins: lower and higher harmonic content.
The lower harmonics contained the first formant (F1) and ranged from 175-750
Hz. The higher harmonics, termed high frequency (HF), represented the fre-
quencies between the first formant and the midbrain phase-locking limits (up
to 1050 Hz). Accordingly, the magnitude corresponding to the average spectral
energy of each frequency bin (i.e., Fy, F1, HF) were computed for comparison.
Normative data for the auditory modality of the spectral encoding is visualized
in Fig. G.3B.

Subsequent data analysis followed a within-subject design. More specifi-
cally, the FFRs under both audio and audio-tactile conditions were compared
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within each participant. These intra-individual comparisons were then pooled
across participants to facilitate the statistical analyses. Accordingly, moti-
vated by the benefits of simulation methods, paired permutation tests were
employed to assess statistical significance [14]. Suppose we collect the random
variable Y = X;udio—tactile - X;udio

any type of FFR measure (e.g., the average spectral energy of Fy). Under the

for each participant i, where X' represents

null hypothesis of exchangeability, a test statistic distribution Y is created by
randomly permuting the condition labels (i.e., audio-tactile and tactile) for
each participant, 100.000 times. Subsequently, the p-value with alternative
hypothesis H4: § > 0 (frequency domain analysis) or H4: ¥ # 0 (time do-
main analysis) was determined for the observed unpermuted data. In case of
multiple testing, a Bonferroni correction was performed to account for the
family-wise type I error rate.

G.2.6 DualSense Validation

Following the protocol outlined by A. Farina [8], the frequency response
characteristic of the DualSense controller was determined by employing an
exponential sine sweep signal:

x(t) = sin w (&1“(%) - 1> (G.1)
In <§>

with start frequency f; = 10 Hz, stop frequency f> = 1050 Hz and duration T
=50 s. In accordance with updated recommendations by A. Farina [9], this
single very long sweep was further processed by applying a fade-in using a
one-sided Hanning window of 0.1 s. Measurements were conducted in the
same anechoic chamber as the FFR recordings, and a GY-61 ADXL335 analog
3-axis accelerometer (Analog Devices inc, Wilmington, United States) was
placed at both the left and right hand side of the controller to record the
vibrations (Fig. S2A). Furthermore, to simulate the natural dampening effect
while holding the controller, it was placed on top of an ordinary blanket. The
analog signal of the accelerometer was captured using the Steinberg UR44C
audio interface (Steinberg Media Technologies GmbH, Hamburg, Germany) at
a sampling rate of 48 kHz.

Additionally, the controller’s ability to handle the high stimulus rate of
the /da/ trials was evaluated. This involved stimulating the controller with
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4000 /da/ trials at a rate of 10.9 Hz (positive polarity only). The positions of
the accelerometers, the recording apparatus, and the sampling rate remained
unchanged compared to the acquisition of the frequency response. The re-
sponse to each /da/ trial was then analyzed by comparing the root mean square
(RMS) value during a prestimulus period of 24 ms before onset, to the stimulus
period of 40 ms after onset (after correcting the vibrotactile delay, see Fig. S3B).
Subsequently, the signal-to-noise ratio (SNR) for each trial was computed
according to:

(G.2)

RMSg;
SNR — 2010g10 ( stimulus >

RMSprestimqus

For statistical analysis a similar paired permutation test was applied as detailed

RMS?

prestimulus

in section G.2.5, now adapted to evaluate Y = 20log,, (RMSS“““““S> for each

/da/ trial 7. The p-values were determined following the alternative hypothesis
Hu:y > 0.

G.3 Results

This section outlines the results following the methods described in section G.2.
Initially, it discusses the preliminary validation of the vibrotactile controller
which demonstrated positive results supporting its suitability for the FFR
recordings. Following parts of this section will focus on the time domain and

frequency domain analyses of the acquired FFRs.

G.3.1 Preliminary Validation of the Vibrotactile Controller

The controller’s frequency response was measured at two symmetrical loca-
tions adjacent to the vibrotactile actuators and the regions where the par-
ticipant’s hands make contact (Fig. S2A). Both locations produced similar
responses as shown in Fig. S2C. The data obtained across both sides were
averaged for each dimension (i.e., %, y, z) and are presented in Fig. G.4.
Furthermore, given the high stimulus rate of the transient /da/, a valid
concern arises regarding the inertia of the vibrotactile actuator. That is, if the
actuator fails to return to its baseline level in time between two successive
trials, the participant may not be able to differentiate between the individual
trial instances. For vibrotactile stimuli presented to the hand, literature has
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shown that the minimum detectable separation between two successive stimuli
is on the order of 8-12 ms [30]. Those thresholds were found for noise and
clicks at sensation levels of about 35 dB and for sinusoids with sensation
levels of about 20 dB. While these stimulus parameters are distinct from the
/da/ signal employed in this study, they do provide a reference point for
estimating the temporal discrimination threshold of the vibrotactile modality.
In this study, a wide separation margin of 24 ms was employed. Specifically, a
prestimulus period of 24 ms was defined as the baseline activity. Accordingly,
the SNR was computed for 4000 consecutive /da/ trials, presented at 10.9 Hz.
The averaged vibrotactile signals are visualized in Fig. S2B and the statistical
results are summarized in Table G.1. Hence, for each dimension the p-value
neared 0 and large SNR values were found. Together, this suggested that the
signal returned sufficiently to baseline levels between consecutive trials. The
latencies observed for the onset of vibrations (Fig. S2B) were the result of the
inertia of the vibrotactile actuator. This delay amounted to ~8 ms, a duration
which is well below the perceivable threshold of ~40 ms [2].

The next step was to systematically calibrate the amplitude levels. There-
fore, the peak-to-peak level was defined at the most dominant axis, orientated
parallel to the built-in voice coil actuators of the controller (i.e., the z-axis).
Accordingly, the 40-ms /da/ stimulus was calibrated to maintain a consistent
amplitude of 0.85 m/s? (Fig. S2B) for all remaining experiments.

G.3.2 FFR Time Domain

The aim of the FFR time domain analysis was to determine whether the in-
corporation of the vibrotactile modality exerted any substantial effect on the
timing of peaks, which could in turn confound the results of spectral analysis.
A summary of the peak picking is presented in Table G.2. No significant effect
was found for all of the peak timing differences. The grand average across all
participants is visualized in Fig. G.5A. Furthermore, the FFR onset delay of
~6-7 ms was in accordance with the neural transmission time [22, 49].
Additionally, control experiments were performed among 3 of the partici-
pants under vibrotactile stimulation only. That is, the procedure for recording
the FFRs remained nearly identical, only now the insert earphone transducer
in the right ear was replaced by an earplug. This modification facilitated a
direct comparison between the vibrotactile condition and a baseline condition
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absent of both vibrotactile and auditory stimulation (Fig. S3). As a result, the
vibrotactile modality only did not replicate the same waveform patterns as
observed in Fig. G.5A. Instead, the response rather converges to the baseline
level, suggesting that exclusively employing the vibrotactile signal in this
study was insufficient to produce the stereotypical FFR.

G.3.3 FFR Frequency Domain

To assess the potential facilitatory role of vibrotactile stimuli in subcortical
phase locking activity, it was crucial to examine if such an effect was reflected
in the spectral encoding of the FFR. The grand spectral average across all partic-
ipants is visualized in (Fig. G.5A). The magnitude of the fundamental frequency
(i.e., Fo: 75 Hz - 175 Hz) required special attention due to its correlation with
pitch perception in earlier FFR studies. Focusing on Fy, a paired permutation
test was performed and visualized in Fig. G.5B. A significant difference of 3.30
=+ 8.41 uV (p-value = .033, Cohen’s d = 0.39, n = 22) was found, demonstrating
enhanced phase locking activity of the fundamental frequency. In contrast,
brief inspection of the higher harmonics F1 (175 Hz - 750 Hz) and HF (750
Hz - 1050 Hz) revealed similar spectral amplitudes between both audio and
audio-tactile conditions.

Additionally, spectral encoding of the control experiments under exclusive
vibrotactile stimulation (Fig. S3) rendered similar amplitude levels as baseline
activities. This restates that vibrotactile stimuli in isolation do not produce the
observed FFR response.

G.4 Discussion

This study evaluated the hypothesis that vibrotactile stimuli enhance auditory
phase locking in subcortical regions. The obtained FFRs from the audio-tactile
condition corroborated this proposition, exhibiting increased neural synchro-
nization at the fundamental frequency F, specifically. Vibrotactile stimulation
in the absence of sound produced a response that was indistinguishable from
baseline levels. The latter hints that the observed multisensory effect does
not arise from a mere linear summation but rather involves a super-additive
interaction. Though, additional control experiments with statistical reporting
should provide direct evidence to support this statement.
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Previous research has already documented the role of the midbrain’s infe-
rior colliculus (i.e., the main neural source of the FFR) as a central processing
hub for the integration of multisensory signals [17, 26]. This includes both
feedforward projections [15] and corticofugal projections [25] mediated by
somatosensory substrates. As mentioned, the temporal coding mechanism
in the sensory peripheries of both auditory and vibrotactile modalities are
highly similar. It therefore appears plausible that the observed multisensory
effect is facilitated through connections in the afferent pathway, exhibiting
Hebbian learning. However, the potential contributions of efferent projections
from both primary and non-primary cortical areas to the inferior colliculus
cannot be discounted. For instance, an analogous study on the impact of visual
stimulation on the auditory FFR similarly reported an increased representation
of Fy [34]. As mentioned by the authors, one explanation could be derived
from the reverse hierarchy theory [1]. This states that peripheral plasticity can
be mediated by top-down corticofugal influences that originate from multisen-
sory training. Likewise, Lakatos et al. demonstrated how a salient nonauditory
stimulus (e.g., vibrotactile or visual) can enhance the neural excitability in
the auditory cortex by phase resetting the ongoing oscillatory activity [24].
This observation has been linked to the phenomenon of increased perceived
loudness of auditory signals under concurrent vibrotactile stimulation [23].
Furthermore, our research does not exclude the possibility that the observed
effect may be attributed to a generic "novelty effect” rather than being an
exclusive integration of audio-tactile stimuli. Hence, what mechanism exactly
applies to the increased phase locking effect observed in the current study
remains to be answered.

Our investigation did not detect enhanced phase locking at harmonic
frequencies beyond the fundamental frequency. The harmonic content of
acoustical stimuli has been linked to the perception of auditory timbre, which
distinguishes the sounds of different instruments and voices [45]. Analogously,
the perception of tactile texture has been correlated with the harmonic content
of skin vibrations [28]. These harmonic frequencies are additionally reflected
in the temporal coding of afferent neurons within both sensory peripheries.
Hence, the substantial parallels between auditory timbre and tactile texture
suggests a close relationship, similar to pitch processing. In this regard, previ-
ous research by Russo et al. has shown that auditory timbre could be discerned
solely through vibrotactile stimulation [43, 44]. Yet, similar observations were
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not directly reflected in our findings. This may be attributed to both biological
and technological constraints inherent in the present study. First is the limit-
ing nature of perceived vibrations through the hand, exhibiting a relatively
small bandwidth with optimal sensitivity around 240 Hz (Fig. G.2A). This
sensitivity markedly declines at frequencies extending up to 1000 Hz. As a
result, the harmonic content of the employed /da/ stimulus might not have
been effectively transmitted. Additional low-pass filtering imposed by the
vibrotactile controller may have further exacerbated this issue. Specifically,
its frequency response peaks around the fundamental frequency of /da/ and
decreases for higher frequencies. Furthermore, the choice of adding both
polarities favors the FFR to the temporal envelope which contains the low
frequency content including the fundamental frequency [22]. This is due to the
fact that the temporal envelope is relatively phase invariant, thereby showing
similar responses to both opposing polarities. Conversely, the temporal fine
structure which includes the harmonic content is sensitive to the phase and
thus cancels out when adding both polarities. Collectively, our design may
have been biased towards the fundamental frequency, potentially obscuring
any audio-tactile phase locking effects at higher harmonics. One improve-
ment for future endeavours could be to explore the subtracted polarity since
it accentuates the spectral fine structure at the expense of introducing more
noise [22, 50].

Besides, both the auditory and vibrotactile /da/ stimulus were presented at
levels well above the detection threshold. It is, however, widely documented
that multisensory interactions are most effective when employing stimuli
that, in isolation, are minimally effective in producing neural responses. This
relationship between the intensity of unisensory stimuli and the relative
strength of the combined multisensory response is denoted as the principle
of inverse effectiveness [31]. For example, Fu et al. demonstrated that tactile
input fluctuating in-phase with auditory noise amplifies the fluctuations of
the noise [10]. Importantly, this multisensory effect was largest when the
auditory stimulus was weakest. Hence, it would be interesting to investigate
whether the enhanced audio-tactile phase locking effect obeys the same rule.
Future research should explore the use of weaker auditory stimuli to determine
whether subsequent incorporation of vibrotactile stimuli could yield more
pronounced effects with larger effect sizes.

Furthermore, despite utilizing speech stimuli and an ergonomic controller,
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the ecological validity of this study may still be questioned. The necessity for
the high repetitiveness of a single stimulus to record the FFR is not typical
in real-life scenarios. Additionally, correlations with behavioral measures
have not been performed. Previous studies on the FFR has demonstrated a
connection between enhanced neural synchronization at the fundamental
frequency and improved pitch discrimination capabilities [4, 19, 20]. It is
therefore crucial to correlate the observed neurological effect presented in
this study with behavioral outcomes to validate their functional significance.
Accordingly, we propose that future studies should include a set of vibrotactile
stimuli varying in specific parameters. For instance, it would be intriguing
to explore vibrations with shifted pitches (i.e., shifted F;) compared to the
auditory modality. Research by Yau et al. has indicated that the perception
of auditory pitch shifts towards a concurrent vibrotactile pitch when the
frequencies of both modalities are closely aligned. [60]. Investigating whether
a similar pattern is reflected in the encoding of F, in the FFR would be valuable.
It would also be worthwhile to examine whether audio-tactile effects are
restricted to vibrotactile stimulation of the hand only, or if other locations
exhibit similar phenomena. Thus, future research should also consider varying
the stimulation sites to assess its impact.

Additionally, the inclusion criteria for the participants in this study simply
considered individuals with no self-reported hearing impairments. The latter
statement could be strengthened by measuring actual audiograms. It would
further be beneficial to gather a more comprehensive range of demographic
data. Such data would enable the comparison of different populations to
identify potential confounding variables that may influence the effectiveness
of integrating the vibrotactile modality. An initial area of interest could be
the role of musicianship. Musicians have shown to exhibit superior auditory
processing abilities compared to non-musicians, including enhanced FFRs [17].
For example, the enhanced F, representation in the audio-visual paradigm
was more pronounced among musicians [34]. Given that they also exhibit
improved tactile frequency discrimination capabilities [48], it would be logical
to hypothesize a similar positive correlation between musicianship and the
effectiveness of audio-tactile stimulation on the FFR. Additionally, extending
this research to clinical populations, particularly individuals with hearing
impairments such as cochlear implant (CI) users, offers an interesting avenue
for research explorations. Little is understood regarding the neural plasticity
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occurring within this population, and empirical observations revealed distinct
patterns of musical engagement compared to normal hearing people who more
dominantly rely on the hearing senses [11]. Possibly, inclusion of vibrotactile
stimuli in the study of the FFR may also exhibit enhanced effectiveness in such
individuals.

In conclusion, using speech stimuli, our data show elevated phase locking
activity at the fundamental frequency in human subjects under audio-tactile
stimulation. Given that prior research has linked enhanced Fy encoding with
augmented pitch processing capabilities, these findings hold promising practi-
cal implications. For example, implementing audio-tactile training to enhance
pitch intelligibility may offer a practical approach for individuals struggling
with pitch deficits, such as those with tone deafness or CI users. While this
study represents an initial step towards exploring the potential benefits of
audio-tactile stimulation, future studies are essential to further investigate its
efficacy.

Figure captions

Dimension M SD P Cohen’s d

X 1549 0.68 < .001 22.83
y 14.74 1.56 < .001 9.45
z 13.39 130 < .001 10.25

Table G.1:

Statistical results of the validation of the vibrotactile controller

Note. For all trials (n = 4000), the SNR is displayed for each dimension (i.e., x, y, and z) according
to section G.2.6. A significance level, a, 0of 0.05/3 = .016 is determined after Bonferroni correction.
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Fig. G.1: The common strategy for exploring the relationship between sensation and percep-
tion, combining the results obtained by the field of psychophysics and neurophysiology. The
subject of study is displayed centrally in a box. (Psychophysics) Illustration depicting the
positive correlation between the physical frequency of a sinusoidal stimulus and the resultant
pitch perception. (Neurophysiology) Examining the neural mechanisms that underlie these
psychophysical observations. In this example, the FFR captures the phase locking activity in
the brain stem to the frequency of the auditory stimulus.

Landmark M SD p Cohen’sd
\% -0.07 0.16 .031 0.42
A 0.06 0.17 .136 0.34
C -0.21 0.71 .154 0.30
D -0.03 0.69 .878 0.04
E 0.07 0.48 .502 0.15
F 0.07 0.75 .703 0.09
0] 0.21 0.45 .016 0.48

Table G.2: item Note. The letters V, A, C, D, E, F and O refer to the distinct landmarks (Fig.
G.3B). The peak timing difference of a landmark is displayed in ms and determined for all
participants (n = 22). Negative values mean a later peak timing for the audio modality (audio >
audio-tactile). A significance level, o, of 0.05/7 = .007 is determined after Bonferroni correction.
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Fig. G.2: Parallels between the auditory and vibrotactile modality. (A) Detection thresholds for
the auditory and vibrotactile modality across different frequencies. The vibrotactile sensitivity
curve is derived from [12] where 700 ms sinusoidal stimuli are presented through a 0.72 cm?
circular contactor at the index fingertip of the right hand. The auditory sensitivity curve is based
on the International Standard ISO 389-7: 2003 for pure tones under free-field and diffuse-field
listening conditions. The grey area indicates the frequency range where both curves overlap.
(B) Phase locking activity in the peripheral structures of the vibrotactile modality (left) and
auditory modality (right) for arbitrary stimulus frequencies respectively. Single nerve fibers
are displayed for illustrative reasons. In reality, the precise synchronization should be regarded
as the response of a population of nerve fibers.
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Fig. G.3: FFR recording. (A) Stimulus presentation of the 40-ms /da/ speech syllable for a single
session. Each block consisted of 100 individual /da/ trials, presented in alternating polarity
(+, -) with a stimulus rate of 10.9 Hz. In total 40 blocks were delivered with the randomized
inclusion of the vibrotactile modality. Accoringly the FFR was recorded for both the audio
and audio-tactile condition following a vertical electrode montage. (B) Normative FFR data to
a 40-ms /da/ sound stimulus, adapted from [49]. The time domain signal on the left displays
the 7 stereotypical peaks, representing: the stimulus onset response ('V’, ’A’), the transition
from stimulus onset to voicing onset ('C’), the voicing of the speech ('D’, 'E’, 'F’) and the
offset response ('O’) respectively. The right graph displays the frequency domain of the speech
voicing region of the FFR (19.5 - 44.2 ms). The largest peak in the spectrum represents the
fundamental frequency.
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Fig. G.4: The frequency response of the vibrotactile controller for the three axes x, y and z
respectively.
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Fig. G.5: FFR results and permutation results. (A) Time domain representation (left) of the FFR
where the added polarity was averaged across all participants. The mean value (solid curve)
and standard deviation (fill areas around the mean) are displayed. The marked peaks follow
the same definitions as detailed in Fig. G.3B. Spectral encoding of the time domain (right) for
the window [19.5 ms - 44.2 ms], averaged across all participants. Again, the mean value (solid
curve) and standard deviation (fill areas around the mean) are displayed. The fundamental
frequency bin (Fo: 75 Hz - 175 Hz) is highlighted on the right. (B) The null distribution of the
mean spectral amplitude difference for Fy, approximated by randomly permuting the condition
labels. The light hued tail on the right represents the one-sided critical region for a significance
level of 0.05. The black arrow demonstrates that the observed difference of 3.30 uV resides
within this critical region, thereby providing statistical evidence to reject the null hypothesis.
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Abstract

Cochlear implant (CI) users experience several challenges when listening to music.
However, their hearing abilities are greatly diverse and their musical experiences
may significantly vary from each other. In this research, we investigate this
diversity in CI users’ musical experience, preferences, and practices. We integrate
multisensory feedback into their listening experiences to support the perception
of specific musical features and elements. Three installations are implemented,
each exploring different sensory modalities assisting or supporting CI users’
listening experience. We study these installations throughout semi-structured and
exploratory workshops with participants. We report the results of our process-
oriented assessment of CI users’ experience with music. Because the CI community
is a minority participant group in music, musical instrument design frameworks
and practices vary from those of hearing cultures. We share guidelines for
designing multisensory integration that derived from our studies with individual
CI users and specifically aimed to enrich their experiences.

H.1 Introduction

While CIs have achieved a high level of complexity in terms of hardware and
ergonomics, training and rehabilitation programs for CI users are still lacking.
This technology is quite advanced for facilitating speech perception, but music
appreciation and rendering prove to be underwhelming. Specifically, most CI
users report the inability to properly recognize the timbre and pitch of musical
instruments, or have issues of sound localization [6, 7]. Additionally, they state
to struggle with segregating the individual instruments in multi-instrument
mixing [12]. In this paper, we describe a participatory design approach to
designing novel technologies to help hearing impaired users’ experience and
appreciate music.

The hearing abilities, profiles, and perceptions significantly vary among
people experiencing hearing impairments. This diversity is even wider among
CI users due to “age, cognitive processing residual hearing, hearing aid (HA)
use, and musical training” [13]. When approaching musical experience design
for CI users, the assessment and evaluation might need to be process-oriented
and individual-specific. Over the course of explorative workshops with CI
users, we developed design practices and guidelines for integrating multi-
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sensory modalities to enrich their experiences with music. Our motivation
derives from providing them with tools to better understand and enjoy musical
features that many participant report difficulties.

H.2 Related Work

H.2.1 Accessible and Inclusive Design in Music

When designing accessible digital musical instruments (ADMI) or accessible
musical technologies (AMT), researchers differently approach this design and
collaboration / participation process, ranging from participatory approaches
to performance and improvisation.

Schroeder and Lucas discuss the process and evaluation of bespoke design
approach to accessible music technologies [19]. The authors describe how
bespoke designs are vital to provide access for disabled artist to music making.
Lucas et al. investigate the evaluation methods for bespoke designs for music
and provide their observation on assessing these designs for future ADMI
designs [20]. Samuels and Schroeder study improvisation possibilities among
performers of different background and abilities for increased inclusion [29]
and emphasize the performance aspect in accessible and inclusive design for
music.

Dickens et al. practice participatory methods to investigate real life musical
interactions for people with complex disabilities and to explore potentials of
embodied interactions with gesture-based technology [5]. Another participa-
tory approach by Marti and Recupero [21] focuses on design of smart jewels
beyond functionality for Deaf and Hard of Hearing (D/HOH) people with HAs.
Similar participatory practices and their implications for rehabilitation are
explored by accessibility researchers [27]; however their application to musi-
cal experience design, specifically for D/HOH participants are significantly
limited. Like participatory design with D/HOH, community-engaged research
with focus on music and hearing impairments is even more limited in this
field. Gosine et al. discuss the importance of community building through
inclusive music making and its benefits to disabled people through music
theraphy [14]. They created collaboration possibilities among persons with
physical disabilities and local community musicians following a workshop
format.
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Frid highlights that the majority of ADMIs focus on addressing users’
complex needs in terms of physical and cognitive disabilities, rather than
users’ experience of music who live with vision and hearing impairments [11].
By 2019, only 6% of ADMIs focused on hearing impairments, even less studied
specific cases of CI use and music.

H.2.2 CIUse and Music

CIs have witnessed an impressive evolution in the last 30 years, restoring
hearing to more than half a million profoundly deaf people. Their success
is usually measured through speech recognition tests. Common implant
systems achieve 50% - 60% accuracy after 24 month of use when tested on
monosyllabic words, and close to 100% on sentences [34]. Some patients
achieve spectacularly high results providing proof of what is possible with a
neuroimplant in an otherwise totally deaf cochlea. Variability is high though,
with standard deviations ranging from about 10% to 30%, for various studies,
but results are improving, especially in patients using bilateral implants [34].

The CIs available today still have significant limitations, offering a severely
impaired pitch and timbre perception. Another known limitation is the dif-
ficulty users have when presented competing sounds; CI users struggle to
discriminate musical events when multiple instruments are playing, or long
reverberations are present [4, 8]. Furthermore, there is a general weak represen-
tation of the fundamental frequency (Fy) for complex sounds, with difference
limens ten times lower than hearing without no impairments, even when
signals are below that of the CI pitch saturation limit (300Hz) [34]. As a result
of these cumulative factors, the evaluation of music experience is not included
as a measurement of success for the implants, as the general music experience
for CI users is poor.

H.2.3 Multisensory Integration in Music

At the core of this project lies the principle of multisensory integration that
explains how humans form coherent experiences by merging information
from multiple senses [31]. For this integration to occur, the only requirement
is that the stimuli are temporally overlapping; this will produce a perceptual
enhancement that is strongest for the stimuli which are least effective [31].
In the specific case of auditory-tactile stimuli, recent studies demonstrate
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that multisensory integration can in fact occur at very early stages of cognition,
resulting in supra-additive integration of touch and hearing [9, 10, 18]. This
is especially useful for CI users that are shown to be better multisensory
integrators [28]. Furthermore, research within auditory-tactile interactions
has shown that tactile stimulus can influence auditory stimulus perception
when presented in unison [24, 35].

Multisensory integration has been exploited extensively in previous re-
search focusing on tactile augmentation of music; in 2009 Karam et. al. drew
inspiration from previous sensory substitution vocoders and aimed to increase
the audio-tactile resolution through the skin [17]. Their project resulted in a
chair that provided 4 pairs of voice coil actuators arranged in an array along the
back rest, following the cochlea metaphor - lower frequencies are reproduced
lower than the higher ones. Each one of the actuators could reproduce one
octave of the piano, from 27.5Hz to 4186 Hz [17]. They evaluated their design
with respect to emotional reaction and concluded that participants enjoy the
two proposed techniques more than the audio signal alone. Further upgrades
to the chair resulted in a a wide spectrum of feedback, mostly positive [1].

Another chair installation was designed by Nanayakkara et al. with the
help of the hearing impaired community [22]. Initially, their haptic chair had
two contact speakers as haptic transducers placed under the armrest that was
upgraded later with actuators directed at the lower back area and a footrest,
providing a whole body stimulation [23]. The actuators were reproducing an
amplified version of the auditory stimuli, and was always used in conjunction
with sound. The chair was used successfully in long term studies (12-24 weeks)
to enhance the music listening experience, as well as speech therapy for deaf
children, and underlying the importance of training when users are expected
to adapt a novel haptic system [23].

In 2015 a collaboration between the Deaf arts charity organization Incloodu
and Queen Mary University resulted in an installation in the shape of an
armchair and a sofa [15]. The devices used voice coil actuators placed in the
backrests and armrests, and a subPac ! under the seat. The auditory signals
were spatialized from low to high areas of the backrest, and a noisy component
correlated to timber was reproduced through the armrests. The structure was
designed by a profoundly deaf architect, specialized in developing interiors
for hard-of-hearing customers [15]. Their evaluation shows that the type

'https://subpac.com/
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of music has a great impact on the experience, with highly rhythmic music
eliciting more positive reactions than music where harmonic motion was most
important [15]. When music with less transients was presented, users seemed
to observe the therapeutic value of vibrations. This emphasizes an important
aspect of vibrotactile musical devices: they should be designed in manner that
places the musical context in the spotlight.

H.3 Research Approach

The goal of this study was to (1) invite CI users into the early stages of designing
novel audio-tactile displays by introducing several multisensory installations
and (2) to understand the limitations of presented configurations. We per-
formed an exploratory study, collected by a triangulation of methods: think
aloud protocol, observations, and enter and exit interviews [30].

H.3.1 Workshop Format

Each meeting followed a predefined structure and lasted 60 - 120 minutes; for
the entire duration there was one of the authors taking notes and recording
the conversations. Before the meeting, the participants were requested to
fill an online survey, focusing on demographics and their past and current
music listening habits. The answers from this survey formed the foundation
for an semi-structured interview that was conducted before any installations
were introduced; the focus was on exploring further the music engagement
habits. Subsequently, the participants were guided to explore and experiment
different installations described in section H.4, and concluded with a shorter
exit interview, summing up their feedback. Throughout the whole meeting,
the participants were in contact with at least one of the authors, and were
encouraged to think aloud.

H.3.2 Participants

Three participants voluntarily participated in the study, invited via open invi-
tation on the national CI user’s Facebook? group or via email.

Participant 1 (P1) is 52F and started losing her hearing at the age of 3,
currently with no residual hearing. In 2017, she got bi-implanted with Kanso

*Facebook CI Group


https://www.facebook.com/groups/Cochlear.Implant.\gls {ci}
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CI, experiencing a positive transition from HA to CIs. She likes Fleetwood Mac,
Dolly Parton or The Beatles, but dislikes techno, classical music and heavy metal.
She has background in piano and dancing (in African and Danish dances). She
sings in a choir but is challenged in distinguishing and synchronizing with
accompaniment, misidentifying when to start singing. She reported using a
water bottle or glass in her hands to feel the vibrations in concerts.

Participant 2 (P2) is 69M with genetic hearing disability, uses a CI in his
left ear, and a HA in his right ear. He has experience from a musician family,
in singing in a church choir, and performing competitive dancing. He likes
opera, waltzes, church and classical music, and dislikes rock. More recently,
he rarely listens to music. When listening to familiar music, he expresses:
“[...]my memory was another [...] I have this sort of feeling of something is in
another way.”

Participant 3 (P3) is 41M. He uses a Nucleus CI in the right ear, and near
deaf in the left ear, with hearing threshold at +95dB. He has been using HAs
since the age of 3, frequently upgrading them to higher amplification ones.
When listening, he can identify when music is playing, the sex of the singer,
and the instrument if the music is performed live on stage. He regularly attends
to festivals, mostly for the social reasons. Lately, he enjoys listening to music
for short periods of time (5 minutes) since after about 10 minutes it becomes
exhausting. He mostly likes rock, especially the band Dizzy Mizz Lizzy.

H.4 Design and Implementations

H.4.1 Installation 1

Cl users experience significant difficulties in identifying individual instruments
in a musical piece [25]. In this installation, we addressed this issue by creating a
multi-channel listening experience. The installation tested CI users’ instrument
segregation process through reproducing multi-channel recordings in a four
channel speaker setup. We encourage the listeners to freely move around the
room and hear individual sound sources to compare and contrast the single
and multi-instrument mixings.
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Setup

The experiment was conducted on campus at Aalborg University Copenhagen,
in an anechoic room in order to prevent room reverberation altering or re-
ducing loudspeaker directionality. The setup consisted of four Dynaudio BM5
MKIII loudspeakers connected to a laptop through an Steinberg UR44C au-
dio interface. Each loudspeaker was fed with a dedicated output from the
audio interface with only one instrument. We played multi-track recordings
using Reaper - a Digital Audio Workstation (DAW) to route the instruments
to independent speakers: (1) drums, (2) bass, (3) vocals, (4) keyboard or guitar
alternating.

1 2

ol 4
‘e

&
4 3

Fig. H.1: Scheme of installation 1.

For all the three sessions with the participants, no routing changes were
applied to maintain consistency between the experiences. The dB level of each
channel was set to obtain a balanced mix that allowed a hearing person to
perceive all the instruments with perceived equal loudness in the center of the
room by the authors. The single recordings were played without any effect
such as reverberation or compression to avoid any possible confusion in the
listener.

Experience

Once entered the room, we explained briefly what the experience was about
and we let the test subject choose which music they preferred between three
famous Rock, Soul and Reggae songs. Later, we proceeded setting a proper
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loudness level that was agreed together with the user. For all the test we set
all channels to a conversation level.

For the first part of the experiment, we asked the subject to stand in the
middle of the room and try to identify which instruments were played and
from which loudspeaker they were coming from. After collecting the answers,
we asked the user to walk around the room moving close to each loudspeaker
to confirm or correct his/her statement about which and where instruments
were played. For the second and last part, we let the subject find a sweet-spot
in the room where the music sounded best for him/her. During the whole
experiment the test subject was free to comment or explain at any moment
their thoughts and perception of the experience.

H.4.2 Installation 2

A design process was undertaken to explore if and how audio-tactile feedback
might be integrated into a seating installation to enhance CI users’ music
listening experience. We focused on providing low-frequency enhancement
since CI users experience poor auditory resolution in this range.

We tested two mock-ups with 3 CI users and 3 hearing participants (in-
cluding the designers). Each mock-up consisted of three components, a seat, a
footrest and a hand held device, used both independently and simultaneously.
All users accessed to the gain control for each actuator, through a headphone
splitter used to feed the same signal to the amplifier for each transducer. Only
the first user chose to manipulate the gain balance herself, while the last two
provided verbal instructions to the researchers. The audio was played through
either a pair of B&W 800D speakers for the first user, and a pair of Mackie
SRM450 + Mackie SRM1550 for the second and third participant. The users
had access to the master volume knob that controlled the audio level, as well
as the signal feeding the headphone amplifier (used here as a multi-channel
signal splitter), thus coupling the auditory and the tactile volume.

Hardware

Three types of seated installations provided different experiences: The first
installation was a tactile car seat actuated by a Buttkicker® LFE that was initially
powered by a Buttkicker BKA1000 and later StageLine ST600 in bridge mode.

*https://thebuttkicker.com/
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1 Buttkicker LFE

2. B&K 4809
3. Buttkicker Adv.

Fig. H.2: One configuration experienced by all participants

The BKA1000 amplifier was found to limit the higher frequencies. Both the
chair and the actuator were bolted onto a wooden EUR-pallet platform, with
the actuator behind the seat(see Figure H.2). The actuator provided strong
enough tactile feedback throughout the entire body, including the headrest.
P1 and 3 hearing participants reported that it could easily felt overwhelming
with higher gain.

The second and third type of seated experience shifted from a low seating
position to a more upright one through a bar stool instead of the car seat,
based on P1’s feedback that rated the first design overwhelming. We chose
the bar stool design since it affords control over the amount of weight the
user applies onto, linking to the amount of feedback received. A Buttkicker
Advanced powered by a Buttkicker BKA300 actuated this seating. As a much
smaller actuator compared to the one from the car seat, this setup required less
power. The authors noticed a substantial difference between the frequency
responses of the two, with a high frequency emphasis for the setup with
Buttkicker Advanced.

P2 and P3 experienced different configurations; for P2, the actuator was
bolted perpendicular to the seating area, while for P3, the actuator was fixed
parallel to the ground on the side of the seating area. The side actuator
configuration aimed to conduct more tactile stimuli, as P2 commented on



240 Paper H.

the low intensity of the bar stool (possibly in comparison to the car seat).
We observed an unexpected phenomenon in P3’s setup that loud transients
laterally shook the bar stool, feeling like a small “kick in the back of the chair”,
potentially due to the loose joints.

The footrest was designed according to H. Dreyfuss measurement rec-
ommendations and featured an inclined plane at 22° [32]. In order to have
clearance for the actuator underneath the inclined plane, the footrest measured
45cm length and 60cm width. The same Buttkicker Advanced + BKA300 combi-
nation was used, as with the bar stool. The transducer was bolted underneath
the footrest, perpendicular to the ground (see Figure H.2). All participants
experienced the same setup.

Two handheld devices were used. A cylindrical handheld grip measuring
204mm in length and 110mm in diameter was fabricated by stacking 51 laser cut
slices of 4mm HDF, following design recommendations from H. Dryeyfuss [32].
This grip was was attached to a Briiel & Kjaer(B&K) Type 4809 portable vibration
exciter (see Figure H.2). The second interface, VAM (Vibrotactile Actuator
for Music), was built around the Tactuator BM1C* [26] with an ovoid shape
measuring 84mm in width, 58mm in height and 89mm depth. P1 individually
tested the cylindrical grip and the VAM in combination with the seat and
footrest, but the latter was deemed “not adding much” and abandoned for P2
and P3.

Audio Stimuli

The first audio stimulus, Peggy Lee’s Fever was presented in every Installation
2 configuration due to its clear instrument separation and the prominence
of the female vocal track, matching CI users’ appreciation [2]. Firstly, two
different signals were sent to the handheld grips in consecutive renditions: the
first identical to other actuators’ signal and the second filtered to isolate the
female vocal range and pitch shifted to one octave lower to skin’s sensitivity
range [16, 33], only applied to P1’s experiment. P2 and P3 heard solo bass
improvisation of Fever on the double bass or ukulele bass. The performance
presented different playing styles (pizzicato, slapping, staccato, etc.), using the
full range of the instrument, and experienced in bar stool and car seat setups.

Participants selected extra audio material for their preferred setup. All

*http://tactilelabs.com/
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three preferred the setup in Figure H.2. P1 listened to Fleetwood Mac - Dreams,
P2 Vienna Philharmonic - An der schonen, blauen Donau (excerpts), and P3
Dizzy Mizz Lizzy - Silverflame.

H.4.3 Installation 3

We also studied participants’ experience with embodied interactions using
movement-based performance and in-air haptics. To simulate this experience,
we discussed excerpts from a previous inclusive performance study, Felt Sound,
designed for both D/HOH and hearing audience members [3]. Originally, Felt
Sound, consisting a digital musical instrument, a performance setting, and
a user study, was performed in-person with an 8-subwoofer speaker setup
where the participants sat close to or touched the speakers. Due to time and
space restrictions and COVID-19 precautions, performance excerpts®® were
individually shared with the participants with two subwoofers enclosing their
sitting area and facing the participant. The participants were still encouraged
to interact with the speakers and feel the vibrations through touch.

We briefly described Felt Sound’s motivation, concept, and performance
practice. After providing the participants with its context, we presented its
excerpts. Following the performance, we discussed their experience both with
Felt Sound and with their own movement and music practices. Presenting
a new movement-based musical concept led participants to share their own
associations and experiences with movement practice and music.

H.5 Experiences and Results

We audio recorded the discussions with each participant and transcribed them
after the study. This chapter will present a summary of these discussion
sessions, focusing on their appreciation of the installations and their overall
experiences.

H.5.1 First Participant

P1 listened using 4 vibrotactile devices: car seat, footrest, hand grip, the VAM,
in 2 cases (processed and unprocessed signals) as detailed in Section H.4.2.

*https://tinyurl.com/2p8axhwp
Shttps://tinyurl.com/yck63zbz
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The audio volume was tied to the overall actuator amplitude. The researchers
initially set the individual tactile amplitudes to “perceptually equal” and the
listening volume to “comfortably loud”, slightly over conversation level.

In the first case (listening to the processed audio), she reported how it was
“fun to feel the vibrations in the entire body”, re-iterating her experience with the
water bottle during concerts (see Section H.3.2). She did not understand the
mapping of the vocals to the haptic feedback, stating that she could already hear
the voice through the speakers, and would not need extra stimuli representing
the vocals. Additionally, she only adjusted the volume of the hand grip up
several times.

When presented with the second case (listening to the unprocessed audio),
she seemed more engaged in the song, grooving with the rhythm and moving
to music. Similar to the first case, she experimented with slightly turning up
the hand grip, footrest, and seat. When the song was over, she stated that
she preferred this listening method over the first case because she can feel
the melody in the footrest. She also expressed that listening to the vibrations
through the chair setup could sometimes feel overwhelming.

Her perception changed over the course of the experiment. She reported
that she could feel the vocals through the hand grip and the bass line (initially
she assumes it was a keyboard) through the foot pad and the seat, expressing
that it was fun. Although all actuators reproduced the same signal, different
haptic experiences where perceived at different locations on the body, that
amplified their perception of pitch and instrument type. She answered to
whether she would use such a device at a concert as ‘T would like to have some
help from vibrations” and explained how she sits very close to the speaker at
concerts to get the haptic feedback. Furthermore, she said she would use them
if “it is trusty”. She less emphasized her experience using the VAM compared
to the other haptic listening tools, stating that it was not strong enough. We
interpreted her articulations about the VAM as “not strong, relative to other
actuators”.

After listening to Installation 3, she discussed her experience with music
and movement. This installation led her to articulate her movement practice
and more embodied experiences with music such as singing. She reported
that when she sings in a choir, she experiences the difficulty of identifying
the onsets, specifically knowing when to start singing only by listening to the
piano. She stated that she would be interested in incorporating gestures to
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her singing practice to assist her and to support her conductor’s assistance for
her. Additionally, she expressed that seeing a gesture-based performance was
supporting her understanding and enjoyment of music.

H.5.2 Second Participant

P2 listened to Ain’t No Mountain High Enough by Marvin Gaye & Tammi Terrell
with Installation 1. When listening to the piece in the middle, he correctly
identified the left and right channels of the instrument sources. However,
he guessed the incorrect instruments at each channel. After we asked him
to move closer to each speaker, he correctly identified all the instruments,
including the male and female voice alternating, not being able to distinguish
the lyrics. Similar to the voices, he was able to identify that the guitar and
keyboards were playing together in the same channel. He was very unsure of
his answers, stating that “it’s always about guessing”. He always directed his
non-implanted ear towards the speakers, making use of his HA.

We lastly asked him to freely select a spot where the music sounds the best
for him. He chose a spot in the middle of the 1-2 3-4 speaker pair, closer to the
1-2 speakers, and said “.. I think this must be the ideal (spot) for this kind of
music that all of it is, is possible to hear.” After being exposed to all instruments
individually he said that they became clearer once he separately heard and
identified them. Similarly, when identifying the lyrics, he could follow them
once he was told what the chorus lyrics were.

The second installation consisted of the car seat, the bar stool (with vertical
actuator) the footrest and the hand grip powered by the B&K actuator, with
the same volume settings as initially set for P1. The setup was split in two: (1)
bar stool with footrest and had hand grip and (2) car seat with footrest and
hand grip. We played the same music without any processing for the actuators.
After approximately 90 seconds of listening through the first setup, we paused
the listening for intermediate discussion and the participant described where
he most significantly felt the vibrations: in the thigh, ankles, and up to the
elbow. He provided verbose feedback regarding the locations and intensities of
perceived vibrations, but limited in terms of perceptual qualities of the stimuli.
He could identify the female voice and the deep bass. He also stated he could
easily identify the melody.

When we asked him how the music made him feel, he said: “It was more
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like a little bit sad music.” and stated how there should be more happiness in it
for him to appreciate it. Furthermore, when one of the researchers played the
double bass solo, P2 appreciated the live music aspect but he stated that he does
not like the bass (as an instrument). He further reported that the installation
was more involving but influenced by the choice of music since the music
piece was not a style of music he enjoys; thus, becoming and enhancement of
something he does not prefer. He requested listening to An der schénen, blauen
Donau composed by J. Strauss. From the very first chord, the participant said
“.. yeah this is much better, much better, yeah and I can feel it supports the
music. So, if you like the music, this gives extra power”. The second setup was
experience only with the waltz playing, but the discussion diverted towards
commercial value of musical experiences, and no feedback on the second setup
was noted. He mentioned that he would not use such system (setup 2) in an
concert environment, stating that “[he] is rather conservative, and he’d prefer a
regular chair, unless explicitly invited to try on in a concert hall”.

His experience with Installation 3 varied from P1’s. He less enjoyed the low
frequency content of the music. He reported that he could feel the vibrations on
his body but this form of listening did not enhance his experience of music. He
finally stated that the gestural performance aspect of the music was effective.

H.5.3 Third Participant

P3 selected to listen to Don’t stop be now by Queen in Installation 1. By standing
in the center, he correctly identified the voice and mentioned that there was a
lower volume coming from the speaker that was playing the bass line. After
getting closer to each speaker, he quickly identified the voice correctly, and
mislabeled the piano as guitar. When he approached the speaker playing the
bass line, he experienced difficulty in identifying the instrument, asking if it
was a tuba. He correctly distinguished the drums.

When we asked him to choose a favorite spot in the room he walked for
several minutes, moving between speakers and overall listening area. The
chosen spot spot was equally distant from speakers 1 and 2, and much further
from speaker 3 and 4 that he was facing. At this spot, he stated that he could
hear “a bit of everything”, but only mentioning the drums, bass, and vocals.
During the post-experiment discussions, we observed that he enjoyed listening
to instruments separately since he could make sense of them on his own terms.
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He further shared his discussions with other people about the sound of bass (at
concerts) that “[he] could never distinguish [the individual instruments] because
everything sounds like “mush’”, but it was a bit easier in this case, after hearing
each instrument separately”.

The second installation followed a similar structure to experiment with
P2, only difference being the orientation of the actuator on the bar stool as
described in Section H.4.2. After about 90 seconds (before the second verse),
the music was stopped and the participant rapidly mentioned that he mostly
felt the hand and the bar stool did not add anything to the experience. When
asked, he could not identify the valence of the song. Before resuming the
music, all actuators were turned down and we slowly increased their amplitude
one by one while we instructed the participant to focus on preference over
actuated areas. The results were the same; he preferred the hand grip and
the footrest (especially when it was turned up more). He mentioned that
it’s difficult to identify the mood of the song claiming that on one side it’s
“slow and heavy, but the singing (voice) sounds happy”. For the live ukulele
bass performance all actuators were set to initial amplitudes; for feedback, P2
said that he preferred the lower frequencies from the footrest, but when the
frequency gets higher, it’s better through the hand handle. Additionally, when
short and fast notes were played, he reported that it was easier to “feel what
happens” through the hand grip. Similar to the first case, the bar stool “did not
have much to offer” in this experience.

Moving to the second setup, the participants mentioned that “this is much
better to have it in the back, this way” further mentioning that setup 1 felt a
bit distant. During this experience, the actuators’ volume was manipulated
by a researcher leading to the conclusion that it’s best when all 3 actuators
are perceivable, and that if feels “empty”, when the seat is not actuated. After
the live bass performance (same as for setup 1), P3 claimed that it’s fun to
use the setup, but still feels like he is “missing something” and that he “just
misses actually being able to enjoy music”, a fact that was not changed by using
the presented setup. Nevertheless, he could “feel” the voice more through
the hand grip, just as with setup 1. When asked whether he preferred the
live performance, or the recorded one, he said that the latter one is nicer
because there’s more instruments, “more different sounds”. This led us to and
impromptu drum and bass duo performance with two of the authors, briefly
jamming over the bass line from Fever. The participant claimed that he always
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thought the bass sound is coming from the drums (in live shows), but now he
understands how to separate the two.

His experience with Installation 3 reflected P1’s comments on the gestural
performance. He reported that he never experienced a music performance
where music was played by the gestures and felt on the body.

H.6 Discussion and Future Directions

H.6.1 Process-oriented Assessment on CI and Music

Due to the variance in CI users’ perception, experience, and understanding of
everyday sounds, speech, and music, we believe that the experience designs
should be personalized to the individual CI users and offer customization.
Although CI users might share common difficulties in experiencing music
such as pitch identification, source localization, and instrument segregation
(auditory streaming), their priorities in addressing these challenges signifi-
cantly vary from individual to individual. For example, P1 experienced hearing
the nuances in pitch variances of singing however due to her music practice,
she prioritize practicing onset detection and phrasing to support her singing
in choir. Similarly, P2 preferred limiting his experience to the music styles
he enjoys and enhancing these specific styles rather than practicing for the
gaps in his music perception. Researchers and designers should consider
such interpersonal differences not only in hearing profiles but also musical
appreciation, engagement, and preferences. The factors such as age, HA use,
musical training among many others have significant influence in such design
considerations when working with CI users.

Similarly, for many CI users, experiencing music is new and requires con-
stant practice and learning. An ongoing musical engagement where users can
practice where they experience difficulty in understanding music becomes
crucial. Our assessment approach reflects this process of exploring and un-
derstanding CI users’ hearing and engaging with technology in ways to both
support their hearing development and music appreciation. Their participa-
tion in ideation and leading the design directions was crucial to the research
process.

Because their reference of music is more subjective when they articulate
their music perception and experience, we frequently referred to the current
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literature on assessing CI hearing and informed our experience design re-
search. We believe that a more holistic approach to supporting CI users’ music
engagement offers more embodied approaches to listening and music-making.
Developing new musical interaction experiences leads an integrated and a par-
ticipatory research process rather than distinctly dividing design, assessment,
and evaluation processes. Additionally, we observed that this process-oriented
assessment facilitates designers to find more collaboration opportunities with
CI users since finding participants in the CI community still remains one of
the biggest challenges. We believe that creating a more formal organization
around CI use and music can support their participation in design and research,
enhancing their musical experiences.

H.6.2 Guidelines for Designing Multisensory AMTs

Designers who develop tactile displays for CI users can benefit from creating
devices that are flexible and that can account for different musical tastes,
hearing abilities, and musical engagement levels. While our sample size limits
us from generalizing overall CI users’ experience in the broader community,
the very different requirements from each participant only underlines the
need for flexibility and customization in design. Furthermore, special attention
should be taken towards not creating unpleasant experiences, as it was briefly
the case for P1 (tactile stimulation too powerful) and P2 (unpleasant music
choice). Prior knowledge of target groups can help with the preparation, but a
certain step towards this pre-study is ensuring that displays have basic controls
for tactile and auditory stimuli levels and in the case of multi-actuator devices,
setups have independent control for each transducer in paramount. Another
helpful approach is to consider flexible or modular hardware that can be easily
reconfigured according to user’s needs. Through participatory action, research
can explore individual requirements. Lastly, whenever possible, we suggest
the integration of visual feedback in forms of gestural or movement-based
performance or visualization that can support the gaps in perception from
either the tactile or the auditory channel.
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H.7 Conclusions

In this paper, we study CI users’ engagement in music and ways to support
their musical experiences both in listening and participating. We conduct
exploratory workshops with three participants who all use CIs with different
hearing profiles. Based on our discussions, we addressed their individual
musical needs and tested their experience in listening music through three
different installation setups. Each installation investigated a different musical
aspect that CI users experience difficulty perceiving. The motivation behind
the installations extends beyond informing CI users about musical content
but also to enrich their listening experience and musical appreciation. We
discuss key findings, results, our observations on their interaction with these
three listening modalities. We detail our process-oriented assessment and
provide guidelines for designing multisensory integration to creating musical
interaction and experiences, with specific focus on Cl users. Our efforts address
the lack of available resources for CI users’ music perception, understanding,
and enjoyment.

Music listening needs to be approached as a multifaceted experience which
can be challenging and effortful for the hearing impaired individuals. Moving
forward, we hope to utilize our interaction tools and listening experiences for
CI users in offering them new rehabilitation and practice frameworks while
supporting their musical enjoyment. We further plan to address one of the
prominent research challenge and limitation we faced during our workshop
series: accessing the CI users and Deaf communities. We hope to continue
our work on music for hearing impairments through building communities
and meaningful collaborations between CI users, musicians, designers, and
researchers, as there seems to be genuine enthusiasm and interest in using
hearing assistive devices s for music, from CI users.
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