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1 Abstract
To enable a transition away from primitive, buzzing vibrations towards an new generation
of wideband vibrotactile feedback requires strategies and tools for designing, storing and
transmitting tactile stimuli signals and patterns. Due to the early sensory integration
of auditory and vibrotactile modalities [1] and resulting perceptual similarities between
them [2, 3] it appears feasible to translate auditory to vibrotactile signals and therefore
enable the usage of the vast amounts of audio material available to the tactile sense. This
insight might become useful as auditory perception is well researched — methods for
handling, editing and displaying audio material are widespread and might prove to be
useful for vibrotactile signals aswell.
This proposal aims to validate the coherence of unimodal vibrotactile stimuli towards
their (non-musical) auditory sources utilizing signal processing methods discussed in
previous works [4, 5]. While these works focused on musical audio sources and used a
bimodal stimuli setup this work aims to use non-musical abstract audio material as audio
sources. The validation of this process is proposed to be done by an empirical user test
using both unimodal and bimodal, non-interactive stimuli presentation to measure the
sense of coherence between both the auditory and vibrotactile stimuli.
This work further aims to refine signal processing methods for audio to vibrotactile signal
translation by using an intermediate signal decomposition method. This intermediate step
allows for a parametric representation of the signal that allows for precise manipulation
and better control over the re-synthesis process of the vibrotactile stimuli — while
maintaining spectral and temporal coherence towards the audio source. This method is
also expected to generate coherent results across various vibrotactile display technologies
due to the flexibility afforded by the proposed decomposed model. A second part of the
empirical user test will utilize re-synthesized stimuli to see if the coherence is maintained
throughout the re-synthesis process.
Validating a reliable method for audio to vibrotactile signal translation will enable
the opportunity to research vibrotactile perception with regards to timbre, semantics
and validating other, audio-related processing methods for vibrotactile stimuli. This will
give rise to an opportunity to apply well-researched topics of audio signal processing and
psychophysics to the study of vibrotactile signals and their perception.
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After a formal introduction and motivation for this work in Chapter 2 the state of

the art of auditory and tactile perception, vibrotactile signal generation and display
technologies are introduced in Chapter 3. The proposed signal processing framework,
audio source material and methods for the empirical user test are described in Chapter 4.
Information on preparatory work and a schedule for the proposed thesis efforts can be
found in Chapters 5 and 6 respectively.
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2 Introduction and Motivation
“Sound is touch at a distance.” This quote by Stanford’s Anne Fernald comes from a
podcast in 20071 in light of her research on the cognitive response of infants towards their
mothers voice. In this embodiment the word “touch” is attributed metaphorically towards
an emotional response induced by sound [6]. Being emotionally “touched by sound”,
especially by music is a common experience many people can relate to. Explaining this
emotional or cognitive response to sound is a core research topic in the field of music
psychology [7, 8].
For the efforts described in this proposal ”being touched by sound” is meant in a more
literal sense: Sound as a propagating vibration can not only be sensed by the human ear,
but also by mechanoreceptors in the skin. The resulting, evoked sensation of touch can
be induced by various mechanical forces such as pressure fluctuations, shearing forces
and vibrations applied to the skin [9]. The sense of touch is commonly referred to as
the tactile modality, which together with the proprioceptive (the sense of position) and
kinaesthetic (the sense of movement) modalities constitute what is know as haptics or
haptic perception. Even though the skin is argued to be the second largest human organ
[10] and the skin’s largely exposed surface area to the outside world the sensation of
touch and it’s role in perception is not as well understood as the visual or auditory sense.
The auditory and the vibrotactile sensitivity to vibrations overlap in a frequency
range between 20 to 1000 Hz [11, 12]. To give an example on what that means lets
consider an acoustic event: Given the sound of said event transports enough energy in
this frequency range through vibrations, either air- or structure-borne, to allow for a
mechanical deformation of the skin sound can not only be heard (auditory system) but
also felt through the skin’s mechanoreceptors (somatosensory system). This experience
is common at concerts or when perceiving the engine’s vibrations while driving a car.
The effects of integrated auditory and tactile sensations have been researched in recent
publications and cross-modal effects on loudness perception and quality of musical
reproduction have been discovered [13, 14].
The role of joint (bimodal) auditory-tactile perception of music reproduction has been
explored in recent years [5, 4]. This proposal however wants to take a more generalized
approach by enabling research on similarities and differences between both modalities in
1

WNYC RadioLab Podcast “Sound As Touch”, September 24th 2007
https://www.wnycstudios.org/story/91514-sound-as-touch
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an unimodal fashion by deriving vibrotactile stimuli signals from arbitrary, non-musical
audio sources. In an empirical user test both auditory and vibrotactile stimuli are
therefore presented consecutively (unimodal) to investigate the perceived coherence
between both modalities. The goal of this work is therefore to revisit and expand on
existing signal processing methods for inter-modal stimuli signal translation and validate
a method that is able to coherently convert audio signals to vibrotactile stimuli signals
— even when the vibrotactile stimuli is presented without the auditory source stimuli
simultaneously. We further propose a method for decomposition and re-synthesis to
enable a flexible authoring and editing scheme that is also suspected to work well across
various vibrotactile display technologies. The same user test will be run on a set of
re-synthesized signals to make sure the experienced coherence is maintained throughout
this process. The main research questions can be formulated as:
• If and how can audio signals be used for (wideband) vibrotactile stimulation?
• What signal processing design aspects are important for such a cross-modal signal
translation?
• How can we validate a proposed signal translation method?
Addressing these questions will help better understand important issues at the inter
section of the auditory and tactile modalities:
• Do we use the same language (semantics) to describe a cross-modal translated
stimuli?
• What sort of domain knowledge can we translate to the tactile from the well
researched audio domain?
• How can these findings inform design choices of audio and vibrotactile related
applications in both unimodal (auditory or tactile) and bimodal (auditory and
tactile) scenarios?
Beyond scientific research, applications in medicine, entertainment, and mobile commu
nications can be envisioned. A better understanding of audio-tactile signal translation
is beneficial for authoring and curating future applications using wideband vibrotactile
feedback, since domain knowledge around audio workflows, transmission, processing and
reproduction could potentially be transferred to vibrotactile content curation and tactile
stimulation technology.
Progress in audio-to-vibrotactile translation can be utilized to aid people with hearing
impairment in various applications by translating acoustic cues to touch and helping in
daily navigation [15], transport immediate warnings [16] and other means of affective
computing [17]. Many applications in the realm of human-machine interaction, such
as teleoperation for industrial, medical or end user purposes benefit from vibrotactile
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Estimated Channel Capacity of the Human Senses
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Figure 2.1: The estimated channel capacities of the human senses in context of information
theory [20]. For the purpose of illustration the equivalent surface area for each
sensory channel is displayed.

feedback next to (kinaesthetic) force-feedback to allow a remote operator more precise
and immediate feedback without off-loading information to other senses, such as the
highly loaded visual or auditory senses [18]. Off-loading information to other sensory
modalities is highly desirable in today’s information driven world: In his book “The user
illusion: Cutting consciousness down to size” Tor Nørretranders estimates the information
bandwidth of touch to be ten times higher than for hearing which gives a hint towards
the untapped potential of this sense [19] (see figure 2.1 for reference).
Further use cases can be found in the entertainment sector, such as music, movies,
telepresence and video games. Various mobile and desktop applications utilizing virtual
and augmented reality technologies can benefit from additional modalities by providing a
heightened sense of immersion for the user. In the past a majority of tactile hardware
implementations used dull, low-bandwidth actuators such as Eccentric-Rotating Mass
motors (ERMs) to induce haptic feedback. Due to the need in all industry segments
to evolve away from these legacy solutions and to provide truly wideband high fidelity
tactile feedback methods for curating vibrotactile signals will become mandatory.
A complexity arising from the industry is the need for a platform- and technology
agnostic framework to integrate and display curated stimuli in a reliable and coherent
way. The need for a unified format, agnostic to hardware capabilities (described in section
3.3) and maintaining the required information bandwidth across device-platforms (such
as desktop, automotive, wearable, mobile) in a fragmented ecosystem bring problems
that are yet to be adressed.
Since we are apparently only made consciously aware of an estimated 0.7% of the total
sensory information processed by our body [20, 21] making informed design choices for
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all modalities (including touch) is an important aspect and will certainly be crucial in
future user experience design.

Chapter 3 State of the Art
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3 State of the Art
To design a method that derives a vibrotactile stimuli from an auditory signal it is
necessary to expose the characteristics of both auditory and tactile perception, as well
as vibrotactile stimulation technology. Therefore this chapter provides an introduction
to relevant subjects, such as auditory and tactile perception, methods for audio-tactile
signal translation and vibrotactile stimulation technology.

3.1 Auditory and Tactile Perception
To form a coherent percept of the environment, an object or event, our brain combines
information from various senses [22]. For an auditory-tactile experience the combination
of both modalities occurs early and close to primary sensory areas, as experiments using
functional magnetic resonance imaging (fMRI) scans of primate brains have shown [1].
An interesting, easy to replicate experiment illustrating such a sensory integration is
named the “parchment-skin illusion” [23]. It is further, easy to reproduce evidence on
how the auditory system can alter our perception of a haptic event, such as rubbing our
hands together or tapping on a surface by modifying the corresponding auditory stimuli
[24, 25, 26, 27].
Both the term haptic and tactile are often used synonymously, while in this embodiment
a clear definition of each term is desirable. While the term haptic is often used as an
“informal” umbrella term, it encompasses an active component — making the haptic
modality an integrated experience of kinaesthetic, proprioceptic and tactile components.
A tactile sensation however can be evoked both through active movement by the user, as
well as by passive vibrotactile stimulation by an external process. This act of passive
vibrotaction is the main focus of this work.
As early as 1851 it has been argued that haptic encompasses an interactive, exploratory
act while tactile is a passive experience of touch [28]. This fortifies the definition of tactile
being a subset of sensory information that remains when removing active proprioceptic
and kinaesthetic attributes.
Even though both the auditory and tactile modality are sensitive to vibration they
exhibit anatomical, functional and perceptual differences. The following sections are
meant to give a brief overview of these similarities and differences between both sensory
modalities.
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3.1.1 Auditory Anatomy and Perception
Hearing - referred to as the auditory sense - is the ability to perceive sound by detecting
vibrations with the ear. The visible part of the ear, composed of the pinna and the ear
canal, is referred to as the outer ear. The function of the pinna is primarily to act as
a funnel which assists in directing sound further into the ear canal. At the other end
of the ear canal the eardrum (a.k.a. the tympanic membrane) separates the outer ear
from the middle ear and the so called tympanic cavity. Sound as pressure fluctuations in
the air is transmitted through the ear canal and excites the ear drum. Through small
bone structures called ossicles, that are attached to the (excited) ear drum, sound is
mechanically transmitted to the inner ear via the membrane-covered oval window. The
other side of the oval window is a fluid-filled, spiral-shaped cavity called the cochlea.
Sound is mechanically transmitted through the oval window and excites the fluid within
the cochlea. It is important to note that this is not the only way the fluid in the cochlea
can be excited: Structure-borne vibrations through bones and tissue within the body
can also excite the fluid of the cochlea and form an auditory percept.
Inside the spiral-shaped cochlea energy is transmitted via traveling pressure waves
of the fluid on the basilar membrane. The basilar membrane along the snail-shaped
cochlea is wide at the opening and more narrow towards the center. It works similar to a
frequency analyzer as the traveling waves in the fluid of the cochlea excite a frequency
specific area via sensitive hair cells called Stereocilia along the organ of Corti. The
displacement of the hair cells induces a change of electric conductance of the inner hair
cell membranes. This change of conductance induces transmitters to be released to
nerve endings and information to be transferred to the brain stem. The evoked action
potentials travelling towards the central nervous system and the auditory cortex of the
brain contain all of the temporally coded acoustical information. Within the auditory
cortex and higher-level brain regions a percept of the acoustic event is formed.
Sound captured by the ear can be heard from about 20 Hz to 20 kHz. Next to inherited
predisposition the age of a subject affects the upper hearing limit of a human subject.
The most sensitive range of hearing is between 300 and 7000 Hz while being less sensitive
for increasing or decreasing frequencies.

3.1.2 Tactile Anatomy and Perception
A haptic percept is an integrated, multimodal experience that is built up by a variety
of proprioceptic, kinaesthetic and other sensory aspects. Various physical properties of
an object, such as the shape, orientation, hardness, warmth conductivity and surface
roughness can be sensed through exploratory action [29, 9]. These properties can be
picked up by an integration of specialized somatosensory receptors, enabling us to sense
object attributes, such as location, stiffness, temperature and texture. The integration
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of these attributes allow us to to form a unified percept of an object or event. The
purely tactile components thereof mainly contribute to the sensation of mechanical forces,
warmth conductivity and pain reception. Being able to passively sense mechanical forces
by the skin’s mechanoreceptors (while leaving out pain and thermal properties) is what
we call the tactile sense. It allows us to sense perceptual properties, such as contact,
shearing, pressure and vibrations. A tactile percept can also be formed by actively
probing an object, but since active movement inherently influences the speed, location
and pattern of exploration this extended active exploration process is commonly defined
as haptics, while tactile remains a subset of haptics. This disambiguation is important
due to the fact that once integrated sensory, kinaesthetic and proprioceptic information
can not be separated and researched independently.
The mechanoreceptors responsible for the sense of touch are commonly classified
according to their adaptation properties and morphology. Hairless (glabrous) parts of
the skin contain four different types of receptors: Merkel’s receptors (SA–I); Ruffini’s
corpuscles (SA–II); Meissner’s corpuscles (RA–I); and Pacinian corpuscles (RA–II). Slowly
adapting receptors (SA-I and SA-II) evoke action potentials as long as pressure on the
skin is present. The firing rate of these receptors is proportional to the intensity of
the applied force. The rapidly adapting receptors (RA-I and RA-II) mainly react to
movement of the skin, for example in form of sheering or vibrational forces. The numerals
I and II indicate the sizes of the corresponding receptive fields. Receptors marked with
the numeral I lie close to the surface of the skin and have small receptive fields. Receptors
deeper in the tissue have larger receptive fields and are labeled with the numeral II. An
overview of the different properties of the mechanoreceptors mentioned above is provided
in Table 3.1. In addition to the adaptation characteristics and the sizes of the receptive
fields, mechanoreceptors differ regarding the minimum amount of force that is necessary
to evoke a sensation, the density of the receptors, and the sensitive frequency range.
Each of the listed mechanoreceptors has a specific function for the sense of touch. The
slowly adapting Merkel’s receptors are active when applying static pressure (indentation)
to the skin. Due to their small receptive fields, they are able to detect fine contours, such
as borders and edges. Ruffini’s corpuscles are specialized in detecting sheering forces,
such as stretching of the skin. Meissner’s corpuscles, which are only present in hairless
skin areas, detect the speed of skin deformation at comparably slow rates. This enables
them to detect low frequency vibrations. Last but not least, the Pacinian corpuscles
are specialized in detecting the speed of skin deformation. Compared to the Meissner’s
corpuscles they are able to detect a larger frequency range and encompass the largest
receptive fields.
Due to the ability of the Pacinian corpuscles (RA-II) of detecting frequencies between
40 Hz and 1000 Hz (peak sensitivity between 225 and 275 Hz) they are considered to be
the most important receptors for this proposal, next to the Meissner corpuscles (RA-I)
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Type

Receptive field
Frequency
Threshold
Range
skin deforma (median)
(peak sensitiv tion on hand
(median)
ity)

Receptor
density at
fingertip
(palm)

Merkel’s
receptors

SA-I

7 − 600𝜇𝑚
(56.5𝜇𝑚)

2 − 100𝑚𝑚2
(11𝑚𝑚2 )

70/𝑚𝑚2
(8/𝑚𝑚2 )

SA-II

40 − 1500𝜇𝑚
(331𝜇𝑚)

10 − 500𝑚𝑚2
(59𝑚𝑚2 )

9/𝑚𝑚2
(15/𝑚𝑚2 )

Ruffini’s
corpuscles
Meissner’s
corpuscles

RA-I

5 - 200 Hz
(25 - 40 Hz)

4 − 500𝜇𝑚
(13.8𝜇𝑚)

1 − 100𝑚𝑚2
(12.5𝑚𝑚2 )

140/𝑚𝑚2
(25/𝑚𝑚2 )

RA-II

40 - 1000 Hz
(225 - 257 Hz)

3 − 20𝜇𝑚
(9.2𝜇𝑚)

10 − 1000𝑚𝑚2
(101𝑚𝑚2 )

21/𝑚𝑚2
(9/𝑚𝑚2 )

Pacinian
corpuscles

Table 3.1: Properties of the hairless (glabrous) skin mechanoreceptors.
Information derived from Treede and Russo et al. [33, 2]

with peak sensitivity between 25 and 40 Hz [30, 31]. The sensitivity may vary due to
inheritance, sex and usually decreases when we get older towards higher frequencies —
similar to decreased hearing sensitivity with age.
Similar to the auditory pathway present frequency and magnitude information is coded
into time-varying patterns of action potentials before being transmitted to the sensory
nervous system. High intensity vibrations evoke multiple action potentials for each cycle,
whereas for low intensity vibrations not every cycle period results in the release of an
action potential [32].
Early integration of both auditory and vibrotactile stimuli is evident through brain
imaging [1, 3] and empirical studies: F.e. based solely on vibrotactile feedback participants
(including a group of deaf participants) were able to discriminate between musical timbres
and also identify timbre features, such as dull and bright varying only with regard
to spectral centroid. These observations lead to a proposal that, as with auditory
discrimination of musical timbre, vibrotactile discrimination may involve the cortical
integration of filtered output from frequency-tuned mechanoreceptors functioning as
critical bands [2].
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3.2 Audio-Tactile Signal Translation
Given the ubiquity of high quality audio samples from recordings and digital synthesis,
as well as the already present implementation of such material in various applications
it is desirable to create vibrotactile stimuli from these readily available, information
rich sources. Using an existing audio assets to derive a vibrotactile stimuli is especially
desirable given the possibility for the resulting tactile stimuli to intrinsically match the
temporal, dynamical and spectral progression of the audio asset to form a coherent
percept.
Early experiments in auditory-tactile translation were conducted in the 1920s by Gault
in an experiment using a 14 feet long tube that was pressed against the palm of a subjects
hand. Through multiple training sessions a subject was able to correctly identify up to
34 words together with sentences constructed by those words in various combinations,
hinting at the potential of acoustic vibration cues for tactile stimulation [34]. Given the
complexity in temporal and spectral modulation of human speech understanding entire
sentences through mere sound-induced vibrotactile stimuli is rather impressive and hints
at the capabilities of the human skin in reliably differentiating vibrational patterns.
Efforts in unifying audio-tactile synthesis methods for virtual object interaction have
been experimented with using physical model based synthesis approaches [35, 36]. These
methods show that the fundamental principal of audio-tactile stimulation has been
explored for interactive (haptic) applications, requiring active user participation. In a
similar embodiment physical modelling based synthesis was used to investigate the role
of physics-based auditory and haptic feedback provided at feet level to enhance realism
in a virtual environment by simulating the audio-tactile sensation of walking on ground
surfaces by providing both auditory cues through loudspeakers and vibrotactile stimuli
through actuator-enabled footwear [37].
For joint audio-tactile music reproduction Merchel has proposed and tested various
signal translation methods. In his work various methods ranging from low-pass filtering,
octave shifting the audio signal, as well as sub-harmonic synthesis and signal substitution
have been explored. Uniformly all of the experiments showed higher ratings in overall
quality of the reproduction compared to using no additional tactile stimuli [5]. The
method of pitch-shifting and low-passing the audio signal to render a vibrotactile stimuli
was also utilized in a study examining the possible influences of vibrotactile stimulation
on melody and rhythm perception of children and adults with cochlear implants [4].
Both studies mentioned above provide auditory and vibrotactile simultaneously (bimodal)
whereas this embodiment aims to validate the possibility of using vibrotactile stimuli
derived from audio without providing additional sensory modalities (unimodal).
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3.3 Vibrotactile Stimulation Technology
In the last two decades various types of actuator technologies have been brought to
market while other methods are still being researched. A review of various rendering
techniques can be found in the work of Salisbury Et Al. “Haptic rendering: introductory
concepts” [38].
The most widely spread actuator type today is the Eccentric Rotating Mass (ERM)1
actuator. It is composed of an eccentric mass attached to the axis of a DC controlled
motor. The speed of the DC motor controls both strength and frequency simultaneously,
restricting the motor from creating a truly wideband frequency response. The centrifugal
force of the mass can be felt as a buzzing vibrational force by the mechanoreceptors. ERM
actuators are cheap and can be found in most mobile phones and peripheral hardware,
such as game controllers today.
In more recent times Linear Resonant Actuators (LRA)2 have become more common
place in modern smart phones due to their enclosed form factor, efficiency and easier
control. The efficiency of the LRA is due to the high Q-factor, which reduces the amount
of power required to run the actuator close to the inherent resonance frequency. The high
Q-factor also restricts these actuators from being truly wideband. Compared to ERM
motors they have shorter rise- and fall times which makes them useful for recreating
short, impulse-like stimuli like clicks for a User Interface (UI) application.
As of today the most promising actuator category for providing high-fidelity tactile
stimuli are Voice Coil Actuators (VCA). Mechanically the VCA actuators share a high
level of similarity to loudspeaker drivers. Tuning the mass, spring stiffness and coil
properties allows these actuators to have a wider frequency response when compared
to ERMs and LRAs. Using such an actuator for this thesis is highly likely due to their
desirable frequency response and reasonable rise- and fall time. E.g. the Berlin-based
company “Lofelt”3 has constructed such advanced VCA technology.
When it comes to interactive (haptic) vibrotactile reproduction there are methods that
enable a modulation of the already existing friction between the fingers and a surface.
This method of “friction modulation” can be achieved by electrostatic modulation of
a display or by inducing a ultrasonic vibration into the interaction surface. Through
this method vibrotactile actuated touchscreens have been prototyped [39, 40, 41] and
companies like “Hap2U”4 are trying to bring this technology to market. From personal
1

Precision Microdrives: Eccentric Rotating Mass Vibration Motors, last visited 24th May 2019
https://www.precisionmicrodrives.com/vibration-motors/eccentric-rotating-mass-vibration-motors-erms/
2
Precision Microdrives: Linear Resonant Actuators, last visited 24th May 2019
https://www.precisionmicrodrives.com/vibration-motors/linear-resonant-actuators-lras/
3
Lofelt GmbH: L5 Actuator, last visited 24th May 2019
https://lofelt.com/technology
4
Hap2U: Ultrasonic Friction Modulation Technology, last visited 24th May 2019
http://www.hap2u.net/
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experience these devices are still in research and don’t provide the type of high fidelity
response that would be required to validate audio-tactile translation methods, while
keeping the structure of the stimuli coherent between both modalities. These displays
also require additional interaction by the user which introduces further kinaesthetic and
proprioceptic modalities to the audio-tactile reproduction which is not desirable for this
research.
The most experimental method for vibrotactile reproduction are ultrasonic displays
[42]. This technology is composed of a grid array of ultrasonic transducers and software
allowing for gesture tracking and phase array control — comparable to wave field synthesis
technology. Current limitations in the precision and resolution of these displays are due to
the low density of transducers in the array and the physical limit of their individual size
to pack them closer together. Applications of this technology reach from rendering 3D
displays using Styrofoam pebbles that are levitated by concentrated pressure zones in the
wave field, simulating textures in mid-air and also modulating the ultrasonic carrier with
audio to enable object-based sound positioning. Next to the company “Ultrahaptics”5
[43] many publications in this field come from a joint EU-funded research project called
“Levitate”6 .
Due to systematic differences between the aforementioned vibrotactile display tech
niques finding a universal data-format, that allows for a coherent experience across all
technologies poses a current industry problem. This is because no single company wants
to rely on an end-to-end solution that only works for a single component supplier.
Further, differences in available bandwidth, system resonance and on-body localization
should ideally be solved by software and not pose a problem that needs to be addressed
by content creators and product managers. Finding a universally applicable container
format, that provides each technology with the necessary information is a key component
for enabling a market shift towards the next generation in haptic feedback.

5

Ultrahaptics: Tactile sensations in mid-air, last visited 24th May 2019
https://www.ultrahaptics.com/
6
“Levitate” publications, last visited on 18th June 2019
https://www.levitateproject.org/publications
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4 Method
4.1 Audio Source Material
To cover the requirement of non-musical, “abstract” audio source material a corpus of
audio samples from CNRS’s PRISM laboratories1 is proposed. These abstract sounds
lack readily available source/cause associations, such as those found in instrumental and
vocal timbre classes and therefore reduce the role of linguistic mediation when describing
the evoked sensation. A useful way of collecting such sounds is through electroacoustic
music, where sound identities appear intentionally obscured or unconnected to their
source.
Researchers at the PRISM laboratory in Marseille have previously compiled the
aforementioned collection of 200 electroacoustic sounds representative of the nine balanced
sound classes of Schaeffer’s typology of acousmatic sounds—sounds experienced by
attending to their intrinsic morphology and not to their physical cause [44]. These
are based on three profiles of temporal energy envelope (continuous, impulse, iterative)
and three profiles of spectral content (tonal, complex pitch, varying pitch) [45]. This
classification system offers an objective tool to obtain a sound corpus representative of
most sound morphologies.
However, sounds with iterative envelopes and/or varying pitch may not be suitable
to study intrinsic qualia aspects of timbre. For example, the second type tends to
evoke motion [44]. Accordingly, starting from these 200 samples (made available cour
tesy of PRISM), only those sounds that are representative of the four {continuous,
impulse}×{tonal, complex pitch} classes of Schaeffer’s typology (see figure 4.1) will be
selected through an informal listening protocol as the generic sound material for the
proposed auditory-tactile translation and empirical user test.

4.2 Audio-Tactile Signal Translation Method
There are various methods to synthesize vibrotactile stimuli from audio sources found
in previous research. The simplest method consists of merely low-passing an existing
audio signal within the range of tactile sensitivity (ranging from 5 Hz to 1000 Hz). This
1

Laboratoire PRISM: Perception Représentations Image Son Musique, last sighted: 11. June 2019
https://www.prism.cnrs.fr/
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FACTURE / SUSTAINMENT

MASS

continuous

impulse

iterative

unpredictable

nonexistent

formed

formed

nonexistent

unpredictable

tonal

En

Hn

N

N’

N”

Zn

An

complex

Ex

Hx

X

X’

X”

Zx

Ax

varying

Ey

Tx/Tn

Y

Y

Y”

Zy

Ay

unpredictable

E

T

W

Φ

K

P

A

Table 4.1: Schaeffer’s typology of sound objects. The highlighted cells illustrate the desired
types used for this study.
Table derived from Des Objets Sonores [46].

method is feasible, given sufficient information is contained in the low frequency band of
the original audio signal.
If the amount of information in the vibrotactile sensitive band is too low (or non-ex
istent) the signal requires artificial augmentation or substitution to ensure a coherent
reproduction. Previous studies experimented with various methods to allow for such
augmentation, such as frequency-shifting the signal or substituting the vibrotactile signal
by a synthesized low-frequency sinusoidal following the temporal amplitude progression
(envelope) of the audio signal [13, 4].
The amount of information (entropy) present in a frequency band can be estimated
using an energy distribution approach, such as comparing the (weighted) Power Spectral
Density (PSD) of the low-passed tactile-band in relation to the spectral energy content
beyond that range or by estimating the Power Spectral Entropy of each respective
frequency band. Other (spectral) audio features, such as Spectral Centroid, Spectral
Spread and Spectral Slope [47] are considered to inform the processing chain if signal
augmentation is required or not (see figure 4.1). Tuning the analysis to achieve a reliable
automation on the decision of the signal processing might require work extending the
efforts of this thesis. To ensure a practical method for the empirical user test and to
negate interference of the validation of the aforementioned signal translation method
this decision will most likely be made on a manual, subjective basis and use the filtering,
frequency-shifting or signal-substitution methods discussed above depending on the
intermediate results that seem most promising and useful across the chosen audio source
material.
Another approach to make aforementioned signal analysis and translation more trans
parent and versatile is to decompose the signal into individual components and therefore
enable a higher level of control in design and reconstruction of a vibrotactile stimuli.
Such methods of decomposing and reconstructing a signal can be found in the domain
of audio re-synthesis. The term re-synthesis generally describes a method comprised
of an analytical process, in which a signal is decomposed to a sparse representation —
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and a synthesis process, in which decomposed components are used to synthesize an
approximation of the target signal. The resulting sparse representation of such a process
can allow for more control over individual frequency components, spectral shape and
temporal evolution of the target signal [48].
A known method for the decomposition of a signal and spectral modeling re-synthesis
was made famous by a publication of Xavier Serra in 1990 [49]. This method retrieves
modal components (deterministic sinusoidals) and residual noise components (filtered
stationary stochastic noise). Sinusoidal components are traced in the frequency spectrum
of a signal and separated into individual tracks. The spectral shape of the residual
components can be approximated by using either a spectral approximation with random
phase information, or by approximating the spectral shape with a set of filters on additive
white Gaussian noise. Finally, both the deterministic and stochastic components are
combined to retrieve an approximation of the original signal.
To make the initial separation easier a pre-filtering using Harmonic-Percussive Source
Separation (HPSS) is proposed. This method applies median filtering on the target
spectrogram 𝑆 along the time axis to emphasize sustained tonal components 𝐻 (harmonic)
and applies the filtering again on the frequency axis to emphasize broadband components
associated with transients 𝑃 (percussive) [50]. The residual (stochastic) component 𝑅
can be isolated by subtracting the harmonic components 𝐻 and percussive components 𝑃
from the original spectrogram by 𝑅 = 𝑆 − (𝐻 + 𝑃 ). The “signal decomposition” method
described here (also found in figure 4.1) is further illustrated in figure 4.2.
To enable an efficient trade-off between quality and the amount of data stored an
approximation routine for the retrieved envelopes using the Douglas-Peucker Algorithm
is proposed. This algorithm allows parametric control over a decimation of a curve
composed of line segments to a similar curve with fewer points [51]. An alternative,
computationally more intensive optimization method utilizes a Least-Square approach to
fit a desired amount of breakpoints to the derived envelope curve data [52].
The overall decomposition method is interesting, as the intermediate information on
pitch, spectral shape and the temporal evolution of a signal can be saved and individual
components can be modified to optimize the signal for any connected vibrotactile display
technology. The benefits of such a decomposed format would be to allow for a technologyand hardware-agnostic specification of the desired vibrotactile stimuli and allow high-level
control on modal, stochastic and temporal components of the stimuli signal. A similar,
but more simple tactile-stimuli-defining file format called “AHAP” (Apple Haptic and
Audio Pattern) can be found in the aforementioned implementation of Apple’s recent
publication of their CoreHaptics API.
Another key benefit of a re-synthesis method is the capability of introducing variance
to repeating events, such as game and user interface assets, by randomly altering modal
component amplitudes and applying random filters to the residual noise. This allows for
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Figure 4.1: Flowchart of the proposed audio-tactile signal translation and data handling
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in figure 4.2.
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the incoming signal is computed. Next, Harmonic-Percussive Source Separation is
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a significant reduction of the required bandwidth to transmit and/or the amount of data
needed to store vibrotactile assets: Variations of the same interaction don’t have to be
stored and transmitted as separate files but can be synthesized on the fly, if desired [53].
Using a sparse or model-based representation to render vibrotactile stimuli has been
explored in various embodiments, ranging from approximating recorded material texture
signals by source-filter models [54, 55] and approximating texture signals from sinusoidal
components [56]. Given that the decomposition method described by Serra results in both
additive sinusoidals (deterministic components) and residuals estimated using subtractive
synthesis (stochastic components) utilizing this method appears to be feasible while
maintaining the desired level of control and ensuring a coherent translation between both
the auditory and tactile modality across display technologies.
Finding out how much manual curation on a vibrotactile signal derived from an audio
signal needs to be done, or how well this process can be automated through an expert
system informed by audio content analysis and decomposition techniques will be a core
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discussion in this research effort, while keeping focus on validating the fundamental signal
translation techniques.

4.3 Empirical User Test
To validate the coherence of the sensations derived from the inter-modal audio-tactile
translation method an empirical user test in three groups, yielding direct and indirect,
qualitative coherence measures is proposed. For this experiment we aim for at least 10
participants per group, resulting in a minimum of 30 individual test subjects. A total of
~10 audio-tactile stimuli pairs, selected from the aforementioned corpus (section 4.1) will
be used.
The test procedure for group A is conducted in two separate tasks:
1. The participants will be asked to listen to the (~10) sound stimuli consecutively and
to write down the first words that come to mind for each stimuli. The participants
will be specifically asked to focus on the associations (i.e., concepts) evoked by
the sounds without trying to identify the physical sources or events that produced
them.
2. The participants will be presented audio and vibrotactile stimuli consecutively
(unimodal) and will be asked to rate the “coherence” between both stimuli on an
unipolar, continuous scale.
Group B will carry out the same two tasks, but task 1 will instead involve the
corresponding vibrotactile stimuli.
Finally, participants in group C will be presented with audio-tactile stimuli pairs
simultaneously (bimodal) and be asked to freely describe the combined sensation (i.e.
similar to the first task of groups A and B) and rate the perceived coherence on a
unimodal continuous scale.
Coherence here is meant to describe the level at which temporal and spectral (i.e.
timbral) characteristics of the original (audio) signal are maintained throughout the signal
translation process—while providing a comparable sensation across both modalities that
we aim to measure through the proposed user test. The methods described above are
further proposed to be used for the re-synthesized stimuli derived from the decomposed
audio source material.
After collecting all test data we will then look at qualitative comparisons across the three
group conditions as a measure of coherence for the inter-modal audio-tactile sensations
based on the proposed signal translation method. To analyse the collected qualitative
attributes we will utilize a psycholinguistic approach [57]. A similar experiment for
word-sound relations instead of tactile-sound relations has been reported and results were
discussed in terms of similar conceptual processing networks [58]. The quantitative data
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based on the continuous coherence scale will undergo a variance analysis to determine
the overall rating, finding corner cases and to validate the statistical significance.
To display the vibrotactile stimuli to the subjects a wristband form factor is proposed.
The proposed location for applying the stimuli is to the anterior of the underarm (similar
to wearing a watch the wrong way around). This location allows for stimuli exposure
to hairless (glabrous) skin and therefore stimulation of the underlying Meissner (RA-I)
and Pacinian (RA-II) corpuscles [33]. Using a wearable device is beneficial compared to
a (finger) touch display as the applied pressure, position and exposed surface area are
easier to control between test subjects. This method also reduces the variability that is
introduced by active user participation (i.e. trying to hold the finger in the same position
with the same pressure) during the entirety of the test procedure.
To further reduce variability of the stimuli representation induced by non-linear actuator
behaviour and varying body contact the response of the vibrotactile display is linearized
(equalized) ad-hoc for each test subject after the armband has been attached to the
subjects arm. Ad-hoc linearization (equalization) is important as the overall system
behaviour and therefore the frequency response of the actuator is altered if attached to a
body or device. In such a configuration the body/device acts as an additional, connected
system by introducing changes to mass, stiffness and dampening through the skin tissues
mass, elasticity and viscosity.
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5 Preparatory work
This chapter describes all work that went towards the proposed efforts and has already
been conducted previous to formulating this proposal.
Through my internship and student work at Lofelt I already have experience with using
Voice Coil Actuators (VCAs), especially the model L5, for vibrotactile stimuli reproduction
built into headphones and handheld devices. Setting up a suitable reproduction device
for this thesis is therefore not the main body of work. Most likely little to no additional
electrical engineering or efforts towards actuator design will be necessary for the proposed
research.
Efforts towards researching sparse representations and signal coding methods for
vibrotactile stimuli have already been conducted in an effort to propose a thesis topic on
the feasibility of deriving vibrotactile codecs from audio codecs prior to the proposed
topic. The main motivation here was to find data reduction methods due to the limited
bandwidth available in target vibrotactile display systems and industry products. At the
time no suitable supervisor could be found and the idea was shelved for the time being.
Self-experiments and ad-hoc user tests, like initial feasibility tests on audio-tactile signal
translation and resynthesis methods have been conducted with subjectively promising
results - but without proper, empirical verification and without refining the processing
techniques. Products containing similar (real-time) audio-tactile translation methods are
already on the market123 .
Finding a suitable audio corpus that covers the requirements of being non-musical but
complex enough for the proposed user tests has been conducted in coordination with
the thesis co-supervisor Dr. Charalampos Saitis. The work of categorizing about 200
samples along the proposed typological map (explained in section 4.1) has already been
conducted by an informal listenting test. The next step would be to have one or two
other persons do the same task and check then for coherence in the classification.

1

The “Basslet” by Lofelt, last sighted 8th July 2019
https://lofelt.com/the-basslet
2
Razer Nari Ultimate using a Lofelt L5 actuator, last sighted 8th July 2019
https://www.razer.com/de-de/gaming-audio/razer-nari-ultimate
3
Teenage Engineering “Rumble Module” using a Lofelt L5 actuator, last sighted 19th September 2019
https://teenage.engineering/products/op-z/modules/rumble
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6 Schedule
The work going into the proposed thesis topic is arranged in four phases (see figure 6.1):
1. As a first phase, thorough research in auditory-tactile perception, audio-tactile
signal translation methods and related topics has been conducted to formulate
this proposal. A suitable audio corpus was investigated and labeled according to a
typological model.
2. The second phase is composed of a prototype implementation of a the proposed
signal translation method and rendering the vibrotactile stimuli for the user test to
validate the chosen method.
3. The third phase will require the setup of the proposed user test and a reliable
way to display the auditory and tactile stimuli as a preparation for conducting the
empirical user test. Further the collected data is processed and analyzed.
4. The fourth phase will be utilized to write the thesis by documenting the procedures
and discussing the literature, research methods and user test results.
If any milestone is reached earlier, the schedule can shift accordingly as there are no
blocking dependencies. If any milestone takes longer then anticipated it will be important
to reschedule the following phases to avoid conflicts.
To maintain progress within each phase an (Agile) Scrum sprint methodology of two
weeks is targeted, allowing each of the following phases approximately four sprints of
time.
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Thesis Schedule Overview
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Figure 6.1: Proposed time line for the thesis illustrated as a Gantt chart.
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