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Preface

Unlike our eyes, we cannot close our ears. As a result, it is dif-
ficult to ignore sound. Secondly, whenever sound is displayed
in one room, it can be heard in another room. This means that
sound is a sensitive issue and should be taken into account
when designing a product. However, based on my personal
experience with products and my experience in product
design education, it seems that sound is rarely considered in

product design.

In addition to my studies, | have always enjoyed making mu-
sic, which perhaps makes me more aware or sensitive when

it comes to sound. In the last few years | have also started

to combine this interest in music and sound with design by
designing new musical instruments. Before | started my thesis,
| knew that | wanted it to include this combination of design
and sound. So | started to include sound in some course pro-
jects and took electives in sound design, product acoustics,
psychoacoustics and musicology. This led me to conclude that
product designers can have a great influence on the sound

of a product and that the knowledge to do so already exists.
However, a clear translation into design implications is often
lacking. Secondly, the methods and tools provided seemed

more suited to music making than design.

Based on this, | came to the conclusion that it would be useful
to develop an instrument, or rather a tool, that could be used
by product designers to design product sounds. In doing so,

| hope to introduce others to this field. Either to enable them
to design good product sounds, or to start making them in
order to contribute additional knowledge or tools to improve

the current design process.
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Abstract

Despite the fact that product sounds have been shown to
have a significant impact on the experience of products,
product sounds are rarely considered in design projects and
design education at the Faculty of Industrial Design Engineer-

Ing.

Research through literature review and expert interviews re-
vealed that product sound design requires an interdisciplinary
approach. A framework was created from different areas of
product sound design. This framework separates that product
sounds are influenced on three levels. The first is the product
features, i.e. the components that act as a sound source. At
this level, it is most important to consider how acoustic and
engineering decisions can influence the perception of sound
as derived from psychoacoustics.

The second level, the object level, is about factors that influ-
ence the composition of the product and is mostly based on
knowledge from subfields of musicology. The third level, the
scene level, considers the sound of the product together with
its use and location. This makes it possible to assess whether
the external influences still result in the desired sound.

Based on this framework, a digital audio design tool was
developed. The purpose of this tool was to give practical
examples of how sounds can be changed. This is achieved

by providing parameters that have an impact on the engi-
neering of a product, such as the choice of components and
materials, and by allowing a composition of all the features to
create the sound of the whole product.

Finally, external factors such as the user’s interaction with the
product and the influence of the context in which the prod-
uct's sound is heard can also be modelled.

User testing has shown that this tool allows creative explo-
ration of possible product sounds, while being concrete
enough to gather initial design objectives. As an ideation
tool, it provides direction for the further development of the
product, taking into account its sound.
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1.Project introduction

This chapter introduces the goal, scope of the project, and
what research was done and how it integrates with the de-
sign of a framework and audio tool. The initial project brief
of the thesis is explained in the problem statement. In the
scope a definition is given to explain for what type of sound,
products, and for whom exactly it is designed. After that,

the research questions that were found as relevant starting
questions for this thesis are given. In the last section of this
chapter the research and design activities are introduced and

summarized in an overview.
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1.1 Problem statement

When designing products, several
qualities are taken into account to
ensure good design. These qualities
include aesthetics and ergonomics. Vi-
sual qualities such as shape and colour
are likely to come to mind.

Sound can also have a big influence
on the experience of products (Ozcan
et al., 2014). And since most products
in the same category are made using
the same production methods and
materials, sound is one of the main
factors that can differentiate brands
(Keiper, 1997). In addition, well-de-
signed product sounds can also be
useful (Lemaitre & Suzini, 2019), for
example to know if a product is work-

ing properly.
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From my own experience with prod-
ucts and during my education at the
Faculty of Industrial Design Engineer-
ing, sound is rarely considered in most
product categories. The exception is

a few product categories such as cars
and motorcycles. In most other prod-
ucts, if sound is addressed, it is only to
reduce sound intensity.

Furthermore, if a designer wants to
learn more about product sounds and
how to design them, the problem is
that currently available sound design
tools are difficult for product designers
to understand. This is because these
tools are aimed at sound designers,
such as the Sound Design Tool (Baldan
et al., 2016), and/or music producers,
such as a digital audio workstation. As
a result, using current tools requires an
advanced understanding of concepts
from acoustics or musicology.



1.2 Scope

Product Sounds
Throughout this thesis, “product
sounds” will be a recurring concept,

with the definition of product sound:

n

“all the sounds that a product makes”.

As this thesis is part of my Masters in
Integrated Product Design, the word
“product” is defined as: “an industri-
ally manufactured good designed by

industrial engineers”.

Consequential sounds
To further specify this description,

most of the focus has been on the

design of consequential sounds. These

are sounds that result from the way a

product works.

This is in contrast to intentional
sounds, which are sounds that are
intentionally added to a product. This

decision was made deliberately be-

cause the two categories of sound
are fundamentally different and their
design could benefit from two dif-
ferent approaches. However, several
products may contain both accidental

and intentional sounds.

Intended user

The intended users of this thesis are
Industrial Design Engineering (IDE)
students. This was chosen because
design students are still exploring the
world of design. Presumably they are
not focused on a specific design task,
which makes them more open to new
knowledge. And if knowledge about
product sound design is taught dur-
ing education, it is likely to end up in
professional use.

As consequential sounds are likely to
be addressed by industrial designers
who have studied a similar discipline
to the Master's degree in Integrated

Product Design (IPD) at the IDE, an ad-
ditional focus was placed on students
who are, or are likely to be, studying
the Master's degree in IPD.

Culture

Culture was identified as one of the
factors that can influence the experi-
ence of sound. Since the intended
users, students at the Faculty of In-
dustrial Design in Delft and the author
of this thesis, are Dutch, the reader
is warned that some statements may
only be true within the Dutch culture.
However, there was no explicit focus
on designing for this specific culture.
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1.3 Initial research ques-
tions

After a preliminary literature research
combined with other preliminary
knowledge within the field of sound,
the following research questions were
ought to be relevant to be answered
to come up with a solution that can be
used to introduce students to product

sound design.
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1. What are product sounds?
Ta. Why are product sounds generated?
1b. How are product sounds experienced?

2. How are product sounds considered in current design projects?
2a. What process can be followed to design product sounds?
2b. What tools can be used to intentionally design product sounds?

3. How to introduce students to product sound design?
3a. What extra knowledge is required?
3b. In which context can this extra knowledge be introduced?

4. How can this knowledge be gathered to provide a platform to introduce students
to product sound design?



1.4 Overview of research
and Design

In this thesis, a combination of re-
search activities were used as input for
design activities. This section explains
the type of research studies conducted
and how they influenced the design
activities.

A literature review was carried out to
collect various methods and activities
suggested by researchers for good
product sound design, in order to
explore the relevant knowledge that a
product designer needs to learn be-
fore designing product sounds.

Experts in several relevant fields, in-
cluding product sound design, sound
design tool development and teach-
ing acoustics, were consulted through
semi-structured interviews. The pur-

pose of these interviews was to verify
whether the findings from the litera-
ture review were valid in a professional
setting, and to generate additional
insights.

This required knowledge was sum-
marised in a framework which served
as a basis for how to approach the de-
sign of product sounds. Feedback on
this framework was gathered through
user interviews with IDE students.

This framework was used in the design
of a sound conceptualisation tool. A
user research study was conducted to
evaluate the effectiveness of the tool.
The results were then implemented in
a design iteration. This iteration was
again evaluated through a user study
to assess the usability of the tool in a

team.

Project introduction
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2.Context

In this chapter answers to the initial research questions are
given. This was done by means of a literature study. The

first section explores what product sounds are and how they
emerge. The second and third section explore how sound can
be included in a design process. The fourth section defines
what general competences a designer requires to take sound
into account in such a process. And at last, in the fifth section,
an overview of specific tools that can be used in a product
design process id given.
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2.1 Introduction to product
sounds

Within product sounds two types of
sounds can be differentiated, conse-
quential- and intentional sounds.

Consequential sounds

Consequential sounds are sounds that
are a consequence of the functioning
of a product (Ozcan & van Egmond,
2012). Often these sounds are pro-
duced by friction that occurs between
moving objects (Flipsen, 2022). Due to
this, consequential sounds are often
experienced as noisy.

The quality of this sound can be influ-
enced by changing product proper-
ties such as: geometry, material and
replacing components or sub-assem-
blies. The difficulty for the designer
in designing consequential sounds is
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finding a good solution with a limited
set of properties, while keeping other
requirements such as the functioning

or cost of the product at the same

level.

Intentional sounds

Intentional sounds are sounds that are
intentionally added to the product.
The foremost function of these types
of sounds is to inform the user.

Examples are the alarm sounds on
your phone or the beep of your mi-
crowave when food is ready. Inten-
tional sounds are mostly produced by
a speaker and as a result completely
designable.

The product designer can take multi-
ple musical concepts into account such
as harmony and timbre to design a

sound that fits the product in its envi-
ronment. This results however in large
creative freedom making it difficult
to define one solution that fulfills all
requirements (Langeveld et al., 2013).

How do products sounds originate?
Music instruments are an interest-

ing example to look into why some
products generate sound, since in a
sense it is a product where one of its
main functions is to produce sound
(Nykanen, 2008).

Fletcher & Rossing, (1991) gave an
overview of the physics of music in-
struments and in general it can be
concluded that sound is the result of a
vibration in the product. These vibra-
tions are on itself the result of a physi-
cal interaction of spring like character-
istics with inertia. In which the spring



like characteristics result in a urge

to restore to the initial position and
inertia resulting in the force to over-
shoot for example due to its mass or
by newly added energy to the system,
shown in Figure 2.1.

A

7

a\l Energy added to tine

A Elastic force urges the tine
7 ==::  to restore to initial state

M Inertia results in overshoot

Figure 2.1: Graphical overview of the funda-
mentals of vibrations

Initial state

The Product sound model

Langeveld et al. (2013) proposed the
model for product sound. This model
(Figure 2.2) explains how a source
starts a vibration and states the routes
these vibrations will follow through the
product, essentially pointing out parts
that can be engineered to change the

Transmission
Sound source gy .
in product

Transmission
to user

Radiation in
product

Figure 2.2: Model for product sounds (Lan-
geveld et al., 2013)

acoustics qualities of the product. The
source is a component in a product
which brings the vibration into the
product, like a motor. Multiple catego-

ries of sources exist and are given in
Table 2.1.

When the source initiates a vibra-
tion, both surfaces can be excited,
resulting in the radiation of air borne
sound, and vibrations are transmit-
ted inside materials, possibly exciting
other features (Langeveld et al., 2013).
According to Fletcher and & Rossing
(1991) radiation is mostly significant
for larger surfaces, explaining why the
sound from guitar strings are clearly

heard when its amplified by the body

of the guitar, while hardly producing
any sound when the string would be
plucked in free air.

In the analogy of the guitar, transmis-
sion is significant in the connection
between the string and the body. The
amount of energy transmitted from
the string to the body is dependent on
the similarity of acoustic impedance
between two materials. If the acoustic
impedance is very similar almost all
energy will be transmitted from the
string through the body. If the differ-
ence in impedance is too large most
energy will be reflected back into the
string (Fletcher and & Rossing, 1991).

From this it can be assumed that
radiation is mostly significant for the
product’s housing, while internal con-
struction such as the connection of the
source component to the housing is
significant for the transmitted sound.

Context 1 9



The radiated sound from the housing
is eventually heard by the user (Lan-
geveld, 2013). A part of the radiated
sound of an object in a room is directly
entering the ear of the user. But also
properties of the room acoustics can
influence the experienced sound. The
walls of a room reflects parts of the
radiated sound which might end up at
the user as well. However, with a slight
delay causing an echo like experience
named reverberation (Dejonckere,
2001).
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Table 2.1: Sound sources (Langeveld et al., 2013)

Primary excited

Sources i
medium

Type of excitation |Example

. Compressor
Mechanical .p
Refrigerator

F
Aero dynamical =

Turbulent flow

Air borne sounds Air or another gas

Exhaust gasses in the exhaust pipe

Combustion Autogenous welding

Gas burner

Mechanical Plunger pump
Gear pump
Liquid

Liquid borne sound

Turbulence in flow
Hydro d |

I\/Iechanlcal Inertia: unbalanced

Collide: hammering, rolling, stamp-

. ing, sawin
Aero dynamical 2 S

Turbulence gas flow
Structure borne , Air spray
Construction

sound Releasing of whirls

Hydro dynamical Air jet on surface

Water heating

. Pole attraction
Electro mechanical -
Magnetostriction in transformer




The design process

To understand how to integrate the
sound of a product into the design of
the product it is interesting to know
what steps are taken in the completion
of a design project. Most often a prod-
uct is designed following a structured
process. During Bachelor education at
IDE already multiple design processes
incorporating multiples processes are

given (van Boeijen et al., 2013).

Pahl & Beitz (1986) described a gen-
eral process consisting of four phases
that can be used to describe most
product design projects. The process
consists of the following phases: 1.
Problem analysis, 2. Conceptual de-
sign, 3. Embodiment design and

4. Detail design.

The book “Productontwerpen, struc-
tuur en methoden” (Roozenburg &
Eekels, 2016) is used at the Faculty of
Industrial Design Engineering to intro-
duce students to design methodolo-
gies. This book clarifies the goals of
each phase in Pahl & Beitz’ model as
following;

1. Problem analysis.

In the problem analysis phase, the
global goal of the design project is
defined. Based on market and techno-
logical analysis, the product’s desired
functions are put in relation to the
market segment for which is designed.

The derived constraints are gathered
in a program of requirements and
wishes, which then could be trans-
formed into product ideas. A product
idea gives a vague representation of
what the final product should be and is
mostly concludes the analysis phase.

Context 2 1



2. Conceptualisation design phase.

In the conceptualisation design phase
product ideas are developed into
product concepts. A product concept
consists of a sketch or diagram that
explains the main and subsidiary func-
tions of the product. Next to that ap-
proximates of the cost, overall dimen-
sions, and feasibility of producing the
product are defined.
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3. Embodiment design phase.

A select number of concepts are fur-
ther refined in the embodiment design
phase. For this the dimensions, materi-
als and means of manufacturing are
considered together. In the later phas-
es, physical prototypes can be built to
clarify the functioning, reliability, us-
ability, aesthetics and producibility of
the design. This phase concludes with
a composition drawing including the
established of the general dimensions
and preliminary list of parts.

4. Detail design phase.

The last phase is the detail design
phase. During detail design the exact
product properties such as dimen-
sions, tolerances and surface rough-
ness are established in technical draw-
ings. At the very end, requirements
and manuals on manufacturing, as-
sembly, transport, installation, use, etc.
are defined and written.



2.2 The product sound de-
sign process

In regard to product sounds, multiple
scholars already proposed design pro-
cesses as well. Most of these methods
also contain different design stages,
like the general design cycle.

In Figure 2.3 these proposed sound
design processes were put into con-
text with the product design process
as described by Ozcan & van Egmond
(2006). This, as their proposed sound
design process follows the same
phases as Pahl & Beitz' (1986) method,
making the comparison of multiple
product sound design processes to the
product design process easier.

Pahl & Beitz,
1986

Problem analysis Conceptual design Embodiment design Detailing deisgn

\ Report Audiolize Imitate
Ozcan & van

Egmond, 2008

Control drawings and models

Thumbnail Binaural Terst with
sound sketches transfer hard model Target sound

.
Delle ‘M%?ghe Conversa- I Conversa- fi Embedding Sound Physical
etal., oy n e Discussion e Discussion ! computing

Conversa- Conversa-
tion tion
-
8 Different operating
Keiper, 1997 e d Different positions Sound editors Acoustic CAE
“ s conditions
[Quickly test]
Amplify or cost Predict static and
reduce - . :
. sensitive dynamic properties
noise -
decisions.

Coordination with engineering, manufacturing and
external vendors.

Nykanen,
2008

Figure 2.3: Summary of multiple product sound design processes.
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Analysis phase

Like in the normal design process, the
product sound design process could
start with a problem analysis phase.
Instead of asking questions for whom
the design is intended for, the ques-
tion is what function the sound should
fulfil, or how should the sound is expe-
rienced by the intended user.

Second to that, since a product is
always used in a context i.e. a location
of a house, workplace, etc. defining
the context is another step that should
be included in this phase. For prod-
uct sounds this means that all other
sounds that can be heard in this loca-
tion, the soundscape, should be iden-
tified. In this phase, the designer could
use sounding examples to exemplify
the sound related problem (Ozcan &
van Egmond, 2006).
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Some design actions in this phase
could be a sounding mood board,
similar to currently used visual mood
boards. Interviews can be held to
gather expert opinions on the desired
sound (Keiper, 1997) which could be

used in a list of requirements.

Conceptualisation design phase
Analog to the conceptual phase in the
general design process, the goal of
conceptualisation in a product sound
design process could be to create mul-
tiple ideas. These ideas can be given
in the form of sounding sketches.

It must be noted that sketching in this
case this is not drawing sound. But it
is “a reflective activity occurring while
being engaged in representing the
sonic concept under scrutiny.” (Delle
Monache & Rocchesso, 2019, p. 82).

According to Ozcan & van Egmond
(2006), sounding sketches can be
recordings of any object that has the
potential to represent the sound de-
sired. Or, these sketches can be col-
lections of materials and objects that
would exemplify the desired features
of the product sound or the product
itself. These sound examples might be



ambiguous and do not aim to repre-
sent the original sounds, but rather
represent concepts.

Embodiment design phase

During the embodiment phase, ideas
about the sound in the concept design
phase are transformed to a physical
solution. This is done by producing
models which can produce the sound.
Such models can either be hard model
prototypes (Ozcan & van Egmond,
2006) or in digital twins, in which the
product is modelled in Computer
Aided Engineering software with which
sound can be simulated (Keiper, 1997).

Detailing phase

As the embodiment of the product is
almost entirely clear, the sources of
the sound are well known and can be
evaluated in audio quality tests (Ozcan
& van Egmond, 2006).

The final step in this phase is tackling
product sound issues dependent on
the production or assembly (Ozcan

& van Egmond, 2006). This includes
reviewing tolerances and design
changes with little influence on the
rest of the design or preferable im-
plementable in assembly without the
need of iterating on the manufacturing
(Nykanen, 2008).
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2.3 Areas of expertise in
product sound design

Mostly when issues on product sounds
are tackled, this is done by experts
from different areas of expertise. Such
as experts on acoustics, psychoacous-
tics, electronics, or mechanics (Lemat-
ire & Suzini, 2019). However, due to
the iterative process of product de-
sign, the delegation of tasks to exter-
nal parties can delay the design cycle
(Ozcan & van Egmond, 2008). Second-
ly, if these tasks are delegated, it is still
helpful for a designer to have a basic
knowledge in this field to be able to
give comments whenever the designer

is not content with the delivered result.

Ozcan & van Egmond (2008) proposed
the responsibilities and the role of a
product sound designer and state that

the product sound design cycle could
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profit from product designers taking
an interdisciplinary role and gaining
knowledge in the fields of acoustics,
engineering, and psychology with
musicology, and psychoacoustics as
hybrid disciplines playing on the back-
ground.

A short motivation why a product de-
signer has competence in the respec-
tive fields to design product sounds is
included in Table 2.2.

Next to the product designer’s individ-
ual understanding of basic concepts
within these disciplines, it should en-
hance the communication between the
product designer and others involved
in a design project. This interdisciplin-
ary role would not only improve the
communication with experts within
these fields, but also in communication
with non-experts. For example, when

a product designer runs user tests on
product sounds with customers.

Table 2.2: The professional domain of a sound
designer (Ozcan & van Egmond, 2008)

Field Competence

Engineering | ABILITY TO MANIPULATE THE
STRUCTURAL ASPECTS OF A
PRODUCT AND PREDICT THE
CONSEQUENCES FOR THE

SOUND OUTPUT

Musicology [ ABILITY TO COMPOSE MUSI-
CAL SOUNDS

Acoustics ABILITY TO INTERPRET THE
PHYSICS OF SOUND AND
RELATE THEM TO PRODUCTS

AND MECHANISM

Psycho- ABLE TO PREDICT USER RE-

acoustics ACTIONS AND LIMITATIONS

TO PERCEIVED SOUND

Psychology [ ABLE TO INTERPRET SEMAN-
TIC ASSOCIATIONS USERS
WOULD WITH SOUND AND

THE PRODUCT




Engineering

At IDE, knowledge from engineering
is used in the embodiment of a prod-
uct. Some aspects from engineering
that are relevant for sound are the
products’ mechanisms (Ozcan & van
Egmond, 2008), material selection
(Fipsen, 2022), geometry (Fletcher &
Rossing, 1991) and assembly (Sanz Se-
gura & Manchado Perez, 2018). In the
case of consequential product sounds
it is mostly the decision made on such
aspects (Langeveld et al., 2013)

However, with engineering alone
changes can only be made by trying.
It would be more effective if iterations
could be based on knowledge that
explains why certain mechanisms gen-
erate sound or how other factors like

how materials influence the sound.

Acoustics

Acoustics is the field of physics that
studies and describes the way sound
waves work. This entails how sound
travels vibrating through different
materials, but can also be reflected
like light. With this knowledge sound
can be modelled with mathematical
formulae. But it also provides the basis
of objective sound analysis, so that
measurements of sound pressure and
frequency spectrum can be done in an
objective way.

Psychology

In product design psychology, mostly
cognitive psychology, is used to un-
derstand the cognition of senses in
relation to the product experience. For
sounds this would mean, speculating
what is the resulting reaction of the
user after hearing a sound.

This can be helpful to bring intent into
the design and addresses user needs
by for example introducing sounds as
use cues (Jansen et al., 2010; Lemaitre
& Suzini, 2019).
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Psychoacoustics

Psychoacoustic is a field using knowl-
edge from psychology and acoustics
is used. This field mainly entails how

sound is be perceived by humans.

Within this field, psycho-acoustic
analysis is highly relevant in relation to
product sound design. Such analysis
entails measurements which clarify
how sound is likely to be perceived.

In psychoacoustic analysis metrics like
loudness (perceived sound intensity),
pitch, brightness, fluctuation, rough-
ness are used (Fastl, 1997).

Such analysis can be helpful in the
prediction of the cognition of product
sounds in an objective manner and can
thus provide the translation between
acoustics and psychology.

28 Tim Deltrap | Les_Sons

Musicology

Musicology is the study of music and
mostly entails the analysis of musical
compositions. Ozcan and van Egmond
(2008) consider it most useful in the
design of intentional sounds such

as alarm sounds, since the design of
intentional sounds is similar to musical

composition.

In relation to consequential product
sounds, a helpful sub-discipline could
be cognitive musicology. This field
investigates for example why certain
aspects in musical compositions such
as melodies, rhythm and/or chords
evoke certain emotions (Haumann,
2015). And thus knowledge from this
field can be used in subjective analysis
or descriptions of sound.
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2.4 Product sound design
methods and tools

As it is clear now how a product sound
design process could look like, it is in-
teresting to know what tools or equip-

ment are used in these processes.

Sound gathering tools

One of the earliest steps to design
product sounds is to gather sounds.
This can be done by gathering the
sound of current products but also
any sound in general. Tools to gather
sound could be categorised in the
following types: vocal sketches/Foley,
recording sounds and sound simula-
tions. Each type has its own advan-
tages and disadvantages. But since a
design is becoming more concrete in
later phases, these disadvantages can
become an advantage in a different

state and vice versa.
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Recording sounds

Sound recordings are used during

the whole design process. One of the
earliest actions an acoustic engineer
would do in a design process is to re-
cord the sound of the current product.
This recording can be used to analyse
the current sound, and if a well cali-
brated recording is done, this record-
ing can be compared to a new record-
ing of the sound of the redesigned
product (van Egmond, 2022).

An array of multiple microphones, also
called acoustic cameras, can be used
to localise the source of sound, espe-
cially if the source of sound is to be
found without disassembling a device.
Acoustic cameras consist of an array
of microphones. An algorithm can
calculate the direction of the sound
by taking the relative position of these
microphones and the delay sound
arrives at the microphones.

Binaural microphones are commonly
used to get a recording of how a real
person would experience the sound.
This is done by making a stereo re-
cording with the microphones at the
location of human ears. Incorporating
two microphones in an artificial head,
as seen in Figure 2.4, could be used
to get a recording more true to the
human hearing (Nykanen, 2008).

Figure 2.4: Artificial head for binaural record-
ings (HEAD Acoustics, n.d.)



With a sound intensity probe the
sound intensity can be measured. This
is more accurate in measuring sound
radiation than using a microphone,

at least if an anechoic chamber is not
present. Since a sound intensity probe
uses two microphone diaphragms,
sound can also be localised (Briel &
Kjeer, 2021).

By superimposing the sound intensity
over an area on the image of a visual
camera, a visual representation of the
sound of a product can be made, see
Figure 2.6.
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Figure 2.6: Visualising sound with acoustic sen-
sors (Briel & Kjeer, 2021).

Source separation

To know how individual components
of a product influence the sound
character, a separate recording of each
component is needed.

One manner to do this is to make
separate recordings of the product
with certain components removed or
disabled, see Figure 2.5. Separate
recordings of components require time
and precise recording setup. On top of
that, an anechoic chamber is preferred
as the reflection of sounds in a room

Figure 2.5: Identification of multiple sound
sources in a breast pump before recording.
(Timmerman et al., 2022).

are also captured in a recording mak-
ing the recording dependent of the
room (van Egmond, 2022).

Another way is to do this separation
with software. In this case one integral
recording of the compound sound of
the product can be used as input and
the software gives the sound of differ-
ent components as output. Multiple
ways exist in which this separation can
be done.

Inverse wave mask

For this method a compound record-
ing and a recording of one component
is required. Then the recording of the
component should be aligned to the
recording of the compound sound.
The recording of the component is.
This inversed sound is subtracted from
the compound sound, leaving the
compound sound without the sound of
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Non-negative matrix factorisation
In this technique small portions of
recordings of an isolated sound are
stored in a reference library called a
dictionary. By decomposing a com-
pound recording into two matrices and
performing a non-negative factorisa-
tion on them, other parts which have
similar spectral and temporal char-
acteristics to the isolated recording
can be recognised from a compound
recording (Févotte et al., 2018).

Machine learning

Most machine learning (ML) algo-
rithms for sound source separation are
intended for separating instruments

in music. As (popular) music is clearly
tonal and contains instruments with a
variety of timbre and distinct percus-
sive sound, it might be harder to sep-
arate multiple sounding sources from
a recording of a product sound. An ex-
ample of an ML sound separation tool
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usable in product sound is SiTraNo.
This tool intended to separate sound
in sine (tonal), transient (percussive)

and noise components from a com-

pound sound (Fierro & Valimaki, 2021).

Sound analysis tools

Two important metrics in acoustic anal-
ysis are loudness and sound spectrum.
Loudness is given as the mean sound
level of the whole recording and is
given in dB(A) (Milan, 2022). And the
spectrum is the presence of multiple
frequencies in a sound

Sound analysis in a digital audio
workstation

Digital audio work stations, like Au-
dacity (Audacity Team, 2023), are more
accessible software with which some
sound analysis could be done. A spec-
trum graph gives a graph of the ener-
gy of frequencies bands from a given

length of time, see Figure 2.7.

Figure 2.7: Sound spectrum of a shaver re-
trieved with Audacity.



A spectrogram, Figure 2.8, gives an
overview of the energy of frequen-

cy bands as well. However, at exact
points in time (Smith, 2024). In a spec-
trogram the energy of the present
frequency bands is given by differenc-
es in colour.

From these graphs an assumption
could be made of what parts of the
sounds must be changed to increase
the sound quality. For example, multi-
ple narrow peaks give an indication for
a harmonic sound and broader peaks
indicate noise in that band.

F‘igure 2.8: Spectrogram of a shaver retrieved
with Audacity.

NVH suites

ANSYS, HEAD Acoustics and Siemens
provide integral Noise Vibration Harsh-
ness analysis suites. Such suites consist
of sound analysis software which, next
to acoustics measurements, also pro-
vide psychoacoustic analysis. Enabling
subjective measurements on sound
(Ansys, n.d.; HEAD Acoustics, n.d.; &
Siemens, n.d.).

Second to that, hardware is most often
also a part of the suite such as binaural
recording devices but also sensors for
vibration and sound pressure measure-
ments. Such suites are however expen-
sive and have a high focus on automo-
tive industry only.

Sound ideation

After the analysis mostly some ideas
are generated to quickly explore dif-
ferent solutions.

Vocalisation

In Sketching Sonic Interactions (Delle
Monache & Rocchesso, 2019) it is
described how sketching can be done
with the human voice to convey ideas
about auditory concepts. An example
of a vocalisation can be the imitation
of an existing sound which results
often in an onomatopoeia, such as
“tick tock” to describe the sound of a
clock. Vocal sketches are often used to
quickly bring over the intended sound
to others as no other equipment than
your voice is needed to make a vocal
sketch. A vocal sketch can be used in
discussions to make clear which sound
of what part of a sound you are talk-
ing about. On top of that, they could
also be used to create and impression
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of how the final sound should be. As
some practise is required before more
advanced sounds can be reproduced,
Delle Monache & Rocchesso proposed

some exercises.

However, even after practice, a dis-
advantage of vocal sketching is the
limitation of the human voice. It is
almost impossible to create a sound
that consists of more than noise or one
pitched tone.

Sound editing in a digital audio
workstation

To make changes to a recording of a
product sound a digital audio work-
station (DAW) can be used. Although
some useful features are provided, it
is not presented in an intuitive way

for product design. This is the result
as most DAWs are intended for music
recording and creation, see Figure 2.9.
They provide a user experience that
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is based on mimicking physical music
recording studios. Emulating large
mixing panels and providing digital
audio effects in a similar way as found
in studio effect racks or pedals. Next
to the visual element, also the descrip-
tion of parameters is given in a way
that it is relevant for music and not for
acoustics or psychoacoustics.
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Figure 2.9: Editing sound in Audacity.

Sound synthesis

Sound synthesis techniques such as
subtractive synthesis can provide quick
exploration of different sounds. This
is done by filtering, read subtracting
content, from a sound source like an
oscillator (Hermann & Hunt, 2011).
Most synthesisers incorporating this
technique are focused on quickly
exploring musical sounds, this makes
them less suitable in the creation of
more realistic sounds.

Physical modelling synthesis can
provide a more realistic sound of a
product. This is due that the synthesis
system is based on the mathematical
model of an acoustic system (Smith,
2023). It thus requires the product to
be fully embodied already and thus
not ideal to create reference material,
or as concepts in ideation.



Generative Al

Like artificially generated images,
sound can be generated using Artifi-
cial Intelligence (Al). In a design pro-
cess Al could be used to quickly create
reference material for ideation, early
prototyping and sketching (Tholander
& Jonsson, 2023). However, very few
examples of an Al that can generated
sound exist yet. Donahue et al. (2019)
and learning to synthesize audio
requires capturing structure across a
range of time-scales. Generative ad-
versarial networks (GANSs) used a Gen-
erative adversarial network, a concept
in Al mostly used in image generation
algorithms, to generate a spectrogram
of percussive sounds. Using an inverse
Fourier transform such a spectrogram
can be made audible. Due to limita-
tions with the use of an image gen-
erating algorithm, the length of the
sound samples was limited to around

one second.

Sound conceptualisation

Hard prototypes

If a hard prototype of a product is
made in the conceptualisation phase,
the sound of the product can be made
audible (Ozcan & van Egmond, 2006).
In a similar way, this hard prototype,
or an existing product, could be used
to test multiple concepts by switching
components or adding or removing
material and change the acoustic
properties of the product, see Figure
2.10.

i—‘igure 2.10: Aaaing weights to a physical model
to change acoustics (Timmerman et al., 2022).

Acoustic simulation

Similar to stress simulation already
used in design education, finite ele-
ment method (FEM) and boundary el-
ement method (BEM) can also be used
to simulate acoustics (Siemens, n.d.).

Most acoustic simulation software

can only give a visual representation
of which parts will make sound, see
Figure 2.11. For specific fields like the
automotive industry it is possible to

listen to this simulation (Ansys Sound,
n.d).
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Figure 2.11: Acoustic sir‘nulation (Sieme‘ns, n.d.)
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Sound evaluation

Jury testing

To gain insights on the subjective eval-
uation of a sound, jury testing can be
used. In a jury test possible consumers
participate in a survey where sounds of
the product is provided and are asked
to rate these sounds. Fastl (2005) gives
an overview of research techniques
that can be used to perform such tests
like: semantic differentials, category
scaling and magnitude estimation. If
enough participants are questioned,
such tests can give a statistical indica-
tion of how the product sound is likely
experienced by consumers.

Sound evaluation with machine
learning

The results of sound evaluation can be
used as input in prediction algorithms.
In the python tool Soundscapy (Mitch-
ell et al., 2022) a recording of a sound-
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scape and its rating of descriptors from
a user test on that soundscape can be
loaded. A machine learning algorithm
analyses which factors in the sound-
scape were likely to result in this user
evaluation. After this a variant of a new
soundscape can be loaded. Based on
the earlier analysis Soundscapy can
now predict how the new soundscape
is likely to be rated, without the need
of a new user test.
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2.5 Conclusion on context

In product design two types of sounds
are distinguished: consequential and
intentional sounds. Consequential
sounds are sounds resulting from the
functioning of the product, often due
to friction between moving parts. Re-
sulting in the product experienced as
noisy.

Designers can influence the quality
of these sounds by altering product
properties like geometry and materi-
als. However, the challenge is to bal-
ance requirements on the product
sound with other requirements.

The Product Sound Model provides a
general flow of acoustics of products a
designer can consider when designing
the product sound. It also shows that
the sound of a product is dependent
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on the sound source, but also by how
the sound is transmitted and radiated
inside the product, and how it is radi-
ated to the listener.

Intentional sounds, deliberately added
to products, serve informational pur-
poses like alarm tones or microwave
alerts. In contrast to consequential
sounds, intentional sounds can be
designed with large creative freedom.
This results in a need in separate de-
sign processes and task between the
design of these two types of sound.

Incorporating sound in a design
process

If consequential sounds are designed
and not considered as an afterthought
it is important to include product
sounds as early in the design process
as possible. Such a sound design pro-
cess can consist of the same phases as
a normal product design cycle. In such

a process sound is considered from
abstract to more concrete.

Areas of expertise in product sound
design

In a product design cycle knowledge
from the following disciplines are re-
quired to integrally design sounds:

Engineering, to consider the
embodiment of the product that is
required for its functioning.

Acoustics, to understand and
predict the physical behaviour of
sound.

Psychology, to understand user
needs and design a product experi-
ence.

Psychoacoustics, to describe
and measure the objective experience
of sound.

Musicology, to describe musical
and compositional components in a

product sound.



Currently used tools and methods in
product sound design

Some tools for the analysis and idea-
tion phase in the design of product
sound exist, such as vocalization pro-
viding a quick but abstract idea on a
sound, similar to a sketch on paper.

Also recordings of currently existing
products can be made with the inten-
tion to analysis and ideation tasks
with them. Multiple types of recording
devices exist as well as methods and
tools to provide a recording of both
the whole product or single compo-

nents.

These recordings can be processed in
software for both sound analysis and
ideation such as Ansys Sound, and
HEAD Acoustics. These are examples
expensive suites and less accessible
for students if not provided by the

university.

Some other software which provides
audio analysis and processing, like Au-
dacity, is more accessible for students.
However, most of such software is in-
tended for music production. Creating
a difficult translation of analysis and
ideas to direction for later conceptual-
ization stages.

In the later phases such as concep-
tualization and embodiment phase,
methods similar to methods and tools
already used in Industrial Design Engi-
neering education can be used, such
as hard prototypes and simulation. The
creation of such prototypes and simu-
lations require a good translation from
idea to concept.

Context
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3.Expert interviews

In this chapter interviews with experts are discussed. These in-
terviews were done with experts from different domains within
product sound design. These interviews were held to gather
new insights but also verify insights found from the literature
studly.
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3.1 Method

This chapter summarises expert inter-
views which were done with multiple
experts in the field of product sound
design. The aim of this research was to
verify whether findings from research

are also valid in a professional setting.

Participants

Experts from different fields within
product sound design were inter-
viewed to gain knowledge of the state
of art of product sound design and the
future of this field. The areas of exper-
tise were:

A Sound Analysis- and Design soft-
ware, to gain knowledge on the de-
sign of tools that can be used in a

product sound design process.

Two lead engineers at a company that
design white goods products, to gain

knowledge how products acoustics
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and sound design is incorporated in
real design projects.

And lastly, a professor in Acoustics and
Haptics, to gain knowledge how stu-
dents can be introduced to the fields
of acoustics, psychoacoustics and
sound design.

Table 3.1:Overview of participants in expert
interviews

Participant  Role Affiliation

Expert 1 Director Ansys Sound

Expert 2 Senior lead engineer  Argelik Global
acoustics

Expert 3 Lead engineer Argelik Global
acoustics

Expert 4 Professor in Acoustics TU Dresden
and Haptics

Stimuli

The interviews were done using a semi
structured interview. Before each in-
terview list of questions was gathered,
included in Appendix Il - IV. The inter-
viewee was free to omit any questions
or keep expanding on the original
question. This was done to explore
whether unexpected information or
tensions within fields of product sound
design would show up. Informed
consent was gathered by means of
Informed Consent. Results were gath-
ered by means of digital audio record-

ings and written notes.



3.2 Results

After the interviews it was found that
participants confirmed similar princi-
ples or added the view from their own
perspective/profession on the same
principles/states. Therefore, in the
next section outcomes from the three
interviews are presented together by
thematically gathering the results of

each interview.

Communication between
departments

In most design teams every depart-
ment/member focuses on one exper-
tise. An expert on psychoacoustics
might have no clue how the desired
metric can be achieved based on
acoustical engineering. In the same
way professional software like Ansys
Sound does not focus on its accessibil-
ity level to be understandable for all
team members within a project, but
to be most useful for the respective
expert (Expert 1).

A similar example was given by Expert
2 & Expert 3. They mentioned they
need to use, for their field relatively
simple to understand graphs, like a
sound spectrum, to communicate is-
sues to other design engineers with
expertise in different fields. With the
result, communication between de-
partments happens in a low detailed
manner.

Teaching product sound design
Students should be introduced with
the basics of acoustics by using ex-
amples of mundane situations. If the
interest is there, their expertise will fol-
low automatically. It is recommended
to begin with less abstract tools/soft-
ware first. For example, if one wants to
write their own digital sound process-
ing software but does not know any
programming language software like
pure data is a good introduction in-
stead of directly begin writing in C++
(Expert 4).

This was also backed by Expert 1,

who recommended before learning

a more advanced sound analysis and
simulation tool like Ansys Sound it is
useful to start using more accessible
tools like Adobe Audition, Audacity

or MAX/MSP. These tools are a good
introduction to the same concepts that
are used in Ansys Sound as well.
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Role of ANC in the future

Active noise cancelling (ANC) systems
are implemented more and more and
are getting better. However, it is dif-
ficult to incorporate ANC if the posi-
tion of the listener is unknown. ANC is
used more and more in headphones
and cars and works well because in
these cases the head position of the
listener in relation to the sound source
is well known. Some experiments exist
to perform ANC without the need of
a headphone, but results are not as
good yet. On top of that, it requires
extra electronics to be implemented
in the products, making it currently an
expensive option. Therefore, it is likely
that physical adaptations to the prod-
uct design like material and geometry
that influence the sound are still the
most relevant properties to change in
the next 20 years (Expert 4).
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Function analysis

An analysis of the function of the prod-
uct is highly relevant for the product
sound. The sound should fit the func-
tion of the product and sound itself
can be a function of a product. As an
example, a dishwasher that does not
make any sound could be experienced
as defect, while if the dishwasher
would make audible sounds the user
is informed that the product is working
(Expert 2 & Expert 3).

Experience of sound is individualistic
It is impossible to design a sound that
fits everyone’s taste. On top of that,
the culture for which it is designed is
important. Some cultures are used to a
noisier environment. An example was
given between Istanbul and Japan.
Istanbul was said to be a noisy city and
as a result people living there are less
likely to mind noisy products com-
pared to a person in Japan where the
environment is less noisy due to more
social control inherit to the culture
(Expert 2 & Expert 3)



Product experience is multi modal
Next to visual stimuli all senses should
be pleased in good product design
like pleasant to touch and nice to
smell. Sound is therefore likely to add
to a good experience of the product
but should not be considered alone.
Adding to that, acoustics and haptics
could be considered together as vibra-
tions in a product might not only be
audible but also feel-able (Expert 4).

Reverse engineering

Reverse engineering is a step taken

to understand which components in

a product produce sounds. This is
done with previous models from their
own brand and higher and lower price
range products from competitors.

Doing this gives a better understand-
ing of which engineering decision
leads to which sound. Acoustic cam-
eras are also useful in cases where it is
not desired to disassemble a product
(Expert 2, Expert 3 & Expert 4)

Record and measure sound
Recording and measuring the sound
of existing products is the first step in
the product sound design process. For
the measurement of loudness, mostly
the dB A scale is used. Second to that
a sound spectrum (graph of frequency
and its amplitude) or spectrograph
(spectrum over time) is used to show
the frequency range of the sound and
might give a hint which range should
be adjusted. For example, if peaks at
specific frequencies are clearly visible
(Expert 2).

For capturing the sounds multiple
types of microphones are used. Artifi-
cial heads can be helpful as it gives a
good representation of how the prod-
uct really sounds to humans (Expert 3).
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Target sounds

To communicate the desired sound for
the product multiple tools could be
used.

Vocal imitation is often done to quickly
gather ideas or communicate to oth-
ers which sound the designer is talking
about.

Audio filtering is also an option. By
applying filters to a recording of the
product sound, one quickly gets a
good idea of how the product could
sound is for example if the product has
a higher mass or structural stiffness.
On top of that, psycho-acoustic meas-
urements can be taken to test whether
this filtered sound is perceived as
more pleasant than the current sound
(Expert 2 & Expert 3).
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Commonly applied design changes
If a motor is present, changing the
rotations per minute (RPM) is done
first to test whether that improves the
sound quality. Next to that, chang-
ing the order of events can also have
a large impact on the sound quality
while no changes to the embodiment
have to be done. A change in mate-
rial and geometry can also be imple-
mented if issues on resonance are

to be solved. Material is mostly only
changed for smaller components. For
larger components more often the ge-
ometry is changed i.e. adding ribs or
dents to change the elasticity/stiffness
of the component. Electronic noise is
an unexpected but common problem.
The electromagnetic field of some
components such as an electro motor
might start to vibrate ferromagnetic
surfaces which results in unwanted
noises (Expert 2 & Expert 3).

Sound virtualisation

Sound virtualisation of complete
products is currently limited. This is
due to the more complex nature of the
transmission and radiation of sound
through materials in comparison with
deformations due to stress. Currently,
sound virtualisation is only possible

in the design of single components

or sub assemblies such as engines. It
is expected that another decade of
development is required before useful
results can be produced (Expert 1).

However, if sound virtualisation is pos-
sible for complete products, it would
be useful to quickly test multiple varia-
tions of product configurations (Expert
2 & Expert 3).



Jury test

It is hard to evaluate how sound will be
experienced in an objective way. Only
a few physical measurements can be
done that are relevant to the percep-
tion of sound (Expert 1). Therefore,
also jury tests with around 40 partici-
pants are done in which the subjective
sound quality of a product is tested.
Such tests should give a good over-
view on how the end user will perceive
the sound (Expert 2 & Expert 3). The
study of the perception of sound is
already done for over a century but
we are only in the first stages of re-
ally understanding how the human
hearing works. By making a computer
model of the human hearing, eventu-
ally sound quality evaluation could

be done in a way that it is true to the
physical experience of a sound by a
human (Expert 4).

Inform consumers about sound
When searching for a new product,
consumers can be made aware about
product sounds in multiple ways. One
way is the EU energy label. This label
is mandatory for specific products
groups which are sold within the EU.
Next to the energy efficiency it also
shows the noise level of the product in
dB. Informing noise level only might
not be relevant for the consumer’s
attitude towards a product sound.
Therefore, some companies find it
more useful to use a sound quality
label. This label is given by SLG, an
independent certification company.
This label is given after jury tests in
which the perception of the sound of
a product is rated. This certification

is not mandatory but is more helpful
to inform the consumer on the pleas-
antness of the sound of the product
(Expert 2 & Expert 3).

Expert interviews
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3.3 Conclusion on expert
interviews

Experts mention difficulties with com-
munication between fields within
product sound design. Communica-
tion between the different experts is
happening in an academic manner,
but not in-depth. Therefore, a focus
can be made how students can be
introduced to an interdisciplinary field.
This would enable them to understand
multiple aspects relevant for product
sound design.

To introduce students to acoustics, it
is useful to start with the basics and
give concrete and audible examples
of phenomenons that they experience
in real life. If this introduction sparks
enough interest, the students’ own
motivation will help to guide them

in the rest of the learning process.
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Next to theoretical knowledge some
practical knowledge is convenient as
well. This could mean including taking
recordings, doing acoustic measure-
ments or sound design activities.

Based on input from an analysis phase,
design goals for the rest of the design
process can be defined. When gather-
ing this design goals it is important to
take into account the function of the
product. Second to that, sound is ex-
perienced together with other senses
like vision and touch. However, this is
experienced differently between differ-
ent end users and is also dependent
on the culture of the user.

Based on these goals reference
sounds of the newly designed prod-
uct can be made. Ideally a simulation
would be useful to test the product
sound before creating expensive hard
prototypes. Currently, due to the

complex physics of sound, simula-
tion of sound using is limited to single
components only and not whole prod-
uct assemblies. However, by editing
recordings taken from a reference
product after disassembling the prod-
uct, a good example can be given of
how the sound could sound while also
providing insight how this sound could
be achieved.

After the final design is ready, the
sound can be evaluated with jury
tests. Such evaluation can be used in
sound labels which inform the cus-
tomer about the sound of the product
when buying new products. To make
this evaluation as objective as possible
large set of participants are needed. In
the future such jury tests can be re-
placed with algorithmic testing.
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4.Product sound design framework

In this chapter a framework is proposed that can be used

to introduce students to the design of product sounds. This
framework is build on the findings from the literature study
and expert interviews. It is explaining goals that can be
achieved with this framework. After that an overview of the ini-
tial framework is given. Based on this initial framework, a user
study was performed to test the completeness. This chapter
concludes with the definitive proposal of the framework.
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4.1 The need of a product
sound design framework

In this section, the fundamentals of a
design method with which product de-
signers can gather design objectives
specifically on the product’s sound is
proposed. The goal of this is to enable
the product designer to take a central
role in a product sound design pro-

cess.

In product design often reference
material is gathered in the analysis
phase and used to derive design ob-
jectives from. The Delft Design Guide
describes multiple design methods
on how to gather or create reference
material and derive design objectives
from them (van Boeijen et al., 2014).
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In respect to product sounds, Keiper
(1997) proposed a concept to create
reference material for product sounds
in the form of target sounds. Accord-
ing to Keiper, these target sounds are
required to ensure that the eventual
sound fits the product in relation to
the intended market segment and
customer. Keiper proposed that such
a target sound can be defined after
analysis of the sound of “existing
older, comparable products including
competitors, and possibly simula-

tions.”

Keiper gave an example of Singer, the
sewing machine company. Singer used
a reference sound of a sewing ma-
chine which was chosen by the board
of management, by hearing only. After
selection, this reference machine was

stored in a closet.

Solely using sound reference however
might results in little knowledge be-
hind the embodiment of the product
that creates this sound. And as other
sensory references are ignored, such
as the product’s visual appearance, the
appropriateness of the sound to the
rest of the product is difficult to define.

Nykanen (2008) also proposed to
use sound as reference in the analy-
sis phase as thumbnail sketches, and
provides a recommendation for a
recording setup that ensures a realistic
as possible recording of the product
sound. This enables the creation of

a high quality reference sound of a
current product, with the intention of
these recordings to do acoustic anal-
ysis. However the implications such
analysis can have in further design
phases are not discussed.



During the expert interviews, (chapter
3), the analysis of reference products
was also mentioned as the foremost
step in an early design stage. They
claimed that often a previous model
or similar product from a competitor
is used to analyse their current sound.
By disassembling these products it
can become clear what influence the
mechanics and embodiment have on
the sound. However, as a non-expert,
one would have a hard time finding
solutions suitable to solve or express
design objectives that you could base
on this analysis.

The requirement of expert knowledge
is also needed to be able to use the
currently available software which pro-
vide sound analysis or the creation of
audible reference materials digitally.

Therefore, it could be useful to create
a framework aimed to design students
which should enable them to consid-
er product sounds holistically in early
design phases.

Product sound design framework
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4.2 From analysis to objec-
tives

One method to analyse current prod-
ucts is the Nine Moments of Product
Experience (9MoPE) framework by Oz-
can (2016) .This framework considers
aesthetics, meaning, and emotion on
three levels of Human-Product interac-
tions. With these levels being: micro,
macro and meta, making a total of
nine moments in which product expe-

rience can be experienced.

The micro level entails properties of
product details such as: shape, colour,
texture, etc. The macro level consid-
ers the product and its function. It
includes the use, activities, actions etc.
In the meta level the product is consid-
ered in its context, including the situ-
ation in which the product is used, the
relation to other people, brand iden-

tity etc. The 9MoPE framework can
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be used to both, analyse the current
product and based on that envision
the experiences of the desired product
(Ozcan, 2016). Figure 4.1 shows such
a product experience vision of a Bang
& Olufsen speaker.

Due to including both analysis and
envisioning it might be useful to solve
the current gap between the analysis
and conceptualsation phase current-
ly present in product sound design
process.

It enables the clarification of how the
technical product features influences
the user’s interaction and experience
with the product. In relation to product
sound design it is expected that it can
be used to explain the relation of the
sound of the product to the function
of the product and how that influences

Micro Macro Meta

r1®

PLAY
contrast in material

(leather and aluminium) atypical / novel brand identity

Aesthetics

nice to look at nice to look at good to belong

-

perforated speaker case music player B&O users

sophisticated;
casual chic

elegant; intriguing exquisite; simple
a2

small and levelled :
volume buttons cable-less, mobile personal time

Emotion

user feels surpised user feels encouraged user feels intimate

Figure 4.1: Example of 9MoPE vision matrix
for B&O speaker (Ozcan, n.d.)




the product experience.

The 9MoPE framework was designed
to consider a broad variety of product
properties like shape, colour, geom-
etry, etc. with sound being one of such
properties as well. Kasti and Ozcan
(2017) defined the functioning of the
9MoPE matrix if it was only considered
for sound, shown in Figure 4.2.

Nine Moments of
Sound Experience

AESTHETICS

MEANING

EMOTIONS

MICRO

MOMENT 1

fundamental frequency
temporal proximity
shape of their spectra
intensity
apparent spacial origin
roughness
sharpness
tonality
loudness

MOMENT 4

familiarity
duration of the rhythm
location of the source
patterns
tempo
structural properties of the sound
cognitive capacity of the listener
age of the target group

MOMENT 7

level of urgency (annoyance)
pleasantness (sound as an object)
modulation frequency
modulation depth

MACRO

MOMENT 2

what the listeners are trying to hear?
frequency separation
speed
prediction effect
novelty
familiarity

MOMENT 5

semantic distance
ecological or metaphorical relations
direct or strong, indirect associations

misinterpretation

MOMENT 8

balance between the cost of complying with
a warning and the cost of noncompliance

pleasantness (individual's reaction as an
object)

Figure 4.2: Nine moments of sound experience (Kast & Ozcan, 2017)

META

MOMENT 3

emotionally arousing events
internal state of the listener
social context
cultural diversity

MOMENT 6

the number of sounds
visual context
cultural differences
listener’s level of experience

MOMENT9

interaction with other senses
beliefs and attitudes of the listeners
the user’s current condition (mood)
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4.3 The role of the product
designer in the framework

From the literature review and expert
interview it came clear that some of
the disciplines in product sound de-
sign share some common knowledge
or skills. It was tested whether creat-
ing a terrain with coincident bound-
ary could lead to an area that can be
used to introduce students to product

sound design.

This resulted in the diagram as shown
in Figure 4.3. This figure gives an
overview of different stakeholders in
a product sound design process and
a proposal to what knowledge they
contribute to a design process. It is
however difficult to define one area

that overlaps all areas of expertise.
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An explanation to this observation was
found by comparing this figure to the
thematic map from “Semantic models
of sound-driven design: Designing
with listening in mind” (Delle Monache
et al., 2022).

This thematic map shows the relations
between stakeholders in a sound-driv-
en design process. Two axes are given
on what attitude different stakeholders
have towards sound. As the thematic
map showed some similarities with
Figure 4.3, these axes were superim-
posed as the dotted lines.

Adding these axes can explain that it
is difficult to find one area with overlap
between all stakeholders. For exam-
ple, an acoustic engineer thinks about
how to reduce sound, while a sound
designer thinks how to add sound.
Leading to differences in required
knowledge and tools.

This implies that it might be more
relevant to let the student approach

a design from the perspective of the
different fields and base their design
decisions from a central viewpoint.
This is similar to design tasks in gen-
eral, where often requirements from
different viewpoints are weighted and
the best compromise has to be found.
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Figure 4.3: Proposed disciplines to enable good product sound design.
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4.4 Initial design of a prod-
uct sound framework

A framework to enable the gathering
of the objective for different fields

is given in this section. A brief over-
view of how these elements work

together is given in Figure 4.4.

Psychoacous- Sound object

Aesthetics s

Sonic form
expression

Sonic typicality

Meaning

Emotion Interaction

Figure 4.4: Moment from 9MoPE initially con-
sidered in product sound design framework.
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Moment 1 aesthetics on micro level:
Psychoacoustics

According to Ozcan (2016), the expe-
rience of aesthetics on micro level is
the aesthetics pleasure of a product
attribute. In the case of sound, this is
the aesthetic pleasure of the sound of
a single component. Psychoacoustics
is a field of science that can be used to
answer the question which parameters
are useful to rate the aesthetic proper-

ties of a sound.

The selection of parameters to include
were gathered from The Psychoacous-
tics of Sound-Quality Evaluation (Fastl,
1997). The included parameters are
loudness, brightness, tonality, rough-
ness, and fluctuation strength. These
parameters are also used in subjec-
tive measurements by jury tests when
products are rated for a sound quality
label (SLG, n.d.).

Since an industrial design student has
probably little understanding of the
definitions of those psycho-acoustic
parameters, a solution must be found
which could introduce them to these
definitions. For this the online lexicon
Words4sound (Carron et al., 2017) was
found to be useful, Figure 4.5.

words4sounds.speak (en) . ]

Otherlanguage for this Simensicn (1

Figure 4.5: Definition of loudness as given in
the words4sounds lexicon (Carron et al., 2017)

Two main requirements that were used
in the setup of this lexicon are 1) to
present definitions in an easy-to-un-
derstand way, and 2) the provided
concepts in sounds should enable the
user to talk in such a way about sounds



that it is useful in communication with
both experts and non-experts. In this
lexicon this is achieved by giving a
verbal description of the property,
together with sounding examples from
music instruments, speech and sounds

in the environment.

Moment 2 meaning on micro level:
Sonic form expression

In the 9MoPE matrix by Ozcan (2016),
the experience of meaning on micro
level of a product attribute is stated to
be the cognition that follows from the
sensory perception of the aesthetics of
the attribute.

Ozcan proposed to express the mean-
ing verbally by answering the ques-
tion: “If you would describe the at-
tribute as a person what character trait
would that person have?”. An exam-
ple that was given is: the leather han-
dle can feel friendly to touch because
it feels warm and soft.

In the case of product sound design,
the perception of sound is essentially a
variant of the perception of a sense.

Therefore, the meaning on micro

level is the cognition of the aesthetic
perception of the sound, or the Sonic
Form Expression. Analogue to visual
attributes, the sonic from expression
can be verbally given by answering the
question: “If you would describe the
sound as a person, what character trait
would that person have?”.
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Moment 3 aesthetics on macro level:
Auditory Scene analysis

Most often sound that we hear is a
mixture of multiple sound waves that
reach our ear. Due to the functioning
of our hearing system this combination
is summed up into one wave. We can
clearly distinguish which sound comes
from which source, our brain has the
capacity to separate the multiple
sources and organise them again.

Auditory scene analysis (ASA) de-
scribes the principles in which this
perceptual organisation of sound can
occur (Bregman, 1990). The principles
described in ASA are in essence ge-
stalt principles in sound.

Using principles for auditory scene
analysis could be helpful for musical
composition. Composers for exam-
ple consider the difference in rhythm

between two melodies, wide or narrow
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difference in the register (separation in
pitch) in which multiple melodies are
played and the timbre (which instru-
ment) in which a part of the composi-
tion is played.

Auditory scene analysis thus might
help designers in the musicological
aspects in the product sound design
process, by regarding product sounds
as a composition of the multiple com-
ponents that produce sound.

ASA should give a clear direction of
how the combination of all sounds are
perceived if the sounding events hap-
pen in a different order, or in a differ-
ent frequency band, or if the timbre of
events is changed, or if multiple events
have a tonal character, the relation
between these tones.

Moment 4 meaning on macro level:
Sonic typicality

Kasti & Ozcan (2017) defined semantic
distance, and direct or strong indirect
associations as some properties of
sound in the meaning on macro level.
The main question in this moment is
thus: Does the compound sound of
the product fit the product?

According to Ozcan and van Egmond
(2008) the responsibilities and the role
of a sound the perception and cogni-
tion of a product sound, is strongly
related by the sound group in which
one categorises the sound and the
product category in which the product
is categorised. From their studies they
categorised sounds in the following
categories: Air, Alarm, Cyclic, Impact,
Liquid, and Mechanical.



To test whether such a sound category
fits the product, the question can be
asked whether the sound category is
either typical or novel for the product
category. The use of typicality and
novelty however does not give a direct
conclusion whether that property is
desired for the current product (Hek-
kert, 2006).

A product that is typical for its product
category is likely to give familiarity to
the user, but too much typicality can
also be experienced as boring.

Novelty on the other hand can make
a single product stand out from other
products in its category, but a too
large distance between a product
and its product category can result in
confusion. It is therefore interesting
to relate typicality and novelty with
the Most Advanced Yet Acceptable
(MAYA) principle.

Reflection

In this part the designer is asked to
reflect about what is most unfitting to
the current sound in relation to the
rest of the product and why. In the
form this reflection is done by writing
a short summary. This should clarify
the relation on aesthetics and meaning
moments within micro and macro lev-
el. From this, the designer can decide
on what aspect to work further on.

Envisioning

This part consists of the same four mo-
ments of aesthetics and meaning on
both micro and macro level. This time
the user is however not analysing the
current product but how a new prod-
uct should sound like. The outcomes
of the envisioned moments are put
into a design statement. In a design
statement a written sentence is used
as a reference for further design stag-
es. A written statement was included

since it can be used to describe
sounds without the need to learn to
work with a new tool. However, since

a written description is missing the

real output it represents, it might lead
to different interpretations among
designers. Therefore, also an audio en-
visioning tool was created. This tool is
further introduced in section 4.5.

Result

All the moments were collected in a
form, shown in Figure 4.6. In this form,
all moments previously described are
represented together with some ques-
tions that were deemed to be helpful
to be answered.
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4.5 Sound envisioning tool

Based on the finding from the litera-
ture research in chapter 2 that it might
be helpful to have an audible refer-
ence when designing product sounds,
a prototype for a product sound de-
sign tool (Figure 4.7) was made to

accompany the framework.

This tool was designed in Reaktor (Na-
tive Instruments, n.d.). Reaktor enables
the creation of digital audio process-
ing software, by means of a visual

programming language.

In the tool two samples of a product
can be loaded. Samples of a Philips
Breast pump were chosen since sam-
ples of this product were gathered
while doing the Embodied Audio
Design Elective. The audio of these

samples can be processed in such a
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way that the relation between param-
eters that are included in the analysis
and envisioning can be made audible
with the sound of the product that is

redesigned.

In the left part of the program the
samples are provided as heard in the
current product. A sample can be
played by activating it. By enabling
loop, the sample would be looped.
Otherwise the sample will be played
only once. The addition of this loop
function was found convenient since
the sound producing components
inside the breast pump are repeat-
ing sounds and thus can be simulated
while recording a short sample only.

The next section provides a short de-
scription of the parameters that can be
changed with this tool.

Loudness

Loudness is controlled by a simple at-
tenuator and in essence decreases the
amplitude of the played sample.

Roughness

To influence the roughness, control
over the attack and release of the sam-
ple is given. These are similar concepts
as a fade-in and fade-out but over very
short periods.

Pitch

To change the pitch a pitch shift, a
slider is included that plays the sample
slightly quicker of slower respectively
increasing and decreasing the pitch.

Fluctuation

The fluctuation slider adds slight am-
plitude variation by means of a low fre-
quency oscillator. The rate and depth
slider influences the frequency and
amplitude of this variation respectively.



Drawing panel

A drawing panel provides control over
the brightness and the composition

of sound events by means of drawing
boxes.

Current component 1

By sliding the box horizontally on the
drawing panel the left edge of the box
defines the starting time of the sample
and the right edge the total time of
the sample.

Component 1

Active

Loop

Active
Bright

Loudness

Roughness

Pitch

A bandpass filter which cut-off fre-
quencies are depended on the height
of the box. The low-pass frequency is
defined by the top of the box and the
high-pass frequency on the bottom of
the box.

Loop
=

Fluctuation rate

Cull

Fluctuation depth

Speed

Component 2

Current component 2

Active Active
i
Loudness
Loop Roughness
= 0
Pitch

Bright

Figure 4.7: Prototype of product sound design tool

Loop
=

Fluctuation rate

1l

Cull

Fluctuation depth

Speed
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4.6 User test on framework

By means of a user research the usabil-
ity of the framework was tested. This
was done in the form of a semi-struc-
tured interview. The objectives of this
test were to gain knowledge whether
all sub-disciplines were ought to be
relevant to the participants, whether
the explanatory materials were suffi-
cient and clear, and whether an audi-
ble sound vision is preferred above

only a written one.

The outcomes of this research should
lead to actions and directions which
can be taken in the further develop-

ment of the framework.
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Method

A small number of interview ques-
tions were asked before and after use.
These questions were included to
gather the participant’s current knowl-
edge on product sounds.

In the second part of this research,
participants were asked to use the
framework in the analysis and envision-
ing of a Philips breast pump. During
this task participants were asked to
loudly comment the decisions which
were taken in the use of the form and
their initial reactions on the framework.

In the third and last part of the inter-
view, participants were asked to reflect
on the use, clarity, and coherence of
the process that was followed and the
tools that were used.

Participants

Five participants were selected be-

tween students from different pro-

grammes within Industrial Design En-

gineering at TU Delft and one master

student Musicology, see Table 4.1.

Table 4.1: Overview of participants in user

interviews
Participant Study track Experience with
product sound
design?
Participant 1 Industrial Design  No
Engineering
(Bachelor)
Participant 2 Musicology No
(Master)
Participant 3 Integrated No
product design
(Master)
Participant 4 Integrated Somewhat
product design
(Master)
Participant 5 Strategic Somewhat

product design
(Master)



One participant (P2) mentioned to
have an affinity with music and plays
music instruments since a young age,
but did not consider themselve to

be an expert on sound or having any
experience with sound design. One
participant (P4) used sound as a use
cue once in a design, but never fol-

lowed a course on sounds in products.

P5 mentioned to have followed a
course in interactive audio design and
podcasting.

Between participants the research was
performed in three different ways.

P1, P2, and P3 were presented the
framework together with explana-
tory stimuli and with all concepts

and properties fully explained by the

researcher;

P4 and P5 were presented the frame-
work together with the explanatory
stimuli but would only get a short

explanation on the general goal of
each step and were asked to find
out whether their questions could be
explained by the explanatory stimuli
only.

At last P3 and P4 were also presented
an initial version of an audio editing
tool, which was presented after they
finished the same procedure as the
other participants followed.

Stimuli & apparatus

All participants were given a recorded
version of the product sounds of a
Philips breast pump. To ensure all
participants were listening to the same
sound, all sounds were provided by
means of digital recordings of the
breast pump.

These recordings were done in stereo
with a Thomann T-Bone SC140 con-
denser microphone. The samples of

these recordings were provided in an
audio tool created in Native Instru-
ments’ Reaktor DSP program (Native
Instruments, n.d.). The output level
of the audio tool was kept on its de-
fault level. The sound from this tool
was played back on a Beyerdynamic
DT 990 Pro (250 Ohm) headphone
with a fresh pair of hygiene covers for
each participant. The headphone was
directly attached to the headphone
output of an Apple MacBook Pro M3
with its system volume on 5 “blocks”.

During the test, the users could inter-
act with multiple explanatory stimuli,
the main one being the form itself.
The users also had access to the
words4sound (Carron et al., 2017)
website to get to know the definition
of psycho-acoustic parameters.
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Second to that ASA, examples were
given in a summarising overview. If
these ASA principles were still unclear,
participants could listen to Bergman
& Ahad’s example. An overview of the
setup is included in Figure 4.8

Figure 4.8: Research setup during user test

Participants were allowed to omit any
question in the interviews and were
able to stop their participation at any
moment. Consent of participation was
given by means of an Informed Con-

sent Form.
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Results
Moment 1: Psychoacoustics

In general, the psychoacoustic param-
eters in the sonic form expression were
found easy to understand.

“Every psychoacoustic attribute is
straightforward. If | found some attri-
butes unclear, the examples on the
site came out to be easy to use and
understand.” - P2

“The rating of the attributes on a
continous scale was a bit ambiguous.
| guess rating on a Likert-scale would
feel more logic and less unambigu-
ous.” - P4

Moment 2: Sonic form expression
The question to describe a sound as a
person gave little difficulties among all
participants.

“Thinking about a character descrip-
tion on the sound makes the sound
very tangible.” - P3

“In general | like the character descrip-
tion for myself. But | do not know how
useful this description is if you coop-
erate with a mechanical engineer, as it
might be a too vague description for
them.” - P4

“The meaning is relevant and relatively
easy to think about in this specific
design as it is quite clear but it might
be more difficult to answer for other
products and sounds.” - P5

At last, all participants at some point
gave a character description in their
native language. This presumes it is
likely easier for the user to do the
description of meaning in their native
language.



Moment 3: Auditory Scene Analysis
All participants found it difficult to per-
form the ASA. Mostly, as the meaning
of the different principles were found
difficult to understand.

“Is frequency in this case the same
as pitch or the rate in which multiple
events happen?” - P1

“Do the principles described that
happen in the sounds have to be
compared between one sound or also
within multiple sounds?” - P1

“The illustrations explaining ASA are

nice, but there are many factors that

have to be considered making it very
difficult” - P3

Moment 4: Sonic typicality
From how categories currently are

presented and decided it was not clear

whether a sound can be multiple cat-

egories at the same time or not.

“It might be useful to first ask what
type of product category the sound
compared to its sound category is
perceived, and based on that decide
whether the cognition of the perceived
product type with the actual product
type is logical.” - P1

Reflection

The reflection moment was found to
be useful to decide whether the cur-
rent sound fits the product and felt
like a small break, keeping the process
manageable.

“The summary was a good descrip-
tion of what the sound made me feel
before the use of the form, and that
it was helpful to decide whether the
current sound fits product.” -P5

“I would like to have a visual like a
coordinate system to show the relation
between the sound and the product.”
- P3

Vision statement

All participants mentioned the vision
statement in a sentence to be a useful
tool. However, both participants that
did not use the audio tool (P1, P2, &
P5) and who used the audio tool (P3 &
P4) mentioned that an audible vision
would even be more useful than a writ-

ten statement only.

“| expect that the statement is not very
useful in communication with people
not directly involved in the creation of
it, as it is too vague and might contain
terminology that others will not under-
stand.” - P1
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Participants also mentioned that in-
troducing an audible vision should
be introduced with care into a design
project.

“An audible vision might induce the
principle of fixing too much on a
solution that you like early in a design
stage, but which eventually might not
be the perfect solution if the project is
finished. If an audible vision is present-
ed, | would like it to be quite flexible
so that it can evolve and be adjusted
in multiple iterations in a design proj-
ect.” - P4

“A too concrete vision could result
in the same way as using 3D model-
ling in early design stages, creating
a feeling of a client or jury that the
design is fixed and done and cannot
be changed.” - P5
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Discussion

During the length of the test, partic-
ipants used multiple descriptions for
sounds. Sometimes, the descriptors
used seemed similar to psychoacous-
tics descriptors as asked in the frame-
work in the micro aesthetics level.
However mostly not exactly the same
descriptor was used, creating ambigu-
ity in what descriptor the participant
said and what quality was meant.

From this, it can be concluded that
using a strict vocabulary is essential.
The descriptors and explanations by
Carron et al. (2017) proved clear.
However, the user should be made
aware to solely use this vocabulary. In
this repetitive use of such a vocabulary
might be essential but was not tested
in this study.

Together with the psycho-acoustic de-
scriptor, providing a character descrip-
tion to describe the product sound
introduced little difficulties, and was
considered to make the description
more tangible. However participants
sometimes based this description from
the entire sound of the product in-
stead of a single component.

That audible examples in ASA were
rarely used, might be the result as they
were available in a different full screen
window than the window in which the
form was presented.

But in general, the main comments
on Auditory scene analysis was that
included many factors to take into ac-
count. Some attention should be paid
how ASA relates to the other aspects
in the framework, and it is likely more
usable if it is provided by even more
generalised principles.



All participants were students and had
no experience with a breast pump.
This made it difficult for participants to
decide whether the product was novel
or typical. Second to that participants
found it difficult to decide whether the
typicality had to be considered from a
single component or the product as a
whole.

With this fact that typicality could be
considered on micro level as well,
together with that a character descrip-
tion of a sound could also be done on
a macro assumes that the separation
of micro and macro level is probably
too ambiguous, in the currently pre-
sented context.

All participants, both participants that
were not presented the audiolisation
tool (P1,P2, & P5) and participants that
used the audiolisation tool (P3 & P4)
did mentioned that having an audi-

olised version of their defined design
requirements would be helpful in a
sound design process. Therefore, a
takeaway is that the framework should
lead to enable the creation of audible
references of product sounds.

The audio tool in this research showed
some potential but Reaktor was found
limited in the design of the User Inter-
face. Therefore, it could be interesting
to switch to MAX MSP (Cycling '74,
2022). Similar to Reaktor, this software
enables the creation of sound process-
ing systems. Compared to reaktor,
MAX is directed more towards the
creation of general digital interactions
and thus should provide better cus-
tomisation of the user interface.

The relation of the product sound to
the rest of the design process should
become clearer. Suggestion were

done to either provide design/proto-

typing suggestions that likely result in
the envisioned sound or provide the
audible vision as an evolutionary tool
which can become more concrete in

later design stages.

Combined with the decision to focus
more on other aspects of a design as
well, other than mostly focussing on
the experience of the product sound,
the goal of such a tool should be to
be helpful in the audiolisation of the
effect of design changes from multiple
perspectives.

In order to make the framework cover
more implications of the product
sound from multiple perspectives,
other than mostly the experience of
the sound, the framework should be
adjusted. Even better would be if

the framework could show how one
discipline translates to the other disci-
plines.
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4.7 Product sound design
framework

In this section the framework (Figure
4.12) is elaborated that was designed
after the user test as described in the

previous section.

The final framework addresses the
relation between disciplines and what
implications they have on the func-
tionalities that have to be included in
a tool that allows the audiolisation of

product design visions.

The final framework differentiates
three levels of detail: feature, object,

and scene (Figure 4.9).

Figure 4.9: Feature, objects,scene levels for a
shaver
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This differentiation was chosen to in-
corporate separation in levels of detail
between multiple fields.

In engineering a product consists of
components as part of a sub-assembly
and multiple sub-assemblies form an
assembly, the final product. Separate
levels also play a part in the prod-

uct sound model: source, radiation
and transmission inside product, and
radiation to the user (Langeveld et al.,
2013). And Ozcan (2016) proposed
that product experience can happen
on a micro, macro, and meta level.

Feature level

In the feature level, all effects that are
relevant to a single sound source are
included. In engineering, this could be
a single component or sub-assembly.
But this level also entails the acoustic
and psychoacoustic qualities that re-
sult from it. Which on their own influ-

ence the experience of meaning on

micro level.

Object level

In the object level, the composition of
the sounds together. But also features
that influence psychoacoustics quali-
ties of all other features, such as the
effect of how the engineering of the
housing influences the acoustics of a
product as a whole.

Scene level

Finally, in the scene level external
implications on the product sounds are
considered. This could be the user-
product interaction but also the effects
of the location in which the product is
used (Ozcan, 2014).



Psychology
From psychology, three questions that
should be answered with the frame-

work are:

Flrst, what is the meaning of the fea-
ture? To address the appropriateness
of the perceived sound quality of a
feature to the object.

The second question is whether the
sound category fits the product. To ad-
dress the relation between the sound
of the object and its other qualities like
its visual appearance.

And the last: does the sound fits

the context? To consider multiple
situations and locations which might
change the user needs (Suzini, 2019).

Acoustics engineering

Component selection is one of the fac-
tors considered from engineering. This
initial selection has an implication on
the source type, which on its own has
a large influence on the acoustics of
the sound (Langeveld et al., 2013) but
also in sound categorisation (Ozcan &
van Egmond, 2008).

Material selection is another factor
from engineering that has an influence
on the sound of products. The acous-
tic properties of materials can be used
to calculate how changing material
properties of connector parts will influ-
ence the transmission, and reflection
of the sound of the source (feature) to
the rest of the product (object).

Materials can also influence the ab-
sorption- and radiation capabilities
of a housing (Flipsen, 2022). Thus a
combination of formulas describing

—- A AN = .

the proportional change of acoustic
qualities due to material changes can
be used in predicting the influences
of engineering decisions on the sound
quality in different levels.
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Psychoacoustics and musicology
Auditory Scene Analysis is used to
incorporate sequential grouping and
simultaneous grouping effects. Instead
of multiple only the two basis princi-
ples are considered, being the spec-
tral- and temporal relation between
two sound features in a sound object
(Bregman, 1990).

Working further on the work of Pierre
Schaeffer (Smalley, 1997) and Thorens-
en (Thoresen, 2004) how sound events
can be notated similar to music nota-

tion with spectromorphology.

However, instead of describing musical
qualities, spectromorphologic notation
separates features in a composition
based on descriptions similar to psy-
choacoustics qualities like brightness
and fluctuation. This means that the
psychoacoustics qualities could be
useful in compositional sense.
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In order to take into account the spec-
tral relation between multiple features
in the object level.

Within the composition of temporal
relations, Thoresen (2004) differenti-
ates three types in which the energy
of events can occur, being: impulse
(a short thrust of energy), iterated
(discontinuous thursts of energy), and
sustained (continuous energy). It can
generalise the types of excitations of
a sound source as proposed by Lan-
geveld et al. (2013).
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. Source
Meaning of feature

(What character trajt Air, Alarm, Cyclic, Impact,
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product with?)
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Transmission
in sub-

Sub-assembly
assembly
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(Does the sound category fit
the product?)

Radiation from
product

Transmission to
receiver

Does the sound fit the
context?

Locations and situations

Figure 4.12: Final framework
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4.8 Conclusions on product
sound design framework

To include sound in a design process,
it has to be included as early as pos-
sible. This made the analysis phase
interesting to introduce students into
the field of product sound design.

By looking at the current design pro-
cesses it was found that in the analysis
phase it is useful to enable the gather-
ing of design goals. However, current
methods only consider a single aspect
or area of expertise in the design of
product sounds.

Using such methods is thus impracti-
cal in a product design process, since
requirements from one field do not
directly translate to requirements on
other fields. Second to that require-
ments between fields could even op-
pose each other.

78 Tim Deltrap | Les_Sons

A framework was proposed where all
viewpoint are considered together
and consensus has to be found within
them. This is expected to occur when
a single framework is used by a de-
signer or within a design team.

The framework not only enables to
consider the product sound from
multiple disciplines but also from three
separate levels: feature, object, and
scene. This separation was introduced
to include the dependence of design
implications of one element to other

elements.

For engineering and acoustics this
means the sound of a single feature,
a component or sub-assembly, can be
differentiated from the implications

of the housing, the object, has on the
sound. At last this using knowledge
from this field can help in understand-

ing how room acoustics, the scene,
influence the behaviour of the sound

as well.

For psychoacoustics and musicol-

ogy this differentiates the qualities

of single sounds of features and how
multiple sounds together form a com-
position. And for psychology it differ-
entiates the experience of the isolated
sound but also in comparison to the
entire product and whether that expe-
rience is still suitable in certain loca-
tions and situations.

From the user research it became clear
that a better understanding of the
implications of these requirements is
necessary. This is likely found when the
implications of possible changes to
the product sounds are made audible,
together with an providing direction
for further design phases. As such,



the framework serves as a foundation
for a tool with which audible product
conceptualisation can be done. This is
further elaborated in chapter 5.
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5.Les Sons

Based on the notion from chapter 4 that interacting with
sound will help in understanding how to design a product
sound, a digital audio editing tool was made. In the first part
of this section it will be elaborated how the framework was
used as input for the tool. In the second part the tool is ex-
plained in more detail. In the next chapter the evaluation and
discussion of the tool is given.
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5.1 Functional overview

5.2 Educational Requirements
5.3 Deep dive

5.4 Conclusions on Les_Sons
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Figure 5.1: The Les_Sons product sound sketching tool.
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5.1 Functional overview

The main objective in the design of
Les_Sons was to put the framework
from chapter 3 in a concrete context.
This should ensure that the tool covers
some knowledge of all the disciplines
that were ought to be relevant in the
design of product sounds.

In general, this implies that the order
in which the design of product sounds
with the tool is approached in a similar
order as how sound travels as de-
scribed in the product sound model
from Langeveld et al. (2013).

On feature level, the selected psycho-
acoustic qualities can be influenced by
means of “design decisions” resulted

from engineering.
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In the object level, the features are
considered as an event in the entire
product, allowing the designer to com-
pose a sound web. This also allows
features to be played simultaneously
or sequentially with which principles
from Auditory Scene Analysis can be
taken into account.

It is also in this level that the influence
of the housing is added, as the hous-
ing generally influences all features in
a product.

To let the user test whether the result-
ed object sound still fits the product
during use, user interactions can be
modelled as well. This is done both for
the filtering effect of users grasping a
product and the effect spatialisation of
the object sound relative to the user.

The last two effects that can be mod-
elled are on the environment in which
the product is used. Any other sound
that can be heard in the use environ-
ment can be added. And these dis-
tractor sounds together with the de-
signed object sounds can be virtually
placed in a room.



feature 1 to object

Feature 2

Feature...

Order of events

Feature source Transmission losses

User interaction Distractor sounds

Influence of housing Object spatialization

Loudness

Release

Room acoustics

Listener

Sharpness

Prolongation of energy

Pitch

Figure 5.2: Schematic overview of the product sound design tool, showing the order in which the audio will flow.
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5.2 Educational Require-
ments

Since the focus of the framework was
directed towards the analysis and
conceptualisation phase of a design
process, a goal of the tool is to be ab-
stract enough to be creatively usable.
But concrete enough to gather some
requirements or directions that can
be used in further phases in a design
process. This results in a requirement
on the design of the tool to keep the
tool-set relatively limited.

This limited tool-set probably makes
it easier to be implemented in design
project courses in a sense that little as
possible attention has to be given in
learning a new tool, but rather learn-
ing a new skill. Secondly, a limited

tool-set is expected to distract the

designer less from the original project.

Reducing the risk of the sound de-
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signer to endlessly tweak parameters
compared to other sound design soft-
ware that provides a broader range of

functions (Delle Monache et al., 2018).

In order to make the tool accessible
to a large audience, the decision was
made to freely distribute it as open
source software. This will also enable
contribution from others to the tool.
In this way, a library is likely to grow,
increasing the capabilities of the tool.

The decision to make the tool to be
free and open source adds the re-
quirement that the dependencies of
the tool must also be free and open
source as well. Care must be taken in
the selection of sources. It is impor-
tant to know. And whether the license
allows for open redistribution. And
whether open distribution should
credit the original author, it can be an
adaptation of its original source. And

also whether adaptations should be
shared under the same license, such as
the relevant choices between Creative
Commons licenses (Creative Com-

mons, 2019) alone.

To enable access to the tool and

open source collaboration, all sources
will be provided on GitHub (GitHub,
2024).This applies for all dependen-
cies meaning the software of the tool
itself but also external such as samples
and impulse responses. To access the
GitHub repository either the link or QR
code below can be used.

https://github.com/Timdeltrap/Les_
Sons
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5.3 Deep dive

In this chapter, the Les_Sons will be
elaborated in more depth. This is done
by looking at smaller portions of the

tool.

5.3.1 Feature level

Sound sources

In the tool the sources for sounds are
samples. These samples are record-
ings of separate product features. To
capture the sound of the features the

products were disassembled (Figure
5.3).

This enables to record sound sources
without influence of other features,
and also gave insights which compo-
nents are present and could uncover
unexpected sound sources. These
recordings were made after calibra-

tion of the microphone, after which the
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microphone was kept stationary.
This enables to keep the relative dif-
ference in loudness between com-
ponents in different recordings. Ap-
pendix VI describes this calibration
process and source gathering more
in-depth.

Figure 5.3: Disassembly of a shaver

An initial library with a collection of
feature sounds of five different shavers
sound was created and can be loaded

in the tool.




Speed slider

A speed slider was added to make the
pitch go down if the sound is played
slower, or go up if the sound is played
faster. This is analog to how for exam-
ple the pitch of a motor is dependent
of their rotation speed (RPM) or the
pitch from air flowing faster or slower
in a tube. On top of that, by increasing
or decreasing the playback speed the
roughness is influenced as well, since
temporal qualities of the source are
changed as well.

Amplitude envelope

An amplitude envelope (Figure 5.4 &
Figure 5.5) is used to define the maxi-
mum loudness of the source, its attack
and release. With this, the amount of

energy put in a system can be mod-
elled.

The attack is the time needed before
a sound reaches its maximum sound
intensity. This is mostly in the order of
microseconds. In mechanical sense, it
is dependent on how quickly energy is
put into the system.

Release is similar but for a loss in
energy. A short release time will be a
system that quickly releases energy
and a system that releases energy
more gradually would have a longer
release time.

The main intention of adding attack
and release is to influence the rough-
ness of a sound. However, if a rela-
tively long sample is used with a long
attack and release time, the effect
might be experienced more as fluctua-
tion as well.

source duration: 10.84 s

Sl Sl Fast
Attack ow Siow Release

Fast Slow Slow Fast
o Attack Release

Figure 5.5: Slow attack and release envelope.
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Cyclic sources

For sustained sounds, spectral quali-
ties can be influenced with a bandpass
filter (Figure 5.6). In this bandpass filter
both the low- and high pass frequency
is independently selectable. This is
implemented by cascading two svf~
filters, one in high-pass mode and the
other in low-pass. This bandpass was
added to let the user test whether a
more bright or dull sound might be
more pleasing.

-« >

Brightness

Figure 5.6: Adjust brightness for cyclic sources.

8 8 Tim Deltrap | Les_Sons

Impact sources

The brightness of impulse sounds is
modelled with a Biquad~ filter in peak
notch mode. This filter was chosen as
this filter only affects a region close to
the selected frequency, similar to the
influence of the acoustic velocity of a

material.

Second to that, the Q factor of a peak
filter defines a damping behaviour
analog to the loss coefficient of a ma-

terial has on an excited impulse sound
(Laughlin et al., 2008).

The loss coefficient is a material prop-
erty that indicates the rate in which the
material dampens a sound (Fletcher

& Rossing, 1991), making glass sound
ringing while rubbers sound muffled
(Ashby, 1999. The exact Q factor can
be derived from taking the reciprocal
of the loss coefficient (Ashby, 1999).

Table 5.1: Properties of a selection of materials and their acoustic velocity (Ansys, 2023) and Q factor

Density Young's modulus Acoustic velocity Loss coefficient
[kg/m?] [GPa] [m/s] [l

Neoprene

Polyurethane LD

Steel




Moving the slider vertically over the
material graph (Figure 5.7) adjusts the
corresponding Q factor of the filter.

To define the frequency of the peak
notch filter, first the ratio between the
acoustic velocity of the material of the
original sample and the acoustic veloc-
ity, defined by the horizontal position
of the slider, is calculated. Then the
fundamental frequency of the original
sample is specified by the analyzer~
object (CNMAT, 2022). The product

of the fundamental and the difference
ratio in acoustic velocity eventually de-
fines the frequency of the peak notch
filter, and thus what pitch the impact
sound will have.

Material Impulse force

Figure 5.7: Adjust pitch and brightness for
impact sources.
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5.3.2 Feature to object

Also, in the transmission from the
source of a feature to the rest of the
object some sound changes can hap-
pen. This is mainly due to difference in
materials in the connection between
the sound making feature and the rest
of the product i.e. the housing.

This difference in materials affects
what part of the sound is transmitted
from the first to the second material
and what part is reflected, and thus

has an influence in the resulting sound
intensity. The amount of energy that is
transmitted from the source to the ob-
ject can be calculated with the trans-
mission coefficient.

T=1—-R
Where R is the reflection coefficient
which can be derived from the follow-

ing formula

ZZ_Z2
R o (ZZ+Z1)
The z, and z, in the formula above are

the acoustic impedances of the ma-
terials. Which in respect is the mate-

Table 5.2: Properties of a selection of materials and their acoustic impedance (Onda Corporations,

2020) and radiation factor (Ansys, 2023).

Density Young's modulus Acoustic impedance | Radiation factor
[kg/m?] [GPa] [MRayl] [-]
T | R R T

o [ e[ e e
S ) E ) Y] R
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rial of the source and the material of
the component to which the sound is
transmitted to. The acoustic imped-
ance is the resistance a sound wave
experiences when travelling through
this material and defined by the
square root of the density of the mate-
rial times its Young's modulus.

7z =+ 0k

In “Material, Engineering, Science,
processing and Design”(Ashby, 2014)
an overview is given of the acoustic
impedances of a small number of
materials. In Les_Sons the impedance
mismatch effect is generalised. This is
provided by a material selector which
calculates the resulting attenuation
from a difference in impedance in a
selection of materials between the
source, a connector component and
the housing might have (Figure 5.8).



Material Source

ABS v  ABS v  ABS

Material Connector ~ Material Housing

Transmission to Transmission to

connector housing

= -

Figure 5.8: Modelling of attenuation due to
acoustic impedance mismatch in the tool

5.3.3 Object level

Composition of sounding events

To start composing, first the total use
time has to be defined. After that, the
composing of events is slightly de-
pendent on the type of excitation of
the source. The type of excitation for
each feature can be selected between:

Impulse, Iterated and Sustained.

An impulse sound is a short impulse of
energy that can take place at any time
during the composition. An example

of an impulse sound could be a button

that is pressed.

Iterated sound consist of discontinu-
ous bursts of energy and are relatively
similar to impulse sounds. However,

the sound is occurring in an interval.

A sustained sound is a continuous
burst of energy. During composing
the time at which this sound is present

can be selected by sliding a slider to
define the begin and end time. An
example of a sustained sound is an
electro motor.

Impulse M

lterated

Sustained

Figure 5.9: Composition with impulse sounds

Impulse

Iterated |

Sustained

Figure 5.10: Composition with iterated sounds

Impulse
Iterated
Sustained W

Figure 5.11: Composition with sustained sounds
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Influence of housing

The mass and stiffness of a product’s
housing influences the brightness
and loudness of all features inside the
housing. Therefore, it was decided to
introduce the housing in the object
level rather than a feature. The ef-
fect of placing a housing over sound
sources is modelled with a Cascade
filter. With a cascade filter the effect of
multiple filters is combined into one
filter.

The parameters of the individual filters
is based on the difference in spectrum
between a recording of one of the
shavers complete sound and a record-
ing of the motor only. Thus, a rough
estimation of the filtering characteris-
tics of the housing can be applied to
feature sounds. A more detailed de-
scription how this was done is included
in Appendix VII.
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For surfaces, like the soundboard in

a guitar, the radiation factor specifies
the intensity of sound radiation. In the
case of products, the housing acts like
a soundboard. The radiation factor is
the square root of the Young's modu-
lus of the material over the density
cubed (Ashby, 1999). By taking the
ratio between the radiation intensi-
ties of two materials the resulting level
change in dB can be calculated (Seng-
piel, n.d.).

The radiation intensity is implemented
in the tool by a similar material graph
(Figure 5.12), as used in the brightness
change for impulse feature sounds.
However, in this case the vertical posi-
tion specifies an overall boost or cut in
the cascaded filters for the housing.

By sliding horizontally, the difference
in acoustic velocity is taken into ac-
count and moves the frequencies of

the cascaded filters accordingly, and
thus models a change in brightness.

Housing

Previous Material ABS

PS foam LD
.

PS foam HD

PS solid
Nylon 6/6 [ o o

PP 3
P
PE ® PMMA
* &

POM ' PET

Effect of housing
100.00%
—

Figure 5.12: Simulating influence of housing with

material graph.

Filtering resulting
from housing




5.3.4 Scene level

In the scene the product is considered
within its context of use. This can be
the influence of the user on the prod-
uct but also the environment in which
the product is used. For sound this
means how the user interaction chang-
es the sound, other sounds that are
present in the scene and the acoustics

of the environment are relevant.

Sound influencing product
interactions

Some interactions between the user
and the product can influence the
sound of the product as well. An
example is the hand of the user grasp-
ing a product firmer or less firm. This
could also be the product and other
products or objects such as resonance

created by a table.

In the case of a user grasping a prod-
uct, the hand adds mass and stiffness
introducing influences on the object’s
brightness and roughness. As a result,
the interaction of grasping is modelled
in a similar way as the object’s hous-
ing. This time the difference in spec-
trum between a shaver in free air and
firmly held in a hand was used.

It was found that the influence of the
hand is similar to adding both a high
shelf cut filter and a low shelf boost
filter. Again, a cascade filter was used
to combine the effect of both filters as
shown in Figure 5.13.

Figure 5.13: Filtering effect of hand gripping on
object.

Les_Sons
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Positioning of object in scene
Modelling the perception of the loca-
tion of the object’s sound relative to
the user was another feature that was
found to be useful to model the user
interaction with the product.

A helpful tool to provide this was
found to be the spat.pan~ module,
Figure 5.14, from the Spat5 library for
Max(IRCAM, n.d.).

Figure 5.14: Virtual source and listener in Spat5
(IRCAM, 2013)
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This module can take any sound
source and spatialise it in 3D around a
human head. To achieve this, a virtual
sound source, in our case the object,
can be placed left/right, in the front/
back and above/below a virtual lis-
tener. The spat.pan~ then processes
the sound as if it were recorded with a
binaural head microphone. This results
in the sound seemingly placed some-
where around the user. To hear this ef-
fect best, it is recommended to listen
back using stereo headphones.

Distracting sounds

Adding other sounds that are normally
present in the scene can add to a
more realistic experience. Second to
that, the presence of multiple sounds
could lead to masking, as mentioned
in ASA, meaning that the product
sound might blend in easily in the
scene as it is masked by other sounds
that are louder and covering the same
spectrum. But it could also mean that
use cues are missed because the envi-

ronment is too loud or vice versa.

Since designers have little influence on
such external noises, the customisabil-
ity when such sounds are used in the
tool can be low. It was decided that
such sounds can be provided as sam-
ples with few parameters that can be
adjusted (Figure 5.15).
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Distractor loudness

Figure 5.15: Sample of distractor sounds loaded
that could be heard in a bathroom

To reduce preparation time, distractor
sounds are proposed to be gathered
from sound databases like freesound.
org (Freesound, n.d.). Freesound
provides a collection of free and open

licensed samples.

It contains multiple recordings of
soundscapes such as people having
a conversation in the background, or
street sounds as heard from inside a
house, but also product sounds such

as a tap running in a bathroom.

Room acoustics

A last aspect that is considered in the
scene is room acoustics. This entails
the reflection and absorption of sound
by walls in a room influence the rever-
beration (complex echo) and influence
the perceived loudness and bright-
ness of the object. Making the room
acoustic an important influence in the
transmission of sound from the object
to the user in the model of Langeveld
et al. (2013).

The reverberation of rooms are mod-
elled using a convolution reverb from
the HISSTools max library (Harker &
Tremblay, 2012). In a convolution re-
verb, the signal you want to apply re-
verb on is convoluted with the impulse
responses (IR) of a system (in this case
the impulse response of a room).
More easily said, after the convolution
processes, the sound is perceived as
being played in that room. The ASH

listening set (ShanonPearce, n.d.) pro-
vides a collection of impulse responses
of different rooms. These range from
apartment-like rooms to office confer-
ence rooms and lecture halls. The in-
teresting point of this set is that it was
created to train Al models on realistic
room acoustics, for purposes of 3D
spatialisation in virtually reality.

This is in contrast to some other free
and public libraries of IRs, such as
Open AIR (Murphy & Stevens, n.d.),
which are mainly intended for music
production. These provide IRs that are
musically interesting, but uncommon
spaces with long reverberation times
such as in caves and tunnels.

To make all the sounds in the scene
sound as one being present in one
space, both the object and distractor
sounds are run through this convolu-

tion reverb.
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5.4 Conclusions on Les_
Sons

Les_Sons, a sound editing tool was
designed to enable the conceptualisa-
tion of product sounds. The main goal
of this tool is to be accessible to IDE
students. As a result, it was decided to
provide a library of pre-recorded cal-
ibrated product sound samples. This
allows for an immediate start, lowering

the threshold to work with sounds.

By means of digital sound processing,
these samples can be adjusted. This
processing is immediately audible
and should provide a clear connection
between the adjusted parameters and

its result.

Second to that, each sound processing
object should exemplify an aspect or

part of an aspect that was found to be
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relevant in the framework from chapter
4. As a result, this processing is done
in three levels allowing to adjust the
sound of individual components, the
total sound of the product and add
the product in a location and apply

external factors.

Where appropriate, the processing of
objects is modelled on formulas from
the field of acoustics and engineering,
giving insight in possible directions for
later stages of embodiment.

Les_Sons also provides some objects
that influence the experiential qual-
ities of the sound to explain aspects
from psychoacoustics, psychology, and
musicology. It enables the creation of
a reference sound for subjective evalu-
ation while providing the vocabulary to
explain why the sound is experienced
as itis.
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6.Evaluation

This chapter evaluates the Les_Sons audio tool. This was
done by two types of user research. The first research test-
ed whether the tool provides enough freedom for creative
exploration while being limited enough to quickly design a
sound after an objective. In the second user research a new
group of participants was asked to team up and the tool was
used in a team consisting of an Industrial Design Engineer-
ing student and a Mechanical Engineering student, in order
to test whether the tool provides the creation of a reference
sound close to an objective goal while staying true to techni-

cal limitations.
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6.1 Evaluation of creative freedom
6.2 Evaluation of usability in a team setting

6.3 Conclusion on evaluation
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6.1 Evaluation of creative
freedom

The objective during this evaluation

is to test whether the tool provides
enough creative freedom while being
concrete enough to design a sound
based on an objective. This was done
by means of a qualitative research in
which participants were asked to use
the tool and design a sound based
objective and speak out loud their
motivations and experiences on in
how to achieve the goal. An additional
element of this research was to derive
recommendations how the usability of

the tool could be improved.

The tool provides multiple parameters
that have implications on the acous-
tics of a product. Since some changes
between multiple parameters might

result in a similar change of psycho-
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acoustic qualities, it is expected that
different settings could result in a
similar result of psychoacoustic quality
of the whole sound object. Therefore,
high similarity is expected when the
resulting sounds within one design
objective are compared.

Second to that, when giving a new
assignment with a different objective,
the tool should provide enough cre-
ative freedom to produce distinguish-
able results. As a result, high variety in
psycho-acoustic qualities is expected
when resulting sounds are compared
between two different design objec-
tives.

Method

All participants were briefly introduced
to the goal of the research. To make
participants aware of all features of
the tool, participants were guided how
every sub-part of the user-interface
works. After this introduction, partici-
pants were asked to perform a sound
design assignment with the tool. In
this assignment participants were
divided in two groups. P1 was asked
to design two shaver sounds. With

the first sound being: “An aggressive
shaver used in a small bathroom”, And
the second sound: “A sensitive shaver
used in a large bathroom”. All other
participants were asked to recreate
these two sounds as best as they can.

The participants that were asked to
recreate sounds were able to listen
back to the reference sounds as often
as preferred. During the sound design



assignments, all participants were
asked to speak their motivations out
loud. When a parameter was changed
participants were asked to motivate
whether this change brings the sound
closer or further from the objective
(either to the character description or
the target sound).

All participants were asked to perform
the task linearly from feature, object to
scene. But were attended to be free to
make adjustments from previous lev-
els. If this happened participants were
asked to elaborate their intention of
switching back to adjust a parameter

from a previous level.

The maximum time each participant
could spend on each assignment was
10 minutes. After each assignment, a
semi structured interview took place in

which participants were asked about

their experience on the use of the tool.

In the interview after the sound design
task, participants were asked about
what strategy was used during the
creation of the sounds and which pa-
rameters stood out the most in getting
closer or diverting from their objective.
Comments on usability/ergonomics of
the tool were also gathered.

The comments served as basis for the
final design iteration, which focused
was on making the tool as self explan-
atory as possible.

Stimuli

During the test, participants were
asked to use the Les_Sons (V2), Ap-
pendix IX, tool made in Max msp.
Sound was displayed through a Beyer-
dynamic DT 990 Pro 250 Ohm head-
phones with a fresh pair of hygiene
covers. These headphones were di-
rectly connected to the headphone
output of an Apple MacBook Pro (M3
pro) laptop. Verbal motivations of par-
ticipants during the sound design as-
signment and interviews were record-
ed using a voice recorder and written
notes. A MATLAB script, included in
appendix XI, was used to compare
the created sounds on psychoacoustic
qualities.
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Participants

Participants were students from mul-
tiple disciplines within design and
engineering i.e. Industrial design en-
gineering, Architecture and mechani-
cal engineering. All participants self
reported to have normal hearing. All
participants gave consent by means
of a informed consent form and were

compensated for their participation.

Table 6.1: Table of participants

Participant Study track Experience with
product sound
design

Participant 1 Architecture, Urban-  No
ism and Building
Sciences
(Bachelor)

Participant 2 Integrated Product No
Design
(IDE Master)

Participant 3 Industrial Design No
Engineering
(Bachelor)

Participant 4  Strategic Product Somewhat
Design
(IDE Master)
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Results

Results were obtained by compar-

ing the relative differences in settings
between the target setup and the
settings of the setup that the other
participants came up with. A [“] in the
settings for P2, P3, and P4, indicates a
similar setting as P1 was used.

Secondly, the motivations of partici-
pants during the adjustment of param-
eters are compared. This can be used
to explain the differences or similarities
between participants in the resulted
settings for the same parameters. Sim-
ilarly, these motivations can be used to
explain how two different parameters
might lead to a similar experience to-
wards or away from the objective.

Table 6.2: Overview of settings for sound1, an aggressive shaver

Setting p1 [reference] p2 p3 p4

Source sample kemei blade

Loudness 100% -30%

Speed 100% -2.22% -1.11% +1.11%
Source duration 100% -22.3% +

Attack 0% +5%

Release 0% +5%
Sustained filter Low-cut 8.7% Low-cut -8.7% Low-cut “ Low-cut-8.7%

Transmission to con-
nector

Transmission to casing
Total transmission
Composition type
Composition length [s]
Delay before start [s]

Casing material

Hand grip

Position

Distractor sample
Distractor loudness

Room

High-cut 56.3%
100%

97.6%

0.976

Sustained

10
0

Slightly above PS foam
HD

100%

Slightly left and below

HVAC
42%

room2 c1

High-cut +23.8%

+2.4%
1.0

Impulse

+2

Aluminium (much
brighter, same inten-
sity)

-80%

A bit more to the front
and lower

room1 c1

High-cut +40%

+1.8%

0.994

+4

PS foam HD (slightly
darker, same intensity)

-50%

Center of head around
same height of head

room1 c1

Evaluation

High-cut +43.7%
-6.6%

+2.4%

0.934

+1

PS solid (brighter,
same intensity)

-70%

left front somewhat
lower

+11.33%
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Table 6.3:0verview of settings for assignment two, a sensitive shaver

Setting p1 [reference] p2 p3 p4

Source sample kemei blade dragon blade " dragon blade
Loudness 100% -65% -67.40% -48%

Speed 100% " +10.00% +16.67%
Source duration 64.40% +26% +3.40% +26%

Attack 0% " " "

Release 0% " " "

Sustained filter

Transmission to con-
nector

Transmission to casing
Total transmission
Composition type
Composition length [s]
Delay before start [s]

Casing material
Hand grip
Position

Distractor sample
Distractor loudness

Room

104

Low-cut 50%
High cut 92.6%

0.83

0.609
0.502
sustained
10

0

slightly above zinc

6.50%

centered slightly
below

hvac
10%

room5 c2

Low-cut +2%
High-cut +7.4%

+0.17

+0.391
1.0
impulse
3.3

quite above ABS
(much darker, higher
intensity)

0%

inside head
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Low-cut -31.88%
High cut -50.4%

+0.17

-0.11

0.5

"

1.1

s foam (much darker
igher intensity)

0%

room1 c1

Low-cut -50%
High-cut +7.4%

-0.48

+0.39

0.408

PS solid (much darker,
slightly higher inten-
sity)

0%

slightly right slightly
higher

"

room1 c1



Similarity of sounds

In order to measure whether different
setting could result in a sound with a
similar experience, the euclidean dis-
tance of the psychoacoustic qualities
Loudness, Brightness, Roughness and
Fluctuation is given. Results of this are
given in the matrix plots in Figure 6.1 -
Figure 6.4.

These matrices can be read graphical-
ly where lighter blue indicated more
similarity between two sounds. Due to
the nature of euclidean distance the
number in each cell does not provide
an absolute value.

These plots were divided in four quad-
rants of 4x4 cells by the red crosses,
this distinguishing comparisons within
assignment 1 (top-left quadrants) and
assignment 2 (bottom-right quad-
rants), and between both assignments
(top-right and bottom-left quadrants).
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P1 Sound1

P2 Sound1

P3 Sound1

P4 Sound1
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Figure 6.1: Euclidean Distance of Loudness.
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Figure 6.3: Euclidean Distance of Fluctuation.
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Figure 6.2: Euclidean Distance of Brightness.
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Figure 6.4: Euclidean Distance of Roughness.
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Comments from participants

In both assignments, the initial se-
lected sample has a large influence in
defining the character of the sound.

This was pointed out by P1 who made
the reference sound, but also partici-
pants that had to recreate the refer-
ence sound mentioned it was easy to
distinguish the chosen sample from
other samples.

Interestingly, the participant creating
the reference sound chose the same
sample for both assignments.

Level resulting in passing more high
frequency energy content.

The participant creating the reference
had the hand grip on full influence
since “this imitates how i would ag-
gressively hold a shaver”. All recreat-
ing participants had the hand grip at
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a low level of influence. This could be
explained by the fact that all recreat-
ing participants added more darkness,
which would result in higher hand grip,
and thus already compensated for the
influence of the hand before adding in
the actual parameter.

All recreating participants (P1, P2, P3)
used the same sample as a distractor
sound, this indicates again that the
sample is easily distinguished similar
to the source sample.

Comments on usability

Some comments on the usability of
the tool hindering the creative facili-
tation, were on the impulse filter. All
participants deemed this filter to be
too sensitive either adding too much
or too little brightness or resonance.

Second to that, the drop-down list
when selecting materials of connect-
ing parts provided too many combina-
tions. P3 mentioned they could match
the reference better if more time was
given, but it would take a long time to
match from all possibilities.

P4 mentioned that in this case a com-
bination of materials that produced a
desired result was chosen instead of

a selection that made sense from the
perspective of engineering. P2 also
mentioned that if more true to a prob-
able embodiment is designed it would
be more sensible to make an initial
material selection to chose from, for

example plastics or metals only.



Discussion

Euclidean distance assignment 1

By looking at the matrices, it can be
concluded that in assignment 1 the
loudness and brightness of the pro-
duced sounds are fairly similar among
all participants. Larger differences are
present in roughness and fluctuation.

This absence of low frequency con-
tent also explains why the pitch was
increased by around 10% by the recre-
ating participants. Similar to the effect
of decreased pitch found in the first
assignment, the increased brightness
of the reference sound was experi-
enced in an increased pitch instead of
increased brightness only.

It is interesting to see that the trans-
mission was also changed. All chose
different materials but the total attenu-
ation was always around 0.5.

In fluctuation P2 and P4 have a clear
difference compared to P1 and P3.
This can be explained by the fact that
speed and low frequency content is
very similar. Even though P4 has the
same deviation in speed as P3, the
fluctuation is different identifying the
influence of other parameters as attack
and release and the lower frequency

content.

Roughness is the most dissimilar
quality in assignment 1. This is prob-
ably due to all participant changing
the speed compared to the setting

P1 used. Even though these changes
were very small, in the range of 1-2%,
the fact that the initial motor speed is
relatively high means that even a small
relative change can result in a large
absolute change.

Euclidean distance assignment 2

In general, all the sounds that the rec-
reating participants made show more
distance from the sound P1 made for
this assignment.

It is interesting to see that P2, P3, and
P4 participants significantly lowered
the loudness compared to P1. This is
probably due to the fact that the refer-
ence sound had a large portion of the
lower sound spectrum removed, which
can be experienced as a decrease in
loudness. P2, P3, and P4 all increased
the intensity in the housing. This was
likely done to compensate for the ini-
tial decrease in loudness. And resulted
in the relatively equal loudness be-
tween all participants.

The brightness of the sounds created
in assignment 2 shows some more
variety. The variety in settings of the
filter in this assignment is quite similar
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to the variety of setting of the filters in
assignment. Thus the larger variety of
brightness is likely due to the selection
of different samples of P2 and P4 or
the larger difference in speed for P3
and P4, compared to P1.

Interestingly, P3 is clearly more dissim-
ilar to other participants in loudness,
brightness and fluctuation. For the
brightness, it is clearly explainable
since adjustments in both cyclic fil-

ter and selection of housing material
should lead to more darkness com-
pared to the reference and other
participants.

Euclidean distance between assign-
ment 1 and 2

The darker blue top-right and bot-
tom-left quadrants in loudness, bright-
ness and roughness indicate that
overall the psycho-acoustic qualities

are not similar between the two as-
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signments.

This was expected as sensitive and
aggressive were assumed to express
two opposing character traits and
thus require a different set of psycho-
acoustic qualities. This indicates that
the tool allows for the creation sounds
of distinct product experiences.

In line with the dark cross of P3 in

the bottom-right quadrants in loud-
ness, brightness, and roughness, P3 is
present as lighter blue stripes in both
top-right and bottom-left quadrants of
these psycho-acoustic qualities. This
indicates that the loudness, brightness
and fluctuation of the sound P3 cre-
ated for assignment 2 is more similar
to the psycho-acoustic qualities of the
sounds made in assignment 1 than to
the sounds of P1, P2, and P4 for as-
signment 2.

An explanation could be that P3 used
the same sample as all participants in
assignment 1. However, P3 used the
same sample as P1 in assignment 2.
On top of that, P2 and P4 used both a
different sample while the final result
ended up fairly similar to P1. This
means that this dissimilarity of P3 in
assignment 2 is more likely due to dif-
ferences in settings than in the sample
selection.

It also shows that although the initial
sample selection might feel like having
the defining factor in the sound char-
acter, the changes done in the sound
processing provide to end up with
different sound character but also the
creation of similar sound characters by
different means.



Usability
Participants found it useful to hear the
sound change while working on the

sound.

None of the participants particularly
took into account to make sure their
settings would make sense for a realis-
tic embodiment of a shaver. Although
some noted that the resulted settings
are not realistic. It is thus interesting to
research whether Les_Sons is usable,
i.e. still leading to a desired sound in a
subjective sense, if an approach is fol-
lowed where a limitation is introduced
for participants to consider settings as
realistic as possible.

Participants mentioned it could be
useful to add explanations to certain
functions present in the tool. This
could be achieved by using the hints
option available in MAX. Such expla-
nation is normally hidden but can be

made visible by the user by hovering
over an item. This ensures explanatory
information is available when needed,
but is not unnecessarily cluttering the
interface.

The addition of icons could also be
used to increase the clarity of the in-
tended functions of the interface. This
would remove the need to use text
next to some buttons, while providing
information in one eyesight.

Suggestions were done to make the
lists in the drop down menus smaller.
Providing a smaller selection in materi-
als was suggested since multiple com-
binations provided a similar results.

It is true that some materials have a
similar specific impedance and thus in-
fluence the sound in an equal way. But
these materials can be from separate
material groups, ignoring this neglects
possible limitation based on engineer-

ing. The other way around is also true
some materials from the same material
group have large differences in imped-
ance simplifying this would neglect the
implications on the sound.

As a result it is difficult to provide a
limited list. However it be interesting
to make an initial material group selec-
tion and a specific material from that
group. Thus providing the materials in
two shorter lists.

It was also recommended to change
the titles of the room names. This was
a bug that entered when participant

1 just started. This suddenly changed
the description in the menu referring
to the name of the files rather than a
text describing the type of room. To
keep all assignment similar titles were
not changed back.
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Conclusion

This research evaluated whether

the Les_Sons tool provides for crea-
tive exploration while being limited
enough to design for an objective in a
limited time. This was done by letting
participant recreate a sound another
participant created in this tool in two
assignments. Results were gathered
by comparing differences in approach
and the difference in psychoacoustic
qualities: loudness, brightness, fluc-
tuation and roughness of the resulted
sounds.

Looking to the difference in settings
used within one assignment, it can be
concluded that participants could ap-
proach a similar objective by different
means.
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When looking to the euclidean differ-
ences for the tested psychoacoustic
qualities, sounds created within one
assignment showed similarity. This
indicating that the tool can be used to
design for an objective.

A clear separation can be seen be-
tween sounds between the two as-
signments. This indicates that the tool
is able to create sounds with different
psychoacoustic qualities. And thus the
similarity within one assignment is not
necessarily due to a limitation of the
available tools.

Also suggestions to improve the user
interface were done. Some of these
suggestion were implemented in a

final design iteration of Les_Sons.



6.2 Evaluation of usability
in a team setting

The aim of this user research is to test
whether the tool can still be used if
stricter targets on engineering are
introduced.

This was done by facilitating product
sound design sessions between an
Industrial Design Engineering (IDE)
student and a Mechanical Engineer-
ing (ME) student. In this study, the
Les_Sons (V3), in Appendix X, tool
was used to design these sounds. A
second research goal was to find out
whether improvements in the user
interface of the tool made it more self

explanatory.

Method

Participants were brought together in
a group of two, consisting of a student
industrial Design Engineering and a
student Mechanical Engineering. They
were both asked to perform a sound
design task. The objective of the in-
dustrial design student was: “Design
the sound of an aggressive shaver

in a large bathroom, focus solely on
achieving the best fitting sound.” For
the mechanical engineering student
the objective was: “Design the sound
of an aggressive shaver in a large
bathroom, try to use a logical combi-
nation of engineering solutions “.

The industrial design engineering
student started and got 10 minutes to
create a sound. After 10 minutes the
other participant could review the cre-
ated sound and apply changes, with
their aim being to make these setting

more sensible from the perspective of
engineering. Both participants could
hear the results in the sound, watch
how the other approached the task,
and hear the motivations of the other.

After both participants had completed
their individual assignment, both par-
ticipants were asked to take 10 min-
utes to achieve consensus and apply
changes to the tool so that the best
sound experience for a logic embodi-
ment start to exist.

A second objective of this study was
to test whether the tool is self explan-
atory. This was tested by providing
no explanations on the functioning of
the tool in advance. However, partic-
ipants were able to ask questions to
the researcher if they really struggled.
During the task, participants were
asked to speak their motivations out
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Stimuli

During the test, participants were
asked to use the Les_Sons (V3) tool. In
this version changes after user evalua-
tion 1 were implemented. Sound was
displayed through a Beyerdynamic DT
990 Pro 250 Ohm headphones with

a fresh pair of hygiene covers. These
headphones were connected via a
headphone splitter to the headphone
output of an Apple MacBook Pro

(M3 pro) laptop. Verbal motivations

of participants during the sound de-
sign assignment and interviews were
recorded using a voice recorder and

written notes were made.

Figure 6.5: Setup used in this research.
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Participants

In this study, a group of four partici-
pants was gathered who had no prior
experience with the Les_Sons tool.

Table 6.4: Table of participants

Participant Study track Experience with

product sound

design?
Participant 1 Integrated Product Somewhat
Design
(IDE Master)
Participant 2 Robotics No
(ME Master)
Participant 3 Integrated No
Product Design
(IDE Master)
Participant 4 Biomechanical No
Design
(ME Master)

Results
Group1 - Creative exploration

“The play button function is logic and
at a sensible place.” - P1

“Aha, | filter out the high and low
sounds. This is like a kind of pass filter.
For aggressive | keep a wide range.”
- P1

“The kemei shaver sample is quite
aggressive.” - P1

“It sounds like a chainsaw.” — P2

“Okay, sample 5 sounds good for a
knob, let me try another sample. No
sample 5 was the best.”

“Wait, do | have to make an aggres-
sive sound or an aggressive shaver be-
cause now | have a bass which is quite
aggressive but it does not really sound
like a shaver.” — P1



Note: the composition types were
hard to understand

“Oh, the foam material in the housing
makes it sound rather aggressive.” —
P1

“Yeah, a firm hand grip make it sound
more aggressive.” — P1

“A large bathroom is not necessarily
a large room but quite echoey, let me
try a small classroom.” - P1

Group1 - Review by ME student
“The knob sound is a bit weird, on
the picture it looks like a slide button,
let me try whether | can find another
sample that sounds more like a slide
button.” - P2

“Also the sound of the shaver should
start after the button not before. It
would be strange if the shaving starts
before pressing a button.” — P2

“The motor is probably steel, and |
guess the motor can be directly placed
to the aluminium housing.” — P2

“Okay, now for material selection of
the housing; It is used in a bathroom
so it should not rust. Steel is maybe a
bit overpowered. Gold haha, no that
is too expensive. | guess an aluminium
housing is most sensible.” — P2

“The position of the shaver depends
of course, it would be nice if this posi-
tion could change over time.” — P2

Group1 - Finding consensus

“I have a bone to pick with you. |
guess you made the knob a bit more
realistic but lets try to get it a bit dark-
er.” - P1

“I wanted to change the speed of the
knob indeed. But it did not change
anything.” -P2

“The housing should not be too dull, |
think aluminium is exactly right.” -P2

“On the material selection | have noth-
ing to say.” — P1

“Okay, | think we can agree with this
sound and setting and have a good
example of an aggressive shaver.” — P1
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Group2 - Creative exploration
“Before starting the first thing | think
about is something deep with a lot of
bass. | will just try and see whether |
can find something like that.” — P3

“Shaving without a blade is not ag-
gressive. The Kemei it is.” — P3

“I' am looking for more heavy tones
also | have the feeling that the vi-
brations in the shaver should be
stretched.” - P3

“It seems like by adding only reso-
nance the pitch sounds higher.” — P3

“Well now the pitch is low it sounds
more like the battery of the shaver is
empty. But with the higher pitches it
sounded more like we are dialing in on
a modem.” — P4
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“Since | am looking for a heavy sound
maybe | should look for heavy materi-
als like steel and aluminium.” — P3

“Did you just not make your motor
from polypropylene?” — P4

“I do not hear any difference after
changing the connector material.” —
P3

“Aha in the object level you can place
the click sound in front of the shaving
sound.” - P3

“I do not really expect any other
sounds. | could imagine adding the
water sounds but it is not necessarily
needed for shaving so | do not add
any sounds.” — P3

“Between rooms there are a lot of
options. | think the selection is too big.
| like the descriptions of some rooms
and can imagine from the how they
would sound like but | have no idea
about control room1 or control room
2."-P3

Group2 - Engineering review

“Let’s not make a motor from polypro-
pylene. | would change the material to
steel.” - P4

“Should the motor not actually use the
cyclic filter? Hm, doing that made it
softer. But if | look to the materials all
transmission is relatively high. | do not
think we need an extra layer between
the housing and the motor.” - P4

“With cyclic the loudness of the motor
sound softer. | guess | will change the
loudness of the button accordingly.” -
P4



“I will add a little bit of attack to the
motor to model the starting of the
motor.” - P4

“Also, we will not make the knob from
ABS.” - P4

“It sounds hollow now.” — P3

“I agree, it sounds like a dog clicker
maybe a little less resonance. No now
it sounds like applesauce.” - P4

“| would like to be able to choose a
bathroom.” - P4

“| put the hand grip to more firm the
hand gripping firm is also an aggres-
sive way to hold it.” - P4

“It does not sound too aggressive but
as an engineer | do not really mind.” -
P4

Group2 - Finding consensus

“It does sound rather similar to my
version, but | would like to add in
something grumpier. Some slightly
lower tones.” - P3

“l agree now it does sound more like
a normal shaver not as an aggressive
one.” P4

“If we look to the curves of the hous-
ing filter, we need to add in a bit
lower. Let’s look how ABS will work.
Also, by having a second look to it the
housing should be 100% we can either
have a housing or not.” — P4

General comments

“The learning curve is not too high,
especially compared to some software
| use to create music such as FL stu-
dio. Although I like the time editors in
those programs better.” — P1

“I agree that the learning curve is not
too high. | did not really used the hints
that might have made it even more
easy.” - P2

“In general, | see the added value of
the tool, it is relatively easy to use and
gives a rather good overview of how
sound can change the product experi-
ence.” - P1

“| think the tool might be useful if

you kind of know what kind of sound
you want. But | find it very difficult to
imagine what kind of sound | want and
thus find it difficult to have an opinion
onit.” - P3

“I would present the levels in different
tabs. Now the whole scrolling makes
it feel overwhelming. Although | can
also imagine you lose some overview
then.” — P2

Evaluation
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“| like the separation in levels, | was
able to first focus on the main sound
and then adding in smaller details fur-
ther in the task.” — P3

“It would be quite useful if manufac-
turers could provide samples of their
motors for example and make it acces-
sible in this tool. Then you could really
listen what type of component is likely
best for your application.” — P1

Quality of explanations

“I would like to be able to hear a
general example explaining some
concepts because | did not understand
some concepts because their influence
was unnoticeable.” — P3

“I think being able to hear the influ-
ence of a parameter on the sound of
the product itself is clear enough and
even more useful then when a general

example is given.” — P4
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“It would be nice to have more visual
references. | would say the more the
better, but | would have no clue what
that entails for this tool.” — P3

“I would show the composition types
as symbols, that would make it easier
to remember how these types work.”
-P2

“The material graph is quite clear
except of the axes. But | also just tried
sliding over it and tried to find a sweet
spot.” — P1

“| liked the material graphs it gives a
good overview of a probable material
group. | also like the visual feedback of
the graph in the housing filter.” — P4

Discussion

From the reactions of the participants
it is concluded that all participants
were content after their individual
design task.

In both groups both the Mechanical
Engineers had comments on some of
the decisions made by the Industrial
Design Engineer. Meaning that purely
focusing on subjective qualities might
lead to unrealistic technical implica-
tions, in accordance to the results from
user research 1.

After the reviews by the ME students,
the IDE students were less content
with the sound the Mechanical Engi-
neer made compared to their initial
sound. Meaning that technical require-
ments can lead to divert from an goal
on the subjective experience of the
product sound.



However, when both participants
were asked to collaborate, consensus
could be found. In both cases only
one adjustment was done. In the first
group the material of the impact filter
for the knob was changed to Nylon
6/6. A material deemed usable by the
ME student (P2) in the embodiment of
a shaver knob. While also leading in
having a deeper sound, as requested
by the IDE student (P1).

In the second group this was done by
changing the material of the housing
which was changed to ABS. According
to the ME student (P4) this made the
sound deeper than their original selec-
tion, as requested by the IDE student
(P3).

That consensus could be found im-
plies that the tool is usable from both
a creative and technical viewpoint.
Technical requirements can add some
limitations and may lead in a diversion
from the objective on the subjective
experience. However the tool consid-
ers the product sound from multiple
aspects which enable to find consen-
sus between subjective and technical
requirements, in order to get closer to
the experiential objective again, while
staying true to technical limitation.

Without clear request the levels were
approached linear from feature, object
to scene. In this linear process changes
were experienced from most influen-
tial to less influential respectively. This
leads to a process where little has to
be switched back and forth.

Without introducing the tool, partic-
ipants experienced less difficulties in
the use of the tool compared to the .
It was interesting to see that none of
the users used the hints. Participants
were not made aware about them.
Although hints sometimes showed up
by accident when a participant hov-
ered over a text with hints included,
all participants ignored them. Adding
a small icon next to the texts with a
hint added might make the users more
aware that such hints exist.

However some comments were made
mostly on the manner in which sounds
are composed. Partially this prob-
lems might be solved if the hints were
provided better since the composition
types were understood poorly. Sug-
gestions were also made to include
icons for every composition type. This

could make it easier to remember
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Conclusion

This research tested whether Les_Sons
is usable when approached from both
a product experience and engineering
perspective. This was done through a
user study in which a team consisting
of an Industrial Design Engineering
student and a Mechanical Engineering
student used the tool to complete a
sound design task.

The ME students commented that the
IDE students used unrealistic settings.
However, when the ME students were
asked to adjust the settings to make
them more realistic from an engineer-
ing point of view, the IDE students
were less satisfied with the experience
of this sound compared to the refer-
ence sound they had initially created.
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By collaboration between two stu-
dents consensus could be found. This
was achieved by slight adjustments

to the settings as provided by the ME
student, which resulted that in a more
desirable sound experience as re-
quested by the IDE student, while still
considered realistic by the ME student.

The usability of the tool was also test-
ed. Without an initial introduction to
the tool, the participants were quite
able to use the tool in the intended
way, however, some comments were
made on how to improve the user
interface, Due to the time constraints
of this project, these comments served
as a basis for future recommendations
and were not implemented in the
design.
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6.3 Conclusion on evalua-
tion

Through user research, a group of
participants were asked to create two
separate example sounds in the Les_
Sons tool from a reference sound for
two different objectives. It was con-
cluded that the tool provided enough
functionality to allow for creative
exploration and the creation of diverse
example sounds. But limited enough
to achieve an objective in a limited

amount of time.

This was because the sounds within
one target contained a high degree of
similarity when produced with different
sets of settings. Comparing the sounds
between the two objectives revealed
differences in subjective qualities. This
means that the similarity within an ob-

jective is not due to a limited influence
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of the processing capabilities provid-
ed.

The main comments on the usability
of the tool in the first user evaluation
were to provide better explanations

and to include visuals to better com-
municate the functions of the tool.

A design iteration was carried out
based on these comments. After this
iteration, textual hints were added

to explain the function of the editing
objects together with the expected
subjective influence of the parameter.
In addition, visual improvements were
made by adding icons and colour dif-

ferences.

In the second user evaluation, fewer
problems occurred during the use of
the tool, even though the participants
did not receive an explanation of
how to use the tool beforehand. This
means that the changes made in the

iteration improved the efficiency of the
tool. However, the participants still had
some recommendations. These are
discussed in more detail in the general
project recommendations in section
7.2.

However, the main objective of this
second user research was to test
whether Les_Sons was usable from
both a subjective and technical per-
spective. Working with an industrial
design engineer and a mechanical en-
gineer, it was found that the tool could
reach a consensus on a reference
sound that was close to a subjective
goal, while remaining true to the lim-

itations of the technical requirements.
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7.0verall conclusion on the project

This final chapter provides an overall conclusion on the proj- 7.1 Discussion

ect will be given. This consists of a discussion of the limita- 7 2 Recommendations
tions of the project together with recommendations on how
to proceed. Finally, a personal reflection o the whole project is
given.

7.3 Personal reflection
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7.1 Discussion

The main purpose of the tool is to
enable the consideration of sound
in an early stage of product. This is
because there is little focus in current
design education on the contribution

of sounds to the product experience.

The limited feature set together with
pre-made sound library gives the user
a quick start. Lowering the threshold
for incorporating sound into a design
process. It is likely that by simply rais-
ing awarereness of what can be done
in the product sound design, students
are more likely to include sound as an
aspect of the products they design.
For this exploration Les_Sons has

proved to be a good starting point.

If the initial start sparks enough in-

terest, the student or designer may
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being to dive deeper into the field

of product sound design. In order to
make the transition to a more expert
level smoother, the vocabulary, tasks,
and outcomes provided in Les_Sons
have been gathered through literature

research and consultation with experts
in the field.

This should help the student or profes-
sional product designer to take a cen-
tral role in the design of the product
sound. Les_Sons enables the designer
to communicate with other experts by
providing examples of how the prod-
uct should sound and what steps could
be taken to achieve this sound.

The main intention in designing the
tool was to make it usable in the late
analysis to early conceptualisation de-
sign phase. This led to the decision to
provide pre-recorded samples of prod-
uct sounds, thus eliminating the time

needed to record them. However, the
designer can also add self-recorded
samples. This means that the tool can
be used in further stages in the design
cycle as well. If in a physical audible
hard prototype exists at a later stage,
it can be recorded and loaded in to
the tool. The tool can then be used to
change some parameters.

The division into the feature, object,
and scene levels proved to give focus
on which parts of a product contribute
most to sound character of the prod-
uct, while also highlighting the rela-
tionship between the different parts.
This division can also be made more
flexible. A combination of features
could be rendered together as an ob-
ject. In a new project, this object could
be loaded as a feature. This allows the
creation of sub-levels, enabling the
creation of more complex systems.

As the tool is freely available, it is ac-



cessible to a wide audience. Even if
students are interested in incorporat-
ing sound into their design projects,
current software and tools for analysi-
ing and conceptualising sound are
aimed at experts. This makes such
software less available and more dif-
ficult to learn. Meanwhile, the more
accessible software is more focused on
music creation, resulting in little un-
derstanding between the software and
the desired results.
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7.2 Recommendations

The aim of the tool was not to provide
a true simulation of a product sound,
but rather to provide a tool to quickly
test ideas. Therefore, implications of

acoustics have been simplified.

The filtering characteristics of the
housing are very specific for individual
products. It would be useful to have
more examples of housings available
so that a similar library will start to ex-
ist as currently present in the selection
of samples for features and impulse

responses in for room acoustics.

The manual creation of the filter in-
teraction from recordings is very time
consuming. It would be useful to au-
tomate the creation of housing filters.
Automating this, would also help in

adding more interactions. As this was
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implemented in a similar way. Another
recommendation for user interactions
would be to make them evolve over
time. This could be done in a similar
way to how modular synthesizers work
or, as automation tracks like those
found in some DAWs or video editing
programs.

Enlarging the sample library.

To make the tool more useful in the
design of different products other than
shavers, the sample libraries need

to be extended. This would include
feature sounds, distractor sounds and
room impulse responses. Making them
available in an open online repository
allows users to upload and share self
recorded sounds.

However, this may result in a wide
range of quality in the recordings. A
basic library should therefore be pro-
vided. As recording of multiple prod-

uct sound samples is time consuming,
it could be explored how this record-
ing can be simplified with dedicated
recording setups.

It can also explored better how algo-
rithmic source separation can play a
role in enlarging the library. Currently
used ML methods for source separa-
tion are based on a library contain-
ing examples of the sounds to be
separated. In the absence of a specific
library for product sounds, the initial
recorded library could be used as such
a reference library, opening up the
possibility of expanding the library of
samples with ML-separated sounds in
the future.

Adding intentional sounds.

The main focus of this thesis was to
provide a platform for the design
consequential sounds. As some prod-

ucts contain intentional sounds as well,



the lack of their inclusion can be seen
as a limitation. If a desired intentional
sound already exists, either as a found-
or recorded sample, this sound could
be added as an additional source. In
this way, it can be evaluated whether
this sound will be audible or masked
compared to the rest of the composi-
tion of the product sounds. However,
the current tool does not provide a
good way of creating such sounds.

Additional features

Les_Sons does not currently provide
any metrics or tools for analysing or
evaluating product sounds. The ulti-
mate goal of the project was to enable
early conceptualisation of sounds, so
adding such functionality was not a
focus of this project. However, it may
be useful to include such functionality
in the tool. Incorporating on-the-go
evaluation would allow the designer to
conduct jury tests with Les_Sons and

enable to quickly test changes during
a test, while recording measures to
explain why a certain outcome.

Another feature could be to provide
the editing functions at different levels
of detail. This could work in a similar
way to how Granta Eduopack (ANSYS,
2024) provides different information
about materials in libraries with differ-
ent levels of detail. It might be useful
to provide both “explore” and “de-
tail” settings. In an example of mate-
rial graphs and selectors, this could
mean that in the “exploration” setting,
only material groups such as metal or
plastic are shown. While differences
within different types of metal could
be provided if the “detailing” setting

was selected.

Overall conclusion on the project

Limitations in research

All user research was conducted with
students. This was done based on the
assumption that if the tool is under-
standable to students, it will be use-
ful in a professional setting as well. In
order to verify this assumption, the
user research conducted in this thesis
could be repeated with a group of
participants consisting of professional
industrial design engineers.

All adjustments that can be made in
the tool are modelled on how the
sound should change in real life.
However, without proper research it is
difficult to say how well the objectives
derived from using the tool translate
to the actual embodiment of a prod-

uct.

This could be tested in a research
where participants are given a design
task where the tool is used to con-
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ceptualise a sound and then asked

to embody this sound in a physical
model. This model should be based
on recommendations derived from

the tool. Satisfaction with the sound of
this physical model could be used to
assess whether Les_Sons was useful in
this more integrated design process.
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7.3 Personal reflection

Due to my studies, electives and
personal interest, | already had some
competences within the five fields of
expertise that proved to be useful to
consider in a product sound design
project. This enabled me to do some
more extensive research and was help-

ful in the communication with experts.

A broad perspective

When doing literature research on
product sounds, it seemed that only a
few scholars are researching this field.
In conversation with experts consulted
for the interviews, it became clear that
only in the last few years sound had
started to be considered, except of
the automotive industry, making an

exciting field to explore.
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However, this was also a pitfall, multi-
ple facets could be addressed. Espe-
cially in the early exploratory stages

it felt that the project had little coher-
ence. But in the end this is inherent to
a fuzzy front end. The recommenda-
tion of my supervisors during weekly
meeting helped to start adding a focus
in the project.

Gaining knowledge in the field of
product sound design

Already having some practical knowl-
edge in the creating (digital) music
instruments proved to be handy in the
conceptualization of the tool. How-
ever, the specific application of the
tool made me learn more about sound
in a system rather than sound as a
product or in a musical composition.
The project made me more aware of
how product sounds are considered

in professional settings and what tasks
performed and what tools are used.

Consulting experts

Interviewing experts seemed to be a
good practice to gather information
from a professional point of view.

| was afraid of wasting the participant’
s time. However the enthusiasm of all
experts brought in extra energy to the
project.

Functional prototyping

Creating a concept was one of the
goals before starting this project.
Since no proper and accessible sound
design tool existed, at least not in the
direction of consequential product
sounds, | expected this concept would
rely on more “Wizard of Oz" type of
prototyping. However, Max came out
to be a helpful design tool for creating
functional digital prototypes.



One aspect | did not cover in this the-
sis is the possible integration of Max
with another interest of mine, me-
chatronics. In this sense learning Max
is likely a good design tool to serve as
an interface for prototyping digital and
physical interactions in products.

Learning more on product interac-
tions

The use of functional prototypes in
combination with user studies also
provided extra insights. Some details

| considered only to be a minor issue
before a study, like the large list of
materials in the object to feature level,
played a large influence in the experi-
ence of the interaction the users had
with the tool. This proves the impor-
tance of user testing in design.

Overall conclusion on the project
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| Selection audio design software Reaktor

Platform accessibility
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Pre-build libraries
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Platform accessibility
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Pre-build libraries

Customisation of GUI

Price

Faust

Platform accessibility
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Pre-build libraries

Customisation of GUI

Price
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Il Interview questions Product director
Background

1a. Prior to your current position and/or affiliation, what
was the extent of your knowledge in (product) sound design or
sound/acoustics? For example, what education did you follow
before your professional career?

1b. If your knowledge was limited, what strategies did
you use to acquire the necessary expertise?

2. What sparked your interest and served as the driving
motivation behind your involvement in this project?

Initial considerations:

3. Who is the intended user of Ansys Sound?

4. In broad sense, how does Ansys Sound simulate
sound?

5. What does the user have to define before they can use
Ansys Sound?

6. What knowledge do designers or engineers deliver/
made clear before Ansys Sound can be used?

7. How does Ansys Sound explain concepts that the
intended user might not know yet?

8. How would one used Ansys Sound if a clear overview
of components is lacking?

Figure I.I: test Figure ILII: test

Ansys Sound in user testing

9. To evaluate psychoacoustics, what types of metrics are
used?

10. How does the testing environment influence the re-
sults; for example, the room/laboratory, quality of the provided
test material and or quality of the test equipment?

11. If testing is done with non-experts such as the intend-
ed consumer, does the software help in enhancing the commu-
nication if they have little knowledge in sound design?

Designing sound design tools

12. What tools or methodologies are used in the design
process that is followed within your company? Are there any
specific techniques that are particularly effective?

13. Is a user-centric approach used in the design pro-
cess? if so, how are the user needs and preferences integrated
in the design process?

14. What key factors are considered in the beginning of a
new product (sound) design project?

15. How does conceptualization work, generating new
ideas or more collecting existing concepts/software that com-
bine are a new product?
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Testing and Iteration:

16. How do you test and iterate designs to ensure
they meet the desired objectives? So, what global process is
followed and how do they relate to each other?

17. What are some common challenges you faced in
the design process, and how do you typically address them?

18. What improvements or advancements do you be-
lieve are necessary to enhance the product in the future?

Collaboration and Multidisciplinary Teams:

19. What different teams/experts are involved in proj-
ects that you work in, such as design, engineering, program-
ming and marketing etc.?

20. How is good collaboration and communication
assured between these different teams/experts?

21. Is to your opinion everyone in the design team

required to have some knowledge within the just mentioned
fields?

The user’s experience of product sound:
22. Can you elaborate how sound design influences
the overall user experience and perception of a product?
23. Could you elaborate on key requirements if a
unique sound identity for a product or brand is created?
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24. How are the aesthetic qualities of sound balanced
with the functional aspects of a product’s sound design?

Concluding advices

25. In hindsight, what are some key learnings or im-
provements you've identified from past projects?

26. What do you foresee as upcoming trends or inno-
vations in the field of product sound design?

27. For those aspiring to enter the field product sound
design, what advice or resources would you recommend for
learning and development in this field?
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lll Interview questions lead engineers
Background of interviewee

1. What sparked your interest and served as the driv-
ing motivation behind your involvement in this project?

2a. Prior to your current position and/or affiliation,
what was the extent of your knowledge in (product) sound
design or sound/acoustics?

2b. What education did you follow before your profes-
sional career?

2c. If your knowledge was limited, what strategies did
you use to acquire the necessary expertise?

Initial Considerations:
3. What are the key factors you consider when begin-
ning a new product (sound) design project?

Tools and techniques:

4. What tools or methodologies are used in the design
process that is followed within your company? Are there any
specific techniques that are particularly effective?

5. How is sound addressed in this process?

6. How well does it integrate in the rest of the process?

7a. Are sound visions/examples used in this process?
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7b. If so, how realistic are they and what implications
do they have on design requirements?

8. How is a balance found in quick prototyping/sketch-
ing of the sound and a meaningful result?

User Experience Impact:

9. Can you discuss how sound design influences the
overall user experience and perception of a product?

10. Could you elaborate on how you create a unique
sound identity for a product or brand?

11a. Is a user-centric approach used in the design pro-
cess?

11b. if so, how are the user needs and preferences
integrated in the design process?

12. How are the aesthetic qualities of sound balanced
with the functional aspects of a product’s sound design?

Collaboration and Multidisciplinary Teams:

13. What different teams/experts are involved in proj-
ects that you work on, such as design, engineering, program-
ming and marketing etc.?

14. How is collaboration and communication assured
between these different teams/experts?



15. Is to your opinion everyone in the design team
required to have some knowledge within the just mentioned
fields?

Testing and Iteration:

16. How do you test and iterate designs to ensure
they meet the desired objectives? So, what global process is
followed and how do they relate to each other?

17. How do you measure the success or effectiveness
of a product’s sound design, i.e. what metrics are used?

18. If testing is done with non-experts such as the in-

tended consumer, how do you enhance the communication if

they have little knowledge in sound design?

19. What are some common challenges you face in the

design process, and how do you typically address them?

20. What improvements or advancements do you be-
lieve are necessary to enhance the overall design process in
the future?

Reflection and Improvement:

21. In hindsight, what are some key learnings or im-
provements you've identified from past projects?

22. What do you foresee as upcoming trends or inno-
vations in the field of product sound design?

23. For those aspiring to enter product sound design,
what advice or resources would you recommend for learning

and development in this field?
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IV Interview questions Professor Acoustics
and Haptics
Background
1. What sparked your interest in acoustics and sounds?
2. What is your background both on educational and
professional level?
3. What is the subject of the courses that you lecture?

Background of students

4. Which study did students follow whom you educat-
ed about acoustics and sounds?

5. How do you approach teaching acoustics to stu-
dents with varying levels of prior knowledge in physics and
engineering?

6. How do you foster collaboration and interdisciplin-
ary learning among students from different academic back-
grounds when teaching acoustics and vibrations?

7. Have you collaborated with industry professionals to
create a bridge between academia and practical applications
in acoustics and vibrations? How does this collaboration ben-
efit your students?

Tim Deltrap | Les_Sons
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Tools and equipment used in teaching

8. What (kind of) tools and or equipment is used
during the process of educating students about sound and
acoustics?

9. How is the use of these tools included in education?

10. Considering the rapid advancements in technolo-
gy, how do you integrate modern tools or software into your
teaching methods to enhance students’ understanding of
acoustics and vibrations?

11. What difficulties do you experience during course
programmes that involve acoustics and sound design?

12. How can practical and theoretical knowledge be
combined in the field of acoustics and product design?

Balance between theoretical and practical knowledge

13. In your experience, what are some common mis-
conceptions or challenges that students initially have when
learning about acoustics, and how do you address them?

14. Are there any specific real-world applications or
projects you incorporate into your courses to help students
connect theoretical concepts to practical scenarios in acous-
tics?



15. Can you share any memorable projects or experi-
ments that have effectively engaged students and deepened
their understanding of acoustics?

16. How do you balance the need for hands-on expe-
rience with theoretical knowledge in your teaching approach,
especially when it comes to complex topics like acoustics?

Recommendations and future prospects of acoustic and
vibration

17. What advice do you have for students who are
interested in pursuing a career in acoustics or sound design,
and what skills do you believe are essential for success in this
field?

18. Are there any specific research areas or emerging
trends in acoustics that you think students should be aware of
as they embark on their studies?

19. Can you share examples of successful projects or
research endeavours that your students have undertaken in
the field of acoustics, showcasing the practical application of
their knowledge?
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V Selecting ASA principles
to include

In Demonstrations to accompany
Bregman'’s Auditory Scene Analysis
The perceptual organization of sound
(Bregman & Ahad, 1990), some of
these principles were given with an
accompanying CD where each exam-
ple can be heard on. In this paper 41
examples were given that were found
to be understandable without the
need of training. To evaluate a product
sound on 41 principles is not likely to
make a better understanding of the
composition. It is assumed that giv-
ing a selection of principles with high
relevance to products sounds is more
manageable. Some principles are
based on vocal speech making it less
relevant for product sounds.

Second to that some principles work

on stereophony (two different sound
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waves entering each ear). Since we
listen to product sounds with two ears
one might argue that stereophonic
principles are relevant. However, Berg-
man and Ahad (1990) highly recom-
mend listening to these examples with
headphones and if one is to listen with
speakers these should be widely sep-
arated as possible. This assumes that
these stereophonic principles work on
two sounds which are widely spaced
from each other, which Bregman &
Ahad (1990) also explain in example
40. Stating that sounds entering both
ears only sound as two sounds if there
is little correlation between the two
sounds.

As most products are smaller than the

distance between two ears the correla-
tion between the sound entering both

ears is assumed high, and therefore

it is expected that product sounds

are perceived similar monophonic

source. If the size of a product is larger
than the space of human ears, take

a laundry machine one might argue
that such a sound can be perceived in
stereophony. But as we mostly do not
stay close when such a product is in
use the distance between the product
and the user make that we hear it as a

monophonic sound source.

Grouping in gestalt principles

It is hard to keep an overview of possi-
ble 30 principles it is probably a bet-
ter idea to group them. As most ASA
examples are a form of a gestalt prin-
ciples, it is a logic idea to group them
based on gestalt principles. Since IDE
students also learn about these gestalt
principles it is also likely that these
groups are easy to understand (Hek-
kert, 2017).

Different scholars use different groups
of gestalt principles such as: Similar-



ity, Proximity, common fate, closure,
continuity, connectedness, figure &
ground. In ASA similarity results in the
same cognition as very high proximity
and can therefore be one group. Also,
closure will be perceived as connect-
edness and could therefore be one
group as well. Resulting in the groups:
Proximity, Continuity, Connectedness,
and Common fate. Depending on the
principle each can happen based on
the Frequency, Loudness, Rhythm or
Timbre of a sound.

Proximity general
1. Stream segregation in a cycle of
six tones.

The faster rhythms, the more
likely tones are grouped by proxim-
ity in pitch

2. Pattern recognition, within and
across perceptual streams.
it is more difficult to recog-

nise patterns across perceptual
streams then within

14. Stream segregation of high and
low bands of noise.

This also works with noise if it
is present in different bands

Proximity in frequency
3. Loss of rhythmic information as a
result of stream segregation.
The smaller the proximity
in pitch between tones the
more likely a pattern will
be perceived as part of one
rhythm/group

5. Segregation of a melody from
interfering tones.
The lower proximity in pitch
range of a distracting melody
to a target melody, the eas-
ier it is to distinguish a main

melody

Proximity in rhythm
13. (mistakenly 12 in paper) The ef-
fects of stream segregation on the
judgment of timing

Easier to judge timing within
a stream of sounds rather than be-
tween two streams

Proximity in timbre
9. Effects of a timbre difference
between the two parts in African
xylophone music.
Segregation can also happen
by timbre. Enables to hear
two melodies played in the
same register

10. Stream segregation based on
spectral peak position
The same effect occurs when
the tone is replaced by rich
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tones with the same funda-
mental frequency but with
the middle tone with a peak
at different frequency.

Continuity in pitch
16. The release of a two-tone tar-
get by the capturing of interfering
tones
It is harder to judge the direc-
tion of a pattern if the target
is surrounded by other tones

17. Failure of crossing trajectories

to cross perceptually.
Crossing pattern are al-
most always perceived as a
bouncing pattern instead of
a crossing pattern. Can be
overcome be segregation in
timbre

22. Rhythmic masking release
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An on-target mask make it

more difficult to detect a tar-
get adding more narrowband
masks called flankers make it
easier to recognise the target

28. Apparent continuity

An interrupted tone seams
to be continuous if interruption is
masked with noise

29. Perceptual continuation of a
gliding tone through a noise burst.

Tone seems to keep gliding if
separated by noise

Continuity in loudness

32. Homophonic continuity and rise

time.
a steady noise will be heard
as a continuous even if in-
creased in loudness for a
short while, will be perceived

as joined briefly by a second
burst

Continuity in rhythm
4. Cumulative effects of repetition
on streaming.

Longer repetitive listening
results in easier pattern/stream rec-
ognition.

30. Absence of pitch extrapolation
in the restoration of the peaks in a
rising and falling tone glide.

Apparent continuity stops if
the noise gap is wide enough

Connectedness in frequency
12. Effects of connectedness on
segregation.

Continuous changes in pitch
create a sense of connectedness

18. Isolation of a frequency compo-



nent based on mistuning.
Harmonic sounds will sound
like one tone

13. (mistakenly 12 in paper) The ef-
fects of stream segregation on the
judgment of timing
Easier to judge timing within
sounds from the same per-
ceived stream compared to
judging the timing between
two groups

15. Competition of frequency sepa-
rations in the control of grouping
It is harder to recognise a
target pattern if it is followed
by another pattern with high
proximity in pitch

25. Capturing a tonal component
out of a mixture: Part 1
A tonal component B, that is

fused (simultaneously played)
with C, can be segregated
from tone C if the pitch of
tone A, presented before B +
C, becomes more proximate
to B

26. Capturing a tonal component
out of a mixture: Part 2

Asynchronous onsets and
offsets of B and C make their fusion
weaker.

27. Competition of sequential and
simultaneous grouping
If a tone D, with a high prox-
imity in pitch compared to
C, is presented after B + C
weakens the fusion between
B + C even though B and C
are played simultaneously
resulting to the grouping of A
and B

36. Capturing a component glide in
a mixture of glides.

Connectedness in loudness

21. Effects of rate of onset on seg-

regation.
“The auditory system seems
to be particularly interested
in sounds with abrupt onsets.
Such sounds stand out better
from a background of other
sounds than do slow-rising
sounds.” (Bregman, 1990, p.
47) Meaning that faster onset
rate (attack) makes it easier to
segregate tones

Common fate
19. Fusion by common frequency
change: Illustration 1.
Adding same amount of fre-
quency modulating to some
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partials segregates into two
streams

20. Fusion by common frequency
change: Illustration 2.
“Common fate” still works if
sound are frequency modu-
lated at a different amount
and rate

Figure-ground
33. Creation of a high-pitched re-
sidual by capturing some harmonics
from a complex tone.
A sound B will be perceived
as B = A + C (residual) if A,
containing overlap in har-
monics, is presented before B

34. Capturing a band of noise from
a wider band.
from a short burst of noise
partially overlapping with
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another noise burst only the
residual will be perceived as
new

35. Perceptual organisation of se-
quences of narrow-band noises.
if three narrow band noises
with partial overlap are pre-
sented in a sequence they
will be perceived as three
separate streams

ASA principles that were not

included

6. Segregation of high notes from

low ones in a sonata by Telemann.
Example of a musical piece

not relevant in product sounds

7. Streaming in African xylophone
music.
Example of a musical piece
less relevant in product

sounds also example of mul-
tiple principles at the same
time so less useful in explain-
ing separate principles

8. Effects of a difference between
pitch range of the two parts in Afri-
can xylophone music.
Example of a musical piece
not relevant in product
sounds. Also explained in
example 5

11. Stream segregation of vowels
and diphthongs.

Example in vowel not rele-
vant in product sounds

23. Sine-wave speech.
24. Role of frequency micro-modu-
lation in voice perception.

About (computational)speech
perception less relevant for product



sound design About dichotic sounds not
relevant for product sounds
31. The picket-fence effect with
speech
About perception of speech
less relevant for product sound
design

37. Changing a vowel’s quality by
capturing a harmonic.

About vowels not relevant for
product sounds

38. Streaming by spatial location
39. Spatial stream segregation and
loss of across-stream temporal in-
formation

40. Fusion of left- and right-channel
noise bursts, depending on their
independence

41. Effects of a location difference
of the parts in African xylophone
music.
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VI Recording procedure

In this appendix, the recording pro-
cedure to create the initial library of
shaver sounds is discussed. The same
procedure can be used if more sam-
ples of products sounds are to be
added to the library.

Calibration of speaker

Pink noise was generated with the
tone generator in Studio One 6.6
(Presonus Audio Electronics, 2024) at
a level of 0dB (K-20). The output level
of a speaker playing this noise was
adjusted until an SPL meter, placed at
the same location of the microphone,
measured 85dB C SPL (Katz, n.d). For
this measurement a SPL level meter
app was used on a Nokia X20 smart-
phone (Keuwlsoft, 2024) as seen in the
setup in Figure lILII1.
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setup.

Calibration of microphone

To calibrate the t.bone SC-140 con-
denser microphone, the speaker kept
playing white noise. A Focusrite Scar-
lett 2i2 was used as an ADC to con-
nected the microphone to the com-
puter. The input level knob of the ADC
was adjusted until the input level of
the microphone in the DAW showed 0
dB (K-20), Figure IV.IV.

nnnnnn -

Figure IV.IV: Comparing desired sound level
with measured sound level.

To keep relative information of the
intensity of multiple components, the
recordings were done by keeping the
microphone and placement of the re-
corded product/feature stationary after
this calibration.

Since the room acoustics can influence
the perception of a recorded feature,
some measurements were taken to
remove unwanted reverberations from
the room. Curtains were closed and



some other sound absorbing products
such as pillows were added. To elimi-
nated the effect of the product on the
table all products were placed on a
pillow while being recorded.
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VIl Modelling the product
housing and user interac-
tions

Deriving filtering characteristics
User interactions are modelled by
applying a filter which provides the fil-
tering effect such an interaction might
have. To retrieve the characteristics of
this filter, two recordings were made.
One of the object in free space and

one recording with the interaction, for

example grabbing by hand, applied to
the object.

il Ll

Figure 7.1: Taking separatrecordings for the
neutral use and with hand force applied.
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To retrieve the spectrum of each re-
cording, both recordings were loaded
in Praat (Boersma & Weenink, 2023).
This spectrum gives an overview of the
average intensity at each frequency of
the whole recording. To get numerical
data from this spectra, first an exci-
tation graph was made from it. The
excitation graph gives the loudness (in
phon) of each sample over frequency
(in bark scale). In the default setting,
each bark band is 0.1 barks wide, by
measuring for a total of 256 bands.
The loudness is given for a range of
10-11550 Hz (Weenink, 2014).

The data of this excitation was ex-
ported to a text file after which this
data was processed in excel. In excel
the ratio in loudness at each sub bark
bank was calculated by dividing the
loudness of the interaction sample
with the loudness of the neutral sam-
ple. The correct amount in gain, which

Max filters use, was taken by using the
loudness ratio to level change calcula-
tor (Sengpiel, n.d.).

Graphing this difference for each bark
bank should give an overview on how
much the intensity of the original sam-
ple has to be amplified or attenuated
to achieve the same change in sound
as grabbing the product should have.
This line could be modeled directly
with a parametric EQ filter or a gener-
alization could be made.

Modelling hand interactions

For the hand interaction, this gener-
alization is done by retrieving a trend
line from the graph. In the case of the
shavers a linear trend line resulted in a
downward slope, crossing the X-axes
aty = 1 at 13.345 bark. This means
that frequencies lower than 13.345
Bark (2138.63 Hz) are amplified with

lower much more and frequencies



higher than 13.345 Bark are attenuat-
ed with the higher the frequency the
higher the attenuation.

In the Max tool two shelf filters were
used to model this trend line, one low
shelf filter with adjustable increasing
gain and one high shelf filter with ad-
justable decreasing gain. Adjusting the
gain of each filter simulates grabbing
the object firmer or less firm.

Modelling the filtering of the hous-
ing
To model the filtering characteristics of

the housing. The gain graph was made
similar to how the hand interaction was
made. This graph, Figure 7.5, was as
accurately reshaped as possible using
six cascaded filtergraph~ filters. With
four in peaknotch setting to add in the
subtle peaks and notches in the mid
spectrum, a highpass filter to add in
the steep roll off at the lower frequen-

cies and a highshelf to add the shelv-
ing effect in the higher frequencies.
The gain of each separate filter can be
set gradually from O (no effect) to the
respected retrieved gain (full effect).
This enables to mix in the effect of the
housing instead of a binary on and off
only.
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Sound spectra of shaver components Sound spectra of shaver components
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Figure 7.5: Derived filtering characteristics of housing.
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VIIl User research interview questions after
assignment
For participants that had to recreate target sounds:

1. With which character description would you de-
scribe the sound you had to recreate?

For all participants:
2. What strategy did you take to design the sounds?

3. Did you feel a sense of hierarchy, and how did this
influence your approach to the task?

4. Could you elaborate your satisfaction of your result
compared to your objective?

5. What parameter(s) of the tool contributed the most
to come closer to the objective you were given?

6. What parameter(s) of the tool had the most influ-
ence that made you divert from the objective you were giv-
en?

7. What comments do you have on the difficulty of the
tasks?

8. What general design requirements for use in further
design stages can you derive from the use of the tool?

Appendix

161



IX Les_Sons (V2)
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XI MATLAB script for psychoacoustics eval-
uation

o)

% With this file audio can be compared on psychoacoustic qual-
ities

% This script was based on a script by Brian Hemmat (2019) on
the MATLAB Answers forum available on https://de.mathworks.
com/matlabcentral/answers/141137-how-can-i-compare-two-audio-
files

% To be able to use this script the MatLab Audio Toolbox has
to be installed.

%specify the folder containing the samples and define the ex-
act file that are to be analysed.

folder = fullfile (matlabroot,’toolbox’,’audio’,’samples’,
‘test/’);

files = {‘/P1 Soundl-.wav’, ‘/P2 Soundl-.wav’, ‘/P3 Soundl-.
wav’, ‘/P4 Soundl-.wav’, ‘/Pl Sound2-.wav’, ‘/P2 Sound2-.
wav’, ‘/P3 Sound2-.wav’, ‘/P4 Sound2-.wav’};

ads = audioDatastore(strcat (folder,files));
numFiles = numel (ads.Files);

% Create a preprocessing pipeline so that all of the audio is
mono, 16

% kHz, and normalized such that the max absolute value is 1.
desiredFs = 48e3;

adsMono = transform(ads, @ (x)mean(x,2));

adsMonol6 = transform(ads,@(x,info)resample (x,desiredFs, info.
SampleRate),’IncludeInfo’, true);

adsMonol6Normalized = transform(adsMonol6, @ (x)x/max (abs(x)));
% Create an audioFeatureExtractor object to extract the spec-
tral centroid,

% rolloff, and flux for 30 ms windows and 10 ms hops.

afe = audioFeatureExtractor (‘SampleRate’,desiredFs, ‘Win-
dow’ ,blackmanharris (round(desiredFs*0.03),'periodic’), ‘Over-
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lapLength’, round (desiredFs*0.02), ‘linearSpectrum’, true);

)

% In a loop, read a file from the datastore, extract features,
and then average the features across the analyzed file.

featuresPerFile = zeros (numFiles, 480000);

for ii = l:numFiles
audioIn = read(adsMonol6Normalized) ;
loudness = acousticLoudness (audioIn, 48000);
sharpness = acousticSharpness (audioIn, 48000);
roughness = acousticRoughness (audioIn, 48000) ;

fluctuation = acousticFluctuation (audioIn, 480000);

suncomment the feature the is to be analyses

features = loudness();
%$features = sharpness();
%$features = roughness/()

$features = fluctuation();

featuresPerFile (ii, :) = mean (movmedian (rough-
ness, 10),1,’omitnan’);
end

)

% Normalize each feature across the dataset so no one feature
dominates the distance measurement.

featuresPerFile = (featuresPerFile - mean (featuresPer-
File,1l))./std(featuresPerFile);

o)

% Calculate the Euclidean distance between each pair.

distanceMatrix = zeros(size(featuresPerFile,1));
for ii = l:size(featuresPerFile, 1)
distanceMatrix(:,1ii) = sqgrt(sum((featuresPerFile (ii,:) -

featuresPerFile) ."2,2));

end

% Create a heatmap to inspect simalarity.
filenames = extractBetween (ads.Files,’test/’,’-");

heatmap (filenames, filenames, distanceMatrix)

title (*Euclidean Distance of Loudness’)



IDE Master Graduation Project

Project team, procedural checks and Personal Project Brief

In this document the agreements made between student and supervisory team about the student’s IDE Master Graduation Project
are set out. This document may also include involvement of an external client, however does not cover any legal matters student and
client (might) agree upon. Next to that, this document facilitates the required procedural checks:

- Student defines the team, what the student is going to do/deliver and how that will come about

- Chair of the supervisory team signs, to formally approve the project’s setup / Project brief

- SSC E&SA (Shared Service Centre, Education & Student Affairs) report on the student’s registration and study progress

- IDE’s Board of Examiners confirms the proposed supervisory team on their eligibility, and whether the student is allowed to

start the Graduation Project

STUDENT DATA & MASTER PROGRAMME

Complete all fields and indicate which master(s) you are in
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Dr. Elif Ozcan Ctitical Alarms Lab

Chair dept./section
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Personal Project Brief — IDE Master Graduation Project

Name student Tim Deltrap Student number 4661567

PROJECT TITLE, INTRODUCTION, PROBLEM DEFINITION and ASSIGNMENT

Complete all fields, keep information clear, specific and concise

Product Sound Sketching for Design Education
Project title

Please state the title of your graduation project (above). Keep the title compact and simple. Do not use abbreviations. The
remainder of this document allows you to define and clarify your graduation project.

Introduction

Describe the context of your project here; What is the domain in which your project takes place? Who are the main stakeholders
and what interests are at stake? Describe the opportunities (and limitations) in this domain to better serve the stakeholder
interests. (max 250 words)

Sound is an important aspect in product design. Nonetheless, it is left to last stages in the design process. As a result of this,
little can be done to adjust the sound or a whole redesign of the product is needed. If visual and auditory product properties
are used early in the design phase, requirements and wishes could be setup and refined throughout the whole design
process accordingly (Keiper, 1997).

Ozcan and Van Egmond (2008) found that to include product sound design, an inter-disciplinary approach is required.
They stated that the designer should have knowledge on engineering, musicology, acoustics, psychoacoustics, and
psychology. Based on that, Langeveld et al. (2013) proposed a product sound process which can be integrated in the product
design process. This is an iterative process consisting of four stages: 1. Sound analysis, 2. conceptualization, 3. Embodiment,
and 4. Detailing which is similar the product design processes defined by Roozenburg and Eekels (2003). Accordingly, design
vision for product sounds in general can be defined in the conceptualization stage via sound-specific design activity. One
example of this is sonic sketching (Delle Monache & Rochesso, 2019). With sonic sketching designers are encouraged to
explore sounds in a very free way, for example using a foley box or vocalization. However, when sound is explored in
isolation from the product properties the relation between the envisioned sounds and the eventual product becomes
broken. This makes it unclear how the qualities derived from these sketches can be achieved in the product in the later
design stages. Tools that can be used to edit or synthesize these sound- sketches/visions in a more realistic way are on the
other hand complex and require extensive knowledge on acoustics and or music production.

Some research on how to explain sound to non experts, like product designers, already exists. From multiple papers that
discuss the evaluation of the experience of product sound, Carron (2017) bundled verbal descriptors of sound into a lexicon
for sound designers. As this vocabulary is easy to understand, it enables designers to talk and think about sound within their
design team. Furthermore, it also facilitates communication and discussions with experts on sound or during user tests with
non-experts.



click to add picture

image / figure 1 Verbal descriptions of sound (Carron et, 2017); Sound design process (Langeveld et al. 2013).

image / figure 2 Some tools to design sounds (Baldan et al. 2017; Muse group, 2023; Jansen, 2010; Vardanyan, 2023).



Personal Project Brief — IDE Master Graduation Project

Problem Definition

What problem do you want to solve in the context described in the introduction, and within the available time frame of 100
working days? (= Master Graduation Project of 30 EC). What opportunities do you see to create added value for the described
stakeholders? Substantiate your choice.

(max 200 words)

Designing sounds is often a self-taught design skill or limited attention is given to sound design in design education.
Consequently, current product designers have little knowledge on how to design for sound, especially with taking
consequential product sounds into account. These are sounds that are emitted by the product as a result of their functioning
(Ozcan and Van Egmond, 2008). This is due to a lack of usable tools and methods to design for product sounds. A major
problem is that the currently used sound design tool are difficult to understand for product designer. This as these tools are
directed to sound designers, such as the Sound Design Tool (Baldan et al., 2016) and or music producers, like a digital audio
workstation. Resulting that the use of current tools require an advanced understanding of acoustics or musicology. If these
tasks were delegated to an external expert on sound design the process might be hindered from speed and and proper
application, due to the recursive nature of the design process. Two problems with the current easier to use or understand
tools is on low customisability limiting creative exploration and- or two the connection between the created sound and
embodiment is unclear making it hard to translate the envisioned sound to requirements on the embodiment. Another factor
is the interaction with this tool. Some of these tools like PSST! (Jansen, 2009) and Timbreworld (Vardanyan, 2023) use a
tangible interface. The tangibility of their interfaces was found to promote collaboration within teams. It is interesting to
research if a tangible interface is required and if so how a portable setup can be achieved, as both PSST! and Timbreworld
came out to be awkward to setup. My project focuses on the design of an educational tool for sound sketches.

Assignment

This is the most important part of the project brief because it will give a clear direction of what you are heading for.
Formulate an assignment to yourself regarding what you expect to deliver as result at the end of your project. (1 sentence)

As you graduate as an industrial design engineer, your assignment will start with a verb (Design/Investigate/Validate/Create),
and you may use the green text format:

Design a platform of a sound sketching tool that enables design students to create design concepts for product sounds.

Then explain your project approach to carrying out your graduation project and what research and design methods you plan to
use to generate your design solution (max 150 words)

Discover: Research by means of interviews and small practical sound design assignements with existing tools will be done
with product design students. This is done to get to an understanding of the base level of the understanding of product
sound within this group. Second to that by means of expert interviews and literature research the current state of technical
possibilities to create product sounds and current interactions/processes/methods in product sound design can be explored.
Define: From the discover phase multiple criteria on the interaction and embodiment of the tool are generated. These can be
used in the further stages to come up with new ideas and concepts and test them.

Develop: Based on the criteria multiple ideas for an advanced sound sketching tool are generated. These will be tested with
users by means of LoFi prototypes. After the evaluation of these LoFi prototypes the design requirements will be revisioned.
After that, multiple concepts of new product systems will be generated and HiFi prototypes will be made to test these
concepts with users more thoroughly. After the evaluation of these concepts one concept will be developed further, tested
and validated in a last iteration.



Project planning and key moments

To make visible how you plan to spend your time, you must make a planning for the full project. You are advised to use a Gantt
chart format to show the different phases of your project, deliverables you have in mind, meetings and in-between deadlines.
Keep in mind that all activities should fit within the given run time of 100 working days. Your planning should include a kick-off
meeting, mid-term evaluation meeting, green light meeting and graduation ceremony. Please indicate periods of part-time
activities and/or periods of not spending time on your graduation project, if any (for instance because of holidays or parallel
course activities).

Make sure to attach the full plan to this project brief.
The four key moment dates must be filled in below

In exceptional cases (part of) the Graduation
Kick off meeting 31 Oct 2023 Project may need to be scheduled part-time.
Indicate here if such applies to your project

Part of project scheduled part-time O
Mid-term evaluation 16 Jan 2024

For how many project weeks = 25

Number of project days per week | 4
Green light meeting 26 Mar 2024

Comments:
| have a 16 hour job so I will work 4 days on

the graduation project and 2 days work
leaving obe day in the week free. A two week

Graduation ceremony 7 May 2024
Y y break is included during christmas.

Motivation and personal ambitions

Explain why you wish to start this project, what competencies you want to prove or develop (e.g. competencies acquired in your
MSc programme, electives, extra-curricular activities or other).

Optionally, describe whether you have some personal learning ambitions which you explicitly want to address in this project, on
top of the learning objectives of the Graduation Project itself. You might think of e.g. acquiring in depth knowledge on a specific
subject, broadening your competencies or experimenting with a specific tool or methodology. Personal learning ambitions are
limited to a maximum number of five.

(200 words max)

In my free time | like to make music and also design and build (electronic) music Instruments. | have Interest in sound in
general and want to broaden my expertise in sound creation and the experience of sound and its relation in product design.
Sound in products design was discussed in multiple courses during my studies at Industrial Design Engineering. But in most
courses product sound was only touched on the surface. Only in the two master elective courses Interactive- and Embodied
Audio Design methods and tools were given to design product sounds. In these courses it came clear the the current ways to
design product sound is cumbersome and difficult to do, especially if one has no prior knowledge in music production.

Competences to prove:

- Look broad into problems

- Creating functional prototypes

- Following an innovation process

Competences to improve:

- Knowledge on interaction design

- Gain knowledge or verify assumptions by contacting experts and users.

- Understanding of acoustical properties in product design and sound design in general
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