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In this paper we investigated which categories of product sounds listeners can distinguish. We explored the perceptual domain of product

sounds in order to be able to derive perceptually similar categories and determine how users are able to describe these categories by

merely listening to them. Employing two different experimental paradigms (free categorization and pairwise comparison), we determined

six perceptually relevant product sound categories (air, alarm, cyclic, impact, liquid, mechanical) and nine basic concepts that mentally

represent these categories (sound source, action, location, sound type, onomatopoeias, psychoacoustics, temporal descriptions, emotions,

abstract meaning). The results indicate that these categories are not only a direct consequence of perceptual similarities in the spectral

temporal structure but also result from similarities based on cognitive, emotional, and contextual evaluations of the sound. We conclude

that sound is an intrinsic property of a product and, with the knowledge gathered in this study, designers will be able to relate the auditory

property of a product to the overall product experience. In addition, this paper presents two methods for the perceptual evaluation of

product sounds.
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Relevance to Design Practice — Product sound design (PSD) is an emerging topic within the field of product development. This study
provides insights into the perceptual attributes of product sounds and their cognitive relevance from the users’ perspective and discusses

the findings in relation to overall product experience and product (sound) design.
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Introduction

Design thinking predominantly operates in the visual realm.
Designers are proficient at thinking in terms of shape, size,
colour, and material and at creating preliminary versions of
a non-existing product in the form of visual sketches, scaled
models, and prototypes (Kavakli, 2001; Oxman, 2002; Purcell
& Gero, 1998). The perceptual expertise of designers with visual
product properties also determines the language used to present,
discuss, and evaluate the product or its concept (Goldschmidt
& Sever, 2011; Ulusoy, 1999; Wiegers, Langeveld, & Vergeest,
2011). Although visual imagery and visual reproduction are the
primary activities of designers during product development,
the user experience of a product is also determined by the
more (unconscious) senses. The vocabulary of designers with
respect to other sensory product properties is limited, although
their contribution to the overall product experience is well
acknowledged (Crilly, Moultrie, & Clarkson, 2004; Ozcan & van
Egmond, 2009; Schifferstein & Spence, 2008; Spence & Zampini,
2006). This paper primarily focuses on the auditory properties of
a product and aims to provide designers with insights into the way
product sounds! are perceived and described by users.

Not much is known about product sounds from the human
perspective. In practice, product sounds are often tackled within
the fields of engineering and acoustics (Lyon, 2000; Susini et al.,
2004; van Egmond, 2008) or within the context of interaction
design (Franinovi¢ & Serafin, 2013; Frauenberger & Stockman,
2009; Hermann, Hunt, & Neuhoff, 2011; Lemaitre et al., 2009).
Knowledge from these fields is necessary to understand how to
construct a product such that it evokes a specific sound experience
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(e.g., sustainability), how to measure the product’s acoustical
quality, or how to interact with objects that produce sounds.
However, a systematic inventory of the experiential aspects of
products sounds that could guide product developers is missing.
Therefore, we have conducted studies to understand the categories
of product sounds and the basic concepts that mentally represent
these categories.

A second focus of this paper is on the methodology that can
be used to study the perception of product sounds. Because product
sound design is a relatively new field, the methods to evaluate
sound from the perspective of users have not yet been established.
There are still methodological concerns as to how to accurately
and reliably capture (perceptual and meaningful) user experiences
involving product sounds (see, Giordano, Susini, & Bresin, 2013
for an overview). The studies conducted and presented in this
paper tackle this issue by comparing two different methodologies
that serve a similar purpose, i.e., perceptual similarity and its
relevance to conceptual association. In the following paragraphs
we will first present the theoretical background for (product)
sound perception and then explain our approach to the perceptual
evaluation of product sounds.
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Categorization and Similarity

The basis for any creative thinking is the ability of a designer
to perceptually distinguish between various solutions to a design
problem and to make these solutions conceptually relevant.
The underlying cognitive function during such an activity is
categorization. Muller (2001) suggests that in the process of
product form creation, the categorization function is perpetually
present when designers start conceptualizing their ideas, and when
they compare their creations with existing product categories
(i.e., prototypes) or to earlier solutions provided by themselves
(i.e., sketches and models) and attempt to make the product
context-relevant. Muller further proposes that categorization
allows designers/users to distinguish a product on the basis of its
form (solution-typical categorization), its function (prototypical
categorization) and its usage/interaction (behaviour-typical
categorization). Eventually, during the creative phases of product
development, categorization helps designers to not only develop
expertise in perceptual tasks but also helps them to communicate
their ideas on a conceptual level.

In cognitive science, a category exists whenever two or
more distinguishable objects are treated equivalently as a result
of their similarity (Mervis & Rosch, 1981; Murphy, 2002; Rosch,
1978). How similarity constrains categorization is a complex
process. Different individuals may spontaneously adopt different
strategies for similarity judgments during categorization and an
individual may apply different strategies on different trials (e.g.,
holistic, analytic, one-feature) (Eme & Marquer, 1998; Medin
& Barsalou, 1987). According to Goldstone (1994), similarity
is flexible (not necessarily based on perceptual input) and
context dependent (contexts that are defined by the individual’s
intentions, goals and past experiences or by a background set
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of related items). Thus, similarity integrates multiple sources of
information; and formation of categories is therefore dependent
on the type of correspondences and relational properties people
find between the items in comparison.

The level of object information processing also influences
categorization. Categories can occur as a result of sensory
perception or generic knowledge (Medin & Barsalou, 1987).
Sensory perception categories stem from the similarities in the
perceptual features (e.g., colour, sound). Generic knowledge
categories stem from the similarities in the conceptual knowledge
(e.g., birds, cars) that is linked to meaningful semantic associations
(e.g., birds have wings and they can fly). In addition, emotional
responses elicited by objects and events can also be used as
the basis for relating objects to one another (Isen & Daubman,
1984; Niedenthal, Halberstadt, & Innes-Ker, 1999). In summary,
the sensory, cognitive, conceptual, and emotional processing
of objects and events may result in the categorical organization
of objects.

Auditory Categories

Sound is considered a multilayered phenomenon that is caused by
an object and action in a location (e.g., a car passing in a parking
lot), which evokes sensations (e.g., loudness, sharpness) and elicits
emotions (e.g., pleasantness), that can be measured in acoustical
terms (e.g., frequency, intensity), and has meaningful associations
(e.g., a sportive car sound, adventure, safety). Therefore, auditory
categories could reflect any of these dimensions. For example,
Gaver (1993a, 1993b) has theoretically studied the physics of
sound producing events (e.g., materials, actions, objects) and
discerned the following categories within the environmental sound
domain: impact (solids), scraping (solids), dripping (liquids),
temporally complex events (interaction of solids and liquids),
and machine sounds (complex events involving various sources).
Gygi, Kidd, and Watson (2007) focused on acoustical similarity
using a wide range of sound events (human and animal voices,
sounds produced by human-object interaction, animals, vehicles,
small daily objects, etc.) and determined dimensions such as
harmonicity, modulation depth, continuity, and silence as the bases
for their auditory categories. The occurring categories not only
reflected acoustical variables (i.e., harmonic sounds, continuous
sounds) but also events and interactions (i.e., discrete impact
sounds, vocalizations, and non-vocalizations). The underlying
perceptual dimensions determined by Bonebright (2001) were
mostly characterized by psychoacoustical evaluations (dull/sharp,
smooth/rough, pleasantness) but also by some acoustical variables
(intensity, frequency, amplitude, dynamic range, and time).
Sounds can also be discriminated between as a result of the
emotions they elicit. Sensory pleasantness was one of the factors
that characterized similarity within sound categories in Bonebright’s
study (2001). Bergman, Skold, Véstfjdll, and Fransson (2009)
have suggested that part of the cognitive categorization of sound
is mediated by emotional reactions to sound. Thus, emotions and
sensory pleasantness can underlie some auditory categories.
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Studies of Guastavino (2007) and Dubois, Guastavino,
and Raimbault (2006) suggest that environmental sounds are
meaningful entities in a social context to listeners with certain
intentions. Similarly, from a cognitive perspective, auditory
categories have been investigated through people’s observations
and subjective sound descriptions (Porteous & Mastin, 1985),
cognitive judgments (Ballas, 1993; Dubois, 2000), and the
first conceptual representation that is activated upon auditory
perception (Marcell, Borella, Greene, Kerr, & Rogers, 2000).
Consequently, in these studies sound categories reflected
varying degrees of common conceptual knowledge (e.g., nature,
bathroom, water, door, indicator / signaling). In addition, some
of the cognitive categories were explained by common acoustical
features (e.g., sounds of continuous modulated noise, sounds with
discrete transient components).

The afore-mentioned literature also suggests that cognitive
categories can be grounded in perceptual similarity. There is
an inherent relationship between the acoustical constitution of
a sound and its effect on identifiability (Gaver, 1993a; Gygi,
Kidd, & Watson, 2004). That is, similar events / sound sources
may produce perceptually similar sounds (e.g., shavers and hair-
trimmers). Thus, perceptual similarity can be an indicator of
conceptual similarity. However, the opposite may not be true:
members of auditory categories may often not share common
acoustical features, if the sounds are categorized only based
on cognitive judgments (e.g., digital and old-fashioned alarm
clock sounds).

Concepts and Semantic Knowledge

Concepts are meaningful units that bridge multi-sensory
information and corresponding semantic knowledge (te Linde,
1983; Paivio, 1991). Thus, a concept holistically represents a body
of knowledge that originates from sensory and semantic systems.
Concepts and categories are often treated the same. However, a
concept is considered as the mental representation of an object
or a class of similar objects; whereas a category is the class itself
(Murphy, 2002). Thus, a concept (e.g., a sports car) or knowledge
pertaining to a concept (e.g., driving, high-way, sportive, exciting,
loud) can combine several different classes of objects/events to
become the underlying factor for categorization (e.g., Formula 1,
Ferrari). Not all concepts refer to concrete objects; concepts can
also represent abstract notions, which are implicitly experienced
(e.g., adventure, freedom) or emotions (e.g., love, pleasantness)
(Murphy, 1996; Lakoff & Johnson, 1980).

In the light of the above literature, we can conclude that
categories are functional and systematic units, whereas concepts
are the knowledge structures that give meaning to categories.
Therefore, conceptual associations which occur will always
depend on the characterizing features of a category (e.g., sensory
properties, emotion, objects, contexts, events). For product
sounds, it is necessary to determine basic concepts that make
these sounds meaningful to both users and designers. One way
to determine them is to understand the semantic associations
listeners have with them.
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Semantics of Auditory Concepts

Cognitive studies with environmental sounds reveal that the name of
the sound event (i.e., sound source in action) is the most frequently
occurring sound description (e.g., car passing). The explanation
for this comes from Yost (1991) that when listeners hear a sound,
they also are able to (visually) imagine its source in action (i.e.,
sound event), suggesting a strong link between the sound and its
originator. Conceptual associations are activated earlier than the
names of objects (Cummings et al., 2006; McCauley, Parmelee,
Sperber, & Carr, 1980; see also Cleary, 2002). According to
Vanderveer (1979) these associations might be limited to the
perceptual structure of a sound (e.g., spectral-temporal content).
In addition, environmental sounds become meaningful because
they elicit sensory reactions and emotions in listeners (von
Bismarck, 1974; Bjork, 1985; Edworthy, Hellier, & Hards,
1995). Consequently, listeners may judge sounds on the basis of
psychoacoustical reactions (e.g., sharpness, loudness, dullness)
and emotional responses (e.g., tense, unpleasant, obtrusive).
Ballas (1993) also revealed that environmental sounds are time
and context related entities. Fabiani, Kazmerski, Cycowicz, and
Friedman (1996) have categorized generic sound descriptions
as not-known (e.g., noise), sound imitation (e.g., t00-too-t0o),
acoustic description (e.g., high-pitched), and name or compound
name (e.g., bird, water drain bubbles). In their study and in
Marcell et al. (2000), it was shown that there are alternative ways
of describing a sound indicating that a sound can evoke more than
one conceptual association.

Perceptual Evaluation of Sounds

Giordano et al. (2013) have extensively described methods that are
used for the perceptual evaluation of sound-producing objects. For
example, semantic differentials, identification and categorization,
scaling and rating, and dissimilarity estimation were mentioned
among those methods. Considering the needs in the field of product
development, it is important to establish the relationship between
perceptual (i.e., acoustical) and conceptual (i.e., cognitive,
semantic) similarity and how such distinct similarities underlie
product sound categories. The reason for this is that designers
consider product sounds as entities to be manipulated and such
manipulations have an effect on both the acoustical constitution
of the sound and its conceptual associations. Furthermore, the
manipulations are to be evaluated by a panel of listeners (a.k.a.,
users). For this purpose, semantic differentials and/or Likert
scales are used as a common methodology to capture experiences
with product sounds. With these methods, essentially, sound
designers aim to link the acoustical constitution of sounds to their
semantic associations via a preselected set of words reflecting the
type of experience to be measured. By doing so, they can compare
all the manipulations of product sounds created for the desired
auditory experience, or they can benchmark the sounds they
created in comparison to the sounds of other similar products in
the market. For example, car companies widely use these methods
to understand the acoustic quality of their engine sounds (Bisping,
1997; Chouard & Hempel, 1999; Letens, 2000). These methods
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have also been used, in a more general context, to understand the
psychoacoustical limits of human auditory perception (e.g., von
Bismarck, 1974, Kendall & Carterette, 1993; Kidd & Watson,
2003), the basic semantics of product sounds (Ozcan & van
Egmond, 2012) and emotional responses to environmental sounds
(e.g., Bjork, 1985). Semantic differentials and Likert scales could
be used as a reliable method for measuring auditory experiences.

However, Likert scales or semantic differentials as
methodologies have their own limitations if the aim is more than
simply capturing the desired experiences for a particular product
(see also, Bonebright & Flowers, 2011, for the perceptual and
cognitive limitations during sound evaluation). That is, these
methods might be ineffective for defining the perceptual domain
of product sounds mainly because the sounds are evaluated on
their own without comparison. The listeners in an experimental
condition would not be aware of the full extent of the rating scale
simply because while the previous sounds set the limits of the
rating scale, the following sound may be surprisingly experienced
off the limits. Thus, the ratings provided for the entire set of
sounds may not provide reliable results for defining the borders of
auditory perception for the purpose of obtaining sound categories.
Because the main aim of this paper is to provide designers with
perceptually relevant categories of product sounds (and underlying
concepts), we are interested to employ methods that will force the
listeners to directly compare the similarity of the product sounds.

Two main experimental paradigms
used to determine auditory similarity and consequently sound

are commonly

categories. These paradigms are pair-wise comparison and (free)
categorization. In a pairwise comparison task, listeners hear two
sequentially presented sounds and indicate how similar they are
on a Likert scale. In a (free) categorization task listeners are able
to compare several sounds, freely sort the ones they find similar,
and rate the internal consistency of the category members. The
type of experimental paradigm used to determine categories
may moderate the type of similarity identified in judgments of
environmental sounds (Aldrich, Hellier, & Edworthy, 2009; Gygi
et al.,, 2007; Bonebright, 2001). Aldrich et al. (2009) argued
that despite correlations in the resulting categories from both
paradigms, similarity judgments in a pairwise comparison task
resulted in acoustical similarity, whereas a free categorization
task required conceptual analysis of the sound. Nevertheless, if
the signal-referent relationship is strong, then conceptual and
perceptual categories should resemble each other.

This Study

For the current study, we employed both paradigms (i.e., free
categorization and pairwise comparison) in two consecutive
experiments. In Experiment 1, we used the free categorization
paradigm with a set of product sounds. Participants were asked
to freely categorize all the presented sounds into categories
which they created themselves (i.e., free categorization). A
sound could only belong to one category. Participants could
create as many categories as possible; they also labeled the
categories according to the common associations all the sounds
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in a category had. The free categorization paradigm allowed us
to determine categories within the domain of product sounds and
the conceptual associations of these categories. In Experiment 2,
we used the pairwise comparison paradigm with a set of product
sounds representing the categories determined in the previous
experiment. Participants judged one pair of sounds at a time and
rated the similarity of the sounds. Pairs had either similar sounds
from the same sound category or dissimilar sounds from different
categories. After rating all the pairs, participants indicated which
strategy they used the most for comparing the similarity of the
paired sounds. The strategies were drawn from the conceptual
associations determined in the previous experiment.

Experiment 1 —
Categorization of Product Sounds

In Experiment 1 a free categorization paradigm was employed
to determine product sound categories and their underlying
(acoustical) dimensions and concepts. The three objectives of
this experiment were to determine (1) the domain of domestic
product sounds together with the constituting categories, (2)
the acoustical / psychoacoustical dimensions that underlie this
domain, and (3) the conceptual structure of the categories.

Method
Participants

Twenty-eight students and employees of Delft University of
Technology volunteered. The average age of the participants was
27.5 years. All participants reported normal hearing.

Stimuli

Thirty-two domestic product sounds were selected from various
sound effect CDs. The selected sounds represented a wide range
of products sounds that can be heard on a daily basis when people
physically interact with products in domestic environments. For
example, shavers, hairdryers, microwave ovens, doors of washing
machines, alarm clocks and coffee machines emit sounds when
people use these products. Thus, such sounds inspired the selection
criteria for the experiment. The selected sounds were edited on
a Macintosh PowerPC G4 computer using the sound-editing
program Sound Studio. Sounds longer than 5 seconds were
trimmed to a maximum duration of 5 seconds. Sounds that were
shorter than 5 seconds were not changed in duration. All sounds
were saved in a stereo format with a sampling rate of 44.1 kHz
and 16 bits. The loudness levels were adjusted to a comfortable
listening level for each sound. The participants were not allowed
to change the sound levels during the experiment.

Apparatus

The stimuli were presented using a specially designed software
program developed with the Trolltech Qt (Mac OS X—free edition)
tool kit. The program ran on a Macintosh Power PC G4 computer
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with a 1s7” liyama Pro454 monitor. Apple Pro Speakers with a
frequency range of 70Hz - 20kHz and a maximum power of 10
Watts per channel were used to present the stimuli. The study took
place in a quiet room.

Procedure

Before the study started, each participant received a brief
explanation about the purpose of the study. A free categorization
paradigm was used. That is, a participant’s task was to freely
group the similar sounds.

Prior to the actual experimental session, a participant took
a training session with animal sounds and human voices. The
tasks in the training session were identical to the experiment;
only the stimuli differed. In the experimental session, the sounds
were presented as movable and listenable objects on the computer
screen. A sound object remained dimmed until a participant
listened to the sound. For every participant the sounds were
presented with random numbering. A participant had to listen to
all the sounds and freely group them on the screen. All the sounds
had to be categorized individually into one category. After a
participant heard all the sounds, s/he could advance to the next
stage. In this stage, a participant had to create boxes in which the
previously defined groups could be dragged. Each created box
(i.e., sound group) had to be labeled by a participant. This label
had to reflect how they would describe the group. Note that no
instruction was given about what type of label a listener had to
give (e.g., source, interaction event, or emotional experience). A
participant set the degree of fit on a 7-point scale (how well do
the sounds fit together?) for each group. A participant received a
warning on the screen for each step s/he failed to progress beyond.

Results

The minimum number of categories created was two and the
maximum number of categories was nine in the grouping task.
Sixteen participants created five categories. The mean for the
category fit ratings was 4.98 and differed significantly from the
middle-point of the scale (#27) = 6.96, p < .001). This indicated
that on average the participants were satisfied with their groups.
The Proxscal procedure of MDS (SPSS) was used to analyze the
individual participant categories. The categories (consisting of the
product sounds) were entered as the variables and each participant
as a source. The Proxscal transformed the counts into proximities
using a Chi-square distance measure (which is a normal procedure
when determining relationships between frequency data) between
the cases (i.e., the sounds). An Identity scaling model was used
with an ordinal (untie tied observations) proximity transformation
for each source separately. The Identity scaling model ensures that
all sources (participants) have the same configuration. Employing
a scaling model that weighs each source (participant) showed no
strong individual effects. A 2-dimensional solution was chosen
because a 3-dimensional solution resulted in only a minor decrease
in Stress-I values from .08 to .07. The Dispersion Accounted For and
Tucker’s coefficient of congruence were .993 and .996 respectively.
These measures indicate that it is a good solution.
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To be able to interpret the dimensions, the sounds were
analyzed on their (psycho)acoustical features (sharpness, spectral
centroid, harmonicity, SPL, and 39 critical band levels). These
measurements were used in a factor analysis (Principle Component
Analysis — PCA) that resulted in two factors, which characterize
the (psycho)acoustical space of product sounds. Factor 1 was
interpreted as a combination of sharpness and loudness and
Factor 2 was interpreted as a combination of noisiness and low
frequencies. Details of the (psycho)acoustical analysis and factor
analysis can be found in the Appendix.

As has been explained in the Appendix the (psycho)
acoustical measures for very short sounds could not be
determined because of their duration. Therefore, an additional
MDS analysis on the grouping data was performed on the data
excluding these sounds. This was done to be able to interpret
the categorization dimensions in terms of (psycho)acoustical
measures. The MDS analysis again resulted in two dimensions
with a Stress-I value of .11. These dimensions had a high
correlation with categorical Dimensions 1 and 2 resulting from
the analysis containing all sounds, 7#(19) = .96, p < .0001 and
7(19) = .95, p < .0001, respectively. The MDS analysis without
the short sounds corresponds to the MDS analysis including these
sounds. Therefore, the solution is stable and we can interpret the
dimensions by associating them with the results of the factor
analysis described in the Appendix.

The regression weights stemming from the factor analysis
(see Appendix) on the (psycho)acoustical measures were
correlated with the two dimensions from the MDS analysis
that did not contain the short sounds. Dimension-1 had a low
correlation with Factor 1 (#(19) = -.02, p = NS) and a high
correlation with Factor 2 (» (19) =.87, p < .0001). Dimension-2
had a higher correlation with Factor 1 (r (19) = -.34, p = NS)
than with Factor 2 (» (19) = -.11, p = NS). Thus, high values on
Dimension-1 are associated with low frequencies and a higher
level of noise (because Harmonicity loads negatively on Factor 1)
and high values on Dimension-2 are associated with higher levels
of sharpness and loudness.

In Figure 1, the two dimensions of the MDS analysis
are shown. Numbers in the figure indicate the product sounds
presented in Table Al in the Appendix. As can be seen in this
figure certain sounds seem to be grouped together that may reflect
specific product sound categories. In order to determine these
categories a hierarchical cluster analysis using Ward’s method
was conducted on the 2-dimensional coordinates of the MDS.
This yielded six relevant clusters (product sound categories). Each
category contained at least four sounds. In Figure 1 the categories
are indicated by density ellipses (p <.95) encircling the sounds.

Category 1 contains short duration sounds caused by an
impact between product parts (e.g., door closing). The sounds
have a pulse-like character that on theoretical grounds (FFT)
will result in a wide spectrum and also high frequencies. These
sounds are positioned relatively low on Dimension 1, which
means they will evoke a sense of sharpness. Category 2 contains
mostly digitally produced alarm-like sounds. In Figure 1, it
can be seen that these sounds are positioned relatively low on
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Figure 1. Product sound categories and their underlying dimensions.
Dimension 1 represents Noisiness and Low-frequencies and Dimension 2 represents Loudness and Sharpness. (Numbers in the ellipses
refer to the numbers that represent the product sounds in the Appendix; text in parenthesis refers to the category numbers in the text).

Dimension 1, which means they are not noisy and can evoke a
sense of sharpness. Category 3 contains an old-fashioned alarm
clock bell, a phonograph winding, a shaver, and an electric
toothbrush sound. The products in this cluster are rather small
in size. These sounds are the consequences of engines with high
rpm, as well as small rotating and rubbing mechanical product
parts. The sounds are positioned at the mid-point of Dimension 1,
which means they have some noisiness in their spectral content,
and are positioned relatively high on Dimension 2, which means
they are sharp and loud sounds.

Category 4 contains coffee machine sounds (coffee boiling,
water heating, water pouring) and an electric kettle (water boiling)
sound. The products in this category contain liquids. These
sounds are mostly caused by the heating of liquids. The sounds
are positioned relatively high on Dimension 1, which means
they contain low-frequencies in their spectral content and are
somewhat noisy, and are positioned the lowest on Dimension 2,
which means they are rather quiet and not sharp sounds. Category
5 contains the sounds of a vacuum cleaner, hand vacuum cleaner,
washing machine, washing machine centrifuge cycle, and
hair dryer sounds. These products are highly involved with air
interaction due to the rotating fans used to blow or suck air. The
sounds are positioned at the highest level on Dimension 1, which
means they are noisy and consist of low frequencies, and at the
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highest level on Dimension 2, which means they are relatively
sharp and loud sounds. Category 6 contains the sounds of a
microwave oven, kitchen hood, dishwasher, and tumble-dryer.
These products employ rotating parts which cause a cyclic event
and produce a periodicity in the sound as a result. Some of the
products in this category employ liquids. The sounds in this
category are positioned relatively high on Dimension 1, which
means they are rather low and noisy sounds, and are positioned
lower than Category 5 on Dimension 2, which means they are less
loud and contain lower frequencies.

Category Labels & Basic Concepts

In order to understand what the categories conceptually meant to
participants, we analyzed the labels participants provided for each
category they had created. First, these labels are classified into
basic concepts. If a label consisted of more than one word, it was
split up into meaningful sections (e.g., unpleasant mechanical
sounds as unpleasant and mechanical). The resulting words were
analyzed to determine conspicuous patterns in product sound
category labels. For example, words such as shaver, hairdryer,
coffee machine were grouped as one concept (i.e., source), and
other words such as rotating, blowing, cleaning were grouped
as another concept (i.e., action). These patterns were found by
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iteratively going through all the labels participants provided
and by grouping a single label into one single concept. For the
analysis, it was important that all the different labels in one
group would coherently denote one concept. This analysis
produced nine different concepts: action, emotion, location,
meaning, onomatopoeia, psychoacoustics, sound type (i.e., the
means by which the sound is produced), source, and temporal.
Finally, each single extracted label was scored as I if the label
corresponded to any of the pre-defined concepts. For example,
the words unpleasant and mechanical sound were rated as /
respectively in the emotion and sound type concepts. Figure 2
presents the relative frequency of words as a function of basic
concepts and product sound categories. In this figure, the bar
indicated with overall represents the relative frequency of words
for all product sound categories. This overall measure shows that
source descriptions and onomatopoeias are the most frequently
used concepts (21.69%), followed by action (12.98%) and sound
type (9.29%) concepts.

Secondly, the occurring concepts were analyzed to see how
frequently these concepts are used to describe individual sound
categories. For the individual product sound categories, Category
1 was mostly described by onomatopoeias (click, bang), action
(opening, impact), sound source (switch, door), and temporal
(short) descriptions. Because the descriptions indicate impacting
events, this category was called impact sounds. Category 2 was
mostly described by meaning (warning, attention), onomatopoeia
(buzzer, beep), psychoacoustics (loud, high-pitched), and emotion
descriptions (obtrusive, annoying). Because the majority of the
descriptions indicated an alarming situation, this category was
named alarm sounds. Category 3 was represented by multiple
concepts such as by onomatopoeias (rattling), meaningful
associations (hygiene), sound source (shaver, toothbrush), sound
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type (mechanical), and action (rotating, adjusting) descriptions.
Because the descriptions indicate mechanism related events and
products that involve mechanical structures, this category was
called mechanical sounds. Category 4 was mostly described by
source (water, coffee), onomatopoeia (bubbling, hissing), action
(pouring, filling), and emotion (pleasant) descriptions. Because
the descriptions indicate liquid related events, this cluster was
named liquid sounds. Category 5 was mostly described by
sound type (air, aerodynamic), sound source (hair dryer, vacuum
cleaner), and location descriptions (bathroom, bedroom). Because
all these descriptions indicate events and products related to air,
this category was named air sounds. Category 6 was mostly
described by sound source (dishwasher, microwave oven),
sound type (air, liquid), psychoacoustics (low-pitched, soft), and
location (launderette, kitchen) descriptions. These descriptions
resemble the descriptions of the sounds in Category 5. However,
these sounds can be distinguished from them by their fluctuating
temporal properties which indicate a rotating event. Therefore,
this category was named cyclic sounds.

Discussion

Six categories have emerged within the domain of product
sounds. These product sound categories are identified as air,
alarm, cyclic, impact, liquid, and mechanical. The occurring
product sound categories resemble the categories proposed for the
environmental sound domain such as air, liquid / water, impacting
solids, complex events such as machines, and signaling sounds
(Ballas, 1993; Gaver, 1993a; Gaver, 1993b).

The acoustical correlates of product sound similarity
indicate that product sound categories are differentiated by the
amount of noise and low-frequencies in their spectral structure.
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Figure 2. Relative frequency of words as a function of basic concepts and of product sound categories
(The cumulative percentage over descriptive groups add up to 100%).
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Categories such as impact and alarm sounds are not noisy; however,
mechanical, air and cyclic sounds contain lower frequencies and
noisiness in their structure. Within a product sound category, it is
the perceived sharpness and loudness that mainly distinguishes
between the category members. The sharpness—loudness
dimension also distinguishes between air, cyclic, and liquid
sounds. In general, the occurring acoustical dimensions indicate
that product sounds are characterized by a large frequency range
with high-intensity and are therefore perceived as loud, sharp,
and noisy. However, there is a distinction among categories.
Electric-powered products that cause air, cyclic, and mechanical
sounds have a larger frequency range than impact and alarm
sounds, which are perceived to be less noisy and sharp. Liquid
sounds are the only sound category that is not perceived as loud
and sharp and alarm,

(Psycho)acoustical differentiation of the product sounds
is not sufficient to understand conceptual differentiation. The
results of the labeling task provided us with some insights into
how sounds are conceptually represented. Nine different basic
concepts were derived from the category labels: action, emotion,
location, meaning, onomatopoeia, psychoacoustics, sound type,
source, and temporal. Conceptually, listeners’ strategies in finding
similarities among product sounds appear to be based mainly on
sound source and secondly on perceived auditory similarity (i.e.,
onomatopoeias). However, certain concepts seem to be prominent
for only certain categories. For example, impact sounds mainly
elicit action and temporal concepts; air and cyclic are differentiated
better by location related concepts.

Both the results of the (psycho)acoustical analysis and the
labeling task on product sounds indicate that there are perceptually
relevant product sound categories. Categories seem to be well-
distinguished both on (psycho)acoustical and conceptual grounds.
It appears that the use of free categorization paradigms mainly
produced categories resulting from both cognitive (i.e., source
description) and acoustical analyses (i.e., onomatopoeias). Thus,
listeners may be using alternating strategies to find similarity
among product sounds, and the shift in strategies may depend on
whether or not the source information is available.

Experiment 2 —
Constituents of Similarity Judgments

Employing a pairwise comparison paradigm, in Experiment 2 we
further explored the underlying processes in similarity judgments.
The two objectives of this experiment were to (1) see whether
the occurring categories in Experiment 1 are robust against
a different paradigm and (2) to determine the main strategies
used for product sound categorization. The nine concepts from
Experiment 1 were used in Experiment 2 as possible strategies for
similarity judgments.

Because the main objective of this experiment was to
double-check whether the category borders would remain the
same, the product sound categories (namely, impact and alarm
sounds) that are obviously dissimilar both in acoustical content
and sound sources were excluded from the pairwise comparison
trials in Experiment 2.
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Method
Participants

Eighty students of the Delft University of Technology participated.
The average age of the participants was 22 years. All participants
reported normal hearing. Students voluntarily participated and
were paid.

Stimuli

Nineteen product sounds that shared high acoustical similarities
were selected to represent four of the six product sound categories
defined in Experiment 1. These categories were air, cyclic, liquid,
and mechanical sounds. The sounds were recordings of various
electrical domestic appliances in operation. Half of the sounds
were identical to those of Experiment 1 and the other half were
recorded in home conditions by using a recording apparatus, Boss
BR-532, with a Sennheiser e865 microphone with a frequency
response of 40Hz — 20kHz and free-field sensitivity of 3mV/Pa.
The sounds were edited on a Macintosh PowerPC G4 computer
using the sound-editing program Sound Studio. Sounds longer
than 5 seconds were trimmed to a maximum duration of 5 seconds
and saved in a stereo format with a sampling rate of 44.1 kHz
and 16 bits. The loudness levels were adjusted to a comfortable
listening level for each sound. The participants were not allowed
to change the sound levels during the experiment.

Apparatus

The stimuli and the descriptive words were presented by a specially
designed software application on a Macintosh PowerBook
G4 computer with a 12” screen through Sony MDR-CDS550

headphones. The experiment took place in a quiet room.

3.1.4. Procedure

Before the study started, each participant received a brief
explanation about the purpose of the study. The experiment had
two phases. In the first phase, experienced similarities were rated
based on a pairwise comparison task; in the second phase, the most
frequently used strategies (product sound related basic concepts)
were rated on a questionnaire. Participants were not told about the
second phase of the experiment beforehand.

For the similarity judgment task (i.e., pairwise comparison),
pairs of products sounds were prepared. For that, sounds
were divided into two: similar sounds and dissimilar sounds.
Similar sounds belong to one single sound category defined in
Experiment 1 (e.g., a shaver and a toothbrush sound would be
similar sounds because they both belong to the Mechanical sound
category) and dissimilar sounds belong to two different sound
categories defined in Experiment 1 (e.g., a shaver sound belongs
to the Mechanical sound category and a hairdryer sound belongs
to the Air sound category). All the combinations of the similar and
dissimilar sounds—repetition was not allowed, presentation order
was not important, and the two sounds were randomly drawn—
were created using the formula n/ / (n-1)!r! [n = number of all
sounds (19) and r = sounds chosen for pairing (2)]. The result
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was 171 pairs of sounds. Because the rating of 171 pairs takes
about one hour to complete and such long-term concentration
would hinder the perceptual capacity of the participants, only
48 sound pairs out of 171 pairs were randomly selected for the
similarity judgment task. Participants took an average 15 minutes
to make their judgments. Each pair was presented 20 times across
the participants using a Monte Carlo method (Press, Teukolsky,
Vetterling, & Flannery, 1995). A participant received the sound
pairs on a screen as two different sound buttons on which “sound 1
and “sound 2” were written. The order of the sound pairs and
the order between the sounds in a pair were randomized for each
participant. Then, a participant listened to each of the sounds and
rated their similarity on a 6-point scale (1-very dissimilar, 6—very
similar). This was repeated for all 48 sound pairs.

A questionnaire followed the similarity judgment task
asking “on what basis have you found similarities between the
sound pairs?” and listing the following nine product sound related
basic concepts: action, emotion, location, meaning, onomatopoeia,
psychoacoustics, sound type, source, and temporal. Next to each
basic concept a couple of examples were provided to facilitate
the participants’ decision (e.g., for temporal aspects continuous,
repetitive, multiple, single, constant). A participant indicated how
frequently (1 indicating never, 5 indicating always) they found a
similarity between the sound pairs on a 5-point scale allocated for
each of the basic concepts.

Results
Similarity Judgment

It was first determined if the sounds in the pair belonged to
the same sound category or to different sound categories. The
sounds that belonged to the same sound category were labeled
as similar (e.g., a shaver and a toothbrush sound both belong
to the mechanical sound category, therefore they are similar).
The sounds that belonged to two different sound categories
were labeled as dissimilar (e.g., a shaver and a hairdryer sound
respectively belong to the mechanical sound category and the air
sound category, therefore they are dissimilar). Thus, the similarity
ratings were averaged over the similar and dissimilar sound pairs.
Similar sound pairs (M = 3.55, SE = .07) were rated significantly
higher than dissimilar sound pairs (M = 2.10, SE = .09),
F(1,78)=481.91, p <.001.

An additional analysis was conducted in which the
dissimilar sound pairs were differentiated by their respective
sound categories. The following seven pairs (dissimilar and
similar) resulted: air—cyclic, air-liquid, air-mechanical,
cyclic-liquid, cyclic—mechanical, liquid-mechanical, and
similar (e.g., air-air or mechanical-mechanical). For example,
if the pair consisted of a shaver (mechanical sound) and a hair
dryer sound (air sound), the label mechanical-air was assigned
to this dissimilar sound pair; or if the pair consisted of a shaver
sound and toothbrush sound (both mechanical sounds) the label
mechanical-mechanical was assigned to the similar sound pair.
This was done for all possible combinations. The sound pairs that
contained the same sound categories but differed in the order of
sound presentation (e.g., air—-mechanical vs. mechanical-air) were
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treated equally. The sound pairs that contained sounds from one
sound category (e.g., mechanical-mechanical) were labeled as
similar. The similarity ratings were averaged for each dissimilar
sound pair (air—cyclic, air-liquid, air-mechanical, cyclic-liquid,
cyclic-mechanical, liquid—-mechanical) and the similar sound
pairs (air—air, liquid-liquid, etc.).

Figure 3 presents the mean similarity ratings as a function
of the dissimilar sound pairs and similar sound pairs. According
to the figure, the similar sound pairs had the highest similarity
rating (3.55). Among the dissimilar sound pairs, the air—cyclic
sound pair had the highest similarity rating (3.06) followed by
air-mechanical (2.01), cyclic—mechanical (2.00) and cyclic-liquid
(1.95). The air-liquid sound pair had the lowest similarity rating
(1.66) followed by the liquid-mechanical sound pair (1.86).

4

3.5

3 —

2.5

2 —

Mean Similarity Rating

1.5+

Air-Cyclic
Air-Liquid
Air-Mechanical
Cyclic-Liquid
Cyclic-Mechanical
Liquid-Mechanical
Similar

Dissimilar and Similar Sound Pairs

Figure 3. Mean similarity ratings of sound pairs of dissimilar
and similar sound categories.

The averaged similarity ratings per participant were
analyzed by an ANOVA with the same similarity type as the
within-subjects factors (7 levels). A significant effect was found
for the similarity type, F(6, 468) = 147.58, p < .001. A planned
comparison (using LSD) was conducted to determine which
sound pairs differed significantly. Similar sound pairs differed
significantly from the dissimilar sound pairs (p <.001). Air—cyclic
sound pairs differed significantly from other dissimilar sound
pairs (p <.001). In addition, air-liquid differed significantly from
cyclic-liquid (p < .05) and differed significantly from air—cyclic,
air-mechanical, cyclic-liquid, and cyclic-mechanical (p <.001).

Strategy Ratings

The strategy ratings were averaged over nine concepts. The
mean values for the strategy ratings are: psychoacoustics
(M = 3.87, SE = .13), action descriptions (M = 3.65, SE = .13),
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onomatopoeias (M = 3.65, SE = .14), sound source descriptions
(M =3.11, SE = .16), sound type (M = 3.06, SE = .15), temporal
descriptions (M = 3.03, SE = .15), emotion (M = 2.62, SE = .15),
abstract meaning (M = 2.10, SE = .14), and location descriptions
(M=2.06, SE = .13).

The strategy rating data were further analyzed using a
hierarchical cluster analysis (using Ward’s method). The analysis
yielded 4 clusters: (1) Action, Source, and Sound Type; (2)
Onomatopoeia, Psychoacoustics, and Temporal; (3) Emotion; and
(4) Location and Meaning.

Discussion

The pairwise comparison paradigm resulted in high similarities
within a product sound category and dissimilarities between
different product sound categories. Only air and cyclic sounds
are judged as similar, which was also the case in Experiment 1,
as the category borders of these sound categories were observed
to overlap (see Figure 1). Therefore, we can conclude that the
product sound categories determined in Experiment 1 are robust
against a different paradigm.

Slight differences have been observed with respect to
the strategies used for similarity judgments in Experiment 2.
Psychoacoustics being the highest rated strategy confirms the
literature (Aldrich et al., 2009; Gygi et al., 2007) that pairwise
comparison is more likely to produce acoustical similarity.
However, occurrence of four distinct types of similarity judgments
further suggests that listeners adjust their strategies depending
on the sound pairs.. Perhaps if the sound pair is recognized and
(partially) identified, then listeners may base the similarity on
a cognitive level. Consequently, source, action and sound type
concepts become activated and can be used to make judgments.
However, in the case when listeners do not recognize the sound
pairs, listeners may refer to the available spectral-temporal
structure of the sounds and base their similarity judgments on a
perceptual level. Consequently, information on auditory features
(e.g., how repetitive/sharp the sounds are) will always be available
for the sounds to be judged on.

Similarity judgments also occur on an emotional level
if the emotional responses are more salient than any activated
perceptual or cognitive representations. Emotional judgments,
however, may be a result of the perceptual or cognitive processing
of the sound (Ortony, Clore, & Collins, 1988; van Egmond, 2004;
van Egmond, Desmet, & van der Helm, 2005; Vistfjill, Kleiner,
& Girling, 2003). These results do not indicate at which level
emotional judgments have occurred. For example, the sound of an
epilator may be judged unpleasant because it is rough and loud or
because of the knowledge that the product itself causes pain when
in use. Finally, it appears that product sounds are meaningful
entities within a certain context and meanings attributed to them
may go beyond sound source information.

General Discussion

The practice of product sound design has been lacking essential
knowledge regarding how product sounds are mentally represented.
Our research has provided strong hints that product sounds are
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meaningful entities, and have conceptual representations; and that
the activation of these concepts depends on the sound type. With
this explorative study, we have discerned six perceptually distinct
categories of product sounds (air, alarm, cyclic, impact, liquid,
mechanical) and determined nine basic concepts (sound source,
action, location, sound type, onomatopoeias, psychoacoustics,
temporal descriptions, emotions, abstract meaning) that underlie
the conceptual network for the sound categories. Furthermore,
we have found that the formation of these categories are not only
a direct consequence of perceptual similarities in the spectral
temporal structure but also of similarities based on cognitive,
emotional, and contextual evaluations of the sound.

As expected, our findings are that perceptions of
similarity are flexible and context dependent (Goldstone, 1994)
and that several perceptual and cognitive mechanisms perform
a categorization function (Eme & Marquer, 1998; Medin &
Barsalou, 1987). Considering people’s responses to environmental
sounds, it was also expected that sound source/events would be the
prevailing concept in the conceptual network of product sounds.
However, perceptual judgment of product sounds seems to occur
as frequently as determining the sound source. Thus, two main
operations may take place: the processing of product sounds can
remain at the sensory level or can lead to a perception of an object
with conceptual associations. This study cannot explain when
and how these processes take place. However, an interpretation
can be made similar to Vanderveer’s (1979). That is, if a sound
is identified, source information becomes important and if no
identification occurs, then the spectral-temporal structure of the
sounds is available for describing the auditory perception.

Practical Implications

With this study we have opened new avenues for design thinking
by demonstrating that sound is an intrinsic property of a product.
With sufficient perceptual training, designers can learn to include
the auditory properties of products in their thinking, and include
sound in their imagery when creating product concepts (similar
to imagery with visual product properties). The findings provide
designers with insights into a conceptual network of product
sounds and their acoustical structure. This conceptual network can
serve as a starting point for sound related technical and conceptual
communication. Overall, we hope to have increased awareness
and sensitivity to the auditory properties of products.

The knowledge derived from our study can be used by
(sound) designers at several points in the design process. First,
designers can have an overview of what kind of sounds to expect
from products (i.e., product sound categories). By assigning a
category to a product sound, they will also have quick information
on the acoustical structure of a sound and its psychoacoustical
and conceptual correlates. The conceptual network that this study
identified does not signify an exact semantic correspondence of
concepts. For example, if air sounds are location oriented or alarm
sounds evoke abstract meanings, it is a designer’s task to specify
a location (e.g., bathroom, kitchen) or an abstract meaning (e.g.,
danger, friendly warning).
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Furthermore, designers can use the categories as a guide
in order to avoid shifting away from intended concepts. That
is, acoustically it is possible to change the sound of a product;
however, changes in the acoustical content of the sound will
have direct consequences on activated conceptual associations
and corresponding semantic associations. For example, if the
roughness component in a mechanical sound is eliminated in order
to make it more pleasant, the resulting sound may resemble an
air or a cyclic sound and can therefore (unintentionally) activate
semantic associations appropriate for air or cyclic sounds.

Emotional responses are also part of the sound activated
conceptual network. However, it is not yet clear what causes
emotional responses: whether they are caused by early sensory
processes (e.g., psychoacoustical dispositions of the sound) or
cognitive processes (e.g., certain concepts). As emotions are an
important component of user experiences with products (Desmet,
2002), sound designers should pay attention to the real cause of
the emotion. Furthermore, designers very often aim to make a
product context relevant. A product should fit the locations and
situations in which it is used. Sound as an integral part of a product
is also part of the context of use. Its effect on the environment
should be considered and its fittingness ensured. Consequently,
emotional responses to product sounds could also be facilitated by
the contextual information surrounding the sounds (Ozcan, 2014).

One final remark is that we have presented the relationship
between a sound and its source as a product. Therefore, designers
should try to ensure the suitability of the sound to the product,
as previously suggested by Blauert and Jekosch (1997). For
example, a shaver should first sound like a shaver; but if the
visual aspects of the product indicate a desirable experience (e.g.,
elegance), designers can try to manipulate the sound towards
elegance within the limits of the perceptual boundaries for a
shaver sound. The methods presented in the paper for estimating
perceptual similarity could be useful to define these boundaries
and to collect the associations people have with manipulated
sounds. Thus, there is space for a designer to alter the sounds
within the category borders that are established in this study.
However, the category borders of air and cyclic sounds seem to
be vaguer than other category borders. Therefore, ambiguities in
sound identification can occur for such sounds. It is critical that
the result of the sound identification should at least correspond to
the expectations evoked by the product identity.

Future Studies

We have presented an overview of the conceptual associations
that product sounds may have. In this paper, sound source has
emerged as one of the concepts listeners use to identify a sound,
but this has not been thoroughly investigated. A more specific
study on how well product sounds are (lexically) identified is
still needed. We have also argued that the descriptions of product
sounds that have been produced are a result of different stages
in an identification process. Future studies may investigate more
systematically the relationship between semantic associations and
the stages of the identification process.
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Considering that both auditory and source-related visual
information constitute the conceptual network of product sounds,
it seems plausible that audio-visual interactions occur during
sound identification. However, to what extent visual information
has an additive, complementary and/or inhibitory influence on
product sound identification needs to be investigated further.
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Endnotes

1. A product can be any man-made object that serves as an
extension of the human body. In this paper, we regard
products as domestic appliances.

2. Praatis a free software program for the acoustical analysis of
phonetics. Paul Boersma and David Weenink implemented
the program (see, www.praat.org).

3. Psysound is a psychoacoustical analysis program. For reliable
measuring, it was calibrated by the SPLs of each sound
for the analysis of the psycho-acoustical parameters. (see,
http://farben.latrobe.edu.au/mikropol/volumeS/cabrerad/
PsySound.html).
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Appendix

Table A1 presents the psycho-acoustical parameters for each recorded sound. The sound pressure level (SPL) of each sound was measured
by a Bruel & Kjaer 2260 Investigator. The SPL level was used to calibrate the psycho-acoustical analysis software. Harmonicity was
calculated using Praat’. Two sharpness parameters (Zwicker & Fastl, 1990; Aures, 1985), the spectral centroid, and 39 critical band
levels in Erbs were calculated using Psysound®. To reduce the number of parameters a principle component analysis (PCA) with Varimax
rotation was conducted that resulted in two factors explaining 78.94 % of the variance. High frequency critical bands (CB-1747 through
CB-15085), the two sharpness parameters, the spectral centroid, and the SPL loaded high and positively on Factor 1 (explaining 44.57 %
of the variance). Therefore, this factor was interpreted as a combination of sharpness and loudness. Low frequency critical bands (CB-55
through CB-1545) loaded high and positively on Factor 2, whereas Harmonicity loaded high and negatively on Factor 2 (explaining 34.37
of the variance). Therefore, Factor 2 was interpreted as a combination of noisiness and low frequencies. In addition, the regression weights
for Factor 1 and Factor 2 were extracted for each sound.

Table A1. Psychoacoustical metrics calculated for each product sound and product sound category.

Psychoacoustical metrics

Category ID Sound Description
SPL (dB) SC (Hz) S(Z&F) (Acum) S(A) (Acum) Harm. (dB)

1 centrifuge cycle (WM) 78 1697 1.8 5.1 -1.35
2 hairdryer 75 3790 2.0 5.7 -1.57
) 3 vacuum cleaner 76 889 1.3 3.4 -0.04
Ar 4 vacuum cleaner (hand) 74 1671 1.6 4.1 -1.79
5 washing machine 69 1673 1.7 4.2 -2.02
Mean 74 1944 1.7 4.5 -1.35
6 alarm clock (digital) 79 5471 24 6.5 17.41
7 finish beep (MWO) 65 2321 1.9 3.7 27.97
Alarm 8 finish bell (MWO) 65 8670 22 4.5 14.07
9 setting (MWO) 63 2144 1.5 2.7 20.54
Mean 68 4652 2.0 4.4 20.00
10 dishwasher 70 272 1.3 2.7 -1.49
1 kitchen extractor fan 75 681 14 3.7 -3.66
Cyclic 12 microwave oven 73 267 1.2 2.5 0.50
13 tumble dryer 76 234 1.3 3.0 1.95
Mean 74 364 1.3 3.0 -0.67
14 program selection (TD) 65 1302 1.5 3.2 -2.53
15 door closing (MWO) 78 - - - -1.36
16 door closing (WM) 70 - - - -5.34
17 door opening (MWO) 77 - - - -1.91
18 door opening (WM) 76 - - - -4.88
19 on-off button (KEF) 75 - - - -4.97

Impact
20 on-off button (MWO) 7 - - - 3.47
21 on-off button (ventilator) 74 - - - -2.66
22 on-off button (WM) 69 - - - -4.75
23 popping up toast (toaster) 77 - - - -3.03
24 nail click (SM) 74 - - - 1.33
Mean 74 1302 1.5 3.2 -2.42
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Table A1. Psychoacoustical metrics calculated for each product sound and product sound category (continued).

Psychoacoustical metrics

Category ID Sound Description
SPL (dB) SC (Hz) S(Z&F) (Acum) S(A) (Acum) Harm. (dB)
25 coffee boiling (CM) 73 856 14 3.2 -3.11
26 coffee brewing (CM) 68 1407 1.5 3.5 4.71
Liquid 27 water boiling (kettle) 74 439 1.0 21 -2.07
28 water pouring (CM) 66 2748 1.8 4.2 -4.32
Mean 70 1363 1.4 3.3 -1.20
29 alarm clock (mechanical) 79 7671 2.5 74 -4.87
30 shaver 74 2584 2.0 5.2 12.7
Mechanical 31 toothbrush 71 3341 22 5.6 0.68
32 winding (phonograph) 72 1949 1.6 4.0 -1.02
Mean 74 3886 21 5.6 1.87

Note: ID = sound number used in Figure 1, SPL = sound pressure level measured in decibels, SC = spectral centroid, S(Z&F) = sharpness algorithm defined
by Zwicker & Fastl (1990), S(A) = sharpness algorithm defined by Aures (1985), Harm. = harmonicity. WM = washing machine, MWO = microwave oven, TD
= tumble dryer, KEF = kitchen extractor fan, SM = sewing machine, CM = coffee machine. The values for spectral centroid and the two sharpness metrics
[S(Z&F) and S(A)] are missing for the Impact sounds; because, these values cannot be calculated for short duration pulse-like sounds such as Impact sounds.
Therefore, impact sounds were neither used for the factor analysis nor for the second MDS analysis.
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