UNIVERSIDAD POLITECNICA DE VALENCIA

ESCUELA POLITECNICA SUPERIOR DE GANDIA
TECHNISCHE UNIVERSITAT BERLIN

|.T. Telecomunicacién (Sonido e Imagen)

OO —

II- .-1 ' ﬂE
UNIVERSIDAD
POLITECNICA lﬂ

DE VALENCIA ESCUELA POLITECHICA
SUPERICR DE GANDIA

“Product Sound Evaluation”

BACHELOR THESIS

Author:
Manuel Espinosa Ballester

Directors:
Prof. Dr. Brigitte Schulte-Fortkamp

Prof. Dr. Jesus Alba Fernandez

BERLIN, 24/02/2014



Contents

1. Introduction

2. The recordings

3. Psychoacoustic analysis of the sound

3.1 Loudness
3.1.1Loudness model
3.1.2Results

3.2 Sharpness
3.2.1Sharpness model
3.2.2Results

3.3 Roughness and fluctuation strength

3.3.1Roughness and fluctuation strength model

3.3.2Results

4. Sensory evaluation

4.1 The explorative interviews

4.1.11dentifications of double subjective pitch and rbogss patterns in the

sounds
4.2 The semantic differential

4.2.1Correlations between adjectives

11
13
15
16
17
19
19

23

23

25
26
28



5. Conclusions

5.1 Reinforcement of frequencies

5.2 Power and aggressiveness
5.2.1Roughness patterns and power
5.2.2Low-frequency and power

5.3 Considerations about sharpness model
5.4 Roughness evaluation

5.5 Summary

6. Annexes

6.1 Annex |
6.2 Annex Il
6.3 Annex lll

7. References

29

29
32
34
34
36
41
43

44

44
49
52

55



1. Introduction

There are two types of product sounds; intentioaatl consequential sounds.
Intentional sounds are those who have been put thaiberately, with the intention to
perform a specific function for a product. The ftioc of these sounds is of a
communicative nature, with which the product intésawith the user, mainly to inform
that some process is being carried out by the mtoduthat a process is completed.
Examples of these sounds could be a microwave drelthe ring of a phone.
Consequential sounds are not incorporated delélgraiut are direct consequence of
the sound emitted by the product during operaftidrese sounds are dependent on the
shape, size and materials of the parts that comffesgroduct. Examples of these
sounds could be the sound emitted by a pneumatneries during or the sound emitted

by the engines of a plane [3].

Previously, consequential sounds have always beesidered as noise and the way to
deal with them was to try to reduce them at maximlirthey were considered during
the design process of the product, the only wayespond to them was trying to
minimize them as much as possible, as apparemstlgnty function is to annoy and
detract value to the product [2], but it is not &kalike that. It is possible that in the
beginning, when the first vacuum cleaner came enntfarket, no one expected any
particular sound of a vacuum cleaner, as this soussl unknown to all. In this case
such a loud noise would only cause discomfort eouber, but nowadays this situation
is very different. People expect a certain sound gacuum cleaner and associate that
sound with its ability to perform its function, nemver the sound intensifies and
becomes sharper as we increase the power of thiarag® so in this particular case can
be expected that people associate loud sound witieip Therefore a silent vacuum

cleaner can be considered as not too apt to Hayple.

In product sound design these consequential scared8eated not like noise that must
be minimized at all costs, but as sounds that gigesonality to the product and
influence the people’s perception of it. Therefareill be taken into account how the
design conditions interfere in the sound generatbrthe product, from the very
moment of the prototype design. Being able to abrttie emitted sound allows the



manufacturer to obtain greater control over thalfproduct [2]; it allows him to try to
turn that unwanted and unexpected mechanical noise feature that increases the
value of his product. It also gives him the podibio adapt the sound of his product to

a specific type of customers.

The practice of product sound design is relativebyv within the field of product
development. This discipline, which has becomevegit in the late 1990s, is not an
easy task. We should not forget the fact that eamgle the mechanical noise of a product
involves changing the mechanics of it. The comptsermich are part of an appliance
usually are designed to perform a specific functioside it. To try to control the
emitted sound during the operation of the appliamiteout compromising the ability to
perform the function inside the product of his camgnts becomes a hard task. That is
one of the reasons why product sound design rexjaineinterdisciplinary approach.
This process involves knowledge from very diverseasa as engineering, acoustics,
psychology, psychoacoustics, sociology and musigol®hat is why usually it requires
working groups composed of specialists in the wexionentioned areas to achieve

meaningful results [3].

The design process begins by finding the desireddor target sound for the product.
This is usually carried out through an assessmietiiteosound generated by products of

the same type as the product for which that taggend is wanted [3].

During this sound evaluation process two aspe@ssanultaneously studied: the way
how people respond to the sound of the productsthadphysical parameters that
compose these sounds. Through psychoacoustic enatgshods it is about to isolate
and translate these impressions that the soun@saupeople to physically measurable
features within the sound spectrum. These physieabmeters are classified as
desirable or undesirable for the product and thélydetermine, to a greater or lesser
extent, the physical characteristics that the tasgand should have. This assessment is
not simple at all, in the words of Lyon; “the ddtilty comes from the quantification of

the ambiguous customer's needs” [6].

After obtaining the target sound it is about to @déne pieces that are part of the
product with the intention to produce a sound aselas possible to the target sound.

Feasibility studies are needed to know what featwé the target sound can be



incorporated into the design of the product anaviaat cost, and also to what extent

these design conditions of the pieces affect tlezadmn of the product [3].

This study focuses on product sound evaluation paraof the product sound design
process. Within the scope of a small study it w#lek to clarify which physical
characteristics would be desirable to find withhe tspectrum of the sound of a

hairdryer for household use.

Three hairdryer models for domestic use of mediugh lend segment were chosen for
the project. The main selection criterion for theee models was that they had the same

retail price. The maximum price difference betwesrdels was 2 €.

The study focuses on two fronts: a sensory evanatias conducted to find out how
the public respond to the sound of these hairdrgadsa psychoacoustic analysis of the
spectrum of the sound was carried out in ordernalyae its parameter&oth, the
sensory evaluation and the psychoacoustic anabydise sound are described in more
detail in their respective sections. Formerly rélaugs of the hairdryers were performed
in a semi-anechoic chamber to be used in both gladbe project.



2.The recordings

Recordings of the hairdryers were conducted to $®d un subsequent phases of the
project. The recordings were done in the semi-asiecbhamber of the Technische

Universitat Berlin. This chamber has a cut-off freqcy of 250 Hz. These recordings
were carried out with an artificial head measuremsystem and the software

HEADrecorder, both products of HEADacoustics®.

The hairdryers were placed at a distance of 20 mm fthe artificial head with an
inclination of 45 ° from vertical and in an equidist position to both ears, as shown in
the picture. Three recordings were performed, one&ch model, with 120 seconds in
length. The hairdryers were recorded at their marinpower.

Fig. 2.1Recording of hairdryer 2 with artificial head reder in semi-anechoic

chamber in Technische Universitat Berlin.



It was considered the possibility of making theseordings in a dynamic manner,
imitating the movement that makes a person whilegua hairdryer, but there were two
problems: first, the way of drying your hair is tudifferent depending on the length of
the hair and the hairstyle that the person wearsit svould have been difficult to
determine a standardized way to dry your hair. Meee, | would like to highlight the
fact that maintaining the hairdryers during theordags statically implies that there is
no possibility of interference in the results bg fherson responsible of the emulation of
these movements. Furthermore, there was also thiedepn of the sound absorption
provided by this person; it would have directlyeiriered in the results of the

measurements.

The fact of having carried out the recordings @ Hairdryers in a static position has
greatly facilitated the analysis of the psychoatioysarameters of the sounds, since the

sound does not show changes over time.

All graphics referring to sound spectrum analysiscl appear in this study are a direct
result of the analysis of these recordings. Theseve¢so used to conduct the interviews

and the semantic differential test described instion about sensory evaluation.



3. Psychoacoustic analysis of the sound

This section provides a brief description of thggh®acoustic parameters analyzed in
the sound of the hairdryers and the mathematicaletsathat have been used to do it;
according with the models of Zwicker and Fastl [Iiis analysis was performed on the
recordings of the hairdryers that were made in ghmi-anechoic chamber of the
University. The analysis was conducted with HEADAmsar Artemis v12.01 software
by HEADAcoustics ®.

3.1 Loudness

Loudness is a sound sensation which belongs t@dbegory of intensity sensations.
Through this parameter sounds can be classifie@l $zale ranging from less intense to
the most intense. Therefore, loudness depends @rsdhnd pressure level and its

frequency, length and spectral complexity [13].

The sound pressure level, which is a physicalbatte, is linked to loudness sensation,
but two tones with equal sound pressure level hifierdnt frequency will produce
different loudness sensation, since the human eas dhot respond with the same

sensitivity over the entire range of frequencie?[1

The measurement procedure is subjective; the éstemave to make judgments
according to known sound pressure levels, whicleweden as a reference [13].

To represent the level of sensation perceived ¢akito account both, sound intensity
and frequency, a new physiological magnitude isoadiced: the loudness level (LN).
Its unit is phon. Loudness level of a sound isdtend pressure level of a 1 kHz tone in
a plane wave and frontal incident that is as losdtlee sound. This concept was
introduced by Barkhausen in the twenties, to charere the sensation of loudness of

any sound [13].



Through standardized tests the isophonic map cdtidéble field was obtained, with his

curves representing states with the same leveuniriess sensation.
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Fig. 3.1.Isophonic map. [ISO-532]

As seen in the chart above, equal loudness cureegecge at low frequencies but
between 1 kHz and 10 kHz are substantially paralietan also be seen that the ear
presents maximum sensitivity between 1 kHz and 4, khiso that the ear responds

poorly to low and high frequencies [13].

The equal loudness contours shown are for a soigld With frontal incidence.
However, it may happen that the sound field is lsinio what is known as diffuse field,
when the sound comes from all directions for exam@ur hearing system is not
equally sensitive to sounds that come from differdimections, and this direction
dependence in turn also depends on frequency. fbnereequal loudness curves are
different for free and diffuse field. This differem can be expressed as the attenuation
required to produce equal loudness in free andigbfffield. At low frequencies this
attenuation is negligible, since our hearing systesponds as an omni-directional
receiver to these frequencies, but we would findB@B attenuation for a frequency

around 1 kHz in a diffuse field for example [13].



As loudness level is measured on a relative stiaee is no linear relationship between

the sensation intensity and the magnitude valueexample an increase of 10 phons in
the lower loudness zone is perceived as a six tim@gase of the apparent loudness
sensation, while the same increase in a higher, Zooma 50 to 60 phones, is perceived

as double loudness sensation. It is necessaryfitted® scale of sounds to establish a
linear relationship between the value of the sealé the perceived loudness sensation.
A new magnitude appears to solve this problem:nesd (N), its unit is sone. One sone
is the loudness of 1 kHz pure tone with 40 dB sgomessure level [13].

Both magnitudes, sone and phon are related with ether as follows:
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Fig. 3.2.Relation between sones and phones.
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This method for the obtaining of standardized las#nis only valid for pure tones.
Complex sounds are perceived by the ear as ifweeg louder. There are a big amount
of effects that must be taken into account whertryéo analyze loudness in complex
sounds, which makes the evaluation of loudness nmucte complicated. Loudness
sensation is increased when the bandwidth of thgu&ncies that compose the sound

increases [13].

3.1.1 Loudness model

The method used for the analysis of loudness isndtod of Zwicker (1ISO-532B) [1].
This method requires a spectral analysis of thengothe analysis is carried out for
third octave bands. The reason for which the armsaligsperformed for third octave

bands is due to the behavior of the human heandda critical bands [13].

The method is standardized as a graphic proceduvehich from the sound pressure
levels measured for each third octave band a spéaifdness is assigned (loudness per
frequency unit: Son / Bark). Subsequently totaldimess can be calculated as the area

under the plotted curve [13].

To carry out its calculation it is required a sktem charts, by which loudness levels are
assigned based on the measured sound pressure [Evete charts are provided by the
standard ISO 532B, UNE 74014-78, an example oftlebarts can be seen in the figure
below. Charts 1 to 5 are used in case of free s@altticonditions and the charts from 6

to 10 in diffuse field. The abscissa axis showscititecal bands of the ear. These critical
bands are approximately third octave in the rangsvéen 280 Hz and 14 kHz. For

frequencies below 280 Hz the critical bands argdathan third octave. Therefore, the
bands 45 to 90 Hz, 90 to 180 Hz and 180 to 280 &tge 4, 3 and 2 octave bands

respectively. The ordinate axis shows the sounsspire levels for each band [13].
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Fig 3.4.Example ofone of the 10 charts provided by the standarddiadihess calculation.
[ISO 532B, UNE 74014-78]

The method assumes that the band with more loudpesduces an asymmetric
masking, i.e. that the band with more loudness m#s& higher frequency bands in a
more forceful way than lower frequency bands. Femtiore it masks in a different way
the bands that have his central frequency closkaaentral frequency of the masking
band. This causes a decrease in the contributiom fihese masked bands for the

calculation of total loudness [13].

These are the steps to be followed to calculatériesis using this method [13]:

- Select the appropriate chart depending on the tfpsound field (free or
diffuse) and identify the highest sound pressurellemong the measured

bands.

- Draw the sound pressure levels measured in thiavedands on the chart with
horizontal segments. As for frequencies below 28)the critical bands are
larger than third octave, the sound pressure ltarekach one of this critical
bands is calculated as the sum of the quadraticdspressure levels of the third
octave bands which are included into this critlzahds.

10



- Join by a line each two consecutive band levels.

- If the level of a band is smaller than the level tbé next band (higher
frequency), both are joined together by a vertiicel on their common abscissa,
which is equivalent to assume that there is no mgskowards lower

frequencies.

- If the level of a band is higher than the levekld next, a decreasing curve is
plotted, whose starting point is the right edgeha higher level following the
described trend by the adjacent dashed lines d@wthe chart. These lines
show the pattern of the masking effect of each baret the upper frequency
band.

- The figure obtained is transformed into a rectangith a base equal to the
entire represented band and an area equal toitheadfigure. The height of the
resulting rectangle gives the total loudness |épkbn), or total loudness (sone)

according to the graph scales that appear on lbdk sf the chart.

3.1.2 Results

The results of loudness analysis of the three haard for left and right channels are

shown below.

11



Hairdryer 1
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Hairdryer 3
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3.2 Sharpness

Sharpness is basically a measure of the high-freueontent of a sound. This
parameter is associated with the sensation of sdansity. The density is a feature that
makes it possible to distinguish two sounds witluaégntensity and fundamental
frequency emitted by different sources. This patameéescribes the perception of

sound as dull or sharp [13].

According to the Zwicker's method [1], sharpnesg (& given by the following

equation, its unit is acum.

[ N'(2) 9(2) iz
S = 0117%

13



The coefficient of the expression that definesgharpness is set to 0'11 to normalize
the result so that a signal with a central freqyesfcl kHz and 60 dB of sound pressure
level and a bandwidth lower than one critical barildl have a sharpness value equal to
1 acum [1].

In this equation, S is the sharpness to be cakuland the denominator gives the total
loudness N. The upper integral is like the firstrnemt of specific loudness over
critical-band rate, but uses an additional faayz), that is critical-band-rate dependent

[1].

This factor is shown in the picture below as a fiomcof critical-band rate. Only for
critical-band rates larger than 16 barks does dlctof increase from unity to a value of
four at the end of the critical-band rate near 24ké. This takes into account that
sharpness of narrow-band noises increases unegpect&ongly at high centre
frequencies. Accordingly, for a sound in which doed appear loudness above 16
barks, sharpness will be proportional to the paositof the center of gravity of the

spectrum. But if the loudness is above 16 barkgpstess will be strongly increased [1].

1'.r|. T T T T ¥
€ 3 '
|
@ O 1 -
;H- D 1 i i 1 1
0 & 8 12 1BBark20 24

critical-band rate

Fig. 3.5Weighting factor for sharpness as a function dfaak-band rate [1]
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3.2.1 Sharpness model

The model of Aures [ISO-532B] has been chosen méamlicalculating sharpness. This
method introduces some changes over the predecessdel proposed by Von

Bismark.

Von Bismark developed a procedure for the sharprwdsulation based on the

distribution of specific loudness through the catibands [13]:

L(2) [g(2) Lalz
J-248arksL(Z) mz

J-248arks

S; =¢C;

L(z) is the loudness per critical band; g(z) isWeghting function;c;is a constant that

should be determined empirically, and serves tosidhe result to make an arbitrary
sound to have a value of one unit of sharpness,ni@ans that the sounds evaluated

through this method will have their sharpness \@hedative to this arbitrary sound.

Aures method makes sharpness dependent on toteldes [13]:

N'(2) [§'(2) [z [dz

Jt24
S= 0112
[ N + ZOj
In
20

g'(2) = 0066[&*"" is the weighting function of Aures, which takéss value above
16 Barks andy'(z) =1 under 16 Barks.

The constant at the beginning of the expressi@etigo 0'11 to normalize the result so
that a signal with a central frequency of 1 kHz, d® of sound pressure level and

bandwidth smaller than one critical band has apstess value equal to 1 acum.

15



3.2.2 Results

The results of sharpness analysis of the threaltyairs using the Aures method are

shown below.

Hairdryer 1

- Left channel: 5,01 acum

- Right channel: 4,91 acum

Hairdryer 2

- Left channel: 5,09 acum

- Right channel: 4,79 acum

Hairdryer 3

- Left channel: 4,91 acum

- Right channel: 5,23 acum

sharpness[acum]

WL
ER

HO1 HDZ HDO3
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3.3 Roughness and fluctuation strength

These parameters are an attribute related to thgdive perception of stationary

noises into the sound. They are determined by tequéncy and amplitude of

modulation of these stationary noises [13].

Roughness and fluctuation strength sensation appehen amplitude fluctuations

occur. There are three different feeling regionspahding on the frequency of

modulation of this signal [13]:

At very low modulation frequencies periodical vénas of loudness are
perceived, this sensation reaches a maximum foutatdn frequencies around
4 Hz and decreases for higher frequencies. Up tdd2Qhe ear is able to

perceive this loudness variation; this sensatiaraied fluctuation strength.

From 15 Hz appears what is called roughness, wihicieases with frequency,
reaching a maximum sensation close to the frequefci0 Hz, it is slightly
dependent on the central frequency. The spectrutheoimodulation function
must be between 15 and 300 Hz to produce roughResgshis reason, usually
the narrowband noises sound rough, even when pegbdnges in the envelope
do not appear. This sensation may not only arm® fmodulations in amplitude,

but it can also be produced by modulations in fezmqy or phase.

From 70 Hz roughness sensation decreases again,thendsensation of
perceiving three different tones starts to incre@e® of them produce this
loudness periodical variations and a nonexisteme tassociated with the

modulation frequency).

Roughness unit is asper, one asper is equivaletiteteensation produced by a tone

with 60 dB sound pressure level and 1 KHz as araefrequency, with a modulation

frequency of 70 Hz modulated at 100% of amplitufithe modulation is on frequency,

17



the parameters which should be taken into accaenfreaquency and rate of modulation
[13].

Fluctuation strength unit is vacil, and it is defihas a 1 KHz and 60 dB tone modulated

at 4 Hz with a modulation rate equal to 1.

Ernst Terhardt was one of the main responsiblesiéfining the limits and causes of
roughness. In his research, he noticed that betjuéncy and amplitude modulations
cause roughness, and also that the main physicaimeters related to roughness are
amplitude and frequency of modulation. He foundt thom amplitude modulations a

double sensation of roughness is perceived whemiaton of 40 dB is given [13].

Some years later, Kemp studied the specific intteenf frequency modulated tones and
the results were similar to those of Terhardt. fblend that the influence that sound
pressure level exercises on this type of modulaigsoaqual to three times roughness

sensation for the same 40 dB variation [13].

Aures developed a procedure to calculate roughinessthe sum of the partial values

of roughness versus the number of critical ban@g [1

R= 52'3§ r sz

i=1

The term represents the significance of the correlationdiacbetween the

(ks +k)
2

temporal envelopes of two band-pass functions wbielong to two adjacent critical

bands.

The 52'3 value was chosen to normalize the result.

18



3.3.1 Roughness and fluctuation strength model

The following equations show the models used faghmess and fluctuation strength

calculation, both models of Zwicker [1]:

R: OISDf mod J‘24ALE( Zdz
kHz o dBBark
24 AL
_ o dBBark
F =
00087 , 4Hz
4Hz f

mod

AL is the difference between maximum and minimum kewélthe signal envelope in

critical bands.

fmod 1S the modulation frequency.

0.3 and 0.008 values were chosen experimentatptmalize the result.

3.3.2 Results

The results of roughness and fluctuation strengtlyais of the hairdryers for both left

and right channels are shown below.

19
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Hairdryer 2
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Hairdryer 3
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4. Sensory evaluation

This section shows the results obtained duringetreduation of the people response to
the sound of the three hairdryers used in the stidjirst, explorative interviews were

carried out. In these interviews potential usersevesked to express in their own words
their impressions and opinions about the soundh@fproducts. These interviews, of a
qualitative nature, formed the basis for the dgwelent of a semantic differential test,
in order to assess in a quantitative way thesecadps. Subsequently, a correlation

matrix was developed in order to find possible d$itdetween the analyzed adjectives.

4.1 The explorative interviews

4 women and 2 men participated in the interviewsuabhe hairdryers, aged between
23 and 29 years (25.7 on average). They are msisitients and use hairdryers with an
average frequency of use of 2.6 times per weekplBewere asked to describe the
sound of the hairdryers in their own words. Theyenaso asked to rate the hairdryers

and to compare them. (For a sample of this quasdios see annex 1).

The interviews were conducted in an office of tlmversity. The participants in the
project were exposed to the sound of the hairdrfgmugh the recordings which were
previously made in the semi-anechoic chamber ofutimgersity. Closed headphones
model AKG-K81DJ were used for that.

A compilation of the results of the sound evaluatabtained from the interviews for

each hairdryer is shown below.
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Hairdryer 1

The most frequently mentioned adjectives in therinews about the sound of this
product were soft (mentioned in 4 of the 6 intemsgand not powerful (also found in 4
of 6). The sound of this hairdryer was also desttito a lesser extent as weak (in 3 of
6) and not annoying (2 of 6).

The average score obtained for this hairdryer énititerviews was 2,875 (1 the best - 5
the worst). It was chosen as the preferred hairdrye2 of the 6 people and the reason

for which it was chosen is that it was the mosirtil

Hairdryer 2

5 of the 6 interviewed people described the sountthis hairdryer as powerful. Other
remarkable adjectives which appeared to a lessenewere shrill (2 of 6), disturbing

(2 of 6) and annoying (2 of 6).

1 of the 6 people chose this hairdryer as a faz@itd the reason for their choice was
that it gave the sensation of being the most pawerme. The average score for this
hairdryer was 3.175 (1 the best - 5 the worst).

Hairdryer 3

People described the sound of this appliance asgolWw(mentioned in 3 of the 6

conducted interviews), dirty (in 2 of 6), strongaf®6) and disturbing (2 of 6).
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It got an average score of 3.175 (1 the best eibrst) and was chosen as the favorite

hairdryer by 3 of the 6 interviewees. The reasonsvhich it was chosen are:

- “the sound is strong but not as sharp as the HD 2~

- “it has a lower sound but powerful”

- “its sound is the strongest and it has not this titdée sound” effect in the

noise.”

4.1.1 ldentifications of double subjective pitch ad roughness patterns

in the sounds

Two important findings about the sounds repeateldyve appeared during the
interviews. Both are closely related to the diremtognition of two psychoacoustic

parameters.

The following references regarding the perceptibra aouble subjective frequency

were found:

- “there is a sort of double sound'HD?2)

- “sounds like two sounds being played at the same™t(HD1 and HD3)

- “these hairdryers had another sound added to thiseydike a constant sound in
a higher or lower frequency(HD1 and HD2)
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Regarding the recognition of roughness pattern$alleving comments were found:

- “seems like this black and white “ants” that youeseometimes on a TV screen

when you are trying to tune a progranttiD2)

- “seems like the sound of a broken TWAD3)

- “sounds like TV snow(HD3)

4.2 The semantic differential

10 men and 5 women aged between 20 and 35 yeal® \(@drs on average), mostly
students, participated in the semantic differerteat. The test was developed with the
adjectives that the interviewees of the previoussplof the project used to describe the

sound of the hairdryers.

The test was conducted in an office of the unitgrdihe participants were exposed to
the recordings of the sound of the hairdryers usilnged headphones model AKG-

K81DJ. (For a sample of this semantic differenist see annex 2).

The results obtained from the semantic differerntegt are shown below. The shown
values are an average of the responses of therfiipants in the test and for each one
of the hairdryers.
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HD1 HD2 HD3

loud 1,20 247 1,73
unpleasing - 2,40 1,93
exciting - 0,60 0,80 0,47
shirill 1,20 247 0,13
powerful 0,47 2,40 1,33
high 1,20 1,33 - 0,33
aggressive 1,67 2,13 0,40
sharp 1,47 1,07 0,07
nervous 1,60 2,13 1,67
irregular - 3,07 - 0,40 - 0,53
hoarse - 0,80 0,87 0,07
dirty 0,33 0,07 0,73
clogged - 0,27 0,12 0,12
ugly 1,13 2,67 1,33
annoying 1,53 2,73 1,27
tense 1,00 2,00 0,53
bright 0,73 0,80 - 0,40
rough 1,20 1,40 0,87

dark bright
BHD3

relaxed BHDZ h tense

not mret annoyin
annoying ving
. ———— ey
unclogged -. clogged
clean = dirty

not hoarse —_ hoarse
regular - irregular
tranguil ‘ nervous
dull # sharp

not @ggressive

aggressive 28

low =~ — high

weak H powerful
deep * shrill
calm _‘ exciting
pleaszing H unpleasing
cof ———— joud

T T T
4,00 3,00 2,00 1,00 - 1,00 2,00 3,00 4,00
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4.2.1 Correlations between adjectives

From the data obtained from the semantic diffeakriest, a correlation matrix was
elaborated in order to find relations between thellated adjectives. (The complete

correlation matrix is shown in annex 3).

Below, the pairs of adjectives which have a coti@hacoefficient greater than 0.5 in at
least two of the three analyzed hairdryers arergiBoth, the positive and negative
correlations were taken into account in order tcl@sen.

HD1 HD2 HD3
loud unpleasing -0,03 0,87 0,65
loud rough 0,51 0,20 0,54
unpleasing annoying 0,51 0,39 0,58
shrill high 0,65 0,59 0,49
shrill sharp 0,26 0,57 0,51
high sharp 0,07 0,63 0,77
high bright 0,56 0,44 0,56
agressive nervous 0,56 0,54 0,55
agressive annoying 0,57 0,80 0,60
nervous ugly 0,64 0,22 0,62
nervous annoying 0,46 0,50 0,88
nervous tense 0,80 0,58 0,74
nervous rough 0,65 0,13 0,63
irregular rough 0,35 0,55 0,73
dirty rough 0,10 0,63 0,64
ugly annoying 0,62 0,73 0,68
ugly tense 0,91 0,31 0,56
ugly rough 0,38 0,66 0,81
annoying  tense 0,53 0,64 0,79

hoarse bright
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5. Conclusions

5.1 Reinforcement of frequencies

When a small electric motor rotating at high speisdsut inside a cylinder it can be
expected that certain frequencies will be heawiynforced due to the standing waves
that this originates inside this cylinder. That iy the strengthening of certain
frequencies is a common feature in the sound oéia dryer. The characteristics of
these peaks and their position in the spectrumlangely determine how the sound of

the hair dryer will be perceived by users.

These frequencies capture the listener's atteatidnare able to mask other patterns that
appear in the sound.

A clear example of the effects produced by thefoec@ment of certain frequencies
clearly appears in the hairdryer 2. A peak appaarthe frequency of 1683 Hz with
70.14 dBA:

_20cm_direct (0.00-119.93 s). Spec. Loudness (FFT /150 532 B) N¥soneGF/Bark
3

25

Left : 38.2 soneGF 05
— Right : 36.3 soneGF
0
0 il =0 100 200 Hz 1000 2000 5000 10K 20k
_20cm_direct (0.00-118.93 5).FFT (4096,50.0% HAN) A B = L/dB[SPL]
Vi 70.14 dB[SPL] [ 80

70
50
—— . . 50

3 40

0

20

Left - 77.8 dB[SPL]
—— Right - 77.1 dB[SPL]
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First, observe the effects on the perception ofdhmss. The results of the

psychoacoustic analysis and sensory evaluatioounfrless for the three hairdryers are

presented below.

total loudness [sone]
45
40
35 —
30 —
25 A —
WL
20 ~ —
R
15 A —
10 A —
5 - Y
0 - —
HD1 HD2 HD3
EHD3
soft EHD2 loud

EHD1
4,00

3,00

2,00

1,00 - 1,00 2,00

3,00

4,00

As revealed by the results of the semantic diffeaértest, the hairdryer 2 has been

clearly considered much louder than what was expebly the mathematical model

used for the calculation of loudness. The primam@gponsible of this strong loudness

sensation for the hairdryer 2 appears to be thetiomad peak, which gives rise to the

louder critical band within the spectrum of theeltairdryers. This peak captures the
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listener's attention to a large extent and als@rdehes the subjective pitch that is
perceived while listening to the sound of the haeed Furthermore, this subjective
pitch is also the highest within the three hairdsy@ hat is why the sharpness sensation
of this hairdryer is higher compared to what wasrested by the mathematical model

used during the psychoacoustic analysis of sound:

sharpness[acum]

ER

HO1 HDZ HDO3

dark -_ bright
WHD3
cul o2 — sharp
EHD1
low ~ — high
deep ﬁ shrill
T T T

4,00 3,00 2,00 1,00 - 1,00 2,00 3,00 4,00

By increasing the loudness and sharpness sensthi®rpeak is also attributed to
increase the power sensation and also unwantedtg@rssuch as annoyance, tension,

aggressiveness and unpleasantness for example.
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These peaks inside the spectrum characterize nmechaund of the product, which is
why their effects should be evaluated thoroughty.efffects will be mainly dependent
on the frequency at which these peaks appear. @iyeavdirectly evaluate the effects
of these peaks would be by comparing the resultieproduct sound evaluation with
and without the peak. The peak would be elimindtech the spectrum by a band-stop
filter. Another possibility to determine the effeatf these peaks would be artificially
strengthening a frequency within the spectrum efsbund of a hairdryer through the
filtering of the signal. To further carry out a n@waluation and observe the changes it

has caused in the perception of the sound withedgp the unfiltered signal.

It should also be noted that, as shown in the sgnewaluation section, people
identified dual subjective pitch patterns in theirsd of the hairdryers. This sensation is
caused by the occurrence of more than one of tte@strced frequencies within the
spectrum. These patterns were considered as amnioyall cases that were mentioned

by interviewees.

5.2 Power and aggressiveness

From the results obtained in the interviews itm®wkn that there are two main aspects
that people consider about the sound of a hairdwmeen they have to choose one
product or another: On the one hand, the powerasensthat the sound has and on the
other hand, the absence of annoying patterns insthend. Increasing the power
sensation and reducing annoyance is therefore tessan order to achieve a good
sound for a hairdryer. Therefore it is importantidentify what features within the

sound of a hairdryer causes this effect.

As it has been reflected in the study, a good wagviluate the balance between power
and annoyance is by assessing the aggressivenesatise that causes the sound in
comparison with its power sensation. Aggressivemassbe regarded as an excess of
power or as a negative connotation of power. Funtbee, aggressiveness appears to be
a good indicator of many unwanted sensations intahget sound. The relationships
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between aggressiveness and these unwanted impressi® shown below. The blue
lines connect the adjectives that are correlatéd avicorrelation coefficient greater than
0.5 in at least two of the three hairdryers thatenevaluated in the semantic differential

test.

agressive

i

nervous annoying

unpleasing

ugly ——— tense

!
not .
. HD3 - aggressive
sggressive

; WHDZ | ! ol
wead powerfu
EmHDL - |

4,00 3,00 2,00 1,00 - 1,00 2,00 3,00 4,00

As can be seen, the hairdryer 3 has the highestempdwaggressiveness ratio in
comparison to the other two models. Also this hged has been chosen as a favorite

by 50% of the participants in the interviews.

Then, the significant differences found betwees Hppliance and the other two will be
analyzed in order to clarify which features withine spectrum of this hairdryer provide

it with that better power / aggression ratio.

33



There are two basic differences in the spectrurnhisfhairdryer compared to the other
two models: Firstly, its high content of roughnessterns; Secondly, it is the hairdryer
with the greatest loudness for the critical baneisvben 8 and 14 Barks, and also it has

the lower subjective pitch.

5.2.1 Roughness patterns and power

Regarding the manner in which psychoacoustic paemheterfere in the generation of
power sensation, it is known that it directly irmses with loudness and sharpness.
Nevertheless, when we talk about how roughnessrpattinterfere in the power
sensation the evaluation becomes more complic&tedain roughness patterns can
produce power sensation, but others may be simphpyng [8]. It would be needed
another study with major depth in order to detearimwhich way different roughness
patterns can provide power sensation to the sotiachairdryer.

However, most of the negative aspects found irsthund of the hairdryer 3 are directly
due to its high roughness. Therefore, a priori thuies not seem to be the most plausible

cause of its better power / aggressiveness ratio.

5.2.2 Low-frequency and power

The other feature that is also notable on thisdngér is that its sound has been
considered the dullest, as shown below in the t®snibtained from the semantic

differential test for adjectives related to higkdguency presence.
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dark bright

HD3

L
doll o2 — sharp

EHC1
high

deep

|

shrill

4,00 3,00 2,00 1,00 - 1,00 2,00 3,00 4,00

This greater presence of low-frequency seems teerttek difference between the sound
of this hairdryer and the other two models prowdits sound with a greater power

sensation but without causing discomfort.

This idea is supported by the arguments that peggole for choosing the sound of this

hair dryer as their favorite during the interviews:

“the sound is strong but not as sharp as the HD 2”

- “it has a lower sound but powerful”

Therefore, we find ourselves facing a very desedbature in the sound of a hairdryer.
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5.3 Considerations about sharpness model

During the course of this study it has been obskthat the sharpness model used for
the analysis of the psychoacoustic parameterseobtitund has not coincided with the

sharpness sensation that people had.

First, obverse the results obtained from the shempmanalysis through Aures’ model for

each one of the hairdryers:

sharpness[acum]

ER

HO1 HDZ HDO3

Below, observe the results from the sensory evialgor four adjectives which are

directly related to the presence of high-frequeinaye sound:

dark - bright
WHD3
@l o2 — shars
EHC1
low high
deep ﬁ shrill
T T T

4,00 3,00 2,00 1,00 - 1,00 2,00 3,00 4,00
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The hairdryer 3 has been considered as dull, ellengh it has the greatest high-
frequency content in its spectrum compared to therdwo appliances. As can be seen,
this perception is not due to a lesser contenigii-Frequency on the spectrum, but to a
greater low-frequency content compared to the dther That is why the mathematical
model used is not able to give us a real approxamabf how the sound will be
perceived by people as the presence of low-frequencthe spectrum does not

contribute in any way to sharpness calculation.

As it is explained in the section about the psycbaatic analysis of the sound, Aures’
model takes the loudness level for each criticadband assigns a weight to them, in
order to carry out sharpness calculation. This tteiigcreases together with frequency

from 16 Barks. It is represented by the weightimgction g '(z):

g'(z)

In the case of the hairdryers used in the studipfahem share a very similar spectrum
at high frequencies, which is why the model alndests not find sharpness differences

between them.
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Where a big difference of loudness can be foundbetsveen 8 and 14 critical bands.
The differences of the loudness level for eachcaditband between the hairdryer 3 and
the other two appliances.

loudness HD3-DH1

1.z
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As it can be seen, loudness levels above 16 Baifksr dvery little between the

hairdryers, but around 11 Barks appears an areahioh the differences between
loudness levels are very significant. These banttsch make the difference between
the hairdryer 3 and the other two, are practicalyt taken into account for the
calculation of sharpness. In order to obtain a nneaistic result from the calculation of
sharpness, the loudness levels of these criticatio@hould contribute in a negative

way.

This leads to consider the possibility of a modwltttakes into account the negative
contributions of these critical bands. This carabeomplished by simply changing the
weighting function. One might note that this woulat be a sharpness model but rather
a dullness-sharpness model, because having thgaévweecontributions in the formula
it is possible to obtain negative results. The tiggavaluesof sharpness would be

considered as positive values of dullness and vice versa.

As an example of the above mentioned, the followivejghting function is shown,

where negative weights for the critical bands fi®to 14 Barks have been added.

g'(z)

] ] ] ]
4= ad o] [ [=] = ] Let] 4= L
| 1 |

The sharpness values obtained by using this weiglitinction for the three hairdryers

are shown below:
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sharpness'[acum]
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A further study should be conducted to check tlesifality of a specific weighting
function for such sounds, since the scope of ttudysdoes not go beyond the fact of
just raising this idea.

The method of obtaining the weighting function wbule the same that has been
followed here:

- Observe the differences of loudness per criticaldbbetween all the studied

appliances.

- Carry out a sensory evaluation of sharpness.

- Try to assign weights to the critical bands tryitegadjust at maximum the
results of sharpness calculation with the resuttsioed through the sensory

evaluation.
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5.4 Roughness evaluation

During the development of this study it has beeed in evidence the unfeasibility of
using the adjective ‘rough’ in order to assess hmggs sensation. The concept of rough
sound is pretty abstract for people and its definitnay seem ambiguous when there is
no certain knowledge of psychoacoustics. That iy tile concept that the person has
about rough sound may differ regarding the meamittgched to it from the point of
view of psychoacoustics or from the concept thadieotperson can have about

roughness.

However, people have been able to identify roughnestterns in the sound of the
hairdryers during the explorative interviews, a®wgh in the section about sensory
evaluation. Each person has defined these pattarfss own words but trying to

describe the same sensation:

- “seems like this black and white “ants” that youeseometimes on a TV screen

when you are trying to tune a progranttiD2)

- “seems like the sound of a broken TWAD3)

- “sounds like TV snow(HD3)

Moreover, the adjective ‘rough’ was not mentioned any occasion during the
interviews while describing the sound of the hajeds, but the adjective ‘dirty’ was.
This adjective was mentioned in 2 of the 6 intemggand both times it was used to
describe the sound of the hairdryer 3. Furtherm®ref the 3 comments that show a
clear identification of roughness patterns in theound were about the hairdryer 3:

"broken TV" and "TV snow".

On this basis it was decided to perform the quaatibn of roughness sensation

through the use of the adjective ‘dirty’ insteadtwé adjective ‘rough’.
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As shown below, the results of the evaluation o #djective show the hairdryer 3 as
the most rough, in accordance with the results iobth from the analysis of the
psychoacoustic parameters of the sound:

clean B HDL dirty

EHD3
EHD2

4,00 3,00 2,00 1,00 - 1,00 2,00 3,00 4,00

roughness [asper]

3,5

2,5 —

HO1 HD2Z HD3

Therefore, the adjective ‘dirty’ seems to be maneitive for people in order to assess

roughness patterns, according with the resulteefriterviews.

It is interesting to highlight the importance oktlexplorative interviews in order to
carry out a product sound evaluation. Without thederviews it would have been
Impossible to perform a meaningful assessmentwfhness sensation.
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5.5 Summary

« The effects of the reinforced frequencies shouldtodied exhaustively and in
depth. These peaks in the spectrum strongly claraetthe sound of the
product, they are able to mask other patterns atefmine the subjective pitch
of the sound.

* The occurrence of more than one reinforced fregesenio the spectrum can
generate a dual subjective pitch sensation. Thaterps were considered as
annoying in all cases that were mentioned by imgrges.

« Two main aspects of the sound of a hairdryer aresidered by people when
they have to choose one product or another: theepasensation and the
annoying patterns. Therefore, to get a good soumdsfich products, it is
necessary to maximize the power sensation and nzieithe annoying patterns
in the sound.

* A good way to evaluate the sound quality of a hgedwould be to observe the
ratio between power and aggressiveness sensatainittiransmits. Higher
power / aggressiveness ratio means more quality.

* The presence of low frequency content increasepdeer sensation without
adding annoying patterns to the sound.

« It may be feasible to adapt the weighting functimin Aures, according to
experimental data, in order to obtain a model thatld be able to predict
sharpness sensation for such sounds, without #e ofea reference sound from
which assign sharpness values, as Bismark model dbés new model may be
feasible also for the sound of vacuum cleaners.

* The use of the adjective ‘dirty’ has offered bettesults than the adjective
‘rough’ in order to quantify roughness sensationryuthe sensory evaluation.

« The explorative interviews have proved to be cHuciaorder to carry out the
product sound evaluation. Thanks to these intersjatvhas been possible to
perform a consistent roughness evaluation. Theg albwed knowing the

effects of dual subjective pitch patterns in thersb
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6. Annexes

6.1 Annex |

Product Sound Evaluation
. Eachelors Thasis = M Espimasa

Hair dryer 1

Rate this hairdryer (1 the bast — & the worst)

I=nva yourthougnis soouttnis na "j"_.'E".




Hair dryer 2

7]

s hairdryar (1 the best-
|
I
2




Hair dryer 3

7]

s hairdryar (1 the best-
|
I
2
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How often do you use a hair dryer during the week?

Do you remeambear which was the reason forthe choics of your
curmznt hairdryar?

Do you feeldisturb by the hairdryer sound if someone else in t
family is using this hair dryer?

n

e

May | ask you how often you visit a medical doctorto address
i Ll ¥
h=aring problams?

Thankyou very much foryour collaboration!
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6.2 Annex Il

Product Sound Evaluation

. Bachalors Thases = M Espwnosn
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Hair dryer 2
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Hair dryer 3
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6.3 Annex IlI

loud unpleasing

unpleasing -0,03 0,87 0,65
exciting -0,41 -0,17 0,11 0,53 0,00 0,16
shrill 0,03 0,49 0,20 -0,13 0,42 0,13
powerful 0,30 0,53 0,22 0,01 0,48 0,09
high 0,25 0,44 0,23 -0,13 0,32 0,24
aggressive 0,32 0,33 0,37 0,58 0,49 0,32
sharp 0,24 0,19 0,13 0,31 0,12 0,11
nervous 0,41 0,33 0,31 0,09 0,27 0,57
irregular -0,07 -0,08 0,32 -0,22 -0,10 0,02
hoarse -0,03 0,23 0,11 0,43 0,54 0,00
dirty 0,30 0,20 0,61 -0,22 0,24 0,07
clogged 0,27 0,06 -0,10 0,07 0,29 0,33
ugly 0,17 0,35 0,61 0,22 0,57 0,48
annoying 0,03 0,21 0,38 0,51 0,39 0,58
tense 0,25 0,15 0,36 0,09 0,21 0,44
bright 0,08 -0,10 0,04 -0,28 -0,15 0,01
rough 0,51 0,20 0,54 -0,31 0,35 0,23

exciting shrill

shrill 0,14 -0,34 0,10
powerful 0,24 -0,08 0,13 0,12 0,64 0,41
high -0,23 -0,43 0,00 0,65 0,59 0,49
aggressive 0,24 -0,08 0,43 0,08 0,40 0,38
sharp 0,33 -0,46 -0,12 0,26 0,57 0,51
nervous -0,24 0,13 0,52 0,36 0,18 0,14
irregular 0,03 0,32 0,35 -0,49 -0,08 0,19
hoarse 0,11 0,14 0,08 -0,14 -0,08 -0,09
dirty 0,04 -0,12 0,17 0,16 0,14 0,34
clogged -0,02 -0,01 0,61 0,30 -0,23 -0,26
ugly -0,07 -0,08 0,30 0,30 0,24 0,29
annoying 0,06 -0,09 0,36 0,39 0,24 0,12
tense -0,12 -0,05 0,71 0,32 0,10 0,22
bright 0,05 -0,44 0,02 0,16 0,07 0,47
rough [EOEOI 0,19 0,55 0,07 0,26 0,20




high
aggressive
sharp
nervous
irregular
hoarse
dirty
clogged
ugly
annoying
tense
bright
rough

sharp
nervous
irregular
hoarse
dirty
clogged
ugly
annoying
tense
bright
rough

irregular
hoarse
dirty
clogged
ugly
annoying
tense
bright
rough

powerful high

-0,24 0,41 0,12

0,06 0,51 0,30 0,04 0,58 0,45
0,05 0,26 0,07 0,07 0,63 0,77
-0,29 0,58 0,22 0,38 0,03 0,26
-0,25 0,03 0,10 -0,33 0,06 0,46
0,07 0,26 -0,04 -0,33 -0,23 -0,44
-0,02 -0,07 0,19 0,36 0,22 0,33
-0,20 0,10 -0,29 0,33 -0,21 -0,17
-0,20 0,13 0,06 0,47 0,10 0,18
-0,26 0,26 0,18 0,41 0,22 0,43
-0,32 0,25 0,27 0,46 0,00 0,42
-0,06 -0,09 0,24 0,56 0,44 0,56
0,02 0,12 0,08 0,17 0,04 0,37

aggressive sharp

0,35 0,57 0,37

0,56 0,54 0,55 0,38 0,08 0,32
-0,16 0,07 0,50 -0,07 -0,21 0,62
0,46 0,23 0,03 0,32 03 [
-0,28 0,13 0,32 0,39 0,09 0,57
0,73 0,13 0,15 0,23 -0,25 -0,28
0,31 0,49 0,71 -0,09 -0,02 0,37
0,57 0,80 0,60 0,09 0,36 0,43
0,42 0,41 0,69 -0,04 0,00 0,34
-0,25 0,11 0,26 -0,28 0,18 0,41
0,04 0,22 0,77 0,15 -0,03 0,37

nervous irregular

0,07 0,09 0,46

0,23 0,29 0,08 0,07 0,04 -0,36
-0,08 -0,13 0,20 0,18 0,48 0,67
0,59 0,21 0,40 -0,05 0,11 -0,12
0,64 0,22 0,62 0,00 0,18 0,44
0,46 0,50 0,88 ﬁ 0,07 0,38
0,80 0,58 0,74 0,16 -0,07 0,57
-0,16 -0,32 -0,11 0,07 -0,33 0,32
0,65 0,13 0,63 0,35 0,55 0,73
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dirty
clogged
ugly
annoying
tense
bright
rough

ugly
annoying
tense
bright
rough

tense
bright
rough

rough

hoarse dirty

-0,04 0,29 -0,20
0,26 0,79 0,37 -0,05 0,54 -0,23
-0,09 0,52 0,23 -0,13 0,49 0,61
0,07 0,24 0,11 -0,35 0,14 0,29
-0,05 0,27 -0,05 -0,15 -0,10 0,37

0,32 0,36 0,22
0,14 0,49 0,15 0,10 0,63 0,64

clogged ugly
0,25 0,44 0,23
0,54 0,18 0,40 0,62 0,73 0,68
0,52 0,16 0,43 0,91 0,31 0,56
-0,07 -0,48 -0,32 0,26 -0,11 -0,06
0,14 0,50 0,21 0,38 0,66 0,81
annoying tense
0,58 0,64 0,79
-0,04 0,12 -0,21 0,21 0,23 -0,01
-0,11 0,39 0,65 0,47 0,21 0,74
bright

-0,19 -0,32 0,05
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