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ABSTRACT

Artificial ears are an integral part of the audiesdn process for
telephony devices such as mobile phones. The meethamd electro-
acoustical characteristics of these artificial eatould primarily
provide an overall acoustic impedance similar tat thf the average
human ear over a given frequency range. This pppgents work
conducted within the ITU-T Study Group 12 to quinthe degree of
similarity between human ears and a subset of ITRe€. P.57 Type
3 artificial ears with respect to their acousticpgdance when
measured using a mobile phone-like device.

1. INTRODUCTION

An artificial ear intended for telephonometric iselesigned to simulate the acoustic
properties of the human outer ear when coupled thi#racoustic interface of a telephony
device, e.g., the earpiece of a mobile phone. Measent with such systems can then be
used to predict the audio characteristics of aagewi its final usage case.

Specifications for the design and usage of sudficat ears, along with those of the head
and torso simulator (HATS) to which some artificéalrs can be attached, have been agreed
and defined by the standardization sector of thermational Telecommunications Union
(ITU-T) in their Series P recommendations. Memlzérthe ITU-T Study Group 12 (SG12 -
Performance and quality of service) have been resple for the development of
recommendation P.57 [1] defining artificial ears.

Different types of artificial ears, having diffetesresign criteria and scope of application,
are included in this recommendation. While theecidt for each type of artificial ear may
include the device to be measured, ease of manuéacturability, consistency of
measurements and other important factors, the pyimigective is to have “[...] an overall
acoustic impedance similar to that of the averagadn ear over a given frequency band.”

For the purpose of testing the complex acoustiplog of a modern mobile phone in the
so-called ‘hand-portable’ usage mode, the TypeaBa&8omically shaped pinna simulator
and Type 3.4 simplified pinna simulator, both definn ITU-T Rec. P.57, are both in
common use within the telecommunications industryniany different measurements and
metrics. The addition of an ear canal extensiomiteated with a pinna simulator to an IEC
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60711 [2] occluded-ear simulator allows the Typgg&ahd 3.4 artificial ears to simulate the
acoustic impedance characteristics of a real eanwloupled to a mobile handset dependant
on its position, orientation and acoustic leakage.

Recent efforts within ITU-T Study Group 12 [3] haeeused on gaining a better
understanding of the performance of Type 3.3 aAd8ificial ears as simulators of the
acoustic impedance of the average human ear, efigdor frequencies above the typical
narrowband range (>3.4kHz). These efforts are dedrio steer current recommendations
for narrowband and wideband artificial ear mease@mshas well as guiding the
development of future artificial ears applicablestper-wideband or full band signals.

For this purpose a round-robimeasurement campaign was initiated by member&apSs
Q.5/12 (“Telephonometric methodologies for handset headset terminals”).
Measurements of acoustic impedance using a phkegibbe were made on a large set of
human subjects as well as commercially availabf@ementations of the Type 3.3 and 3.4
artificial ears integrated into a HATS. The Typ8 8ar was provided by Briuel & Kjeer and
the Type 3.4 ear provided by HEAD acoustics, eaahufacturer being responsible for
measurements made on their respective ears.

The round-robin experiment was designed and adtaneid by the ITU-T SG12 Q.5/12
including representatives from Nokia, Bruel & KjalEAD acoustics, Motorola and
Uniden. The analysis and reporting of test resuits performed by Nokia, who present the
results here on behalf of the Q.5/12 rapporteurtanidvitation of the SG12 chairman.

This paper continues with an overview of the testigh in Section 2 followed by a
presentation of the measurements made on the T8 3.4 artificial ears in Section 3.
Section 4 covers the analysis of the human earuneagnts. A comparison between the set
of human ear impedance measurements and the impedeasurements made on the Type
3.3 and type 3.4 artificial ears is presented ictiSe 5. Discussion and conclusions from
this work are presented in Section 6 and Sectimsectively.

2. TEST DESIGN

To measure the impedance of the complex acousttersycreated when the ear of a user is
loaded by a typical mobile phone handset, a phikeerhpedance probe was provided by
Bruel & Kjeer. Pictures of the device to show saake give in Figure 1. A % inch Briel &
Kjeer Microphone Type 4134 is fitted flush to the-oont face of the device and can be
used, within the frequencies to be measured, asstant velocity source. The capillary
input tube of a Bruel & Kjeer Probe Microphone Tydi2 is fitted longitudinally so as to
measure the pressure close to the origin of thetantvelocity source. The final result of
the measurement is the frequency dependent acimgtgtlanceda(f)-o| at the virtual ear-
cap reference point. Impedance measures were egtatceach ISO R40 1/12th octave
centre frequencies between 0.2-8kHz for each tesst fA].

! A "round-robin” is defined here as a test desidrere measurements are pooled from multiple coritiibindependently
performing the same methodology
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Figure 1. The mobile-phone-like impedance probe dev  ice scaled on the left with a Nokia
handset and placed on a HATS in the right frame

Measurements on artificial ear types, attachegpoapriate head and torso simulators
(HATS) as defined in ITU-T Rec. P.58 [5], were madeording to ITU-T Rec. P.57 at the
standard measurement position according to ITU-@. Re&4 [6] for ‘hand-portable’ usage
mode. These included:

1. Measurement by Briiel & Kjeer on a type 3.3 righifiaral ear, attached to a Type
4128D HATS, with separate test cases for applindtioces between 2 and 18N
increasing by 2N steps,

2. Measurement by HEAD acoustics on a type 3.4 ridiifiGal ear, attached to a
HMS Il HATS, with separate test cases for applaraforces between 2 and 18N
increasing by 2N steps.

This resulted in a total of 18 individual test caffiem the 2 ear types (3.3, 3.4) x 9
application forces (2N, 4N, 6N, 8N, 10N, 12N, 146N, 18N).

Measurements were also made on the ears of 60andlé6 female human adult subjects,
split between the organizations contributing totésts. The organizational, geographical
and age distribution of the human subjects are:

Contributor (Country):

» Lab #1 — Nokia (Finland) : 24 subjects

» Lab #2 — Bruel & Kjeer (Denmark) : 30 subjects

» Lab #3 — HEAD acoustics (Germany) : 16 subjects
* Lab #4 — Motorola (USA) : 16 subjects

» Lab #5 — Uniden (USA) : 20 subjects

e 20-34yrs : 38 subjects
e 35-49yrs : 51 subjects
e >50yrs : 17 subjects

Two separate measurements were made for each b@éhkuman test subjects.
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* ‘Normal’ application force of the handset agaiing tisers ear, inferred from
placement in a quiet environment (<30dBA backgronaige).

» ‘Firm’ application force of the handset against tiser’s ear, inferred from
placement in a noisy environment (~70dBA “Hoth ebig] present).

In both measurement cases the user defined whitapgm force was required. The
constant velocity source of the probe producedHrzldine signal immediately preceding
the measurement to aid the subjects in the placeohéne device on their ear, i.e., to
confirm that the virtual earpiece was not occludeat.the ‘Firm’ application force test case
loudspeakers within the test environment reprodirtetth noise prior to measurement,
which was turned off during measurement.

This resulted in a total of 212 individual testesifrom the 106 subjects (60 male, 46
female) x 2 inferred application forces (‘norméirm’). No repetitions of test cases for the
artificial or human ears were included.

3. ARTIFICIAL EAR MEASUREMENTS

Presented in this section are the results of measmt on type 3.3 and type 3.4 artificial
ears.

(Note: Although not part of the planned test congmars, results of measurement on type
3.2LL and 3.2HL ears are supplied as referencéppendix 1)

3.1 Type 3.3 ear

The set of measurements made by Bruel & Kjeer gipe 3.3 right artificial ear shown in
Figure 2 includes separate test cases for apmicérces between 2 and 18N increasing by
2N steps.
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Figure 2. Measurement by Briiel & Kjeer on a type 3.3  artificial ear with separate test cases for applic  ation
forces between 2 and 18N increasing by 2N steps.
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3.2 Type 3.4 ear

The set of measurement made by HEAD acousticstgmea3.4 artificial ear shown in
Figure 3 includes separate test cases for apmlic&trces between 2 and 18N increasing by
2N steps.
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Figure 3. Measurement by HEAD acoustics on atype 3 .4 artificial ear with separate test cases for
application forces between 2 and 18N increasing by 2N steps

4. HUMAN EAR MEASUREMENTS

4.1 Univariate analysis of the human ear measurements
4.1.1 Descriptive statistics

Figure 4 presents a statistical summary plot oirtifgedance versus 1/12th octave band for
the normal (a) and firm (b) application force casegarately. Each of these graphs includes
a boxplot with potential outliers in red and exteeoutliers in blue for each of the frequency
bins individually. From Figure 4(a), we see that tlormal application force case contains a
set of extreme outlying points, which have beemtified as originating from two

individual measurements (subjects #12 and #50) fiftmeapplication force case does not
include any extreme outlying point. An identifigatiof the outlier points from both cases
(see graphs in Appendix 2) highlighted that thdieupoints in the two measurement sets
are not due to one or several isolated measurertieita/ould be clearly inconsistent with
the general shape of this set of impedance measntem

Figure 5 and Figure 6 present an impedance versgsdncy bin line chart of the raw data
(left plot) and the mean and sample standard dewidtight plot) for the normal and firm
application force cases separately. The grapheofatv data for the normal application
force clearly shows the two extreme outlying cdsghklighted above. Note that these two
subjects (#12 and #50) were removed from the aisgbyesented in the later sections of this
document. The standard deviation of the human eaisarements represented by the grey
area in the right plots of Figure 5 and Figurelsirates the large variability in individual
impedance at the different frequency bands.
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4.1.2 Significance testing of experimental factors

An analysis of variance (ANOVA) was applied to ea€l65 frequency bins separately
considering the four following factorkab (five contributing organizationslor ce

(normal and firm application forcesSubj ect (104 measured individualsgender

(male and female). The fact that a given individuas only measured in one laboratory and
has one of the two genders has to be accounted floe ANOVA by considering a nesting
of factors. Two separate ANOVA models were congideo handle the nesting of the
factorSubj ect in the factoiLab on one hand and the nesting of the faBlobj ect in

the factorGender on the other side. The first set of ANOVA modeisludes the factors
Lab, For ce, Subj ect (Lab) and the interactiohab x For ce. The second ANOVA
model includes the factof®nder , For ce, Subj ect (Gender ) and the interaction
Gender x For ce. For each of these two ANOVA models, a summarietabthe F-

ratios and associated levels of significance ferdifferent factors and interactions is
presented for each frequency point in appendir 8hik section, impedance verses
frequency bin line charts are used to display tiqgeidance means and associated 95%
confidence intervals about these means for themifit factors. Also, we will refer to the
column of significant levels for each ANOVA tableappendix 3 to assess the confidence
of the differences observed in these graphs.

Figure 7 illustrates the effect of the fackwnr ce, which is by far the largest for most
frequency bins as can be seen from the ANOVA reghibwn in Table 2 and Table 3
(appendix 2). The difference is clearly visibleFigure 7 for the frequency range below 1.3
kHz and the range 2.1 kHz to 5 kHz.

The factorLab (the five contributing organizations) has a muctalier effect than the
factorFor ce as illustrated in the left plot of Figure 8. Th&I@VA results of Table 2 also
highlight some significant differences for thist@cin the frequency range 1.9-2.3 kHz and
around the frequency 4.2 kHz. Note, however, thatR-ratios are smaller than for the
factorFor ce overall. The right plot of Figure 8 illustratetmost salient example of
difference observed for this factor when compatirgylaboratories Lab #2 and Lab #5. An
additional plot is presented in Figure 9 to compgarman ear measurement means per
region, i.e. between the three European laborat@bieie line) and the two North American
laboratories (red line). This plot illustrates td#terences between the two regions are not
significant based on the overlapping 95% confidentavals. Considering now the
interactionLab x For ce in the ANOVA results shown in Table 2 (appendix\#¢ can

note a significant effect for the same frequengyams as those found for the fackar ce.
This effect is less important though as can be feemthe relatively small F-ratios, but it
indicates that the application force used by subjfr the two cases might have differed
from one laboratory to another.

Considering finally the factaBender , it appears that human ear measurements made on
male and female subjects do not follow the exattespattern. This difference is illustrated
in the left plot of Figure 10 and is also visibterh the ANOVA results of Table 3 in
appendix 2. The fact@@ender is significant in the region 1.5-2.3 kHz and 3.5-kHz

with relatively high F-ratios. We can note howefrem Table 3 that the interaction

Gender x For ce is not significant, except for a few isolated fneqcy bins, which
indicates that the gender difference is not cleaalgted to a difference in application force.
The right plot of Figure 10 compares human ear oreasent means per gender and per
application force. This graph illustrates that eliéinces seen between the two genders
follow roughly the same pattern for the normal &na application force cases.
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4.2 Bivariate parametric analysis of the human ear meagements
4.2.1 Presentation of the analysis method

An inspection of the large set of human ear measents made in this Round Robin test
reveals a common structure in the shape of thedanpee response as a function of
frequency. The curve formed by most of the indigidmpedance measurements show a
series of extrema which can be used as a basipfilying a structural analysis on this
dataset. For this purpose, a routine to detectecextrema was applied to all human ear
measurements and a bivariate parametric analysishvea considered to describe the
variability of the impedance and frequency varialite this set of frequency response
extrema.

The routine used for the detection of curve extreorasists of an identification of maxima
(resp. minima) in the curve, i.e. points that arecpded and followed by lower (resp.
higher) values. The number of extrema detected fraset of 104 individual
measurements in each of the two cases is reparféalile 1. The automatic peak detection
routine did not work 100% of the time because soarges did not follow the general shape
of the dataset. Such curves lead to detected piiatsould be identified visually as clear
outliers and were therefore removed from the datafsextremum points. We can see from
Table 1 that the first two minima and maxima cavere than 90% of the individual
measurements, except for the second minimum dirtheapplication force case, which
includes only 70% of the individual measurementg Tow values seen for the third
maximum relates to the fact that this maximum diemund the 6-8 kHz region. As the
impedance measurement was limited to 8 kHz in teegnt study, any maximum occurring
above 8 kHz cannot be detected in this set of mmeasents. Therefore the information
presented here for the third maximum should bepnéeed with caution.

Table 1. Number of extrema detected from the set of 104 individual

measurements for the normal and firm application fo rce cases.

Application force case
Normal [ Firm
Extremum index Maximum Minimum Maximum Minimum
1 102 98 94 87
2 99 96 91 72
3 44 54

4.2.2 Results of the parametric analysis

The resulting set of data points comprises the dapee and frequency values of each
detected point and the bivariate distribution @ thataset was studied for each extrema and
application force case separately. A scatter dlth® extremum points is presented in
Figure 11 for the normal application force casé (iot) and the firm application force case
(right plot). Three individual impedance resporesesalso included in this graph to
illustrate how these clouds of points relate togtmactural shape of the human ear
impedance. To describe statistically each cloudoafts, a bivariate mean was computed
and an ellipse covering 95% of the data pointsaeaived based on the Hotteling T
statistic. Figure 12 illustrates the resulting stamal representation of the individual human
ear measurements for the normal application foase ¢left plot) and the firm application
force case (right plot). We see from this graph tha different clouds are relatively well
discriminated. In Figure 13, a comparison of tmacttiral mean and the arithmetic mean is
shown for the normal application force case (l&ft)pand the firm application force case
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(right plot). In these two plots, the size of thigpees represents now the 95% confidence
level for the mean value of the extrenadnich can be compared to the 95% confidence

interval of the arithmetic mean represented byiluth of the blue and red curves in this

figure. These two plots illustrate some differenicethe characteristics of the structural and

arithmetic means for both the normal and firm aggilon force cases. The frequency of the
extrema relate relatively well with the two methpeiscept maybe for the first maximum of

the firm application force which shows a slightfsim frequency. However, the amplitude
between two successive extrema (i.e. maximum impeEld minimum impedance) is

about twice larger for the structural mean.
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Figure 13. Comparison of the structural and arithme  tic means of the individual human ear measurements
for the normal application force case (left plot) a  nd the firm application force case (right plot). Th e size of
the ellipses represents now the 95% confidence leve | for the mean value of the extrema, which can be
compared to the 95% confidence interval of the arit  hmetic mean represented by the width of the bluean d

red curves.

5. COMPARISON BETWEEN HUMAN AND ARTIFICIAL EAR MEASURE MENTS

5.1 Univariate comparison of human and artificial ear measurements

The series of graphs presented in this paragrapimsuizes the results of the set of round-
robin test measurements made in this study fromizactiate point of view. The graphs
presented in Figure 14 and Figure 15 compare itlexatic means of the human ear
measurements with the set of measurements made dwad artificial ear types at nine
different application forces (from 2 and 18N in@ieg by 2N steps). Figure 14 focuses on
the measurements made on the artificial ear typevBile Figure 15 focuses on the type 3.4
ear. The curve shown on the left plot of each figillue curve) corresponds to the mean of
the human ear measurements made with a normatapefi force and the curve shown on
the right plot (red curve) corresponds to the mafahe human ear measurements made
with a firm application force. The width of the radd blue curves represents the 95%
confidence interval about the human ear measuremean per frequency bin.
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5.2 Bivariate parametric comparison of human and artificial ear measurements

The series of graphs presented in this paragrapimsuizes the results of the set of round-
robin test measurements made in this study fromaxibte structural analysis point of

view. The graphs presented in Figure 16 and Fifjdreompare the structural model of the
human ear measurements with the amplitude extrértie dwo artificial ear types at nine
different application forces (from 2 and 18N in@ieg by 2N steps). Figure 16 focuses on
the measurements made on the artificial ear typevBile Figure 17 focuses on the ear type
3.4. The structural means shown in these graphs b@en described in section 4.2 but it
should be noted that the ellipses presented haeride the distribution of the detected
extrema, as in Figure 12, and not the 95% confid@tigpse of the mean as in Figure 13.
These ellipses are better suited to visually chexsk well the amplitude extrema of a given
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artificial ear type and application force relateste associated distribution of individual ear

impedance extrema.

Structural model of hum. meas. at Firm force ve&G8s

Structural model of hum. meas. at Normal forcen®13.3

elipse ¢ ‘
the individual

|
elipse ¢ ‘
the individual

(epnyule) myez

Frequency (Hz)

Frequency (Hz)

ments made with normal application force (left

Figure 16. Comparison between the human ear measure

plot) and with firm application force (right plot)

e 3.3at

and the measurements made on the artificial ear typ

nine different application forces.
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240
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Figure 17. Comparison between the human ear measure

plot) and with firm application force (right plot)

e 3.4 at

and the measurements made on the artificial ear typ

nine different application forces.
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6. DISCUSSION

These results were discussed during an ad hocmgestihe ITU-T Q.5/12, 26May 2008,
and included the contributors to the round-robst &s well as other interested members.
The outcomes of these discussions, as reporteaeb® 5/12 rapporteur, are presented here.

Generally very similar responses are seen on theattificial ears up to around 2kHz.
Above 2kHz pronounced deviations are observed @tiakly and quantitatively. Between
2kHz and 4kHz the first minimum of the 3.4 earaw/ér than the one observed at human
subjects and the 3.3 ear responses. Here the3cBmealates better the human’s ear
impedance . At 5kHz the second minima of the 3rdsoo dominant.

Between 4 and 6kHz type 3.4 seems to correlatertb human’s ear impedance, and no
other conclusion can be drawn for the frequencygeatkHz — 8kHz .

From the results a basic agreement was reachetbthaideband (100-8kHz) it was not
possible to conclude whether one of the two aidifiear impedances correlated better with
humans. For narrow band (100-4kHz) a consensuseeased that the 3.3 artificial ear

had a better match to human impedance responseberetbre should be the preferred type
3 in this range for an impedance point of view.

These findings are currently (May 2008) proposebiegalescribed in an update to Rec. P.57.
7. CONCLUSIONS

The work presented in this paper highlights thdlehges in accurately simulating the
acoustic impedance of an average human ear forureraent of mobile phones in the
‘hand-portable’ usage mode at the standard posiGomclusions have been proposed
within the ITU-T SG12 for describing the Type 3& @s having a more similar response in
narrow-band measurements. It is hoped that futeried based on these results will aid
the development of ear simulation devices havieg@gr similarity to that of the human ear
for frequency ranges beyond narrow-band.
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APPENDIX 1: COMPARISON BETWEEN HUMAN MEASUREMENTS A ND TYPE 3.2

ARTIFICIAL EAR MEASUREMENTS

Included in this appendix are the results of thea ear analysis described herein presented véth th
results of equivalent measurement on a type 3.2Leak (Figure 20) and type 3.2 High-Leak (Figure

21) artificial ear. Artificial ear measurement daaupplied by Briel & Kjeer as a normative refeeto

the round-robin study results.
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Figure 18. Comparison between the measurements made
measurements made at normal application force (left
width of the gray curves represents the 95% confide
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plot) and at firm application force (right plot).
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Figure 19. Comparison between the measurements made

at normal application force (left plot) and at firm

model derived from the human ear measurements made

application force (right plot).
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APPENDIX 2: IDENTIFICATION OF OUTLIERS FROM THE BO XPLOT ANALYSIS
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Figure 20. Human ear measurements in the normal app lication force case: this box plot highlights the
subject index of the outlier data points for the di fferent frequency bins.
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APPENDIX 3: STUDY OF FACTOR EFFECTS BY UNIVARIATE A NALYSIS OF VARIANCE

Table 2. ANOVA applied separately to each frequency
firm), Subj ect (nested in Lab) and the interaction LabxFor ce.

bin with the factors

Lab (5 levels), For ce (normal or

Lab Force Subject(Lab) Lab*Force
Frequency| F-ratio  Sig. Level| F-ratio Sig. Level| F-ratio Sig. Level| F-ratio Sig. Level
200 14.05 b 0.07 2.42 i 9.52 b
212 0.87 194.66 bl 4.14 b 6.09 ok
224 1.19 252.54 il 5.48 i 7.37 i
236 1.09 262.33 bl 5.72 b 7.04 ok
250 1.17 266.93 ok 6.13 ok 8.42 i
265 1 292.44 bl 6.54 b 8.07 ok
280 1.16 289.59 il 6.77 i 7.08 b
300 1.15 312.74 il 7.06 i 6.27 b
315 1.03 318.61 bl 75 b 6.8 ok
335 1 271.04 il 6.53 i 5.53 i
355 1.19 303.78 bl 6.76 b 6.13 ok
375 1.27 306.91 il 6.9 i 6.67 i
400 1.44 314.48 bl 6.68 b 6.72 ok
425 1.51 307.64 bl 6.61 b 6.08 ok
450 1.57 313.85 il 6.63 i 6.74 b
475 1.64 311.82 bl 6.55 b 6.53 ok
500 1.74 313.5 il 6.53 ok 6.32 b
530 1.74 309.54 bl 6.48 b 6.22 ok
560 1.79 295.51 il 6.32 i 5.58 b
600 1.82 280.43 i 6.02 ok 5.04 b
630 1.79 276.86 bl 5.92 b 4.46 **
670 1.69 253.77 il 5.73 i 3.67 o
710 1.56 230.31 bl 5.44 b 3.34 *
750 1.45 204.23 il 5.08 i 2.78 *
800 1.26 168.08 bl 4.46 b 2.02
850 111 131.66 il 3.84 i 1.54
900 0.98 98.74 il 3.24 i 1.17
950 0.77 75.06 bl 2.79 b 1.05
1000 0.67 53.26 il 2.3 il 0.97
1060 0.53 33.56 bl 1.75 b 0.86
1120 0.5 20.49 il 1.43 * 1.04
1180 0.46 11.22 b 1.22 1.03
1250 0.72 4.26 * 11 1.12
1320 1.14 0.85 1.14 1.03
1400 1.37 0.06 1.36 1.02
1500 1.33 1.4 2.02 ok 0.95
1600 1.35 3.24 3.1 b 1.04
1700 15 3.32 4.06 i 1.1
1800 1.94 1.62 4.56 b 1.06
1900 2.92 * 0.01 4.57 b 0.91
2000 4.19 o 2.72 4.27 i 0.6
2120 5.13 ok 15.03 bl 4.14 b 0.66
2240 4.52 o 37.25 il 4.19 ok 1.71
2360 3.03 * 61.49 bl 4.4 b 2.47 *
2500 1.9 90.8 il 4.99 i 3.08 *
2650 1.16 112.9 il 5.69 i 3.46 *
2800 0.81 110.26 bl 5.61 b 3.92 **
3000 1 93.99 il 5.3 i 3.97 o
3150 1.74 73.31 bl 4.75 b 3.08 *
3350 2.16 54.39 ok 4.87 i 2.87 *
3550 2.16 52.21 bl 6.13 b 3 *
3750 2.09 59.8 il 7.4 i 3.33 *
4000 2.45 59.15 ok 6.77 i 4.02 o
4250 2.67 * 40.23 bl 4.37 b 3.25 *
4500 2.46 24.17 ok 2.62 i 2.6 *
4750 1.92 12.35 bl 2.39 b 291 *
5000 1.15 5.11 * 2.24 ok 1.83
5300 0.44 2.61 251 b 0.66
5600 0.26 0.97 2.65 b 0.4
6000 0.24 0.01 2.86 ok 0.47
6300 0.05 0.28 2.69 b 0.71
6700 0.41 0.1 3.05 i 1.07
7100 0.42 0.29 35 b 1.01
7500 0.49 0.04 3.55 ok 1.02
8000 0.11 0 3.64 sl 1.36

Sgnificant levels are represented as follows: P < 0.05; **, P < 0.01; ***, P < 0.001
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Table 3. ANOVA applied separately to each frequency  bin with the factors Gender (male or female), Force
(normal or firm), Subj ect (nested in Gender) and the interaction Gender xFor ce.

Gender Force Subject(Gender) Gender*Force
Frequency] F-ratio  Sig. Level] F-ratio Sig. Level] F-ratio Sig. Level| F-ratio Sig. Level

200 3.11 1.12 2.7 x 1.39
212 0.83 154.63 b 3.43 e 0.37
224 0.5 197.02 ok 4.42 ok 0.4
236 0.88 212.18 b 4.66 e 1.02
250 0.62 203.99 ok 4.77 ok 0.25
265 0.71 227.42 b 5.17 e 1.54
280 0.47 233.91 ok 5.52 ok 0.66
300 0.28 261.01 b 5.9 e 0.31
315 0.33 264.12 ok 6.13 ok 0.31
335 0.12 237.12 b 5.55 e 0.01
355 0.1 258.66 ok 5.68 ok 0.01
375 0.13 256.6 b 5.72 e 0.23
400 0.15 259.98 ok 5.58 ok 0.45
425 0.12 259.59 b 5.64 i 0.39
450 0.13 256.59 ok 5.56 ok 0.47
475 0.07 256.78 b 5.56 el 0.62
500 0.05 260.17 ok 5.61 ok 0.81
530 0.05 256.53 b 5.61 e 1.2
560 0.04 250.63 ok 5.58 ok 1.01
600 0.01 242.4 b 5.43 e 1.13
630 0.02 244.32 ok 5.43 ok 0.93
670 0.04 231.23 b 5.37 i 0.85
710 0.04 211.97 b 5.13 b 0.68
750 0.06 191.94 ok 4.84 ok 0.31
800 0.09 163.45 b 4.33 e 0.07
850 0.12 131.71 ok 3.77 ok 0
900 0.11 102.02 b 3.21 el 0.13
950 0.15 80.16 ok 2.76 ok 0.43
1000 0.22 58.52 b 2.29 el 0.78
1060 0.42 38.46 ok 1.73 ** 1.13
1120 0.56 24.14 b 141 * 1.33
1180 0.78 14.14 ok 1.19 121
1250 1.07 6.24 * 1.08 157
1320 1.19 1.94 1.16 1.97
1400 1.93 0.08 1.38 241
1500 4.29 * 0.42 2.01 ok 2.1
1600 8.97 * 1.68 291 e 0.95
1700 14.81 ok 1.93 3.61 ok 0.15
1800 20.78 b 0.94 3.92 e 0.07
1900 23.28 ok 0.01 4.05 ok 1.01
2000 21.04 b 2.67 4.16 i 2.96
2120 15.19 ok 13.44 ok 4.43 ok 4.69 *
2240 8.93 * 31.54 b 4.43 e 4.09 *
2360 3.93 * 52.23 b 441 e 2.08
2500 1.06 79.06 ok 4.75 ok 0.53
2650 0.11 99.94 b 5.22 e 0.01
2800 0.06 96.8 ok 5.01 ok 0.1
3000 0.13 84.83 b 4.78 e 0.89
3150 0.05 71.82 ok 4.58 ok 1.58
3350 2.7 55.36 b 4.65 e 0.57
3550 7.42 ** 52.43 ok 5.55 ok 0.13
3750 11.98 b 55.3 b 6.33 e 0.02
4000 16.43 ok 48.86 ok 5.54 ok 0.64
4250 15.9 b 34.94 b 3.71 e 0.26
4500 8.05 ** 23.84 ok 2.42 ok 0.26
4750 1.46 14.56 b 2.35 e 3.54
5000 0.09 7.59 ** 2.32 ok 6.23 *
5300 0.08 4.64 * 2.61 e 5.2 *
5600 0.91 1.48 2.65 ok 1.42
6000 1.14 0.01 2.81 e 0.08
6300 1 0.03 2.62 ok 0.98
6700 0.22 0.59 3.02 e 1.61
7100 0 0.72 3.46 ok 1.2
7500 0.19 0 3.49 e 0.67
8000 0.83 0.18 3.46 i 0.75

Sgnificant levels are represented as follows: P < 0.05; **, P < 0.01; ***, P < 0.001
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