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Résumé

La croissance des produits électroniques grand public, encouragés par les innovations, a stimulé le développement persistant
des écouteurs pour une reproduction sonore de haute qualité. L’écouteur bouton est situé¢ dans le pavillon de 1'oreille humaine
en face du conduit auditif. Le placement des écouteurs dans le pavillon de ’oreille joue un réle remarquable dans la réponse
du niveau de pression acoustique d'un écouteur. Dans cette étude, dix écouteurs ont été testés pour la réponse en fréquence et
la distorsion harmonique totale en utilisant un simulateur de téte et de torse dans une chambre anéchoique. Trois positions et
deux orientations d'écouteurs dans le pavillon de 1’oreille ont été identifiées pour la mesure. Sur la base des réponses de tous
les écouteurs a toutes les orientations et positions, il est conclu qu'il existe une variation de la réponse en fréquence et de la
distorsion harmonique totale. Mé&me si la variation est de faible ampleur, son effet sur la perception du son, I'exposition au son
et le seuil d'audition est phénoménal. Sur la base de la proposition présentée dans ce travail et de I'exposition sonore quotidienne
slre, il a été suggéré que la variation de la réponse en fréquence affecte la sonorité percue de la musique/du son et peut provo-
quer des différences significatives dans la limite d'exposition sonore quotidienne pour un étre humain.

Mots clefs : écouteur bouton, réponse en fréquence, oreille humaine, niveau de pression acoustique, distorsion harmonique
totale

Abstract

The growth of consumer electronic products is encouraged by innovations and has stimulated the persistent development of
earphones for high-quality sound reproduction. Earbud earphone is located in the concha of the human ear facing an ear-canal.
The placement of earphones in the concha plays a remarkable role in the sound pressure level response of an earphone. In this
study, ten earphones were tested for frequency response and total harmonic distortion using head and torso simulator in an
anechoic chamber. Three positions and two orientations of earphones in the concha were identified for measurement. Based on
the responses of all earphones at all orientations and positions, it is concluded that there is a variation in the frequency response
and total harmonic distortion. Even though the variation is small in magnitude, its effect on sound perception, sound exposure,
and the hearing threshold is phenomenal. Based on the proposition presented in this work and the safe daily sound exposure, it
has been determined that the variation in the frequency response affects the perceived loudness of sound and can cause signif-
icant differences in the daily sound exposure limit for a human being.

Keywords: earbud earphone, frequency response, human ear, sound pressure level, total harmonic distortion

1 Introduction [1]. The EE is subjected to-sound leakage across its interface

) o with concha due to the human ear anatomy. The frequency
The growth of 4C products (i.e., computer, communication,  yesponse (sound pressure level (SPL)) of EE depends on the
consumer electronics, and car electronics), or the consumer parameters associated with both the earphone and ear. The
electronic products, has encouraged new developments in the earphone parameters involve a miniature loudspeaker, ear-
electroacoustic community worldwide. The relentless evolu- phone size, earphone shape, earphone enclosure volume,

tion of earphone has stimulated a cache of innovations inthe  yent, and sound holes in the enclosure. The parameters asso-
field of electroacoustic transducers. The earphone is intended  ¢jated with an ear are an ear-canal and its transfer function,
not only for the delivery of high-quality sound but is required  shape & size of the concha, and leakage across earphone-con-
to be stylish, slim, portable, and aesthetic. High-fidelity  chg interface. The placement of an earphone in the concha
sound reproduction over a wide frequency range has explored  pjays 4 significant role in the earphone's SPL response and
“Research Avenue” in earphone design and development for  t5ta) harmonic distortion (THD). The SPL, the localized pres-
the electroacoustic community. The typical earbud earphone  gyre fluctuations created by sound-producing device over the
(EE) rests within the concha (Figure 1) facing an ear-canal  atmospheric pressure attributes to the range of frequencies
that the sound-producing device can reproduce. The THD is

. ;jcpli‘:"g%mé:tfx'i” owed to the loudspeaker nonlinearity that generates addi-
¢ jhhuang@fcu.edu.tw tional signal components from the loudspeaker and associ-
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ated electronic hardware, which causes output signal distor-
tion. Thus, the THD may deteriorate the sound quality of an
earphone.

1. Helix 6. Cavum (concha)

2. Anti helix 7. Tragal notch
3. Anterior notch 8. Anti tragus
4. Crus helias 9. Lobule

5. Tragus 10. Pinna

Figure 1: Anatomy of an external ear.

An acoustic performance estimation and measurement of
telecommunication equipment by an artificial ear has been
given in ITU-T Recommendations P.57 [1]. B&K developed
a Head and Torso Simulator (HATS), known as Type 4128
[2], for an in-situ acoustic evaluation and performance esti-
mation of audio products. An International Electrotechnical
Commission (IEC) coupler (IEC-60711) [3] and B&K meas-
urement microphone are housed in the HATS. Wojcik and
Cardinal (1999) [4] discussed uncertainties in the measure-
ment by the HATS. Riederer and Niska (2002) [5] carried out
measurement and simulation of 3D sound with insert head-
phones. The ear-tip of earphone allows the exact positioning
of the earphone in the concha, which results in the attenuation
of background noise 15-20 dBSPL as reported. Ciri¢ and
Hammershgi (2006) [6] addressed the measurement of ear-
phones by ear using a standard coupler and found that indi-
vidual ears have detected significantly different levels of
SPL. Tikander (2007) [7] provided a lumped element model
to simulate the sound of transmission path from the surround-
ing environment into the ear-canal. Additionally, an air leak-
age due to the cloth (sponge) had been modeled. In an attempt
to calibrate headphones and earphones by KEMAR for psy-
choacoustic experimentation, Zhiwen et al. (2009) [8] re-
ported a significant change of sound pressure on the tympanic
membrane due to small change in the location of an earphone
in the concha. Liu (2008) [9] explained the ergonomic design
and development of ear-related products by providing anthro-
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pometric dimensions of an outer ear. Erber (1968) [10] inves-
tigated the influence of an outer ear configuration on the
acoustic stimulus by a supra-aural headphone on the tym-
panic membrane. Zwislocki et al. (1988) [11] reported unpre-
dictability in the audiometric applications of an earphone due
to the variability associated with an acoustic coupling be-
tween the sound source and an eardrum. Kulkarni and Col-
burn (2000) [12] pointed out that the performance of supra-
aural headphones varies with the positioning of the head-
phone cushion during normal usage by KEMAR measure-
ments. A significant effect of middle ear pathologies on the
sound pressure variation in the ear-canal has been indicated
by Voss et al. (2000) [13]. Ruiz et al. (2005) [14] reported
issues during the measurement of electro-acoustic instru-
ments during the calibration of audiometric and psychoacous-
tic tests. For uncertainty in the response of circum-aural ear-
phones, The effects of temperature and placement were quan-
tified by measurements. The sound leaks to the surrounding,
from the rear side of EE in two ways, first, through the sound-
hole and second from the interface of EE casing and concha
surface. Due to the leakage of the sound, the SPL detected by
eardrum changes [15]. The modeling and measurement of EE
has been carried out in our previous publication [16]. The
field studies [17-19] were done for investigating the use of
portable audio devices and the hearing health of customers.

Liu (2008) [9] performed an extensive data collection
and analysis for understanding the human ear anthropometry
for effective design of ear-related products. It is evident that
the anthropometric dimensions of the outer ear for different
demographic data, including gender, age, etc. plays a signifi-
cant role in mass customization and collaborative ear-related
product design. Three dimensions of the outer ear (earhole
length (L.), ear connection length (Ly), and pinna length (L))
were decided (Figure 2) as significant. Two hundred subjects
(20-59 years of age) were grouped into four age groups for
ear dimensions determination by the superimposed grid pho-
tographic technique. The outer ear plays a prime role in the
collection of sound from the environment and transmission
of same to the middle ear. The outer ear collects the sound
and transmits it to the tympanic membrane (diaphragm)
through the auditory canal (ear-canal).

Lc

La
Lb

v

Figure 2: Three critical dimensions of human ear [9].

Canadian Acoustics / Acoustique canadienne



The average values of ear dimensions were measured
and L, was found to be larger in males (15.6 mm vs. 14.5
mm), also Ly, is appreciably higher in males (47.5 mm vs. 42.2
mm), and L. is also significantly similarly larger in males
(58.4 mm vs. 53.9 mm). These facts establish gender depend-
ence on the dimensions, however, show no significant differ-
ence across different age groups. The dimension analysis of
both the ears show a strong correlation between the right and
left ears, revealing their asymmetry. It is concluded that the
right ear had larger dimensions than the left ear.

Erber (1968) [10] reported that mean hearing sensitivity
for young subjects differ. Young females of 18-24 years of
age demonstrate better hearing than males of that age. There
have been anatomical dissimilarities of auditory systems (viz.
skull, pinna, ear-canal dimensions, quantity, and quality of
external hair) and hair along with cerumen content of the ear-
canal. Besides, studies reveal that acoustic stimulus created
by earphones at the tympanic membrane can be affected by
factors like voltage applied to the earphone, force applied on
the earphone, earphone cushion-pinna seal, ear-canal volume,
earphone and cushion type, etc. Middle ear pathologies alter
the impedance of the middle ear, and also every deviation in
the anthropometric dimension of the ear can change the im-
pedance. Lee et al. (2016) [20] carried out detailed anthropo-
metric dimensions of the outer ear for the design of ear-re-
lated products. The outer ear consists of three main parts
(pinna, concha, and external auditory canal). Figures 3 (a-c)
shows some significant anthropometric dimensions of the hu-
man ear, focusing mainly on the earbud earphone as La =
Cavum concha length, La, = Cavum concha width (also L),
Lac = Centre of concha to anterior cymba concha length, Ly,
= Ear-canal length, L = Cavum concha depth, L¢, = Ear-ca-
nal depth (also Lcqg), and L¢c = Pinna flare angle.

In confirmation with the anatomy of an average human
ear and according to ITU-T recommendations, the diameter
of EE should be less than 25 mm for proper fitting in the con-
cha cavity. The diameter of earphones available in the market
varies from 12-20 mm. The miniature-loudspeaker (Figure 4
(@)) is housed in an aesthetically shaped casing of earphone
(Figure 4 (b)). The EE generates sound from the front and
back. Also, there are two sound leakages from EE to its back-
side. One through the vent holes in the under-yoke of the
loudspeaker to earphone cavity which further leaks to the
backside via the sound-hole in an earphone cover. Another
sound leakage is from the rear side of an earphone through an
earphone circumference and the concha interface.

The B & K Type 4128 is typical HATS, it consists of an
artificial head mounted on a torso extending to the waist. It
lets an accurate simulation of an acoustic field around a hu-
man head and a torso for airborne acoustic measurements.
The HATS consists of a removable silicone rubber pinna, an
occluded ear-simulator, and a 1/2” microphone with a pream-
plifier. The placement of EE in the pinna (concha cavity) is
in definite relation to the ear reference point (ERP) and an
ear-canal entrance point (EEP) [1]. A schematic of B & K
HATS with EE resting in a concha cavity is given in Figure
4 (c). In a human ear, EE rests against the cavum (concha)
and is supported by the crus helias, tragus, and anti-tragus
(Figure 1). Besides, the tragal notch assists in the placement
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Figure 3: Some significant anthropometric dimensions of human
ear [20].

of EE so that it should not loose during regular uses. Due to
the variations in the anatomy of a pinna, it is difficult and
impracticable to fit EE in the concha cavity perfectly. As a
result, some sound leaks through the EE circumference and
concha interface-(Figure 4 (c)), shown by arrows from the top
and bottom of EE. However, majority of the sound is directed
towards an ear-canal opening and reaches to the pinna exter-
nal cavity. Moreover, the sound goes to the pinna circular
cavity and finally enters the IEC-60711 coupler and is de-
tected by the microphone housed in IEC coupler.

The SPL or the frequency response of a loudspeaker is a
vital characteristic to quantify the behavior of loudspeaker. In
a perfect condition, the curve should be flat over the working
range of a loudspeaker. The THD of a signal is a measure-
ment of the harmonic distortion in an output which is the ratio
of sum of the powers of all harmonic frequency components
to the power of fundamental frequency. The THD character-
izes the linearity of audio system, loudspeaker, amplifier, mi-
crophone, etc. Generally, the THD is expressed either in dec-
ibel or in percentage. It is nonlinearity, resulting in addition
of unwanted signals to the input signal that is harmonically
related to it. Hence the spectrum of the output shows some
added frequency components at 2x, 3x, 4%, 5%, and so on of
an original signal.

Klippel, in a series of papers [21-24], discussed the non-
linear behavior of loudspeakers. The loudspeaker generates a
nonlinear signal component in the output along with the orig-

Vol. 48 No. 4 (2020) - 31



Sound
Front hole
)‘ chamber
[ Voice coil
== Diaphragm
Earphone
i cavity
€ —— Magnet
L ««— Front cover

Rear chamber

< ) Vent Miniature
loudspeaker
Wire
(a) (b)
Pinna
IEC-60711
coupler
Leak

(©

Figure 4: Schematic of (a) Miniature loudspeaker, (b) Earbud ear-
phone, and (c) B&K HATS with earphone in concha.

inal signal when driven at high input level. In most cases, the
nonlinear signal components are unwanted; but, are inherent
due to nonlinearity of the electro-dynamic loudspeaker and
cannot be avoided. Motor and suspension nonlinearities are
two dominant causes of loudspeaker nonlinearities. The dis-
tortions can also be categorized as a regular and irregular. The
nonlinear properties of loudspeaker design cause regular dis-
tortions and are usually dominating 2™ to 5" harmonics as
well as THD [25]. Irregular distortions are due to defects,
manufacturing process artifacts, aging, and other external im-
pacts (overload, climate, etc.) during the life cycle of the
loudspeaker. A rubbing voice coil, buzzing parts, loose parti-
cles in the gap, and air leaks are some common loudspeaker
defects. The regular distortions are significant at low fre-
quency; and, irregular distortions are usually broadband.
Much smaller amplitude irregular distortions are masked by
the lower order regular distortions. In our earlier efforts
[26, 27], an effect of the nonlinear suspension stiffness on the

32 - Vol. 48 No. 4 (2020)

SPL and THD has been simulated, experimented, and vali-
dated for a circular and an elliptical miniature loudspeaker,
respectively. Analogously, an effect of a nonlinear force fac-
tor on the SPL and THD of a circular and an elliptical minia-
ture loudspeaker has also been simulated, experimented, and
validated by our group [28, 29], respectively.

In continuation with the various field studies [17-19], an
extensive logistic about human ear, human hearing, etc. were
documented. Enormous capabilities of the human ear have
been explored in terms of the frequency range covered, sound
pressure sustained, and sound energy handled. The remarka-
ble abilities of the hearing system have been highlighted,
along with challenges and risks [30]. Scientific Committee on
Emerging and Newly Identified Health Risks (SCENIHR) in
2008 gave a detailed report and advisory advised on the po-
tential health risks of exposure to noise from personal music
players and mobile phones. The inability to hear sounds be-
low certain thresholds is the most common form of hearing
impairment. It is reported that exposure to excessive noise is
a significant cause of hearing disorder worldwide. Nearly
16% of the hearing loss disabilities in adults are due to occu-
pational noise. The personal music players now play not only
music but provide podcasts of various activities, which are
listened through ear-bud and insert types of EEs producing a
range of maximum SPL around 80-115 dB(A). Remarkably,
the difference in EE type may increase the SPL by 7-9 dB,
specifically, the ear-bud creates the highest levels of about
120 dB(A) in the worst-case scenario it is caused by the in-
sertion depth of the ear-bud in the ear-canal [31]. World
Health Organization in 2015 [32] published a review related
to the hearing loss due to recreational exposure to loud
sounds. The report gave a comprehensive account of human
hearing and the effect of noise. Additionally, the treatment of
the noise-induced hearing loss is suggested along with pre-
vention. Strategies are proposed by the use of legislation, so-
cial media, intervention, education conservation, etc.

Based on the variations of anthropometric dimensions of
the human ear, the sound perception by different individuals
from the same earphone shall be different. The effect of var-
ious factors like earphone shape, earphone size, earphone po-
sition in the concha, earphone orientation in the concha, ear-
phone circumference and concha surface seal, earphone force
on concha surface, etc. are also prominent. This study pro-
poses and establishes that the sound perception by individuals
from the same earphone shall be dissimilar due to different
orientations and positions of EE in the concha. Alongside, the
sound impression by the right and left ear of the same indi-
vidual shall also differ. The study infers that the prolonged
usages of EE may change the orientation, position, force, ear-
phone circumference and concha surface seal, etc. which may
cause variation in the SPL generated across the tympanic
membrane.

2 Materials and Method

As an extension of our previous work [15], two distinct EE
orientations have been identified (Figure 5) in this work. At
position 1, the earphone’s front surface is placed directly
against the concha bottom surface and is supported along the
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circumference by the tragus, anti-tragus, and crus helias. The
tragus sometimes covers the EE, based on the anatomy of the
ear. As shown in Figure 5, positions 2 and 3 are similar to
position 1; but differ slightly due to the placement of EE wire.
The earphone wire is located along the tragal notch, anti-tra-
gus, and an anterior notch for positions 1, 2, and 3, respec-
tively. At position 1, the anthropometric notch of ear assists
in perfect fit of the earphone with minimum sound leakage
and least pinna external cavity volume. At position 2, due to
projection of anti tragus, wire of the earphone gets lifted and
extra volume is created in the pinna external cavity, along
with the possibility of a higher sound leakage through the tra-
gal notch. Similarly, at position 3, anterior notch assists the
earphone wire placement in different ways, which is depend-
ent on the anthropometry of the ear. This position affects
sound leakage and pinna external cavity volume. Two differ-
ent orientations of earphones are also identified as given in
Figure 5. In orientation 1, earphone is directly supported
against the concha bottom surface of the concha. On the con-
trary, the earphone is inclined (roughly 10-45° depending on
the anatomy of a human ear) against the concha bottom sur-
face in orientation 2 so that the front surface of the earphone
faces the auditory canal opening. Based on the orientations
mentioned above, a direct exposure of EE to the ear-canal
opening varies, which implies different pinna external cavity
shapes and volume, different leakage levels, and different po-
sitions of the sound sources about ERP. Hence, it is antici-
pated that there may be variation in SPL and THD responses
of earphones when the position and orientation of EE are
changed.

1 - Traaus
2 - Tragal notch

3 - Anti tragus

4 - Ante@otch

Position 2 Position 3

Position 1

Concha surface helix
Ear-canal opening

Concha surface neliv
Ear-canal opening

Orientation 1 Orientation 2

Figure 5: Schematic of earphone placement in concha for meas-
urement.

The schema of the anechoic chamber measurement of
frequency response and THD of EE is given in Figure 6. An
earphone is positioned in the concha of the HATS. The soft-
ware (SoundCheck® 8.1, Listen Inc. Boston, MA, USA) gen-
erates a test signal for the earphone via an amplifier. The mi-
crophone of the IEC-60711 coupler receives the sound pres-
sure generated by the earphone and finally communicates it
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back to the software for further processing. In this study, the
measurements are carried out for SPL and THD for each po-
sition and orientation (total of six combinations) for ten ear-
phones, designated as E1 to E10.

A
Amplifier
Software

Figure 6: Measurement setup for an earbud earphone with B&K
HATS.

The design and development of electroacoustic transduc-
ers like the loudspeakers, miniature loudspeakers, and ear-
phones (like earbud and insert) are done extensively for get-
ting consistent simulated performances. However, electroa-
coustic transducers are prone to manufacturing artifacts and
no two loudspeakers may perform identically. There is a pos-
sibility of variation in the performance of the loudspeaker
(SPL, THD, intermodulation distortion, rub & buzz, etc.) due
to various factors. These factors might be defects, manufac-
turing variabilities, material discrepancies (compositional
and structural), and service condition (working) histories (du-
ration of sound production, mishandling, the amplitude of in-
put signal, etc.). It is a general practice to observe the THD
response of EE to identify the distortion and frequency re-
sponse to see how the EE produces the sound of different fre-
quencies. The high-fidelity sound reproduction is severely af-
fected by the distortion in an output signal. In this study, the
SPL and THD responses are measured for ten earphones (ar-
ranged in order of increasing price) available in the Taiwan
market (May 2011) at three positions and two orientations.
Minimum five readings are taken for each EE at a particular
position and orientation for consistency in results. The details
of earphones, dimensions and specifications are given in Ta-
ble 1 and Table 2.

3 Results

The SPL and THD responses for earphones E1-E10 at
position 1 and orientation 1 are given in Figure 7. The top
plots indicate SPL responses and the bottom plots indicate
corresponding THD responses. For better visibility and un-
derstanding, the left-side plots show the result of earphones
E1to E5, and the right-side plots show the result of earphones
E6 to E10. The average reading of SPL and THD is given in
all figures. Even though supplied with the same input signal,
one can see that the SPL response of earphone E1 is lower-
than the remaining EEs; however, SPL responses of remain
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Table 1: The dimensions of earbud earphones.

Dimension (mm)

Price

EE range Dia- Width/thick  Openings/slits
meter ness
3 slits (opening) of
El 16.5 W =135 diff. Length, Slit
<3U§$ 3.3x 0.5 (big)
' No hole in ear-
E2 166 14 phone cavity cover
E3 US$ 16.25 14.3 5 holes, d=0.9
E4 3.0~5.0 165 15.0 2 slits, 1.5x 0.3
E5 US$ 16.6 135 1 ce_ntral ov§l hole
5.0-7.0 a=15Db=1.0
E6 ~ ' 165 15.8 1 big slit, 4.5 x 0.8
Annular slit 5.8 x
E7 168 108 alozr;6 Z;:]hu‘el:racgsi-
US$ g annurarp
. 70-90 tion
R 1 central hole to
E8 16.5 13.8 earphone cavity
cover
1 central hole to
E9 US$ 15.7 14.6 earphé)onvee;:avny
9.0~-11 Small annular slit
E10 16.2 13.0 35%05

"~ D - Diameter of an earphone.
W — Width/thickness of an earphone.

Table 2: The specifications of earbud earphones.

Specifications

Sensitivity Power
EE  Frequency (dB/mW) Impedance handling
Range (Hz) (SPL) (Q) at 1 kHz capacity
(mW)
El 12~22000 108 16 50
E2 10~25000 100 16 40
E3  20~22000 105+6dB 16 5
E4  20~20000 104+4dB 16+15% 4and10
E5 14~22000 104 dB 16 50
E6  20~20000 105+6dB 16 5
E7 12~22000 106 dB 16 50
E8  20~20000 104 17 40
E9 16~20000 108 16 200
E10  12~22000 102 dB 16 50

ing EEs appear unique and nearly similar. The fundamental

frequency of earphone E1 is higher than other EEs. Specifi
cally, it is 630 Hz for E1 and 530 Hz for E10; however, the
same is falling between 170-300 Hz for all other EEs. The
highest and lowest SPL of the fundamental frequency is ob-
served for E8 (129.9 dB) and E1 (99.9 dB), respectively, and
for the remaining EEs, it lies between 109.9-122.0 dB. So, it
concludes that the low-frequency response of earphones E2
to E10 may be carefully tuned by the design of the EE enclo-
sure to get a high-fidelity bass response. All EEs show a spiky
response after 1.7-3 kHz with a sufficient spectral compo-
nent. The THD response of EEs illustrates that earphone E1

has high THD (~61.5% at 30 Hz). This response suggests the
possibility of a significant nonlinear regular distortion, which
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may be due to the magnetic motor and suspension nonlinear-
ities. Additionally, a peak (~8.2%) in THD at about 300 Hz
is seen, which may be due to the rub & buzz or to some extent
due to the manufacturing defect in the miniature loudspeaker
of the earphone E1. Reduced SPL in the low-frequency re-
gion for earphone E1 can be correlated with an enhanced
THD. Some small peaks ~0.1-1.6% THD are also observed
at 1.6 kHz, 3.5 kHz, 4.75 kHz, and 7.1 kHz, which can be
attributed to other irregular loudspeaker distortions. Based on
the THD response, negligible high-frequency distortions are
seen for an earphone E1. The SPL response of E5 shows en-
hanced spurious resonances than other EEs at 1.5 kHz, and
THD response shows an observable peak (7.7%) at 85 Hz.
Similarly, E6 and E8 THD response shows a noticable peak
of 6.9% (560 Hz) and 18.4% (710 Hz), respectively, which
may be due to manufacturing defects and rub & buzz. The
acceptable frequency response should be flat over the re-
quired frequency range, and the THD will be 10% below 20
dB so that the main signal can mask it. The SPL responses for
E6-E9 are approximately similar in magnitude and pattern.
They show the fundamental frequency in the range of 200-
300 Hz, and the spurious resonance starts after 2-3 kHz. How-
ever, there is an appreciable difference in their low-frequency
(below 200 Hz) THDs. Due to the low THD over the com-
plete frequency range, earphone E10 is found as best de-
signed. The earphones E2 and E3 show negligible low-fre-
quency THD and few insignificant mid to high-frequency
peaks. The earphone E4 shows a climb of 12.3% THD at 112
Hz. Similarly, an earphone E5 shows a prominent ridge of
16.5% THD at 2.5 kHz. The earphone E8 shows the highest
THD (~18.4%) at 710 Hz, earphone E9 shows a hill in THD
(~14.3%) at 85 Hz, and earphone E6 shows a somewhat re-
duced THD (~10%) between 20-70 Hz. Another earphone E7
shows 16.1% THD in the range of 20-70 Hz.

150 150

100 s

50 50 —E6 -P101] |
------- E7 -P101
- —E8 -P101

E9 -P101
——E10-P101

=—E1 -P101
"""" E2 -P101
= —E3 -P101

E4 -P101
——E5 -P101

Sound Pressure Level (dB)
Sound Pressure Level (dB)

102 10° 10* 102 10° 10*
Frequency (Hz) Frequency (Hz)

100 100

——E1 -P101 —E6 -P101
------- E2 -P101 s E7 P1O1
80 = =E3 -P101 80 = =—E8 -P101| 1

E4 -P101 E9 -P101
——E5 -P101 —— E10 -P101

60

THD (%)
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Figure 7: Frequency and THD response of Earphones 1-10 at posi-
tion 1 and orientation 1.
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For convenience, position 1 and orientation 1 is taken as
reference (characteristic signature) for comparison of SPL
and THD responses, which is widespread EE placement in
the concha cavity. Figure 8 shows the SPL and THD re-
sponses of earphones E1-E10 at position 1 and orientation 2.
Due to the change in orientation of EEs, there is a monoto-
nous rise (except an initial dip at 22.4 Hz (Figure 7)) in the
SPL of earphone E1 by 20-30 dB without affecting the char-
acteristics of the curve. The changes in the SPL are due to a
change in the position of the sound source about ERP, the
increased volume of the cavity between EE surface and ERP,
and circumferential support to the inclined earphone by the
tragus. However, this may lead to sound leakage from the an-
terior notch and the tragal notch. This position change allows
a smooth passage of the sound from EE to the tympanic mem-
brane (eardrum) through an ear-canal. Most of the SPL re-
sponses (except E3) shows an increase from orientation 1 to
orientation 2. For earphones E2 and E8, the SPL reduces by
7-12 dB and reaches up to 1.7 kHz. Similarly, for earphones
E9 and E10, the SPL reduces by 5-10 dB up to 1.7 kHz. On
the contrary, for an earphone E3, the SPL enhances by 5-10
dB up to 1.9 kHz. There is no significant variation in SPL of
earphone E4 to E7. Above mentioned observation shows that
the SPL depends on the orientation of EEs for the same posi-
tion till the start of spurious resonances. For all earphones,
the SPL response remains same after the start of spurious res-
onances For all earphones, the SPL response after the start of
spurious resonances remains nearly the same and a spikier
response after the second resonance analogous to Figure 7.
The SPL responses of E6-E10 remains almost similar to Fig-
ure 7.

Based on the THD curve, it is found that the low-fre-
quency THD peak is affected due to a change in the position
of earphone E1, which results in an excessively large THD as
a characteristic of E1. The THD response of E1 rises to 87.9%
at 30 Hz with a small split peak of 47.7 dB at 25 Hz; however,
mid and high-frequency THD almost remains the same. For
remaining EEs, there are insignificant changes in the THD
from orientation 1 to orientation 2, except for earphone E9,
which shows a new peak of 5.4% THD at 2.8 kHz. It is found
that EEs E1, E4, E6, E7, and E10 demonstrates noticeable
low-frequency THDs at both the orientations, and is at-
tributed to the higher sound leakage to the rear side of the
earphones due to slits (openings that are bigger than sound
holes) in the cavity cover. Based on the above hypothesis, one
can conclude that the SPL responses are dependent on the ori-
entations; however, it does not affect THD of EEs by a sig-
nificant amount.

Figure 9 shows the SPL and THD responses of all EEs at
position 2 and orientation 1. There is a monotonous rise in the
SPL of earphone E1 without affecting the characteristics of
the curve. More irregular SPL is found below 75 Hz. The
low-frequency response of E1 is improved in magnitude on
comparing with Figure 7. However, a significant change is
found in the low-frequency THD trend and magnitude below
40 Hz. Thus, a strong correlation between SPL and THD is
established with this behavior. The remaining THD curve re-
mains the same. The responses of all other EES remains sim-
ilar but higher than that of E1. When compared with Figure7,
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Figure 8: Frequency and THD response of Earphones 1-10 at posi-
tion 1 and orientation 2.

for earphone E2, there is a reduction in the SPL by 15 dB till
1.7 kHz. For earphones E4 and ES8, the decrease in SPL by 3-
7 dB is found up to 1.9 kHz. Similarly, for earphones E5
and E6, reduction in SPL by 5-10 dB is observed until 1.9
kHz. On the contrary, there is no significant change in the
SPL below the start of spurious resonances for earphones E3,
E9, and E10. After the start of spurious resonances, the SPL
response does not change by a significant amount. Some
peaks are found in the THD responses viz. 10.4% at 315 Hz
for E3, 3.9% at 475 Hz and 3.3% at 750 Hz for E3, 13.4% at
2.5 kHz for E5, 5.6% at 560 Hz for E6, and 19.9% at 710 Hz
for E8. Except for E5 and ES8, the rest of the THD peaks are
insignificant. Also, some observable variations are found in
the low-frequency THD responses for E7, which might be
due to the biggest slit in the earphone cavity cover. The rest
of earphones exhibits no change in their THD.

The SPL and THD responses of all earphones at position
2 and orientation 2 are given in Figure 10. The SPL response
of earphone E1 mimics its SPL response observed in Figure
8. However, a significant change in the low-frequency THD
can be found. A considerable variation in the magnitude of
THD is observed as compared to Figure 9 and high THD is
found below 40 Hz. For all the remaining EEs, the SPL re-
sponses below the start of spurious resonances reduce than
their responses in Figure 7. Specifically, the SPL response of
earphone E2 reduces by 6.1-8.3 dB in the 100 Hz-1.7 kHz.
The SPL responses of E3 and E4 is lowered by an insignifi-
cant amount, similarily for E5 and E6 it lowers by 6-9 dB,
and that of E7, E8, E9, and E10 drops by 0-2.4 dB, 8.8-12
dBSPL, 7-8.6 dB, and E10 3-7.1 dB, respectively. The THD
responses of all EEs remains the same except for earphone
E1. For earphone E1, besides the original peak, two distinct
peaks are visible at 25 Hz and 37.5 Hz having 75.4% and
87.9% THD, respectively. The rest of the THD response of
earphone E1 remains unaffected. Some observable variations
in THD response are also found for E7. E9 also shows a new
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peak of 4.6% THD at 2.8 kHz. The rest of EEs do not show
any deviation across the complete measurement range (Fig-

ure 7).
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30 Hz) is observed, however the THD response over 40 Hz
remains unaffected. For E2 to E10, after the start of spurious
resonances, no variations are observed in the SPL responses
; however, below it, differences are found. The significant
finding of these readings is that the highest SPL responses are
seen for all earphones. The SPL response improves by 2-3
dBSPL for E2 and E8. Similarly, the SPL response improves
by 7-10 dB for E3 and E10. Nearly 4-5 dBSPL improvement
in the SPL response is also found for E5, E6, and E9. The
most significant improvement in SPL response (8-15 dB) is
observed for E4. Surprisingly, a decline by 2-5 dB in the SPL
response is found for E7. The THD responses of all remaining
earphones (E2-E10) remains unchanged when compared with
Figure 7.

Figure 9: Frequency and THD response of Earphones 1-10 at posi-
tion 2 and orientation 1.
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Figure 10: Frequency and THD response of Earphones 1-10 at po-
sition 2 and orientation 2.

The SPL and THD responses of all EEs at position 3 and
orientation 1 are presented in Figure 11. The highest SPL re-
sponse is seen for earphone E1. Also, its low frequency (20-
60 Hz) irregular response became straight with a constant
slope. It indicates that during this position of earphones, the
sound source remains on axis with the opening of an ear-ca-
nal. This highest SPL response shows the corresponding low-
est THD response as expected. Only one THD peak (47.3%
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Figure 11: Frequency and THD response of Earphones 1-10 at po-
sition 3 and orientation 1.

The SPL and THD responses of all ten earphones at po-
sition 3 and orientation 2 are given in Figure 12. There is a
monotonous rise in the SPL of E1, but with a slight reduction
in the magnitude and with more low-frequency irregularities
than given in Figure 11 without affecting the characteristics
of the curve (Figure 7). The reduction in the SPL responses
of E2, E8, and E9 by 2.4-11 dB is seen below the start of
spurious resonances. The SPL responses of E3 and E10 ex-
hibits insignificant variations in Figure 7. Additionally, the
SPL responses of E4, E5, E6, and E7 shows a reduction by 2-
3 dB, 5-6 dB, 3-5 dB, and 6-10 dB, respectively, with their
responses (Figure 7). Significantly, the responses remain in-
variant after the start of spurious resonances for all EEs. The
THD responses of all other EEs remain unchanged.

4 Discussion

Based on the relevant studies of human ear and variations in
the anthropometric dimensions of ear it is expected that sound
perception by different individuals from the same earphone
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shall be different. Some parameters like earphone shape, ear-
phone size, earphone position in the concha, earphone orien-
tation in the concha, earphone circumference and concha sur-
face seal, earphone force on concha surface, etc., also con-
tribute towards it. Extending further, this study proposes and
establishes that the sound perception by the sameindividuals
from the same earphone shall be different due to different ori-
entations and positions of EE in the concha. The sound im-
pression by the right and left ear of the same human being
shall also be prone to differ due to dimensional variations.
This study also infers that the prolonged usages of EE may
also cause to change the orientation, position, force, earphone
circumference and concha surface seal, etc. which may cause
variation in the SPL generated across the tympanic mem-
brane.

50 ——E6 -P302
------- E7 -P302
- —E8 -P302

501 ——E1 -P302
------- E2 -P302
- —E3 -P302

E4 -P302 E9 -P302

Sound Pressure Level (dB)
Sound Pressure Level (dB)

——E5 -P302 ——E10-P302

102 10° 10* 102 10° 10*
Frequency (Hz) Frequency (Hz)

100 100

—E1 -P302 —E6 -P302
"""" E2 -P302 s E7 -P302
80 = =E3 -P302 80 - =E8 -P302

E4 -P302 E9 -P302
= E5 -P302 = E10 -P302

60

THD (%)

40 -

e \

10* 102 10% 10*
Frequency (Hz)

Frequency (Hz)

Figure 12: Frequency and THD response of Earphones 1-10 at po-
sition 3 and orientation 2.

The effect of the position of earphones in the concha cav-
ity is explicitly seen in previous sections. In position 1, the
earphone is placed firmly against the concha surface, and its
wire lies along with the tragal notch. Hence, the front of the
earphone remains closest to the concha and the ear-canal
opening. Due to which the shape of the pinna external cavity
gives reduced volume, along with small or no space for the
sound leakage through space near the earphone wire. At this
position, the miniature loudspeaker of the earphone might not
remain close to the ERP, and the concha surface proximity
due to reduced pinna external cavity volume shall provide re-
sistance to the sound transmission through the air. Addition-
ally, the volume across the tragal notch shall add in the pinna
external cavity volume.

Similarly, at position 3, the earphone is placed firmly
against the concha surface, and its wire lies along with the
anterior notch. The anatomy of the tragal notch and anterior
notch is different. Hence, a possibility that the front surface
of the earphone remains firmly placed against the concha sur-
face. However, at this position, the earphone casing firmly

Canadian Acoustics / Acoustique canadienne

presses against the concha and possibly closes the volume
across the tragal notch. Such anatomical dissimilarities result
in variation in the earphone surface with an ear-canal opening
and ERP. This results in the shape of a pinna external cavity
that gives the least volume, along with small or no space for
the sound leakage through the space near earphone wire and
anterior notch.

At position 3, the earphone is placed so that its wire lies
across anti tragus. The anatomy of anti tragus in reference to
the anterior notch and tragal notch is different. The anti tragus
is the projected portion, which results in the lifting of ear-
phone wire from the concha surface. This position of ear-
phone moves earphone front surface (diaphragm of a minia-
ture loudspeaker) away from the ear-canal opening and ERP,
but at the same time, there shall be an increase in the volume
of the pinna external cavity.

The frequency responses of earphones were checked at 3
positions and 3 variations and found that the sound pressure
variations are found without any deviation in the trend
(shape) of the curve. Specifically, for E1, the lowest SPL is
found at P101, and the highest SPL is found at P201 and the
variation in the range of 20-25 dB across the complete meas-
urement range. For E2, the lowest SPL is found at P201, and
highest SPL is found at P301 and the variation in the range
of 18-22 dB up to 1.07 kHz, for the remaining frequency
range, all responses remain within 2-5 dB. E3 generates the
lowest SPL at P201 and highest at P301 and the variation in
the range of 10-15 dB up to 1.08 kHz, while responses remain
within 2-5 dB for remaining frequency range. For E4, the re-
sponse remains in 5-8 dB over the complete range at all posi-
tions and orientations except for P301, which is above all
other responses by 10-20 dB up to 1.06 kHz. The frequency
response of E5 indicates that at P201, the lowest SPL is ob-
served, and at P301, the highest SPL is seen with the differ-
ence of 15-20 dB up to 1.02 kHz. However, the rest of the
response remains in 3-5 dB. The E6 shows the lowest SPL at
P201 and the highest SPL at P301 in the range of 15-20 dB
up to 1.06 kHz, with the rest of the response in 3-5 dB range.
The least variation in the response is observed for E7. The
lowest SPL is found at P302 and the highest SPL at P101
with a range of 3-10 dB. The responses of E8, E9, and E10
are similar to E3.

It is estimated that the change of SPL by 3 dB is analo-
gous to the change of sound intensity by a factor of 2. Simi-
larly, 6 dB variation in SPL is equivalent to sound pressure
variation by a factor of 2. An increase in the SPL by 10 dB
corresponds to the sensation of doubling in volume (loud-
ness) of sound. The perception of sound by a human ear is a
very subjective process. A human ear as an organ can detect
1 dB change in the SPL. It cannot quantify sound in terms of
the sound intensity and/or a sound pressure but can quantify
it in terms of loudness. Thus, the quantitative analysis further
reveals that a 10 dB change in SPL correspond to 10, 3.16,
and 2 times changes in sound intensity, sound pressure, and
perceived loudness. Based on the above hypothesis, it has
been concluded that the variation in SPL is going to affect the
perceived loudness of the sound. Additionally, on the other
hand, based on an equal energy principle, a daily safe expo-
sure time limit for a human changes/reduces by half for every
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3 dB change/increase in the SPL, respectively. In particular,
80 dB sound exposure for 8 hours (say safe limit) is equiva-
lent to 83 dB for 4 hours and 86 dB for 2 hours. It reduces
further to 95 dB for 15 minutes. It is essential to recognize
that the daily sound exposure limit of a human being is addi-
tive and commutative. Quantitatively, it implies that if one is
exposed to 80 dB for 4 hours in a day, then for the safe expo-
sure on the same day, he may be exposed to 83 dB for 2 hours
or 86 dB for 1 hour only. Exposure beyond this limit may
cause permanent hearing disorder(s).

Referring to anthropometry of the human ear [9, 10] for
successful design, development, and market penetration of
ear-related products, its correlation with the outcome of the
current study of ten different EEs shall become inevitable.
The measurement of SPL and THD of all earphones have
been carried out by HATS-B & K Type 4128, which is the
universally accepted manikin. The HATS is having a built-in
ear and mouth simulators for genuine imitation of the acous-
tic properties of an average adult human head and torso. For
this study, only the right and left pinnae of the silicone mate-
rial are essential for investigations, since the earphones are in
direct contact with the pinna at all positions and orientations
during the measurements. The silicone pinnae resembles the
human ear strictly in appearance and dimensions and are soft
with hardness Shore-OO 35. The silicone rubber is a polydi-
methylsiloxane or silicone-based elastomer, which is widely
used in medical, food, consumer industries, military, and aer-
ospace. Moreover, both pinnae support insertion and sealing
of earphones and are placed hanging in the concha. The plac-
ing of EEs in the pinna is in fixed relation to the ERP and
EEP [1]. As depicted in Figures 2 and 3, all main dimensions
of pinna become most significant after putting earphones in
the concha cavity. Individually, La, Lab, Lbas, and Lca decides
how effectively the crus tragus, tragus, and anti tragus encap-
sulates earphone cover during its use. So, for particular uses
and a particular earphone, these dimensions establish definite
relations with EEP and ERP. However, as reported in the lit-
erature [9, 20], the right ear is larger than the left one, so all
the above-mentioned dimensions differ slightly. When the
earphone is placed in the concha, it may lead to a slight dif-
ference in relation to EEP and ERP. As a result of these var-
iations, the SPL and THD responses of the right and left ear
shall vary. When counted all six possible combinations of po-
sitions and orientations of earphones in the concha cavity, the
SPL and THD responses and hence, the perceived loudness
(sensation of sound) shall be different. Considering the gen-
der dependence of L, Ly, and L. (male with larger ear dimen-
sions than female), a particular earphone, when used by dif-
ferent gender, may result in variations in the SPL and THD
responses, which ultimately leads to deviations in the per-
ceived loudness of sound. It is also a prevalent fact that each
human may have unique pinnae (size, shape, thickness anat-
omy, orientation, etc.), so the perceived sound by a particular
earphone has to be strongly subject dependent.

Referring to the customer’s habit of earphone use which
may include, placement of earphone in concha, the volume of
sound produced, type of sound produced, duration of use of
earphone, environment in which earphone has been used
(noisy or silent), time during which earphone is used, etc.,
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one can find appreciable variations in the SPL and THD re-
sponses. The volume of sound produced by an earphone de-
pends on the preference of the user for that sound, so the per-
ceived loudness is as per the likings of the user, which in tech-
nical terms is analogous to the SPL response. The type of
sound produced has strong dependence on the loudness of the
sound (ultimately with the SPL response). Additionally, the
user prefers to listen to favorite sound loudly than the other
sound. In a silent environment, the user requires less loudness
due to almost no interference of external sound from the
sound produced by the earphone. However, in a noisy envi-
ronment, a lot of inferencing sound is enclosed in the sur-
rounding which results in masking of the sound. Hence, ear-
phone user has to increase the loudness. A movement of the
user’s head can lead to the movement of earphones in the con-
cha. Hence it induces the changes in La, Lab, Lba, and Lca, and
therefore causes the changed SPL response of the earphones.
Referring to the user’s health and condition of hearing sys-
tem, may include, occupational sound exposure, hearing loss
(as per audiogram), anatomy of an ear-canal, hairs in an ear-
canal, body’s natural ear wax in an ear-canal, moisture in an
ear-canal, middle-ear and inner-ear anatomical differences,
condition of auditory nerve (auditory pathways), condition of
the brain stem which is responsible for the sound perception,
etc. can affect the perceived loudness (SPL response).
Mainly, an occupational sound exposure of user depends on
the occupation of the user, duration of the occupational sound
exposure, and the SPL to which the user is exposed during
the occupational sound. An user’s hearing loss affects the
volume setting of earphones during use. Specifically, an user
with no hearing loss would prefer low loudness than the user
with mild hearing loss. However, an user with profound hear-
ing loss needs appreciably high loudness. The anatomy of an
ear-canal, hairs in an ear-canal, body’s natural ear wax in an
ear-canal, and moisture in an ear-canal also affects the per-
ceived loudness of sound. The middle-ear and inner-ear ana-
tomical differences, however small affects the perceived
loudness. A condition of an auditory nerve (auditory path-
ways) and a condition of the brain stem, is responsible for
sound perception and also accountable for the perceived
loudness of the sound. Hence, all these factors are demands
for certain loudness that is specific to the SPL responses. Dis-
cussing the technological supremacy of the earphone, in-
cludes cost of earphone, connectivity of earphone (wired or
wireless), earphone with or without ear-clip, noise isolation
(passive noise isolation) ability of earphone, anti-noise can-
cellation (active noise cancellation) facility of earphone, vol-
ume controllability (ear touch navigation) of earphone, etc.,
can also affect the SPL variations and the perceived loudness.
High-cost earphones have better SPL and THD responses
than other earphones. The wireless earphones are more stable
in the concha cavity due to non interference of wire and the
user’s movement during earphone use. Earphones with ear-
clip are better placed in the concha than the earphone without
clip. Earphones with noise isolation and anti-noise cancella-
tion are more superior than the earphone without it. The noise
isolation earphone shall provide better stability to the ear-
phone in the concha and also avoid the sound from the exter-
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nal environment to the concha cavity. The earphone with ac-
tive anti-noise cancellation would provide the digital signal
processing based methodology for recording background
noise and subsequent inversion of it (creation of anti-noise).
Finally, the addition of inverted noise with the input of ear-
phone sound selectively filters out noise. Thus, all these fac-
tors also cause SPL and THD response variations.

5 Conclusion

Based on the observation and discussion, it can be concluded
that EE can be placed anywhere in the concha of a human ear.
As a result of routine practices, three positions and two ori-
entations of earphone has been adjudged as the most signifi-
cant. The SPL and THD responses for all earphones at posi-
tion 1 and orientation 1 (which is the most common place-
ment style of EE) can be declared as a benchmark. Based on
the responses, it has been concluded that there has been vari-
ation in SPL and THD responses due to change in position
and orientation. The responses at position 1 and orientation 1
are dominating and reflected in the SPL and THD responses
of all earphones at all positions and orientations. It has been
concluded that the SPL responses can be divided into three
sections. Each section shows an unique trend and exclusive
effect on the SPL response. The variation in responses finally
affects the amount of sound reaching the eardrum for further
processing. The proposition (10 dB changes in SPL corre-
spond to 10, 3.16, and 2 times changes in sound intensity,
sound pressure, and perceived loudness) leads to the interpre-
tation that variation in the SPL definitely affects the per-
ceived loudness of sound. Since the daily sound exposure
limit for a human being is additive and commutative, varia-
tions in the SPL illustrated may have a significant effect on
the daily sound exposure limit in hours. Finally, the impact
on the perceived loudness (SPL response) has been found
specific and user-dependent about the ear dimensions, user
habits, and practices.
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