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Summary

Noise-induced hearing loss associated with earbud use is an in-
creasing trend in modern society. All smartphones are coupled
with earbuds that expose the human auditory system to unsafe
sound pressures. Acoustic waves enclosed in the ear canal force
the tympanic membrane to move 100-1000 times greater than
acoustic waves of equal amplitude in open air. Classical acoustics
has not fully explained this biophysical phenomenon. Maxwell’s
kinetic molecular theory was used, in conjunction with Spe-
cial relativity, to quantify sound pressure exposures in personal
listening devices more accurately. A non-linear dependence of
sound intensity on speaker excursion is predicted, demonstrating
that earbuds sealed in the ear canal can exceed the National Insti-
tute for Occupational Safety and Health’s ceiling limit of 140 dB.
Sound intensities predicted from molecular mass and velocity
produce similar results to Beranek’s model of acoustic waves
in a closed, rigid cylinder and support previous observations of
trapped volume insertion gain in personal listening devices.
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1. Introduction

An assessment by The World Health Organization estimates that
up to 1.1 billion young people worldwide are at risk of hearing
loss due to unsafe listening practices [1]. In middle and high-
income countries, nearly fifty percent of young adults (ages 12—
35) are exposed to unsafe levels of sound from personal audio
devices [1]. This risk of noise-induced hearing loss (NIHL) has
been associated with the recreational use of personal audio de-
vices [2, 3, 4]. These risks are arguably underestimated, due to
the increasingly pervasive coupling of mobile devices with ear-
buds. In 2015, 1.4 billion smartphones were sold to end users
[5]. Digital music exposure at elevated sound pressures has been
shown to impair hearing function [6].

Commercial earbuds seal the ear canal and are often used
to drown out environmental noise, which can result in acous-
tic pressures that exceed occupational noise limits in open air.
Workers with occupational noise exposure showed personal ex-
posure and earphone output were 87.9dB and 87.6 dB, respec-
tively. Earphone output exceeded 85 dB for two-thirds of the
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subjects, which is above the occupational limit of noise expo-
sure. Nearly all the subjects lacked hearing protection devices
(HPDs) on their earbuds [7]. It is clear that earbuds have en-
abled behaviors that vastly increase the risk of NIHL [8, 9]. The
National Institute of Occupational Safety and Health (NIOSH)
suggests lowering the volume at the source as a mode of hearing
protection. Lowering the source volume has not been shown to
prevent exposure of harmful pneumatic pressures generated from
earbuds that enclose the ear canal.

Basic auditory research has advanced the understanding of
NIHL, through the identification of underlying biochemical
mechanisms [10, 11, 12]. A biophysical basis of how acoustic
pressure from earbuds directly impacts hearing loss in the human
auditory system is not fully understood. It has been demonstrated
that acoustic waves enclosed in the ear canal force the tympanic
membrane to move 100-1000 times greater than acoustic waves
of equal amplitude in open air [13]. This observation has led to
the authors’ application of kinetic molecular theory (KMT) to
acoustics, to develop a biophysical model of this phenomenon
that has not yet been fully explained by classical acoustics.

2. Methods

Oscillating movements of a solid boundary is an example mech-
anism for sound generation described in classical acoustics [14].
Sounds of this nature adopt a complex range of pressure varia-
tions, yet have not been shown to raise the barometric mean in
the surrounding medium. Sounds are complex mixtures of pres-
sure variations that vary with respect to phase, frequency, and
amplitude but have not been completely described on a molecu-
lar basis [15].

The propagation of acoustic pressure is described by suc-
cessive collisions of molecules that propagate sound from a
source vibration. This phenomenon has similar characteristics to
Maxwell’s Kinetic Theory, which describes the behavior of ideal
gases and is associated with changes in pressure. In KMT, pres-
sure is due to the rate at which gas molecules at different veloci-
ties collide with the walls of a container [15].

Personal listening devices typically seal a speaker inside the
ear canal, creating a trapped volume of air molecules that trans-
fer pressure from the diaphragm of an oscillating speaker di-
aphragm to the tympanic membrane. Although the displacement
of an individual molecule (mean free path) cannot be measured,
the velocity of larger groups of molecules can be calculated us-
ing KMT. Relative velocities of molecules are used to describe
pressure contributions attributed to enclosing speakers in the ear
canal that are not present during open air sound propagation.
The purpose of this paper is to model contributions of acous-
tic and pneumatic pressure from personal listening devices to the
acoustico-mechanics of the ear.

In Figure 1, compressions are defined as moments where gas
molecules are made more dense by a speaker excursion com-
pared to the resting density. A rarefaction is defined as a decrease
in density below resting density. Excursion will be used here to
define the speaker cone’s travel from rest. Molecules on the sur-
face of the cone of the speaker are compressed towards the tym-
panic membrane, parallel to the propagation of sound.

The compression volume V' is approximated by the volume of
a cylinder in Equation (1), with height 4 (equal to an excursion
of the speaker) and radius r of the speaker diaphragm.

V = zrth. (1)

Speaker diaphragms in personal listening devices have wide
ranges and excursion lengths vary based on acoustic frequency.
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Figure 1. Molecular compressions and rarefactions generated by
an earbud speaker.

The ideal gas density of air p,;, was approximated by equation
(2), where M is the molar mass of air, P is ambient atmospheric
pressure, R is the molar gas constant, and T is temperature. The
mass of air associated with a compression event m,;, (3) was ap-
proximated by the compression volume from (1) and the density
of air in (2).

MP
Pair = ﬁ )

Myjr = pairV (3)

In the KMT model, individual molecules are defined as having
ideal properties that conserve momentum through perfectly elas-
tic collisions with the walls of a container and one another [15].
This contrasts with Kirchhoff’s theory of sound propagation in
a tube, which incorporated thermal and viscous losses based on
the texture of the tube walls [16]. More general expressions for
acoustic loss in fluid mechanics are discussed elsewhere and will
not be incorporated into this model.

Individual molecules have ‘resting’ velocity at a given temper-
ature with an associated energy. Macroscopically, sound prop-
agation relates to the bulk gas as it alternatively compresses
and rarifies with the motion of a sound source. Molecules that
comprise the bulk gas retain their individual average velocities,
caused by the heat content of the gas. In KMT, local particle rest-
ing velocities exceed the speed of sound in air and are tempera-
ture dependent.

wRT
= S 4
v T “)
3RT
=\ )

For an ideal gas, the speed of sound v is given by equation (4),
where the average molecular weight M of air is 0.029 kg/mol, the
gas constant R is 8.314 J/mol-K, temperature T is 310 K (average
body temperature in the ear canal), and the adiabatic constant
w = 1.4 for a diatomic gas.

Average velocities of molecules c in a closed system before a
sound wave is introduced is defined by equation (5), where M of
air is 0.029 kg/mol, the gas constant R is 8.314 J/mol-K, tempera-
ture T" is 310 K (average body temperature in the ear canal). Sub-
stituting all values into equations (4) and (5) gives v as 353 m/s
and c as 516 m/s.

It is generally considered that the non-relativistic kinetic en-
ergy of a sound wave moves at the speed of sound, as the bulk gas
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alternatively compresses and rarifies, but local molecular veloci-
ties are not considered to contribute to the overall pressure of the
system as sound propagates through it. Macroscopic acoustic the-
ory is limited in its ability to estimate molecular contributions of
pressure that occur simultaneously with sound propagation from
an oscillating boundary in sealed conditions.

A relativistic approach can be used to determine the amount
of kinetic energy associated with changing the molecular velocity
of a closed system, as sound passes through it. For low velocities,
the kinetic energy K E is classically written as

1
KE = Emvz, (6)

where m is the mass and v is the velocity. However, this equa-
tion does not describe the additional kinetic energy imparted on a
closed system of molecules that possess a resting velocity greater
than the speed of sound through the medium.

One postulate of special relativity states that the laws of
physics are invariant in all inertial systems [17]. Special relativ-
ity applied to acoustics is necessary because classical approaches
have yet to adequately define the total energy associated with
additional momentum imparted on a medium by a sound wave,
while the individual molecules that comprise the medium are in
motion. The speed of sound is classically associated with iner-
tia, as seen in the Newton-Laplace equation for elasticity of ideal
gases. The analogy of molecular acoustics to Special relativity
is found in Mach’s work “...a particle’s inertia is due to some
interaction of that particle with all the other masses in the uni-
verse; the local standards of non-acceleration are determined by
some average of the motions of all the masses in the universe,
and all that matters in mechanics is the relative motion of all the
masses.” [17].

In Special relativity, the Einstein relationship for total energy
E in equation (7) includes both the kinetic energy K E and rest
mass energy E, for a particle or group of air particles. Equation
(7) can be viewed as the additional ‘boost’ from a sound event
given to molecules of a given resting velocity.

E=FEy+KE. @)

Equation (7) can be rearranged to give the kinetic energy K E that
is imparted on the system by a compression event (Equation 8).

KE =FE - E,. (®)

Substituting the Einstein relationship of mass and energy for Ey
and E gives equation (9):

KE = ym0c2 - mocz, ©)

where my is defined as the resting mass. A Lorentz factor y is
defined in Equation (10) and was applied to determine the total
energy kinetic energy of molecules at relative velocities.

y=— (10)

Substituting y into equation (9) gives equation (11) and its re-
duced form is shown in equation (12).

2
KE = ———— — myc?, an

KE = myc? | — 1. (12)
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Substituting the relative molecular velocity of air v (speed of
sound) and the root mean square velocity ¢ into equation (12)
gives the reduced form (13).

KE = (0.371)myc?. (13)

Equation (13) can be used to determine the kinetic energy in
Joules (J) imparted on molecules in a closed acoustic system,
with resting molecular velocities relative to a compression event.

A speaker diaphragm oscillates and transfers kinetic energy
to the tympanic membrane by molecular compression. In this
model, speaker compressions cause temporary increases in the
number of molecular collisions, which increases the total pres-
sure of the system.

In earbuds, the number of compression events over a given
time period can be monitored by a song’s tempo. The tempo ¢
of a song in beats per minute can be converted to the number of
compression cycles per second f in Hertz by equation (14).

beats min
! (min) (ﬁ)zf’ (14

Sound power @ is defined as the rate at which sound energy is
emitted per unit time and is measured in Watts (W). The amount
of sound power @ is given by equation (15).

Substituting equation (13) into (15) gives the peak sound
power associated with each molecular compression from an ear-
bud speaker diaphragm (Equation 16).

(KE)f = ®, (15)
0.37D)myc? f = . (16)

Sound intensity level I is the sound power per unit area A in
W/m? and is defined in equation (17).

I=—. a7

The sound intensity level I at the ear drum can be calculated by
substituting equation (16) into (17), giving equation (18).
B (0.37D)myc* f
= = i

I (18)
An acceptable surface area A of the adult eardrum is approxi-
mately 5.5 - 107> m?. The sound intensity level B at the eardrum
in dB is given by equation (19), using the standard reference in-
tensity of the eardrum I, (10712 W/m?).

I
B = 10log; T (19)
0

3. Results

Most earbud speaker drivers are between 7 and 15 mm in diame-
ter, with excursions ranging from nanometers to millimeters. Ear-
bud diaphragm diameters of 0.5 to 15 mm were chosen as a repre-
sentative population of earbud speakers. Lengths of 0.1 um (mi-
crons) to 1 mm were used as common earbud speaker excursions,
which are associated with various frequencies in popular music.
The number of driver compressions per unit time was modeled
by a tempo of 120 bpm. Figure 2 shows that sound intensity in-
creases non-linearly with speaker excursion size, independent of
speaker diameter.

Based on the increase in molecular kinetic energy from a
speaker excursion, this model predicts that even small excur-
sions and speaker diameters are capable of producing excessive
sound intensity levels when enclosed in the ear canal. Criterion
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Figure 2. Predicted sound intensity level in decibels vs speaker
excursion size at 120 bpm for speaker diaphragm diameters of
15, 10, 2, and 0.5 mm.
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Figure 3. Maximum Recommended Noise Dose Exposure Levels
(NIOSH 2016).

for the permissible time for safe listening limits have been set
forth by The National Institute of Occupational Safety and Health
(NIOSH) in 1998 (Figure 3).

NIOSH criteria for recommended occupational noise-level ex-
posure shows that as sound levels increase, the time allowed for
safe listening decreases. It has been previously reported that the
output of personal music players ranges from 110-125dB and
can damage hearing after 15 minutes of exposure per day [18].
This model contains manufacturer settings that confirms these
ranges of personal music players within an order of magnitude.
This KMT model predicts that earbuds sealed in the ear canal
have an expanded dB range and can exceed the NIOSH ceiling
limit of 140 dB. The non-linear dependence of sound intensity on
speaker excursion in this model indicates that the level of sound
exposure may vary widely, based on manufacturer speaker diam-
eter and tempo of music played by the consumer.
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4. Discussion

This model is a first estimation of acoustic energy imparted on air
molecules in sealed conditions. KMT describes ideal gas behav-
ior and the density of air is temperature dependent (Equation 2).
This model does not account for local temperature fluctuations
and only accounts for even dispersion of gas molecules through-
out the medium of the ear canal. Gas composition of the ear
canal takes into account the percentages of nitrogen and oxygen,
79% and 21% respectively. It is included in the average molec-
ular weight of air in relevant equations, but excludes other gases
found in air which may affect sound propagation. The model con-
siders sound energy to be transferred to the tympanic membrane
at a rate based on tempo. This approximation does not include
energetic contributions from sound waves based on complex si-
nusoidal motions and does not consider viscous or thermal loss in
sound propagation through a fluid. The KMT model is dependent
on relative molecular velocity of a finite mass of molecules from
special relativity. It allows for the conservation of momentum, in
that all sound energy is transferred to the ear drum by molecu-
lar collision parallel to sound propagation. Adult tympanic mem-
branes are approximately 5.5-10~> m? and this model can account
for various sizes ear drums, to determine individual sound level
exposures.

5. Conclusion

It was previously observed that when a sound producing device is
sealed in the ear canal, the trapped volume of air in the ear canal
acts like a pneumatic piston [13]. This pneumatic piston trans-
mits an oscillating static pressure to the tympanic membrane that
can greatly boosts the sound pressure level in the ear canal [13].
This KMT model of sound exposure in personal listening devices
supports this conclusion on a molecular basis and is capable of
modeling sound pressure levels in closed air conditions that pro-
duce similar results to Beranek’s model of acoustical waves in
a closed, rigid cylinder [19]. It is the authors’ intention that this
analysis will provide a foundation for more thorough investiga-
tions at the interface between pneumatic and acoustic pressures
in enclosed conditions to prevent future hearing loss associated
with earbuds, in-ear monitors, and hearing aids.
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