
Master's Programme in Computer, Communication and Information Sciences (CCIS)

Sound Quality of Bone Conduction
Headphones

Arttu Pahta

Master's Thesis
2024



Arttu Pahta
© 2024

This work is licensed under a Creative Commons
�Attribution-NonCommercial-ShareAlike 4.0 Interna-
tional� license.



Author Arttu Pahta
Title Sound Quality of Bone Conduction Headphones

Degree programme Computer, Communication and Information Sciences (CCIS)

Major Acoustics and Audio Technology

Supervisor Prof. Vesa Välimäki

Advisors Prof. Vesa Välimäki, Mr. Kristian Rauhala (MSc)

Date 4.11.2024 Number of pages 55 Language English

Abstract
Bone conduction (BC) headphones are increasingly popular due to their ability to
maintain situational awareness. Situational awareness provides use cases in sports,
conversation and possibly in augmented reality scenarios. However, the sound quality
of BC headphones has been underexplored. This thesis studies the sound quality
of BC headphones, particularly focusing on their frequency response and possible
measurement methods for assessing frequency response. Unlike conventional air-
conduction headphones, BC devices rely on sound vibrations transmitted through the
bones of the skull, requiring new methodologies for accurate evaluation. A listening
test was conducted to assess the frequency response of BC headphones, revealing
weaknesses in low-frequency reproduction and mid-frequency variations. These
characteristics are in�uenced by the mechanical properties of the headphones and the
physiological aspects of bone conduction. This thesis also examines the transparency
and air-conducted sound of BC headphones. The study demonstrates the potential
for improvement in BC headphone performance through optimized measurement
techniques and digital signal processing. The results provide valuable insights into
understanding and enhancing the auditory experience of BC technology users.
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Tiivistelmä
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1 Introduction

Bone Conduction (BC) headphones have become increasingly popular in recent years.
BC headphones are headphones which use bone conduction as their primary way
of transferring sound instead of the typical air-conducted sound. One model of BC
headphones is shown in Figure 1. In recent years, communication headsets that use
BC sound transmission have become more popular than ever [1] [2] [3]. Despite
their growing popularity and widespread use in various �elds, including military
communication, consumer electronics, and assistive hearing devices, the scienti�c
literature on the audio performance of BC technology remains limited [4]. The gap in
the scienti�c research not only limits the potential for technological advancements
but also a�ects user experience and satisfaction, particularly in environments where
situational awareness is critical. The absence of extensive analyses of such devices
gives us an opportunity to thoroughly examine their sound quality factors to provide
signi�cant understanding that can propel technological advancements and enhance
user satisfaction.

When evaluating the sound quality of headphones, one of the main aspects is the
frequency response of the headphones. However, traditional ways of measuring and
evaluating the sound quality of headphones are not enough in measuring frequency
responses for BC headphones. This limitation arises as, traditional dummy heads
that have been used in acoustical tests do not have the necessary cheekbones and
other physiological factors to imitate the unique routes of sounds that are conducted
through the bone. For these reasons, measuring with typical methods is not possible.
In addition, these models typically lack the human-like skin on the skull which causes
the vibration on them to be di�erent compared to real humans. These issues require
the creation of more precise techniques of measurement that can imitate the actual
conditions of the way people use BC headphones and give trusted data.

Another critical aspect of BC headphones that could be studied is their Head-

Figure 1: H2O Audio Tri Multi-Sport bone conduction headphones [5].



Related Transfer Functions (HRTFs) and transparency. While the changes in the
HRTFs are minor, they can cause some exact frequencies to alter while the headphones
are worn. This is important as bone conducting headphones are usually worn in
situations where the users want to be immersed in the environment. HRTFs are crucial
in determining the way sound is perceived spatially by users, in�uencing the direction
and distance from which sounds appear to originate [6]. If these HRTFs are altered by
the headphones, surrounding sounds may be perceived as unnatural. The HRTFs also
a�ect the perceived frequency response of headphones.

This study seeks to investigate the sound quality of BC headphones, speci�cally
a way to measure it. In summary, this thesis aims to �ll a critical research gap by
exploring the sound quality of BC headphones, investigating the changes in HRTFs, and
developing measurement methodologies in the form of a listening test. To accomplish
this task, the thesis will view current methods and their suitability for BC headphones,
propose a measurement method for frequency response of the headphones and try
to identify factors contributing to the sound quality. This thesis aims to �nd a way
to measure that criterion for BC headphones by conducting a listening test from
which the frequency response can be determined. In addition, this thesis studies the
transparency of BC headphones by studying their alterations to HRTFs by measuring
HRTFs for arti�cial head and torso. Furthermore, the typical measurement with head
and torso simulator (HATS) which is used for traditional headphones will be tested.
The outcomes of this study have the potential to advance the design and application of
BC devices, making this an exciting and highly relevant research endeavor.

From the perspective of the company funding the project, this research holds
signi�cant importance. By identifying and analyzing the factors that a�ect the
sound quality of BC headphones, the company could drive innovation in design and
engineering for these sound quality improving aspects. Better understanding of these
factors will not only contribute to academic knowledge but also provide practical
bene�ts, such as improved user satisfaction and expanded market potential for BC
technology.

This thesis is organized to systematically explore bone conduction technology
and the sound quality of BC headphones. Chapter 2 discusses the mechanism of
bone conduction, detailing speci�c processes which induce and a�ect the perceived
sound in the bone medium. Chapter 3 examines bone conduction headsets, covering
their advantages, limitations, and unique characteristics, including transparency and
frequency response. Chapter 4 outlines transparency measurements of bone con-
duction headphones, describing the measurement setup, methodology, and �ndings.
Chapter 5 presents Frequency Response Measurements, analyzing how bone con-
duction headphones in�uence sound perception, with a listening test setup to assess
these variations. Chapter 6 reports the listening test results, addressing challenges
encountered and possible causes for the observed frequency response. Chapter 7
showcases the air-conducted sound measurements on the BC headphones. The thesis
concludes with Chapter 8.
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2 Bone Conduction

Bone conduction (BC) in hearing involves the transmission of sound vibrations through
the bones of the skull to the inner ear [7]. This mode of hearing has been studied
extensively due to its clinical signi�cance in diagnosing and treating various types
of hearing loss [7]. On the other hand, it has been used for BC headphones and
microphones for decades now. The �rst BC headphones were patented in 1992 [8]. The
physiological mechanisms of BC are complex as the sound travels through multiple
pathways [7]. Sound from BC headphones will also travel through air medium in
addition to the BC but air conduction (AC) is minor compared to the BC for this kind
of devices [9]. Therefore, this section focuses on the mechanisms of BC.

2.1 Mechanism of Bone Conduction

The physiological mechanisms of BC hearing can be broadly categorized into �ve
main factors: Radiation of sound into the external ear canal, inertia of the middle ear
ossicles, inertia of the cochlear �uids, compression of the cochlear walls, pressure
transmission from the cerebrospinal �uid [7]. Out of the �ve factors the inertia of
the cochlear �uids is thought to be the most important mechanism of BC in healthy
human ear [10] [11]. Cochlear �uids are �uids inside the cochlea (part of the inner
ear), which play a critical role in the hearing process by moving in response to sound
vibrations. All of the mechanisms a�ecting BC are shown in Figure 2. The �gure

Figure 2: An overview diagram presents the elements involved in bone conduction
(BC) hearing [7].

displays the di�erent pathways and connections between the di�erent mechanisms. BC
stimulation can be achieved through direct vibration of the skull, vibration on the skin
over the skull, or via induced air-conducted sound. In the diagram, anatomical parts
of the head are represented by boxes. Straight lines indicate the physical transmission
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of energy, dashed lines represent BC sound originating from air-conducted sound,
dotted lines denote the transmission of nerve impulses, and long-dashed lines illustrate
stimulation from tactile receptors in the skin or bone. Temporal bones are bones
situated at the sides and base of the skull. Vibrations of the temporal bone produce
sound pressure in the ear canal, vibrations of the middle ear ossicles (malleus, incus
and stapes), and pressure and motion within the inner ear �uid. These e�ects are
transmitted and integrated in the cochlea, leading to motion of the basilar membrane.
Basilar membrane is a membrane within the cochlea that vibrates in response to sound,
leading to the stimulation of hair cells that send auditory signals to the brain. All
transmission pathways auditory, vestibular, and tactile inputs are integrated in the
brain. Moreover, stimulation of higher-order systems, such as the contraction of the
stapedius (muscle stabilizing stapes) muscle, can in�uence the transmission pathways.

Temporal bone vibration can result from direct stimulation, skin stimulation, or
induced vibration from AC sound [7]. Stenfelt [7] demonstrated that this vibration
activates tactile sensors in the skin, producing a nonauditory sensation, especially
at low frequencies below 0.5 kHz. Temporal bone vibration causes several physical
phenomena: sound pressure in the outer ear canal, movement of middle ear ossicles,
and �uid �ow in the inner ear. Inner ear hair cells then transmit this information to the
brain [7]. The di�erent mechanisms are reviewed more deeply in Sections 2.1.1�2.1.5.

2.1.1 Radiation of Sound into the Ear Canal from Bone Conducted Stimulus

Applying vibration to the skull causes the skull to also vibrate the surrounding air.
This creates sound pressure which is known as radiated sound. This phenomenon
occurs also in the external ear canal when mastoid is stimulated. Mastoid is a portion
of the temporal bone located behind the ear, often used as a site for bone conduction
hearing tests or devices. The location mastoid is illustrated in Figure 3. The radiation
from BC causes the ear canal walls to deform which creates sound pressure inside
the ear canal. This sound pressure causes the tympanic membrane (eardrum) to
move and is transmitted to the cochlea similarly to regular air conducting sound [7].
The air-conducted sound arriving to the ear can be subjectively cancelled by bone
conducted tone [13]. The low frequencies below 0.7 kHz are also cancelled in the
external ear canal which indicates that the majority of low frequency BC sound is
transmitted in the external ear canal. The sound pressure which is produced in the
external ear canal is greater for frequencies under 0.5 kHz and weaker for higher
frequencies [14]. Based on this it can be said that the radiation of sound into the ear
canal is not the main source for bone conducted sound in higher frequencies. On top
of that, the location of the vibrator a�ects the sound pressure radiated in the external
ear canal. The sound pressure is 10 dB higher in the ear canal when 1 kHz vibration is
applied to the mastoid compared to the forehead [7].

Occluding the external ear canal causes the sound pressure in the ear canal to
change. This e�ect is called the occlusion e�ect [15]. This e�ect is especially strong
in frequencies under 1 kHz. This phenomenon is easily perceived when one's own
voice sounds lower when the ears are occluded. Occlusion e�ect happens for at least
two known reasons. Blocking the ear canals turns the ear canals from open tube to
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Figure 3: Location of mastoid [12].

close tube and therefore resonances of the ear canal change [14]. This causes changes
especially in higher frequencies from above 2 kHz. The second reason is that the mass
e�ect of the ear canal air column and tympanic membrane produce a high-pass �lter
e�ect in the ear canal. Occluding the ear canal eliminates the high-pass �lter e�ect
which empowers the lower frequencies [15]. The occlusion e�ect can increase the
sound pressure levels in the ear canal up to 20 dB for frequencies below 2 kHz. The
sound pressure levels for open and occluded ear when the BC is caused by vibration
on mastoid are shown in Figure 4.

2.1.2 Middle Ear Cavity Radiation

It has been proposed that similarly to external ear canal there would be sound pressure
radiation created by the vibration of the skull in the middle ear [16]. However, in the
measurements there has not been a founding of signi�cant sound radiation component
in middle ear of cats [17] nor in deceased human skulls [18].

Stenfelt [7] concluded that the main factor contributing to the middle ear cavity
radiation is middle ear ossicles inertia. The middle ear ossicles (malleus, incus, and
stapes) are connected to the walls of the middle ear cavity by ligaments and muscle
tendons, which act as springs to hold the ossicles in place. At low frequencies, these
springs cause the ossicles to move with the skull vibrations. At higher frequencies,
the inertial force of the ossicles causes them to move relative to the surrounding bone,
resulting in motion of the stapes footplate in the oval window, which causes �uid
displacement in the cochlea, producing sound sensation. The e�ect of middle ear
inertia on BC hearing has been studied by manipulating the mass and sti�ness of the
tympanic membrane. From these studies [19] it has been found that increasing the
mass of the tympanic membrane improved BC sensitivity, while changing the static
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Figure 4: The level of sound pressure in open vs. occluded ear canal for bone
conducted sound from mastoid [7].

air pressure in the ear canal decreased BC sensitivity. Huizing [14] expanded these
studies to larger frequency range and found similar results, noting that BC sensitivity
changes were signi�cant only for frequencies below 2 kHz.

Model-based computations of ossicle motion during BC stimulation suggest a
complex vibration response, especially above the skull's �rst resonance frequency.
Studies indicate that the inertia of the ossicles signi�cantly in�uences BC sound around
their resonant frequency (1-3 kHz). Experiments showed that ossicular inertia is
similarly a�ected by abnormal middle ear conditions, regardless of whether stimulation
is applied at the forehead or mastoid.

Overall, the ossicle inertia in�uences the BC hearing for low andmiddle frequencies.
However, removing the ossicles has only a very small e�ect on the BC hearing
thresholds [20]. Therefore, it is not considered as main factor for BC hearing [7].

2.1.3 Inertia of the Cochlear Fluids

When the temporal bone vibrates due to BC stimulation, inertial forces impact the
�uids within the cochlea, which are incompressible as the �uid does not have space
for displacement. For �uid movement to occur in the cochlea, there must be openings
or membranes, typically the footplate in the oval window and the membrane in the
round window. Oval window is a membrane-covered opening in the cochlea where
the stapes bone transmits sound vibrations from the middle ear to the inner ear and
round window is �exible membrane in the cochlea that compensates for pressure
waves transmitted to the inner ear, allowing �uid movement within the cochlea. A
pressure di�erence between these two sites results in �uid �ow, producing a traveling
wave on the basilar membrane. Basilar membrane is a membrane within the cochlea
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that vibrates in response to sound, leading to the stimulation of hair cells that send
auditory signals to the brain [7].

In cases of otosclerosis (disease which causes immobility of ossicles), the footplate's
immobility signi�cantly a�ects AC up to 60 dB, but has a limited impact on BC
thresholds, with only major losses around 2 kHz around 15 to 25 dB. This suggests
that BC in the cochlea comes from di�erent pathways [7]. These pathways are the
cochlear and vestibular aqueducts, nerve �bers, veins, and microchannels, known
collectively as the "third window" [21].

The changes in cerebrospinal �uid pressure are transmitted to cochlear �uids [22],
and through an open and functional cochlear aqueduct [23]. Cerebrospinal �uid is a
clear �uid that surrounds the brain and spinal cord, providing protection and aiding in
the transmission of pressure changes that can a�ect hearing. BC stimulation causes
�uid volume displacements at the round and oval windows that vary with frequency,
unlike air-conducted stimulation. The cochlear aqueduct acts as a conduit for bone
conducted signals but not for air-conducted signals. Cochlear aqueducts are small
channels connecting the cochlea to the subarachnoid space, allowing the exchange of
�uid between the inner ear and cerebrospinal �uid [7].

Fluid inertia plays a crucial role in BC hearing at low frequencies (below 1 kHz)
but has less in�uence at higher frequencies. Additionally, cochlear �uid inertia plays
an important role in abnormal ears. [7]

2.1.4 Compression of the Cochlear Walls

One of the earliest theories explaining BC sound is the compression and expansion
of the cochlear walls [24] [25]. This concept, also known as inner ear compression,
was later renamed by Tonndorf as the distortional component [17]. The theory posits
that when the skull is a�ected by a transverse wave from a BC stimulus, the bone
experiences compression and expansion. If the otic capsule is involved, it alters
the cochlear �uid spaces, prompting �uid movement within the cochlea, which is
considered incompressible. [7]

The cochlea has two windows, the oval and the round windows, which accommodate
this �uid movement. The round window is much more �exible than the footplate, by
approximately a factor of twenty [26]. During the compression of the cochlea, both
windows protrude outward, but the round window protrudes more than the footplate.
This di�erence in bulging causes �uid movement from the scala vestibuli to the scala
tympani. Scala vestibuli is one of the three main �uid-�lled chambers in the cochlea,
involved in the process of hearing. Scala tympani is another �uid-�lled chamber in
the cochlea that plays a role in transmitting sound vibrations to the basilar membrane.

Additionally, the scala vestibuli has a larger volume and area compared to the
scala tympani, resulting in greater �uid displacement in the scala vestibuli, which then
forces �uid into the scala tympani. [17] These mechanisms work in synchrony in same
phase with each other [7].

However, several �ndings question the signi�cance of cochlear wall compression in
contributing to BC hearing within the normal frequency range. In cases of otosclerosis,
where the stapes footplate is �xed, the �uid wave generated by compression cannot

15



be displaced at the oval window [27]. This situation should theoretically push �uid
from the scala vestibuli to the scala tympani and the round window, thereby enhancing
basilar membrane stimulation and improving BC hearing. Yet, clinical observations in
otosclerosis indicate a reduction in BC sensitivity by 15 to 25 dB around 2 kHz and 5
to 10 dB at 1 and 4 kHz [27]. Additionally, BC thresholds nearly return to normal after
a fenestration operation for footplate otosclerosis [28]. According to the compression
theory, an additional �uid outlet on the scala vestibuli side in an otosclerotic ear should
reduce �uid �ow across the basilar membrane, resulting in poorer BC hearing. These
clinical �ndings imply that cochlear wall compression and expansion do not play a
major role in BC hearing for low and mid frequencies. However, since BC sensitivity
in otosclerosis does not decline above 4 kHz, it suggests that compression might have
a role at higher frequencies [7].

In summary, inner ear compression appears to be insigni�cant for BC hearing in
frequencies up to and including 4 kHz. This understanding is consistent with various
studies and clinical observations that downplay the role of cochlear wall compression
in BC hearing for low and mid frequencies, while acknowledging its potential impact
at higher frequencies [7].

2.1.5 Pressure Transmission from the Cerebrospinal Fluid

Research indicates that static pressure in cerebrospinal �uid can be transmitted to
cochlear �uids via the cochlear aqueduct [22], and the sound pressure in cerebrospinal
�uid can also reach the inner ear [29]. In experiments with cats, it has been found
that blocking the cochlear aqueduct a�ects BC hearing but not AC [17]. A �uid �ow
model suggested that this blockage would only impact air-conducted sounds at very
low frequencies due to the high impedance of the cochlear aqueduct [23]. However,
the transmission of BC sound through cerebrospinal �uid does not account for various
experimental �ndings related to BC, such as threshold losses with middle ear lesions,
lateralization of bone conducted tones, and transcranial attenuation (attenuation in
skull). Thus, BC sound transmission through cerebrospinal �uid is not considered a
signi�cant factor for BC hearing in both healthy ears or those with lesions [7].
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3 Bone Conduction Headsets

In recent years communication headsets, which use the bone conduction (BC) trans-
mission of sound have become more popular than ever [1] [2] [3]. Most of these
devices typically feature a headband with two BC transducers placed on the skin
in front of the ear canal opening. This placement di�ers from the classical and
well-researched positions, such as behind the ear canal opening [30], the forehead
position [13], or the position for percutaneous BC implants (commonly known as the
BAHA position) [31] [32]. This transducer position for a BC headset is frequently
superior to the area between the condyle of the lower jaw and the tragus. The tissues
beneath the BC headset transducer include skin, subcutaneous tissue, cartilage, and
bone [9]. Vibrations applied close to the ear canal and on the cartilage can lead to
sound transmission to the inner ear that di�ers from the typically anticipated vibration
transmission pathways [33]. This modern position has made BC headphones more
popular than ever [4]. The position in front of the cheekbones provides opportuni-
ties especially for sports and outdoor activities where awareness of the surrounding
environment is considered as a desirable feature [4].

3.1 The Advantages and Disadvantages of Bone Conduction
Headphones

Kachhadiya [4] studied the weaknesses of BC headphones. Despite the growing
popularity of BC headphones in the consumer market, they have some disadvantages.
The sound quality of BC headphones can be inferior compared to traditional air
conduction AC headphones. Especially the frequency response is weaker for low
frequencies and the clarity of the high frequencies can be weaker. Also, BC devices
su�er from sound leakage. The sound played from the headphones may be audible to
other people around the user especially when playing on higher volume levels. On
top of that, at the moment BC headphones tend to be more expensive than traditional
audio devices which may limit the accessibility for some users.

In addition, using a BC transducer requires applying a static force to press it against
the skull, and the BC route is less energy-e�cient compared to the AC route. The
coupling with the skin dampens high frequencies, and the low transcranial attenuation
makes it challenging to distinguish between the left and right ears [7]. Therefore, BC
sound is less suitable for high-�delity applications than AC headphones.

3.1.1 Advantages of Bone Conduction Headphones Over Air Conduction
Headphones for Underwater Listening

The unique properties of water as a medium signi�cantly interfere with the transmission
of air-conducted sound, making conventional earplugs and headphones less suitable
for underwater use. AC headphones rely on the sound waves transmitted through air
as a medium to the ear drum. This process is severely impacted when water replaces
air in the ear canal. This interference can lead to poor sound quality, reduced volume,
and a compromised listening experience. Therefore, traditional AC headphones need
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to be well plugged to the ear canal and no water can enter the canal for the headphone
to perform well submerged to water.

BC headphones o�er a distinct advantage in underwater environments by mostly
bypassing the outer and middle ear altogether. [7] Even though most of the current
BC headphones use the frontal ear position which greatly bene�ts sound pressure
radiated inside the ear canal, the sound still travels through other means of BC [9].
BC sound transmission is inherently less a�ected by the presence of water than
air-conducted sound, allowing for clearer and more reliable auditory experiences
underwater. Superior sound performance is especially enhanced underwater if the ear
canal is plugged on top of using BC. In this situation BC bene�ts from occlusion
e�ect [7] and from sound pressure radiated in the soft tissues of the ear canal [9]. Both
of these elements boost the sound quality of BC headphones underwater while using
earplugs.

Other bene�ts of the use for BC headphones besides underwater or while swimming
include better situational awareness as the ear canals maintain open and easier �t as
the headphones do not need to be perfectly positioned or �tted to the maintain decent
sound.

3.2 Frontal Position

Surendran et al. [9] conducted a study to �nd out the way the new typical frontal
position performs compared to the previously known positions of the BC transducer.
They conducted the study as and simulation and as a listening test. The simulation
was conducted using LiUHead, which is �nite element model that has been developed
for BC investigation by Chang et al. [34]. The listening test [9] was conducted with 21
adult participants who had previously participated in similar test. They studied the
di�erence between two placements of the transducer: frontal and at the mastoid behind
the ear. The outcome of the study suggests that for frontal position the sound pressure
in the ear canal becomes the main source of perceived sound. The measured sound
pressures levels (SPL) inside the ear canals are shown in Figure 5 for both positions.
The SPLs were measured by using probed microphones inside the ear canal. The
stimulation of BC sound was produced by 1 N dynamic force. The SPL is 20 to 40
dB higher at the frontal position compared to the mastoid position. Furthermore, the
ear sound pressure generated by the vibrator a�ects the perceived sound level, but the
radiated sound pressure is 20 to 30 dB below the ear canal sound pressure generated
by the BC at frequencies below 8 kHz. It starts to come close to bone conducted ear
canal sound pressure at frequencies over 10 kHz.

The reason why the frontal position generates more sound pressure radiation in
the ear canal could be relatively larger vibrations of the soft tissues and cartilages
around the ear canal [9]. Blocking the ear canal with ear plug also lowers the sound
pressure levels in the ear canal even with occlusion e�ect [7]. The study [9] showed
that the sound pressure in ear canal is 20 to 30 dB higher compared to other pathways
of bone conducted sound in a healthy ear with the modern frontal position. On the
other hand, the frontal position is very sensitive to conductive hearing loss making it a
less suitable choice for treating people with hearing impairments.
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Figure 5: Sound pressure in ipsilateral ear canal with open ear from dynamic force of
stimulation of 1 N. The individual measured data for the frontal position are shown as
the thin black lines and the median for frontal position as magenta. For comparison
the red line presents the median of same stimulation from mastoid position. [9]

3.3 Transparency of BC Headphones

The transparency of BC headphones is important because these headphones are usually
used for situational awareness. In addition, transparency is an important factor when
considering the use of headphones for Augmented Reality (AR) applications [35]. In
AR virtual sounds are added to the real world. In this situation it is important that the
perception of the real world is altered as little as possible.

The transparency of headphones can be measured in an objective way based on
head-related transfer function (HRTF) measurements. Brinkmann et al. measured
the transparency of Shokz OpenRun Pro BC headphones using GRAS KEMAR
45BC head and torso simulator in multichannel anechoic chamber based on the model
proposed by Lladó et al [35] [36].

The measurement was conducted by comparing the HRTF for dummy head with
the headset on and for without any headwear. Based on the di�erences in HRTFs the
Composite Loudness Level (CLL) [35] was achieved. CLL is a perceptual loudness
model which can be used to predict coloration in binaural signal. It uses middle-ear
modelling, perceptual loudness weighting and non-linen frequency weighting. For the
CLL it is necessary to calculate equivalent rectangular bandwidth (ERB) weightings
and Phon calculation for perceptual loudness [37]. For a binaural input signal, the left
and right channels are �rst processed into 42 equivalent rectangular bandwidth (ERB)
frequency bands. The signals in each frequency band are then recti�ed, setting any
negative values to zero, and low-pass �ltered with a cuto� frequency of 800 Hz. [35]
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The loudness value for each band is calculated using the formula [37]:

! = 4

s
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#

Õ

=

G2¹=º (1)

whereL denotes the loudness value,x(n)represents the recti�ed frequency band signal,
andN is the total number of samples in the signal. This calculation is performed for all
42 frequency bands for both the left and right channels. The CLL for each frequency
band is then calculated in Phons using the formula [37]:

CLL = 10 log2 ¹! ; ¸ ! Aº ¸ 40 (2)

where! ; and! Adenote the loudness values for the left and right channels, respectively.
In the study, the di�erence in CLL between the open ear condition and each tested
HWD con�guration was calculated for each frequency band as [35]:

� CLL� - ¹\– qº = CLL� 1¹\– qº � CLL� - ¹\– qº (3)

whereCLL� 1 refers to the CLL value for open ears andCLL� - refers to the CLL
value for the studied headset at con�guration angles¹\– qº. A single� CLL value was
calculated as the mean of the 42� CLL values across all frequency bands. From these,
the mean average of the CLL calculations for all measurement directions� CLL was
computed by calculating [35]:
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� CLL (4)

where N is the number of frequency bands and� CLL is the composite loudness level
di�erence for each frequency band. Lower� CLL value meaning better transparency
and therefore better performance [35]. Brinkmann et al. [36] measured the transparency
of Shokz OpenRun Pro BC headphones, and the results are shown as Hammer-Aito�
projection plots in Figure 6. The� CLL value for this model was 0.42 meaning that the
BC headphones are acoustically transparent. In addition, the frequency dependency of
the transparency was researched. The transparency is shown in Figure 7. It can be seen
that the headphones start to alter the HRTFs of the person only at higher frequencies
and even there the e�ect is pretty minor.

3.4 Frequency Response Measurements of Bone Conduction
Headphones

Brinkmann et al. [36] also measured the Headphone Transfer Function (HpTF) of
Shokz OpenRun Pro. HpTF is an electroacoustic transfer function from the input of
a headphone to the sound pressure at the eardrum [38]. They [36] conducted this
study as a listening test by matching the loudness between the loudspeaker and the
headphones with the goal of achieving HpTF at entrance to blocked ear channel. The
loudspeaker was placed directly in front of the test person playing calibrated sound
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Figure 6: Hammer-Aito� projection plot of the predicted coloration for Shokz
OpenRun Pro compared to open ears calculated as the di�erence in composite
loudness level� CLL [36]. The circles indicate the positions of loudspeakers.

Figure 7: The frequency dependency of the transparency for Shokz OpenRun Pro
bone conduction headphones [36].

pressure level (SPL) of 60-, 70- or 80-dB sine waves. Then the test person matched
the same loudness for the headphones. In addition, for the test person the HRTF
was measured at the ear drum and the loudness matching from the loudspeaker and
headphones was assumed to match the HpTF at the ear drum. The measurement setup
was following

" =
HRTF4

HpTF4
=

HRTF1 � � � � � ��ECTF1! 4

HpTF1 � � � � � ��ECTF1! 4
(5)
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Figure 8: The Headphone Transfer Function from the 70 dB measurement for Shokz
OpenRun Pro bone conduction headphones [36]. Green area is the working range for
� 2dB and yellow area for� 5dB.

from which was realized [36]

1
"

HRTF1 =
� � � �HRTF1 � HpTF1

� � � �HRTF1
= HpTF1 (6)

to receive the HpTF at the entrance to blocked ear channel. Where (�)1 is the entrance
to blocked ear channel, (�)4 is the ear drum and the ECTF is ear channel transfer
function [36].

The measurement of HpTF for 70 dB SPL is shown in Figure 8. The �gure displays
working range of� 2dB as green area and the extended working range of� 5dB as
yellow area for the Shokz OpenRun Pro BC headphones. Where the working range is
approximately 250-4000 Hz and the extended working range approximately 160 to
12000 Hz [36]. In comparison around-ear headphones typically have working range
of 20 - 20 000 Hz [39].
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4 Transparency Measurements of Bone Conduction
Headphones

The transparency of Bone Conduction (BC) headphones was studied using the method
proposed by Lladó et al. [35]. The method used for the measurements and the
importance of transparency are discussed in greater detail in Section 4.

4.1 Measurement Setup

The transparency measurements of BC headphones were conducted for four di�erent
models. Measurements were conducted in the multichannel anechoic chamber �Wilska�
at the Aalto University Acoustics Lab, Finland. The setup used in the measurements
was the GRAS KEMAR 45BC head and torso simulator (HATS) wearing di�erent BC
headphones and with a loudspeaker array of 45 Genelec "The Ones" 8331 loudspeakers.
The loudspeaker setup is shown in Figure 9. This setup was used to measure 45
Head-related Transfer Functions (HRTFs) for each BC headphone. An anechoic room
was used to avoid any reverberations in the HRTFs. Impulse response measurements
used exponential sine sweeps with a length of 2 s and a sampling rate of 48 kHz
according to the method proposed by Farina [40]. The sweeps were conducted with
frequency range of 20 Hz to 20 kHz and the time between the start of the sweeps was
0.125 s.

Figure 9: The loudspeaker array of anechoic chamber Wilska [41]-

The di�erent BC headphone models studied were: H2O Audio SnowPRO, H2O
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Figure 10: KEMAR HATS wearing the H2O Audio SnowPro model in the trans-
parency measurements.

Audio TRI Multi-Sport, AfterShokz AS451 (wired older model). For comparison,
one typical open-air headphone, the Sennheiser HD599, was also measured. For
the measurement, the KEMAR Head and Torso Simulator (HATS) was precisely
centered in the loudspeaker array using laser aligners. Figure 10 shows the KEMAR
HATS wearing H2O Audio SnowPRO headphones, placed directly in the middle of
the loudspeaker array. Care was taken when placing the headphones on the KEMAR
HATS to ensure that the alignment did not change. After the measurements, it was
ensured with the laser that the KEMAR HATS was perfectly in its original position. If
the alignment was not perfect, the HRTFs were remeasured for each headphone and
for the no-headphone condition to ensure comparable results.

4.2 Results

The mean di�erence over all measurement directions (� CLL) value which indicates
the represents the average of the Di�erence in Composite Loudness Level (� CLL)
values across di�erent spatial directions is shown in Table 1 for each model and the
overall for each direction is shown in Figure 11. Lower� CLL values suggest greater
transparency, whereas higher values indicate less transparency and more alteration to
the perceived sound.
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Model � CLL
H2O Audio Snowpro 0.53

H2O Audio TRI Multi-Sport 0.50
AfterShokz AS451 0.42
Sennheiser HD599 4.28

Table 1: Comparison of� CLL for di�erent models

Figure 11: Hammer-Aito� projection plot of the predicted coloration for: a) H2O
Audio SnowPro model b) TRI Multi-Sport c) AfterShokz AS451 d) Sennheiser HD599
compared to open ears. Calculated as the di�erence in composite loudness level
� CLL. The circles indicate the positions of loudspeakers.

4.3 Discussion

Care was taken during the measurement that the Kemar HATS stayed in place.
In addition, the measurements were conducted multiple times to ensure the best
comparability. However, since HRTF measurements are very sensitive to minor
deviations [42], and the frequency range extended up to 20 kHz, the measurements
were especially vulnerable to slight misplacements of the BC headphones. On the
other hand, the BC headphones are not usually perfectly aligned when worn by the
user. So, the approximation range of the general� CLL values for the BC headphones
should be relevant with the setup used in these measurements. However, comparisons
between di�erent models should be approached with caution, especially since the
� CLL values are relatively similar.
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