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ABSTRACT We designed and implemented an electromagnetic transducer for implantable bone conduction
hearing aids. The proposed transducer is smaller than previous bone conduction transducers for easy
implantation and was designed using high permeability metals to produce large electromagnetic forces.
In addition, the number of cantilever beams was changed from two to three to minimize distortion of the
transducer, potentially due to twisting of the cantilever beam. The proposed transducer consists of a titanium
cover with three screw holes, a metal ring, a circular plate, a vibrational membrane with a three-cantilever
structure, a metal plate and cylinder, a permanent magnet, top and bottom coils, and a cylindrical titanium
case. The transducer was optimally designed based on analysis of electromagnetic and mechanical vibrations,
and the target resonance frequency was derived by controlling the variable elements of the vibrational
membrane. The transducer was manufactured based on the results of finite element analysis, and the validity
of the design was verified by comparing the results of vibration measurement experiments and a simulation.
Finally, to evaluate the performance of the proposed transducer, the transducer was attached to the mastoid
of participants and functional near-infrared spectroscopy was used to measure brain activation changes of
the auditory cortex due to vibration stimulation.

INDEX TERMS Implantable bone conduction hearing aid, electromagnetic transducer, finite element

analysis, functional near-infrared spectroscopy.

I. INTRODUCTION

Thus far, various types of hearing aids have been developed
to treat hearing loss. Such hearing aids can be divided into air
conduction hearing aids, middle-ear implants, and cochlear
implants, depending on the application position [1]-[7]. Air
conduction hearing aids with sound pressure output, which
are most commonly used for treatment of hearing loss, are
advantageous in that surgery is not required; however, they
have disadvantages such as acoustic feedback and occlusion
of the ear canal [8], [9]. Middle-ear implant hearing aids
use small transducers to transmit vibration corresponding to
sound directly to the ossicular chain or round window; these
transducers are advantageous in they reproduce natural sound
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without any acoustic feedback. Because middle-ear implants
require complicated surgery, they are not a popular choice
for many patients with hearing loss. In addition, they are
difficult to apply if the ossicular chain is lost due to disease
or is anomalous [10]-[14]. Cochlear implantation is the only
method to restore hearing to patients with severe-to-profound
sensorineural hearing loss; indications for cochlear implanta-
tion differ greatly from the indications for hearing rehabilita-
tion systems listed above. In addition, cochlear implantation
involves complex surgery [15]-[17].

Recently, implantable bone conduction hearing aids, which
can partially compensate for the disadvantages of conven-
tional hearing aids and can be implanted with minimally
invasive procedures, have been developed and used in clinical
research [18]-[21]. Bone conduction hearing aids use an
output device (e.g., a transducer) that generates vibration in

VOLUME 8, 2020


https://orcid.org/0000-0002-1109-6787
https://orcid.org/0000-0002-6714-1751
https://orcid.org/0000-0001-7170-4847
https://orcid.org/0000-0001-7295-2789
https://orcid.org/0000-0002-3202-1127

S. H. Lee et al.: Optimization and Performance Evaluation of a Transducer for Bone Conduction Implants

IEEE Access

the same manner as a conventional middle ear implantable
hearing aid; it transmits a vibration signal corresponding to
sound by means of bone conduction via implantation of a
transducer into the mastoid [22]. The vibrational signal of
the transducer causes considerable loss of the vibration signal
during propagation through media, such as skin and bone.
Thus, there is a need for the development of transducers that
produce high vibration outputs.

Shin et al. [23] proposed and developed a prototype of a
dual-coil transducer for bone conduction hearing aids. The
transducer is 18 mm in diameter and 11 mm in height, with
a mechanical resonance frequency of 1.2 kHz. However,
the prototype transducer was not optimized for use as an
implantable bone conduction transducer in terms of its size
and frequency characteristics. Therefore, it is necessary to
miniaturize the transducer for easy implantation. In addition,
to compensate for conductive hearing loss, improvement of
the frequency characteristics and vibration force of the trans-
ducer is required.

In this study, a transducer was designed based on
electromagnetic and mechanical vibration analysis to minia-
turize transducers and control resonant frequencies. To mini-
mize the distortion caused when the transducer is operating,
the number of cantilever beams of the vibrational membrane
was changed from two to three. In addition, the reduction of
vibrational force due to miniaturization was compensated by
using the magnetic yoke as a high permeability metal. The
transducers were fabricated based on simulation results, and
the validity of the design was verified by performing vibration
measurement experiments under no-load conditions.

Generally, transducers for implantable hearing aids in
early stages of development are assessed for performance
through nonclinical studies, such as cadaveric experiments
using human temporal bone. However, these nonclinical
experiments cannot assess whether a patient perceives sound,
in terms of brain activation. Recently, neuroimaging studies
on auditory cortex have been conducted using functional
magnetic resonance imaging (fMRI) [24], [25]. Because
the electromagnetic transducers proposed in this study con-
tain permanent magnets, neuroimaging studies using fMRI
are difficult. In contrast, functional near infrared spec-
troscopy (fNIRS) can be used to measure changes in brain
activation of the auditory cortex without being affected by
permanent magnets [26]-[29]. Therefore, performance eval-
uation was conducted using fNIRS for the electromagnetic
type bone conduction transducer proposed in this study.

Il. DESIGN OF THE TRANSDUCER

A. STRUCTURE OF THE TRANSDUCER

An implantable bone conduction hearing aid is composed
of an external device including a microphone, as well as an
internal device including a signal processing module and a
transducer, as shown in Fig.1. The bone conduction hearing
aid works by transmitting sound vibrations through the bone
using the transducer. The inner ear receives sound vibrations
and converts sound vibrations into electrical signals that the
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FIGURE 1. Conceptual schematic diagram of implantable bone
conduction hearing device [23], [30].

brain interprets as sound. Therefore, the bone conduction
hearing device allows a patient with hearing loss to hear
sounds that cannot pass through the ear in the normal man-
ner. Typically, transducers in implantable bone conduction
hearing aids are implanted in the mastoid region. However,
the vibrational signal generated by the transducer is prop-
agated through the bone, which leads to a high level of
loss. Therefore, considering the lost vibrational signal, the
transducer must be able to produce a high output.

In this paper, vibrational force improvement studies were
performed, along with optimal size derivation of the trans-
ducer to be used as an output device for implantable bone
conduction hearing aids. The dimensions of the transducer
were set based on the BONEBRIDGE BCI-601 (Med-El,
Innsbruck, Austria) and computed tomography image of
the cranium [30]. The proposed transducer has a diameter
of 15 mm and a height of 10 mm, 8 mm of which is implanted
into the bone. The transducer consists of a titanium cover with
three screw holes (for fixation of the transducer to the bone),
a metal ring (for fixation of the membrane), a circular plate
(for connection of the vibrational membrane with the perma-
nent magnet), a vibrational membrane with a three-cantilever
structure (for generation of mechanical resonance), a metal
plate and cylinder (for maximization of magnetic density),
a permanent magnet, top and bottom coils wound in oppo-
site directions, and a cylindrical titanium case, as shown
in Fig. 2.

Metal plate and
cylinder
Top coil Bottom coil

l VAN
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Metal ring
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Cylindrical
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FIGURE 2. Part list of bone conduction transducer.

The proposed bone conduction transducer can be expressed
as single-degree-of-freedom (SDOF) system composed of a
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FIGURE 3. Single-degree-of freedom systems of bone conduction
transducer.

mass (m), a spring (k) and viscous damping (c¢,) (Fig. 3).
However, viscous damping was not considered in the motion
equations, because viscous damping from the air is low.
The motion equation of the SDOF system is as given in
Eq. (1); this equation can be used to theoretically derive
the magnitude of the vibration displacement of the trans-
ducer [31], [32].

mi () + kx (1) = Fsinw (t) (1)

Here, m is the total mass of the permanent magnet and
the circular metal plate, k is the stiffness of the vibrational
membrane, F is the electromagnetic force generated by the
permanent magnet and coils when the current flows, and w is
the angular frequency.

The actual displacement (X) of the bone conduction trans-
ducer with SDOF derived from Eq. (1) is:

X = ——fm] @
= —F[m
(k — ma)z)

and the mechanical resonance frequency of the bone con-
duction transducer can be calculated using the following
equation.

[k
w, =,/ —[Hz], wj, : resonance frequency 3)
m

Using the equations defined above, an approximate theoret-
ical value can be obtained for the vibration displacement of
the transducer. However, the electromagnetic force used in
the equation is generated by interlinkage of the flux of the
permanent magnet and the flux generated when the current
flows through the coils; thus, mathematical derivation of
the magnitude of electromagnetic force is very complicated.
In addition, it is difficult to derive the exact value of the vibra-
tion displacement. Therefore, electromagnetic analysis and
mechanical vibration analysis were performed using finite
element analysis (FEA) software for simplicity.

B. ELECTROMAGNETIC ANALYSIS

As an output device for implantable hearing aids, trans-
ducers with high efficiency are required, because batteries
used in implantable hearing aids exhibit limited size and
capacity.
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In this paper, to increase the efficiency of the bone con-
duction transducer proposed by Shin et al. [23], the magnetic
yoke using stainless steel 304 (SUS304) is replaced with a
high permeability metal, such as Mu-metal. Subsequently,
the magnitude of the Lorentz force calculated by electromag-
netic analysis was compared with that of the conventional
bone conduction transducer.

To obtain the maximum Lorentz force of the proposed
bone conduction transducer, electromagnetic analysis was
performed using the FEA software COMSOL Multiphysics
5.4 (COMSOL Inc., Stockholm, Sweden). Lorentz forces are
generated by the interaction of magnets and coils; therefore,
the vibrational membrane, metal ring, circular plate and tita-
nium case (including the cover) were excluded, as they do not
affect the analysis. To derive the maximum Lorentz force of
the transducer, the simulation was performed with changing
coil height from 1 mm to 3 mm in 0.1 mm increments.
Here, considering the process of transducer assembly and
the ease of manufacturing the metal plate, the gap between
the metal and the coil was set to 0.1 mm; the magnet size
was fixed at a diameter of 5 mm and a height of 4 mm.
Considering the battery voltage used in the implantable bone
conduction hearing aid, the current applied to the coil was set
to 8 mA @O0 kHz; the implantable bone conduction hearing
aid undergoing analysis at Kyungpook National University
Hospital uses a battery voltage of 3 Vp. In addition, the
thickness of the coil was fixed at 0.051 mm, based on the stan-
dard specification of the self-bonding coil used for winding.
The two-dimensional axisymmetric model used for electro-
magnetic analysis is shown in Fig. 4(a); Fig. 4(b) shows the
results of electromagnetic analysis and indicates the magnetic
flux density arising from the permanent magnet and coils.
Fig. 4(c) shows Lorentz forces according to the height of
the coil. The analysis results demonstrated that the maximum
Lorentz force of 587 mN was generated when the coil height
was 3 mm. However, at a coil height of 3 mm, the total
resistance is approximately 550 €2, and it is difficult to apply
a current equivalent to 8 mA @0 kHz with the battery volt-
age. Therefore, the maximum coil height of the proposed
transducer was set at 2 mm and the Lorentz force generated
at this height was approximately 486.4 mN. The values of
the parameters of the transducer components for generating
the maximum Lorentz force are as follows. All components
of the transducer were established using the magnetic field
routine of the AC/DC module, and then combined using the
“form union” command. The surface gauss of the permanent
magnet (NdFeB, grade N35AH) with a diameter of 5 mm and
height of 4 mm is 0.43 T. Each coil has an outer diameter
of 12.2 mm, inner diameter of 10.2 mm, height of 2 mm,
and thickness of 0.051 mm, with 600 turns and a resistance
of 180 €2. Here, a “homogenized multi-turn” coil conductor
model was used; the coil excitation was ‘‘current” and the
coil wire conductivity was 4.3¢” [S/m]. The windings of the
top and bottom coils were set to be in opposite directions to
each other; a current corresponding to 8 mA @0 kHz was then
applied to the coils. To minimize the leakage of magnetic flux
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FIGURE 4. (a) Two-dimensional axisymmetric mesh model, (b) analysis of

magnetic flux density by permanent magnet and coils, and (c) Lorentz
forces according to height of coil.

generated from the permanent magnets, a metal plate (diam-
eter 10 mm and height 2 mm) and a metal cylinder (outer
diameter 14.5 mm, inner diameter 12.2 mm, and height 6 mm)
made of Mu-metal (relative permeability of 20,000, electrical
conductivity of 1.67e* [S/m], relative permittivity of 1) were
used. The mesh type of the two-dimensional axisymmetric
model was set to “free triangular”’. The element parameters
of the mesh include a maximum element size of 0.17 mm,
minimum element size of 0.000637 mm, maximum element
growth rate of 1.2, curvature factor of 0.25, and narrow region
resolution of 1. The mesh model consisted of 6,495 domain
elements and 509 boundary elements.

To compare whether the structure using high permeabil-
ity metal has higher efficiency than the SUS304 structure
used by Shin et al., Mu-metal was changed to SUS304

VOLUME 8, 2020

(relative permeability of 1.008, electrical conductivity of
1.39¢’ [S/m], relative permittivity of 1) in the same struc-
ture. An electromagnetic analysis was then performed, and
the maximum Lorentz force was approximately 385.4 mN.
Comparing the two results, the use of Mu-metal led to
approximately 20% greater Lorentz force, compared to that
of SUS304.

C. MECHANICAL VIBRATION ANALYSIS

Mechanical vibration analysis was performed to determine
the optimal frequency characteristics of the bone conduction
transducer, based on the maximum Lorentz force derived
from electromagnetic analysis. In general, the mechani-
cal resonance of an implantable bone conduction device is
between 0.7 and 1 kHz [33]. Therefore, the mechanical res-
onance frequency target of the bone conduction transducer
proposed in this paper was designed to occur at 0.9 kHz.
The mechanical resonance frequency of the transducer is
determined by the stiffness of the vibrational membrane and
the mass contributing to the vibrational membrane, as shown
in Eq. (3). However, it can be difficult to control the mechan-
ical resonance of the transducer due to the mass (sum of
mass of metal plates and magnet) that contributes to the
vibrational membrane. Therefore, the mechanical resonance
of the transducer was controlled by adjusting the stiffness of
the vibrational membrane. To easily control the rigidity of the
vibration membrane, a vibration membrane with a cantilever
structure was used. The stiffness of the vibrational membrane
can be controlled by variable factors such as the width,
thickness, angle (length), and number of cantilever beams.
In this study, considering the miniaturization of the transducer
and the wet etching process of the vibrational membrane,
the beam thickness and width were fixed at 0.3 and 0.2 mm,
respectively; the number of beams was fixed at three to
minimize distortion. As it moves up and down in the metal
cylinder, the magnet tends to move toward the inside wall
surface of the cylinder. When there are two beams, there is
a high probability that a “rolling” phenomenon will occur,
leading to distortion of the transducer. However, when the
number of beams is fixed at three, the rolling of the magnets
is minimized and distortion is reduced. Then, the beam angle
alone was used to adjust the stiffness of the vibrational mem-
brane. Fig. 5 shows the structure of the vibrational membrane
proposed to generate the mechanical resonance of the bone
conduction transducer, with the three beams located between
the stationary ring and the plate.

The 3D mesh model used in the analysis is shown in Fig. 6
(a); mechanical vibration analysis was performed to deter-
mine the optimal frequency characteristics of the bone con-
duction transducer. The 3D model only represented the mass
components (including the magnet, metal plates, and cir-
cular plate) that affect the vibrational membrane without
being anchored to the bone, as well as the vibrational mem-
brane with the cantilever structure required for mechani-
cal vibration analysis. All components in the 3D model
were configured using the solid mechanics routine of the
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FIGURE 5. Shape of vibrational membrane with cantilever structure.
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FIGURE 6. (a) Three-dimensional mesh model for mechanical vibration
analysis, (b) distribution of von Mises stress (top and side view) based on
the static analysis, and (c) frequency response characteristics according
to beam angle based on the dynamic analysis.

structure mechanics sub-module, then combined with the
“form union” command. The stationary ring of the vibra-
tional membrane was fixed using a defined “fixed con-
straint”. The prescribed displacements of the permanent
magnet, two metal plates, and beams of the vibrational mem-
brane were set to ‘“‘free/free’’ [10]. The total force of the
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body load applied to the permanent magnet and two metal
plates during mechanical vibration analysis was 486.4 mN
(previously calculated by electromagnetic analysis); the total
mass applied to the vibrational membrane was 2.77 g (2.2 g of
metal plates and 0.57 g of permanent magnet). The mesh type
of the 3D model was set to ““free tetrahedral”. The element
parameters of the mesh include a maximum element size
of 0.508 mm, minimum element size of 0.0218 mm, maxi-
mum element growth rate of 1.35, curvature factor of 0.3, and
narrow region resolution of 0.85. The mesh model consisted
of 88,269 domain elements, 19,977 boundary elements, and
2,251 edge elements. The vibration analysis was performed
by changing the angle of the beam from 45° to 85° in 10°
increments. The distribution of von Mises stress, which rep-
resents the maximum distortion energy density at each mea-
surement point under load (based on the static analysis result),
and the frequency response characteristics according to the
beam angle (based on the dynamic analysis result), are shown
in Fig. 6(b) and 6(c), respectively. The critical stress of the
vibrational membrane based on the static analysis results is
5.18¢% N/m?. As shown in Fig. 6(c), when the beam angle
is 75°, the proposed transducer can generate a mechanical
resonance frequency at 0.9 kHz.

Ill. RESULTS

A. IMPLEMENTATION OF THE TRANSDUCER

The optimal design of the bone conduction transducer was
established by means of electromagnetic and mechanical
vibration analysis, and the bone conduction transducer was
fabricated based on the analysis results. Each component
of the bone conduction transducer was fabricated using
CNC machining processes and wet etching. The vibrational
membrane, circular plate, and metal ring were fabricated
using a photochemical technique (a wet etching method). A
masking film was produced using CAM350 software, and
a dry film photoresist was attached to stainless steel 316
(SUS316) using a laminator. The masking film was patterned
on SUS316 using an exposure process (ultraviolet transmis-
sion); then, the patterned SUS316 was etched using ferric
chloride solution (FeCl3). At this time, the temperature of the
solution was 40-50° and the etching duration was 20-30 min-
utes. Finally, the vibration membrane (diameter, 14.5 mm;
angle, 75°; thickness, 0.3 mm), circular plate (diameter,
3.5 mm; thickness, 0.2 mm), and metal ring (outer diame-
ter, 14.5 mm; inner diameter, 12.2 mm; thickness, 0.2 mm)
were completed through a stripping process using sodium
hydroxide solution (NaOH). The metal cylinder (outer diam-
eter 14.5 mm, inner diameter 12.2 mm, and height 6 mm,
Mu-metal), two metal plates (diameter 10 mm and height
2 mm, Mu-metal), cylindrical titanium case (outer diameter
15 mm, inner diameter 14.5 mm, and height 8 mm, Ti-6Al-
4V), and a titanium cover with three screw holes (diame-
ter 16 mm and height 2 mm, Ti-6Al-4V) were machined
using a CNC machining processes. Each coil (outer diameter
12.2 mm, inner diameter 10.2 mm, and height 2 mm) was
wound 600 turns using an automatic winding machine. The
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FIGURE 7. Manufactured vibrational membrane and assembled bone
conduction transducer.

permanent magnet (diameter 5 mm and height 4 mm, NdFeB,
grade N35AH) was custom-made to ensure that no mag-
netic force was lost, even at temperatures above 200°. Each
component of the bone conduction transducer was assembled
using epoxy on a probe station equipped with a microscope.
When assembling, the two metal rings and the stationary
ring of the vibrational membrane were firmly fixed to the
cylindrical titanium case. Therefore, when the outside of the
cylindrical titanium case is firmly fixed to the bone, it is
assembled to operate only the magnet, metal plate, and beam
of the vibration membrane inside the transducer. Fig. 7 shows
the manufactured vibrational membrane and assembled bone
conduction transducer.

B. FREQUENCY RESPONSE CHARACTERISTICS

To confirm the frequency response characteristics of the
fabricated bone conduction transducer, vibration character-
istics were measured under no-load conditions. As shown
in Fig. 8(a), vibration measurements were performed using
a laser Doppler effect-based laser Doppler vibrometer
(OFV-5000, vibrometer controller; OFV-534, interferome-
ter sensor head; Polytec GmbH, Germany) system and a
Fast Fourier Transform-based data acquisition system (Fast
Fourier Transform length: 4096, sampling rate: 96 kHz,
average: 10, DAQ; NI PXIe-1071, NI PXIe-8840, and NI
PX1I-4461; National Instruments Co., USA). The system gen-
erates a sinusoidal signal to drive the bone conduction trans-
ducer while simultaneously storing the transducer’s vibration
signal, as measured by the laser Doppler effect-based laser
Doppler vibrometer. To measure the vibration characteristics
of the vibrational membrane, the bottom of the titanium case
was firmly fixed to the anti-vibration table using epoxy, simi-
lar to the instance where the bone conduction transducer was
fixed to the bone. The angle of incidence of the laser beam
was then positioned perpendicular to the center of the vibrat-
ing membrane. After a current of 8 mA @0 kHz was applied
to the bone conduction transducer, the frequency response
was measured; the result is shown in Fig. 8(b). The fabricated
transducer generated mechanical resonance at 0.9 kHz. When
the measurement results were compared with the FEA results,
there was a slight difference in the low- and high-frequency
regions. This is likely due to the tolerance caused by using
glue and the misalignment of components that occurs when
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FIGURE 8. (a) Block diagram and photograph of the experimental setup
for vibration measurement, (b) comparison of the frequency response
between the measurement and FEA results, and (c) comparison of output
magnitude between SUS304 and Mu-metal transducers.

assembling at the laboratory level. These problems could be
solved in future by using laser welding and precision assem-
bly machinery. Nevertheless, the shape and magnitude of the
overall frequency characteristics were similar. In addition,
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to verify the electromagnetic analysis result, it was compared
with the frequency response measured using SUS304 (blue
solid line). This transducer was manufactured in the same
way as the Mu-metal transducer, except that the metal plate
and cylinder were SUS304. The measurement results are
as shown in Fig. 8(c); in comparison with the frequency
response characteristics for Mu-metal (red solid line), the
output magnitude of all frequency bands was reduced by
around 25%.

IV. DISCUSSION

In general, transducers developed for use in implantable hear-
ing aids are evaluated for performance by means of cadaveric
experiments. However, the most accurate method is measure-
ment of the auditory cortex response by means of transducer
stimulation. The response of the auditory cortex can be mea-
sured using a technique such as fMRI. However, the bone
conduction transducer proposed in this paper is composed of
a permanent magnet and high permeability metal; therefore,
fMRI is unsuitable for measurement with this transducer.
Recently, the use of a novel neuroimaging approach, known
as fNIRS, for measurement of auditory cortex activity has
attracted attention in the field of auditory diagnosis [34], [35].
fNIRS is an emerging technique that can measure relative
changes in concentrations of oxygenated hemoglobin and
deoxygenated hemoglobin due to nerve activity. fNIRS is
relatively small, portable, and non-invasive; it also exhibits
arelatively high time resolution and artifact robustness, com-
pared to fMRI [36]. Furthermore, fNIRS uses an optical
fiber electrode; thus, it can be used to analyze a transducer
containing a permanent magnet.

Therefore, in this study, an auditory cortex response experi-
ment was performed using fNIRS technology to more clearly
evaluate the performance of the proposed bone conduction
transducer. To confirm whether the proposed transducer func-
tions well as a hearing aid transducer, the auditory cortex
response, based on same frequency stimulation, was mea-
sured using a kernel-type earphone and the proposed trans-
ducer. Ten healthy volunteers with no history of neurological,
physical, or mental illness participated in this study. The study
was approved by the Institutional Review Board of DGIST
(DGIST-190724-HR-068-01); all participants provided writ-
ten informed consent prior to the study.

Auditory stimulation using a kernel-type earphone was
first performed; the bone stimulation experiment with the
proposed transducer was then performed. Auditory stimula-
tion using the kernel-type earphone was presented to the right
ear; the left ear was shielded with earplugs to block incom-
ing sound. For comparative analysis of the auditory cor-
tex response, a bone stimulation experiment was conducted
using the proposed transducer. The proposed transducer was
attached near the mastoid, based on the actual implantation
position. To bring the bottom of the transducer as close to the
skull as possible, a self-adhesive elastic bandage (with length
and circumference equivalent to the participant’s head) was
wrapped over the transducer; both ears were shielded with
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earplugs to block incoming sound. The frequency of sound
for auditory stimulation was presented at 500 Hz, 1 kHz,
1.5kHz, 2 kHz, and 4 kHz; the stimulus orders were randomly
assigned for all participants. The hemodynamic response was
then measured to assess the effects of pure tone auditory
stimulation using an fNIRS system (LABNIRS, Shimadzu
Corp., Kyoto, Japan). The experiments were arranged in a
block paradigm. The block design consisted of 18 rest periods
and 15 task periods. Each frequency was presented three
times in one task trial. The auditory stimulation lasted for
20 seconds; after the end of the stimulation, there was a
rest period of between 23 and 27 seconds to minimize phase
synchronization for the stimulus (Fig. 9(a)).

Rest ;‘::::l):z Rest Rest ‘3:1‘1(1111:1?111}5, Rest
5 5 25 5
(25s) 0) (25s) (25s) 0s) (25s)
25 45 70 ... 630 655 675 700 (sec)
1 block 15 block

1 trial = 15 blocks

(b)

FIGURE 9. Configuration and cortical position of fNIRS experimental
protocol: (a) experimental protocol and (b) configuration of fNIRS
optodes.

The fNIRS signal was recorded in the auditory cortex on
the participants’ left and right hemispheres. Based on the
10-20 international electrode placement system, 12 optodes
(6 transmitters and 6 receivers) were placed in the left and
right hearing areas, respectively. The left auditory cortex is at
approximately the T3 position and the right auditory cortex is
at approximately the T4 position [37]. A total of 34 channels
contained information regarding concentration changes in
oxygenated hemoglobin (Fig. 9(b)). The measured fNIRS
data included various artifacts, related to blood pressure,
physiological changes in the participant, or device instability.
Hemodynamic response functions and a wavelet-minimum
description length detrending algorithm [38] were used to
eliminate artifacts and improve signal-to-noise ratios. fNIRS
data analysis was performed using the NIRS-SPM soft-
ware package implemented in MATLAB (MathWorks, Inc.,
Natick, MA, USA) [39].

Fig. 10(a) and (b) show the cortical activation maps of oxy-
genated hemoglobin for the respective conditions of listening
to the pure tone using a bone conduction transducer and using
earphones. Both cortical activation maps showed a statisti-
cally significant difference in the auditory cortex. When using
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FIGURE 10. Cortical activation maps of oxygenated hemoglobin when
listening to a pure-tone sound: (a) air conduction stimulation by
kernel-type earphone and (b) bone conduction stimulation by proposed
transducer.

a bone conduction transducer in the oxygenated hemoglobin
group analysis, the auditory stimulation of the right ear led
to activation of the right auditory cortex, while less activation
was observed in the left auditory cortex. When using the ear-
phones, significant activation was observed within bilateral
auditory cortex.

The study was designed to observe brain activation patterns
in the auditory area when using bone conduction transducers.
In pure tone auditory stimulation, differences were observed
between the bone conduction transducer and earphones in
terms of lateralization of activity in the region of interest;
however, the bone conduction transducer induced auditory
cortex activation similar to the use of earphones.

V. CONCLUSION

This study investigated improvement of output characteristics
and miniaturization on a bone conduction transducer pre-
viously proposed by Shin et al. Improvement experiments
derived optimal parameters based on FEA, such as electro-
magnetic analysis and mechanical vibration analysis. The
proposed transducer was implemented based on the FEA
analysis, and the validity of the design was confirmed by
comparing the analysis results with the frequency response
characteristics of the transducer manufactured under no-load
conditions. The FEA and experimental results obtained in this
study are compared with the specific characteristics of the
previous transducer, as shown in Table 1.

Consequently, the Lorentz force of the proposed trans-
ducer using high permeability metal produced a Lorentz force
approximately 20% higher than that of the previous trans-
ducer. In addition, the volume of the proposed transducer
was reduced by approximately 37% compared to the previous
transducer, thereby facilitating implantation. In other words,
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TABLE 1. Comparison of the proposed and previous transducers with the
same current.

Average
Volume Metal yoke Lorenz output
(cc) material force (mN)  magnitude
(mm/s)
Previous Stainless
transducer 2.79 385.4 2.84
steel 304
structure
Proposed 1.76 Mumetal 4864 381
transducer
structure

considering the transducer alone, if its efficiency improves
by 20%, the battery life is increased by the same amount
However, from the point of view of the hearing aid system,
it is necessary to consider the power transmission efficiency
of the inductive link, and the battery power consumed by the
peripherals of the external device. However, since the largest
amount of power is consumed by the transducer, increasing
the efficiency thereof can greatly extend the battery life.

Finally, to verify the performance of the proposed trans-
ducer, the auditory cortex response to bone stimulation was
measured using the fNIRS technique. Then, the measured
results were compared with the auditory cortical response
results according to auditory stimuli using kernel-type ear-
phones. The study confirmed that the bone conduction
transducer activates the auditory cortex to which auditory
stimulation is applied, similar to earphones. Therefore, this
result is meaningful because it clearly demonstrates that bone
conduction transducers activate the auditory cortex; it also
demonstrates the validity of using fNIRS to assess the per-
formance of a bone conduction transducer system.

Further research is needed to develop a mechanism to
enhance the vibrational force of the transducer. A simulation
study on the vibration transmission characteristics of the
transducer is needed based on the skull and temporal bone.
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