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ABSTRACT This paper focuses on transducers, which are the most important components of bone
conduction implants. To improve vibration magnitude, we develop a coil vibration transducer in which
the driver mass loading is reduced by about 3.25-fold compared to magnet vibration transducers. We use
finite element analysis to derive and implement the maximum Lorentz force and frequency characteristics.
We compare the effect of driver mass loading on the vibration magnitude to that of an older transducer.
The new transducer vibrates about 4.4-fold more strongly. To compare force magnitude between the two
transducers, output force is measured using an artificial mastoid. The force imparted by the new transducer
is higher than that of the older transducer only below 1.4 kHz, and tends to be lower at high frequencies.
Nevertheless, the improved force in the low-frequency region will improve conductive hearing loss.

INDEX TERMS Artificial mastoid, bone conduction implants, finite element analysis, output force level,
transducer.

I. INTRODUCTION
More than 5% of the worldwide population requires hear-
ing devices [1]. The prevalence of hearing loss increases
with age; over 25% of those aged more than 60 years
suffer from hearing loss [2]. The number of people
with noise-induced hearing loss is increasing [3]. Hear-
ing devices employ various sound transmission mechanisms
[4], [5], [6], [7], [8], [9], [10], [11], [12]; the most popular
hearing devices are air conduction hearing aids (ACHAs),
middle ear implants (MEIs), and cochlear implants (CIs)
[13], [14], [15]. The indications for ACHAs and CIs are
mild-to-moderate and profound loss or deafness, respec-
tively [16], [17]. MEIs are used to overcome moderate
hearing loss accompanying sensorineural hearing loss [18].
Although ACHAs are preferred, disadvantages include lim-
ited output, acoustic feedback, and ear canal occlusion [19].
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MEIs accurately reproduce natural sounds; a small device
that generates sound vibrations is attached to the ossicles
or located in the round window [20], [21], [22]. However,
implantation requires surgery [23]. CIs are effective for pro-
found hearing loss. The indications for CI differ significantly
from those for hearing aid systems. CIs do not amplify sound,
unlike an ACHA or MEI; instead, they transmit sound by
electrically stimulating the auditory nerve [24], [25].

Recently, bone conduction implants (BCIs) have emerged
as attractive options for people who cannot use conventional
hearing aids [26], [27], [28]. A BCI transmits sound (via
bone) to the inner ear; a transducer is implanted behind the
ear, in the mastoid region [29]. BCIs are mainly used to
correct conductive or mixed-type hearing loss; they transmit
a maximum of 50–70 dB HL [30]. As the external auditory
canal is not manipulated, there is no discomfort or sense of
occlusion caused by ear blockage, and no risk to residual
hearing [31], [32]. BCIs can be used by patients unsuitable
for conventional hearing aids (ACHAs, MEIs) because of ear
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FIGURE 1. Schematic of a bone conduction implant.

deformities or infections of the outer or middle ear [33]. How-
ever, a BCI must transmit vibrations through the temporal
bone; thus, there is a limit to the power of BCIs and they
may not be suitable for people with hearing loss > 70 dB
[34], [35]. Therefore, a BCI transducer that generates strong
vibrations is needed.

To improve vibrational displacement, Shin et al. developed
an electromagnetic BCI transducer using a permanent mag-
net, magnetic yoke, and two coils (top and bottom) wound
in opposite directions [36]. Lee et al. miniaturized and opti-
mized the frequency characteristics of the transducer [37].
The mechanical resonance frequency was modified by vary-
ing the membrane stiffness and mass of the magnet. The two
coils are firmly fixed within a titanium case; when a cur-
rent flows, a permanent magnet connected to the membrane
vibrates via electromagnetic interaction (the Lorentz force)
between the coil and magnet. The magnet is heavy compared
to the coil. The attenuation of vibrational displacement by
mass is greater for magnets than coils. Therefore, to improve
the output of the BCI transducer, it is necessary to reduce
the attenuation of vibration displacement caused by mass
loading. To this end, we developed a BCI transducer in which
a coil vibrates, rather than a magnet. The transducer has
two coils fixed by a titanium jig, a highly permeable metal
yoke, a permanent magnet, a vibrational membrane with a
cantilever, a metal ring, a circular plate, and titanium housing;
the transducer resembles that of Lee et al [37]. We subjected
the vibrational membrane with the cantilever to finite element
analysis (FEA) and used the frequency data for fabricating
the transducer. To confirm the desired output characteristics,
frequency responses were measured using a laser Doppler
vibrometer (LDV) and artificial mastoid. Finally, we com-
pared the new transducer with an older model.

II. METHODS
A. STRUCTURE
BCIs have a transducer implanted under the skin of the trans-
mastoid region and an external audio processor that collects

FIGURE 2. Exploded view of the coil vibration transducer.

sounds (Fig. 1). BCIs transmit vibrations generated by the
transducer to the cochlea via bone; the signal does not pass
through the external or middle ear. The cochlea converts
vibration signals into electrical signals that the cerebrum rec-
ognizes as sounds; individuals with hearing impairment are
thus able to hear [38]. However, as the vibration is transmitted
through bone, some high frequency portion of the signal is
lost [39], [40], [41]. Therefore, the transducer output must be
high.

A previous study (Lee et al.) miniaturized and optimized
the frequency characteristics of the transducer [37]. An effort
was made to compensate for the reduction of vibrational
force caused by miniaturization using a magnetic yoke fab-
ricated from a highly permeable metal. However, although
the location of the resonance frequency and the size may be
appropriate for a BCI transducer, the permanent magnet is too
small (5 mm in diameter and 4 mm in height) to generate an
adequate Lorentz force. This force greatly affects transducer
output; the Lee transducer did not adequately compensate
for the conductive hearing loss [37]. We improved the out-
put of a BCI transducer using components nearly identical
to those of the older transducer (Lee et al.; Fig. 2) [37],
thus a titanium housing, a highly permeable metal yoke (the
cylinder and plate), a permanent magnet, a circular plate (to
secure the space between the membrane and magnet), top
(forward-wound) and bottom (reverse-wound) coils, a metal
ring, a vibrational membrane with cantilevers, and a titanium
housing cap. The difference is that we added a titanium jig
to connect the two coils in the floating state. To increase the
Lorentz force, the magnet is 10 mm in diameter and 5 mm in
height.

Fig. 3 shows cross-sectional views of the older transducer
[Fig. 3(a)] and new transducer [Fig. 3(b)]. Both transducers
can be viewed asmass-spring-damper systemswithmass (m),
spring (k), and damping (c) parameters. The solution,X , is the
theoretical transducer vibration displacement [42], [43]:

mẍ + cẋ + kx = F0sinωt (1)

X =
F0√(

k − mω2
)2

+ (cω)2
(2)

where m is the mass of the driver (the permanent magnet or
coils), k the spring constant of the vibrational membrane,
F0 the electromagnetic force generated by the permanent
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FIGURE 3. Cross-sectional view of the mass-spring-damper system of BCI
transducers: (a) magnet vibration transducer and (b) coil vibration
transducer.

magnet and coils when current flows, c is viscous damping
coefficient, and ω the angular frequency.

As shown in Equation (2), the transducer vibrational
displacement is affected by the mass (m); as the driver
mass increases, the vibrational displacement decreases. Thus,
in the magnet vibration-type transducer [Fig. 3(a)], the use
of a heavier magnet than the coil as the driver mass reduces
the vibrational displacement compared to that of the coil
vibration-type transducer [Fig. 3(b)]. It is essential to mini-
mize the driver mass. Although the theoretical displacement
of the coil vibration transducer can be obtained using the
above formula, it is very difficult to mathematically derive
the magnitude of the electromagnetic force in Equation (1).
To predict the electromagnetic (i.e., Lorentz) force gener-
ated by interaction between the permanent magnet and the
coils, we used software employing the finite element method.
The force was mathematically modeled and thus numerically
interpretable.

B. ELECTROMAGNETIC ANALYSIS
Both transducers are 15 mm in diameter. However, mount-
ing the feedthrough connector on the titanium housing cap
increased the height of the new transducer by 1.5 mm
(to 11.5 mm). We used COMSOL Multiphysics (ver. 6.0;
COMSOL Inc., Stockholm, Sweden) to derive the maximum
Lorentz force of the coil vibration transducer attributable to
magnetic flux between the permanent magnet and coils. The
magnet was 10 mm in diameter and 5 mm in height. The size
of the air gap must be carefully considered when designing
a transducer. An air gap of 0.01 mm would be optimal, but
it is very difficult to reproducibly ensure such a gap at the
laboratory level. Therefore, to ensure reproducibility, the coil
was set to have an air gap of 0.1 mm from the permanent
magnet and the metal yoke cylinder, respectively. Each coil

FIGURE 4. (a) Two-dimensional axisymmetric model of the coil
vibration-type BCI transducer; (b) magnetic flux density according to the
magnetic flux linkage between the permanent magnet and the coil; and,
(c) the Lorentz force and current flowing through the coil according to the
coil height.

had an outer diameter of 12.2mm, inner diameter of 10.2mm,
and thickness of 0.059 mm (including the insulation and
self-bonding layers). The BCI system under development
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at Kyungpook National University Hospital (KNUH) uses a
3.7 Vp battery; the maximum voltage and current transmitted
from the external to internal device (via an inductive link)
are 2.7 Vp and 7.5 mA, respectively. Therefore, during the
analysis, the voltage applied to the transducer coil was 2.7 Vp.
The two-dimensional axisymmetric model used for the

analysis is shown in Fig. 4(a); all components of the trans-
ducer were modeled using the magnetic field routine of the
AC/DC module. The surface Gauss of the permanent magnet
(NdFeB, grade N38AH) (371 mT) was measured with a tesla
meter (TM-801; Kanetec Co. Ltd., Nagano, Japan). Each
coil was modeled as a homogeneous multi-turn conductor
(wire conductivity = 4.3E7 S/m). To link the magnetic flux
generated by the permanent magnet to the magnetic flux of
the coil, a highly permeable metal yoke (Mu-metal; relative
permeability, 80,000; electrical conductivity, 1.6E6 S/m) was
used. The mesh type was free triangular, and the mesh model
had 16,173 domain and 849 boundary elements (maximum
size, 0.4 mm; minimum size, 0.0008 mm; maximum growth
rate, 1.1; curvature factor, 0.2; narrow region resolution,
1). To determine the coil size that generated the maximum
Lorentz force, electromagnetic analysis was performed while
changing the coil height from 0.5 to 3 mm in 0.1 mm incre-
ments. Fig. 4(b) shows the magnetic flux density revealed
by the analysis of magnetic flux linkage between the per-
manent magnet and coil. Fig. 4(c) shows the Lorentz force
and current flowing in the coil according to the coil height
when 2.7 Vp was applied. As the current flowing through the
coil increases, so does the Lorentz force. However, as men-
tioned above, the maximum current that can be transmit-
ted through the inductive link of the KNUH BCI system is
7.5 mA. The height of the coil that meets this requirement
is 2 mm (600 turns, 180 �) and the Lorentz force generated
is 1,296 mN.

The additional air gap between the coil and metal yoke
cylinder allows the coil to vibrate. Therefore, the leakage
flux is greater than that of the magnet vibration-type device.
To compare the effect on the Lorentz force, the older trans-
ducer was also electromagnetically analyzed (Fig. 5), and
met the requirement when the coil height was 2 mm; the
Lorentz force was 1,353.1 mN at this time. The change in coil
vibration reduced the Lorentz force by about 4.2%. However,
greater vibration displacement was expected given the reduc-
tion in driver mass loading. To confirm this, we performed
mechanical vibration analyses.

C. MECHANICAL VIBRATIONAL ANALYSIS
We derived the mechanical resonance frequency and vibra-
tion displacement of the coil vibration transducer. Most BCI
transducers used to treat conductive or mixed-type hear-
ing loss have a mechanical resonance of 0.7–1 kHz [44].
The resonance of the older transducer studied herein is
0.9 kHz [37]. Therefore, we set the mechanical resonance
of the coil vibration transducer to 0.9 kHz. To derive the
mechanical resonance of the transducer, a vibrational mem-
brane with a diameter of 12.2 mm and four cantilevers was

FIGURE 5. (a) Two-dimensional axisymmetric model of the magnet
vibration-type BCI transducer and (b) magnetic flux density according to
the magnetic flux linkage between the permanent magnet and the coil.

used [Fig. 6(a)]. The location of mechanical resonance was
determined based on the spring constant of the vibrational
membrane and mass suspended from the membrane. The
spring constant is affected by several factors such as mem-
brane width, thickness, and angle, and the number of can-
tilevers. When setting the mechanical resonance location,
it is easier to adjust the membrane spring constant than the
mass. To simplify the analysis, only the cantilever angle was
changed; the membrane width was fixed at 1 mm and the
thickness at 0.2 mm (four cantilevers). The material proper-
ties of the vibrational membrane were as follows: Density
7,850 kg/m3; Poisson’s ratio 0.31; and Young’s modulus,
205E9 N/m2. For mechanical vibration analysis, all elements
(except the titanium housing and metal yoke cylinder) were
created using a 3D mesh model [Fig. 6(b)] with a free
tetrahedral comprising 62,567 domain, 21,158 boundary, and
3,244 edge elements (maximum element size = 0.671 mm,
minimum size = 0.0488 mm, maximum growth rate = 1.4,

19272 VOLUME 11, 2023



D. H. Shin et al.: Effect of Driver Mass Loading on Bone Conduction Transfer in an Implantable Bone Conduction Transducer

FIGURE 6. (a) The vibrational membrane composed of four cantilevers; (b) the 3D mesh model of the coil vibration transducer; (c) the maximum
distortion energy density distribution map; and (d) the vibration displacements according to the cantilever angle.

curvature factor = 0.4, narrow region resolution = 0.7). The
characteristics of the permanent magnet, metal yoke plate,
and circular plate, which are not involved in vibration, were
set according to the fixed constraint command values of the
solid mechanics routine. The motions of the top and bottom
coils, titanium jig, and vibrational membrane moved by the
Lorentz force were set to ‘‘free/free’’ using the prescribed
displacement command. The total force applied to the coil
was 1,296 mN, derived as described above. The total mass
loading of the vibrational membrane was 1.114 g (coil =

0.385 g, titanium jig = 0.144 g, metal ring = 0.1 g). To deter-
mine the shape of a vibrational membrane with a mechanical
resonance (0.9 kHz) appropriate for conductive hearing loss
compensation, analysis was performed while changing the
angle of the cantilever from 30◦ to 70◦ in 10◦ increments.
Fig. 6(c) and (d) show the static data (maximum distortion
energy density distribution map at each point under load,

i.e., the von Mises stress) and dynamic results (frequency
response characteristics according to the cantilever angle).
When the angle was 50◦, mechanical resonance was gener-
ated at 0.9 kHz (as revealed by dynamic analysis) and the
critical stress of the vibrational membrane was 6.91E7 N/m2

(as revealed by static analysis).
The older magnet vibration transducer was subjected to

the same analysis. The total force applied to the coil was
1,353.1 mN, derived as described above. Fig. 7(a) shows the
von Mises stress of a magnet vibration transducer and the
critical stress of the vibrational membrane was 2.47E7 N/m2.
When the cantilever membrane angle was 50◦, mechanical
resonance was occurred at 0.9 kHz. The membrane specifica-
tions were as follows: four cantilevers, diameter of 13.8 mm,
width of 0.2 mm, and thickness of 2 mm. The total mass
loading was 3.63 g (permanent magnet = 2.974 g, metal
yoke plate = 0.328 g). Fig. 7(b) compares the vibrational
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FIGURE 7. (a) Maximum distortion energy density distribution map of the
magnet vibration transducer and (b) vibrational displacements of both
transducers according to frequency at a driving voltage of 2.7 Vp.

displacements of the two transducers by frequency at
the same driving voltage. The coil vibration transducer
(1,296 mN) generated about 4.2% less Lorentz force than
the older magnet transducer (1,353.1 mN), but the average
vibrational displacement was about 4.4-fold higher.

III. IMPLEMENTATION AND MEASUREMENT
A. FABRICATION OF THE NEW TRANSDUCER
Fig. 8 shows the components of the fabricated coil vibra-
tion transducer. The vibrational membrane (diameter =

12.2 mm, angle = 50◦, thickness = 0.2 mm), circular plate
(diameter = 5 mm, thickness = 0.3 mm) and metal ring
(outer diameter = 12.2 mm, inner diameter = 10.2 mm,
thickness = 0.3 mm) were manufactured by wet etch-
ing (a photochemical technique) stainless steel 316L [37].
The titanium housing (Ti-6Al-4V ELI; outer diameter =

15 mm, inner diameter = 13.8 mm, height = 7.5 mm)
and cap (Ti-6Al-4V ELI; diameter = 15 mm, height =

4 mm), metal yoke cylinder (Mu-metal; outer diameter =

FIGURE 8. Components of the fabricated coil vibration transducer.

13.8 mm, inner diameter = 12.4 mm, height = 6 mm),
plate (Mu-metal; diameter = 10 mm, height =0.5 mm) and
titanium jig (Ti-6Al-4V ELI; outer diameter = 12.2 mm,
inner diameter = 10.2 mm, height = 2 mm) were manufac-
tured by CNC machining. The permanent magnet (NdFeB
N38AH; Curie temperature = 220◦C, diameter = 10 mm,
height = 5 mm) was custom-made to ensure that mag-
netism was not lost when conduction heat was gener-
ated during silicon coating. Each coil was automatically
wound (600 turns) using self-bonding wire (Solabond PSP15;
Elektrisola, Germany) of thickness 0.059 mm and resistance
180 �. The components prepared via etching and the CNC
process (except the titanium housing cap) were assembled
as precisely as possible, using superglue in a probe station
with a microscope. We excluded the titanium cap to allow for
LDV-assisted measurements of membrane vibration.

B. VIBRATION MEASUREMENT
The vibration displacement characteristics during frequency
sweeping (0.1∼10 kHz, 2.7 Vp) of the coil vibration trans-
ducer were measured using an LDV system (OFV-5000
vibrometer controller and OFV-534 interferometer sen-
sor head; Polytec GmbH, Waldbronn, Germany) and an
automatic data-acquisition system (fast Fourier transform
length = 4,096, sampling rate = 96 kHz; average: 10; DAQ,
NI PXIe-1071, NI PXIe-8840 and NI PXI-4461; National
Instruments Co., Austin, TX, USA); the measurement setup
is shown in Fig. 9(a). The acquisition system generates a
sinusoidal signal that drives the transducer and stores the
vibration signals (displacements) measured by the LDV.
To measure only vibration caused by the coil, the titanium
housing was firmly fixed to the anti-vibration table using
superglue, and the laser beam of the LDV was positioned
perpendicular to the rim of the vibrational membrane. The
vibration displacement characteristics are shown in Fig. 9(b)
according to frequency. The red solid line shows that mechan-
ical resonance was generated at 0.9 kHz, as calculated above
(black solid line). However, the vibration after 4 kHz, and
the mechanical resonance, differed from the FEA data. The
change in mechanical resonance may reflect the fact that
we did not consider the viscous damping coefficient or
loss factor of the membrane. It is likely that the difference
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FIGURE 9. (a) The data acquisition system and block diagram used to
measure the transducer vibration characteristics; (b) vibration
displacement (measured and FEA data) of the coil vibration transducer
and (c) a comparison of the two transducers at the same driving
voltage (2.7 Vp).

in the high-frequency band is attributable to assembly error,
such as distortion and misalignment, as we used only

FIGURE 10. (a) The implemented coil vibration transducer;
(b) experimental setup and block diagram used to measure the output
force of both transducers using an artificial mastoid; and (c) comparison
of the forces.

superglue. Although the measurement and FEA results thus
differed slightly, the general frequency characteristics were
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as expected, and implementation of the FEA characteristics
was successful.

Wemeasured the vibrationmagnitudes of the two transduc-
ers under the same conditions. The vibrations are shown in
Fig. 9(c) according to frequency (0.1∼10 kHz); as above, the
average vibration of the coil vibration transducer (red solid
line, average displacement 6305.1 nm) was about 4.4-fold
(∼13 dB) higher than that of the magnet vibration transducer
(blue solid line, average displacement 1426.7 nm).

C. EVALUATION OF THE TRANSDUCER OUTPUT
The vibration displacement measurements conducted in this
study confirmed that the coil vibration method enhanced
the vibration magnitude compared to that of the magnet
vibration method under no-load conditions. Thus, the effi-
ciency of the transducer, which consumes most of the BCI
power, improved. However, the vibration does not propagate
directly to the inner ear, but rather passes through the skull;
it was thus important to measure the signal through the skull.
We employed an artificial mastoid (type 4930; Brüel & Kjær,
Nærum, Denmark) commonly used to measure the forces of
bone conduction devices [45], [46], [47], [48]. To this end, the
coil vibration transducer was completely assembled includ-
ing the titanium housing cap [Fig. 10(a)] and placed in the
center of the butyl rubber membrane of the artificial mastoid
[Fig. 10(b)]. Then, the loading arm was adjusted to the trans-
ducer cap surface to apply a static force of 5.4 N, as measured
by a force gauge; this met the American National Standard
Specification for Audiometers (2010) (ANSI) S3.6 specifi-
cation [48], [49], [50]. To drive the coil vibration transducer,
a sinusoidal signal of 2.7 Vp was applied from 0.1 to 10 kHz
and data were acquired automatically. The vibration signals
were measured using the artificial mastoid and electrical
signals stored in a sound-level meter (type 2250; Brüel &
Kjær) after passage through a charge amplifier (type 2647-A;
Brüel &Kjær). Themagnet vibration transducer was assessed
in an identical manner. Fig. 10(c) shows the maximum power
output (MPO) of the transducer measured using the artificial
mastoid; this is the maximum voltage that can be applied to
the transducer in the KNUH BCI system. Below 1.4 kHz,
the coil vibration transducer had an output that was 5.5-dB
higher on average. However, at 1.4–4 kHz and > 4 kHz, the
magnet vibration transducer had average outputs that were
1.9 dB and 7.6 dB higher, respectively, compared with the
coil vibration transducer. The vibration measurement data in
Fig. 9(c) show that the average vibration of the coil vibration
transducer was 13 dB higher at all frequency bands. The
experimental results differed. Fig. 10(c) shows that the coil
vibration transducer had a higher output force only below
1.4 kHz. This may be attributable to the use of a mass about
3.25-fold lighter than that of the driver of themagnet vibration
transducer. Thus, when the mass of the driver is low, vibration
transmission is attenuated as the frequency increases. Our
results emphasize that bone conduction transducers should
be evaluated using a calibration device, such as an artificial
mastoid, rather than under no-load conditions. Although the

output force in the high-frequency region was lower than that
of the older transducer, the improvement was about 2 dB in
the speech frequency region, i.e., the region critical for speech
intelligibility and perception (up to 3 kHz). Therefore, our
device will aid the hearing-impaired.

IV. CONCLUSION
We developed a coil vibration BCI transducer; vibration dis-
placement was improved by reducing the mass loading of the
transducer driver. Electromagnetic and mechanical vibration
analyses were performed to derive the maximum Lorentz
force of the transducer and optimal frequency for conductive
hearing loss compensation. The data were compared to those
of the magnet vibration transducer. Under the same driving
voltage (2.7 Vp) and mechanical resonance (0.9 kHz), the
Lorentz force of the coil vibration transducer was about 4.2%
lower than that of the magnet vibration transducer, while the
vibration magnitude was about 4.4-fold (13 dB) higher. Both
transducers were fabricated and the frequency characteristics
were measured using an LDV and data acquisition system.
The displacement amplitude of the coil vibration transducer
was about 4.4-fold higher than that of the magnet vibration
transducer, in line with the FEA results. The output force
of both transducers was measured using an artificial mas-
toid. The coil vibration transducer had higher output only
below 1.4 kHz; the output force of the coil vibration trans-
ducer tended to be lower than that of the magnet vibration
transducer at high frequencies. These results emphasize that
transducer performance should be assessed by deriving out-
put forces using a calibration device (such as an artificial
mastoid) rather than by measuring membrane vibration under
no-load conditions. As bone conduction hearing aids are
indicated for conductive hearing loss (poor low-frequency
hearing), the new transducer will function better than the
older one. Future optimization of driver mass loading will
improve the output power at all frequencies.

We bench tested the transducer using an artificial mastoid,
which is commonly employed to measure the force of a bone
conduction device. However, because artificial mastoid does
not reflect on actual bone density of human, the derived mea-
surements by using artificial mastoid might differ from those
obtained by using human bone implant. Therefore, to predict
actual effects more than bench test did in implantable medical
devices, preclinical studies are required, and we plan cadav-
eric and animal experiments.
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