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Abstract: In this study a method for determining the best
placement and optimal orientation of the implantable
piezoelectric accelerometer attached to the short process of the
incus is developed. The accelerometer is intended to be used
as a replacement for an external microphone to enable totally
implantable cochlea implants or as part of a totally implantable
hearing aid. The best location is determined to be near the
incudomalleolar joint. The optimal orientation of the sensor at
the determined location is obtained using two criteria —
maximum voltage sum and minimum loudness level sum. The
method described in the paper can be used to further optimize
the design and the performance of the accelerometer.
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1 Introduction

Hearing aids (HAs) and cochlear implants (CIs) are
among the primary solutions for permanent sensorineural
hearing loss [ 1] and can improve speech perception and quality
of life. In spite of their benefits, the adoption rates of both
types of devices suffer from perceived ineffectiveness,
ongoing maintenance costs, lack of comfort, activity limits,
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and aesthetics [2,3]. A totally implantable auditory prosthesis
(TIAP) that would require surgical implantation of all device
components (including a sensor to replace the current external
commercial microphones used in HAs and ClIs) can address
some of these issues.

In literature, there are various examples of prototype
implantable sensors, with some detecting the acoustic
vibrations directly (e.g., implantable microphone [4,5]), some
of the middle ear
and some

detecting the resulting vibrations
bones/eardrum (e.g., accelerometer [6,7,8]),
detecting the pressure changes within the inner ear (e.g.,
pressure sensor [9]). However, there is presently no available
implantable sensor that is able to adequately meet the
performance (operational frequency bandwidth, 100 Hz -
8 kHz) that rivals commercial microphones and specifications
(low noise and small size) for the intended prosthetic
application; this gap motivates our research. We note that there
is one study on a totally implantable cochlear implant [10];
however, this device seems to have had low adoption and the
subcutaneous microphone used in the device suffered from
reduced acoustic performance. The work in this paper is based
on the piezoelectric accelerometer proposed in [11], which has
the potential to meet the required space constraints and the 20-
phon noise floor over the 100 Hz - 8 kHz frequency range.
The paper presents a method for determining the best
placement of the piezoelectric accelerometer on the short
process of the incus as well as its optimal orientation at that
location. The investigation is conducted with the help of a
finite element (FE) middle-ear model developed by [12] and
adapted by [13]. The FE model is used to simulate the rigid
body motion of the ossicles. Based on the simulated rigid body
motion of the incus and the sensor’s sensitivity curves derived
from an analytical model the voltage output of the
accelerometer is determined and optimized with the help of a
MATLAB script to find its best placement and orientation.

2 Materials and Methods
2.1 Accelerometer Design and Sensitivity

The accelerometer design from [11] is shown in Figure 1. It
consists of two proof-mass-loaded piezoelectric cantilever
bimorph plates also called sensing elements — low frequency
sensing element (LFSE) and high frequency sensing element
(HFSE) - made of aluminium nitride (AIN) and capable of
converting mechanical vibrations to electrical signals (voltage
output). The plane-strain constitutive hypothesis is assumed.
The sensor design also includes a silicone frame surrounding
the sensing elements and a titanium lid, which is not shown.
The entire device is placed on a printed circuit board (PCB)
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that includes the signal processing electronics and filtering to
extract the voltage output from each sensing element.

PCB LFSE proofmasses HFSE frame

Figure 1: Design of the accelerometer.

Each sensing element is responsible for a specific
frequency bandwidth. The LFSE operates in the range from
100 Hz to 1.25 kHz, whereas the HFSE operates above
1.25 kHz. When the sensor is subjected to a displacement
excitation, the sensing elements deform and produce voltage
due to their piezoelectric properties. The silicone proof masses
sit flush against the sensing elements and help adjust their
natural frequencies.
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Figure 2: The sensitivity curves of each sensing element. The
greyed-out sections in each graph represent the sensing
elements’ cease of operation outside their frequency
bandwidths. u;, v;, w/, a;, B, and y, are the elemental
displacement excitations corresponding to the LFSE; uy, vy,
wy, &y, Br, and yy, are the elemental displacement excitations
corresponding to the HFSE.

The analytical model of the sensor presented in [11], [15]
and [16] is used to derive the sensor’s sensitivity curves shown
in Figure 2. The sensitivity is defined as each sensing

element’s voltage output normalized to the subjected
elemental displacement excitation (V/m). Since the sensing
elements are far more sensitive to the transversal excitation
along the x- and z-axes and to the rotational excitation around
the y-axis of the corresponding coordinate systems K; and K,
(u;, wj, B; and uy, w},, By,), the other three degrees of freedorh
(v, a;, v and vy, ap, vp) are neglected.

2.2 Middle-Ear Finite Element Model

The FE middle-ear model used for this study is developed
in ANSYS 2024R1 and shown in Figure 3. The current model
is based on the model developed in Hypermesh (Altair
Engineering, Inc.) by [12] with a few changes. A longer 40
mm ear canal is introduced, as well as a closed tympanic
cavity. All the parameters and material properties are adopted
from the Hypermesh model. The geometry of the tympanic
membrane (TM), the ossicles, the ear canal, and the tympanic
cavity are reconstructed using micro-CT.

2.3 Placement and Anatomical Restrictions

Even though placing the sensor on the malleus may lead
to a better sensor performance as the umbo can achieve higher
accelerations [14], the surgical risks that come with accessing
the umbo through the facial recess (facial nerve) make the
malleus a less desirable attachment point. However, the short
process of the incus does not require the facial recess approach
and can be accessed through only a mastoidectomy. Thus, the
short process of the incus is a location worth investigating in
more detail which is the primary goal of this study.

2.4 Optimal Position for the Accelerometer

Figure 3(a) shows the initial search space for the optimal
placement of the sensor. The colour code shows that the
highest voltage output is reached near the incudomalleolar
joint. As the result of this preliminary investigation several
sample points are chosen along the incus surface and around it
as shown in Figure 3(b).
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Figure 3: (a) The search space according to max. voltage sum
criteria (the locations with higher voltage values are color-
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coded yellow and with the lower ones - blue); (b) the sample
points selected around the short process of the incus.

The rigid body motion at the centre of mass of the incus
is derived from the FE model under the harmonic pressure load
at the inlet of the ear canal of 1 Pa (94 dB SPL) in the global
coordinate system K located at the centre of the stapes
footplate, see Figure 4. Assuming that the accelerometer is
rigidly attached to the incus, the translational and rotational
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displacements at any given point on the accelerometer can be
derived from the rigid body motion of the incus.

The voltage output (V/Pa) produced by each sensing
element is calculated by multiplying each element’s

displacement vector (u; and uy) with the corresponding
sensitivity curves and summing up the resulting voltage
components.
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Figure 4: The finite element model of the middle ear with the accelerometer. u; is the displacement vector of the LFSE in
the K] -frame. K;-frame is not shown.

To evaluate the results, the maximum voltage sum and the
minimum equivalent loudness level sum criteria are used. For
the first criterion, the goal is to maximize the sum of two
voltage outputs by altering the accelerometer's placement and
orientation until the maximum value is reached. The first
voltage output is produced by the LFSE at 500 Hz and the
second is produced by the HFSE at 7 kHz. For the second
criterion, the goal is to minimize the sum of the equivalent
loudness level values. The first value is produced by the LFSE
at 500 Hz and the second is produced by the HFSE at 7 kHz.
The equivalent loudness level values of pure tone frequencies
are measured in phon and are calculated from the noise
equivalent sound pressure level in accordance with [17].

3 Results

Figure 3(b) shows that the accelerations are higher at the
points that are farther away from the centre of mass of the
incus. However, the wall of the tympanic cavity poses an
anatomical restriction, so that the sensor cannot be placed too
far away from the incus. On the other hand, the accelerometer
will be attached to the short process of the incus via a clip
which is expected to add a short distance of at least 1 mm
between the accelerometer and the surface of the incus. Taking
that into account and considering all the anatomical and

surgical restrictions, the point near the incudomalleolar joint,
located at a distance of about 1 mm from the bone’s surface in
the superior direction (the global z direction) is chosen as the
best placement point, see Figure 3(b).

The determined optimal placement and orientation for the
accelerometer based on the two criteria is shown in Figure 5.
For each of the two criteria, three different views are shown
the global the
accelerometer’s coordinate system K'.

relating coordinate system, K, to
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Figure 5: (a),(b),(c) views of the optimal orientation of the
accelerometer found through the maximum voltage criterion;
(d),(e),(f) views of the optimal orientation of the accelerometer
found through the minimum loudness level criterion.
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In addition, Figure 6 shows the equivalent loudness curves to
compare the results for both criteria.

Criterion: maximum voltage sum Criterion: minimum loudness level sum
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Figure 6: Loudness level for the two criteria a) and b).
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4 Discussion

As Figure 6 shows, both criteria yield similar total voltage
output results. However, the maximum voltage sum criterion
gravitates to finding the best orientation for the LFSE at the
expense of the HFSE. This occurs because the LFSE produces
a much higher voltage at 500 Hz than the HFSE at 7 kHz.
Thus, the LFSE has a larger contribution to the sum than the
HFSE, and as the algorithm maximizes the sum, it favours the
LFSE. In contrast, the minimum equal loudness sum criterion
tends to favour the HFSE as it produces a lower equal loudness
value at 7 kHz than the LFSE at 500 Hz, and the algorithm
searches for the minimum sum.

Both criteria result in the accelerometer's y-axis (K'-
frame) pointing in the same direction as the global y-axis (K-
frame), while the accelerometer's y-axis points along the short
process of the incus. In general, the voltage produced by the
sensing elements in response to the translational excitation
along the z- axis (K'-frame) is the largest contributor to the
overall output voltage. Considering that the incus naturally
performs a rocking motion around the global x-axis (K-frame),
it makes sense that the accelerometer’s z-axis (K'-frame)
points in the same direction as the global y-axis (K-frame).

Lastly, there are two main aspects of this study that have
not been fully investigated. One is the influence of the
accelerometer’s mass on the overall dynamics of the system.
The other is the connection of the accelerometer to the incus.
In reality, this attachment will utilize a clip with a certain
elasticity. The more compliant this connection is, the more
effect the accelerometer’s mass will have on the system’s
performance.

5 Conclusion

In this study, a comprehensive optimization approach was
used to determine the location and orientation of a middle ear
accelerometer for use as a part of a completely implantable
auditory prosthesis. The optimal configuration of the

piezoelectric accelerometer attached to the short process of the
incus was found to be near the incudomalleolar joint 1 mm
away from the surface of the incus in the superior direction
with the z-axis of the accelerometer pointing towards the
stapes’ footplate and y-axis pointing along the short process of
the incus towards its posterior ligament (see Fig. 5). While
existing completely implantable cochlear implants have been
developed in the past [10], they have not had wide adoption.
A recent study concluded that the remaining technical barrier
for wider adoption is the development of a low-noise, robust
sensor [18]. We advocate here for an ossicular accelerometer,
which inherits the protection of the middle ear along with the
more naturalistic sound (e.g., pinna cues and ear canal
dynamics).
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