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Abstract — In this paper we present the results obtained by
contactless measurement of vibration of the incus inside the
middle ear of a human cadaver, exposed to an external
calibrated sound source. The measurement configuration
was a Michelson fiber-optic interferometer based on a 3x3
fiber optic coupler, with a VCSEL source. The
interferometric signal fading was solved using two quasi-
quadrature signals and specialized signal processing. The
ossicle reflection was augmented by a very light piece of
retroreflective material attached to the bone. We measured
the amplitude of vibration at different sound pressure levels,
independently monitored by a decibel meter placed in the
proximity of the cadaver ear. The accuracy of the
measurement technique was proved by using a calibrated
piezo transducer exposed to vibrate with amplitude of 7nm at
1kHz. We performed the experiments on 8 cadavers in total.
The measured amplitudes were found to be in the range
between 1 pm and 1 nm, under the sound excitation of 40-90
dB SPL @ 1kHz, respectively.

Keywords - fiber-optic sensors; vibration measurement;
implantable microphone; hearing aid;

L INTRODUCTION

Two main hearing insufficiencies, middle ear
otosclerosis and sensorineural impairment, lead to partial or
total hearing loss in millions of people all around the world
[1-2]. Very often, they can be overcome by common
external hearing aids. However, some patients, having
sensorineural malfunction, need to have an implantable
hearing device such as cochlear implant (CI) [3-4]. Most
implantable cochlear devices today can operate thanks to
external microphone that receive the ambiental sound
pressure and transmit the processed audio signal through
the skull bone to the CI. Basically, this help a lot to the
patents, especially to children to develop the speech in the
early age [5]. However, the external microphone is always
associated with some drawbacks such as difficulties to
perform common life activities including sleeping and
swimming as well as social stigmatization.

This work was sponsored by the NO Forschung & Bildung (NFB),
Austria and ACMIT Gmbh in the frame of the project: “Totally
implantable fiber-optic sound sensing system for cochlear- and middle-
car hearing aids™, Life Science grant: LS14-026.
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Many groups in the art [6-10] traying to develop a
totally implantable hearing aid having implantable
microphone within the device. It is a challenge task, since
several requirements have to be fulfilled including high
sensitivity and robustness in terms of long-term application
in biologically active environment [11]. In this scope it is
very important to meet a few clinical requirements
including  biocompatibility,  hermeticity,  corrosion
resistance against body fluids, overall size and energy
consumption and safety application [12].

It appears that fiber-optic sensing technology can fulfill
many of aforementioned demands. We already
demonstrated capability of this technology [13-14] to be
applied for the design and manufacturing of implantable
microphone. However, we also met some issues, which
require improvements in order to claim a list of technical
demands of an implantable microphone. For this reason, we
investigated sensitivity and dynamic range of a fiber-optic
interferometric  technique aimed to be wused for
manufacturing an implantable microphone as a part of a
totally implantable hearing aid.

In this paper we present the results obtained by
contactless measurement of vibration of the incus inside the
middle ear of a human cadaver, exposed to an external
calibrated sound source. We measured the amplitude of
vibration at different sound pressure levels (SPL),
independently monitored by a decibel meter placed in the
proximity of the cadaver ear. The accuracy of the
measurement technique was proved by using a calibrated
piezo transducer (PZT). We performed the experiments on
eight cadaver heads in total. The amplitudes of vibration at
1 kHz were found to be in the range between 1 pm and 1
nm, under the common speech range of sound pressure
level.

II.  PRINCIPLE OF OPERATION

The sensing configuration, based on modified
Michelson interferometer using a single mode 3x3 fiber-
optic coupler (FOC3x3), is presented in Fig.1. The middle
input arm of the FOC3x3 is connected to a pigtailed laser
diode (LAS).
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Figure 1. Principle of operation: the fiber-optic Michelson
interferometer based on a 3x3 coupler. LAS — laser source, PD1, PD2 —
photodiodes, FOC3x3 — single mode 3x3 fiber optic coupler. SA —
sensing arm, RA — reference arm, M - mirror, PZT — vibrating target.

The third arm, which is not necessary, is obliquely
cleaved, in order to suppress back reflections. The other
two input arms, acting in this case as the outputs, are
connected to photodiodes (PD1, PD2), providing two
quasi-quadrature interferometric signals [15].

The probe beam in SA is directed to the target, a
vibrating PTZ, which is independently calibrated. The RA,
being approximately equal in the optical length to the SA,
is directed to the fixed mirror (M). A vibration of the target
changes the length of the optical path in the SA and,
consequently, the optical phase difference (OPD) between
the two coupler arms. This OPD’s changes generate the raw
interferometric signals in both photodetectors, which can
be represented by:

Vo1 (£) = Vpey + Vag cos(k - Asinwt + L(E)) (1)

Vpp2(t) = Vpea + Vyp cos(k - Asinw t + L(t) + ¥)

where A and o are the amplitude and the frequency of the
target vibration; \ is the phase shift (~120°) introduced by
the 3x3 coupler; Vpci and Ve are DC signal levels at PD1
and PD2; Va; and Va2 are interferometric amplitudes,
which depend on the target reflection, the coherence
degree between the beams and the alignment and state of
polarization of the probing beam. L(t) is a random motion
of the target, mainly caused by external vibrations. Since
L(t) causes the change of the working point in the
interferometric  sinusoidal transfer function, neither
photodetector signal alone can provide a stable amplitude
detection. However, the constant phase shift y between
coupler arms allows climination the influence of L(t), by
the suitable signal processing algorithm, based on the
phase extraction from two photodiode signals [13]. The
dependence on variable amplitudes Va; and Va; is also
removed in this phase demodulation process. Two signals
and its processing are absolutely necessary if the amplitude
of measured vibration is smaller than half of the
wavelength, which is certainly the case of human middle
car bone vibrations.

III.  EXPERIMENT

We employed the sensing configuration presented in
Fig. 1 in the measuring set-up (Fig. 2), used for
determination of amplitude of vibration of middle ear
ossicles, examined on human cadavers.
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Figure 2. Setup for investigation of fiber-optic sensing configuration
based on the miniaturized 3x3 coupler; VCSEL- Vertical Cavity Surface
Emitting Laser, Ol-optical isolator, SA, RA-sensing and reference arm,
C- collimator, RR-retroreflector, M-mirror, PD-photodiode, DAQ-
acquisition system, LS- loudspeaker, INC-incus, RM-reference
microphone/decibelmeter

Experiments have been performed in a dissection room
under the relatively quiet conditions at the Anatomy
Division of the Medical University Vienna.

A pigtailed VCSEL diode, emitting at 1310nm, was
used as a high-coherence light source. The laser pigtail was
connected to the input arm of a single mode 3x3 fiber optic
coupler via an optical isolator (OI), in order to suppress
backreflections. The VCSEL was driven by low noise
driver, with a current of 3mA, giving an optical power of
about 240uW out of the pigtail. Two lateral arms were
connected to two InGaAs photodiodes (PD1 and PD2),
which were further connected to the accompanied low-
noise transimpedance amplifiers. Sensing and reference
arms were very short, just about 100 mm in length, that was
an acceptable length for the implantation. On the other
hand, such a short length significantly contributed to
decreasing the polarization effects. The sensing fiber was
terminated by a spherical collimator (C), with 450um in
diameter, aimed to the target. The reference arm was
terminated by a 100% reflective golden surface layer (M).

The surgical procedure was performed in order to
assure access to the incus of a human cadaver skull. It
included a mastoidectomy and posterior epitympanotomy,
with exposition of the short processus and the body of the
incus, which was the target in these experiments. The incus
was equipped with a small piece of the retro-reflecting tape
(RR), attached to the bone by a specially designed clip ().
The fiber-optic probe composed of reference and sensing
arms, packed in a medical steel guiding needle, was
directed and adjusted versus target in order to obtain the
maximal signals on the PD1 and PD2. The use of the RR
has been necessary to provide sufficiently amount of the
reflected radiation [16].

The acoustical measurements have been performed by
Affinity audiometer of Interacoustics Co. The calibrated
system for generation of acoustic signals use the
loudspeaker from JBL Incorporated®, Northridge, CA,
control® CMS52, set to be of about 70-80cm far away from
the skull, capable to produce a pure acoustical stimuli in the
range from 40 dB to 90 dB SPL re 20 pPa. The reference
microphone signal and two raw photodiode signals have
typically been acquired with 32kS/Ch/s, in time duration of
about 31 s, that makes 1 million of measuring points.
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Figure 3. Close look at the middle ear canal and retroreflector firmly
fixed over incus; fiber-optic probe set into the guiding needle

The decibel meter values have been recorded manually
as an average data. The raw signals have been later offline
processed by arctan algorithm, using the specially made
software packet.

Before any measurement, the system was tested using a
calibrated PZT actuator (Fig. 4), placed at the same distance
from fiber-optic probe where the incus will be, about 2.5
mm from the fiber end. An identical piece of retroreflective
material was adhesively bonded to the PZT actuator. The
PZT was driven by a sinusoidal signal at 1kHz@1Vp-p,
producing an amplitude of 7.4 nm.

IV.  RESULTS AND DISCUSSION

The acquired photodiode signals by DAQ system
obtained in the prior checking experiments, with the
calibrated PZT, can be seen in Fig. 5, graph down right, in
the form of Lissajous figure, after the first stage of
processing. The PZT was driven by sinusoidal voltage 1V
@1kHz, in the time interval from 1.5 s to 5.5 s. The very
beginning of the period of acquisition is used to calculate
the noise. Top left graph in Fig. 5 shows the demodulated
and stabilized interference signal, i.e. the interferometer
phase, obtained by the offline signal processing while the
pilot signal is on, using the arcus tangent algorithm.

Figure 4. Close look at the fiber-optic sensing probe directed to the
retroreflector bonded onto a calibrated PZT driven at 1 kHz, 7.4 nm
amplitude
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Figure 5. Processed data of PZT vibrations at 1Vp-p, 1kHz,
representing: a) overall displacement, b) overall change of OPD of
interference arms (blue line) and eccentricity of circle after processing
(orange line) and c) Lissajous presentation of the processed signals

The processed signal reveals an RMS amplitude of PZT
vibration of about 8 nm, that is in a good agreement with
calibration data for 1IkHz@1V of 7.4 nm. The accuracy of
the measurement technique can be estimated to be better
than 10%.

Figure 6 shows the signal and noise spectral density
expressed in (nm/\NHz), obtained by FFT analysis of
processed signal over the acoustic frequency range. A sharp
peak at 1kHz relates to the PZT vibration at this frequency.
Several curves (gray and purple) correspond to the noise
and pilot signal (green and magenta) parts of acquired data,
with and without A-weighting. Based on these results, we
calculated the minimum detectable amplitude of vibration
of about 1,2 pm/ v Hz.

Fig. 7 presents the measured amplituds of incus
vibration of eight human cadavers, measured at 1kHz for
SPL over 40 to 90 SPL. We can see that amplitude of incus
vibrations at 40 SPL span from about 1pm to about 10pm
depending on the cadaver specimen. Similarly, for 90 SPL
the amplitude of incus vibrations take values from about
150pm to about 3nm depending on the subjected cadaver
specimen.
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Figure 6. Signal and noise spectrum of PZT vibration at 1V@1kHz,
with and without A-weighting

These results show a difference between the measured
amplitude of vibrations that is in the range of one order of
magnitude among the subjected cadaver specimens. It can
be explained by various anatomic characteristic of the
middle ear, age and previous health history of human
cadavers as well as method of preparing of specimens (e.g.
if they were deep forsen or not).

Generally, the obtained results are in relatively good
agreement with literature data, which are obtained by
amplitude measurement on temporal bones utilizing the
Laser Doppler Vibrometry [17]. However, there is a
discrepancy between the literature and our data concerning
the amplitude measurement at 90 dB SPL and 1kHz. We
obtained for about 10 to 20nm smaller amplitude of
vibrations. Although, it is difficult to explain this
difference without knowledge of the exact measurement
and analysis techniques applied, we believe that the main
reason is different hitting point of laser light. The literature
data relate to the umbo instead incus displacement. The
presented fiber-optic sensing technique demonstrated a
high sensitivity. The minimum detectable amplitude of
vibrations is about 1pm i.e. slightly below of 40 dB SPL.
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Figure 7. Amplitudes of eight human cadaver incus vibrations measured
by fiber-optic interfercometry at 1kHz
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V. CONLUSION

The presented fiber-optic  sensing  technique,
investigated by the human cadavers, demonstrated some
promising features necessary for a prospective implantable
microphone in terms of small dimensions and high
sensitivity. The minimum detectable amplitude of incus
vibrations of about lpm corresponds with required
technical demand of a totally implantable hearing aid [12].
It was experimentally found that amplitude of incus
vibrations at 40 SPL spans from about 1pm to about 10pm,
depending on the cadaver specimen. Similarly, for 90 SPL
the amplitude of incus vibrations takes values from about
150pm to about 3 nm. The incus response shows a high
linearity to acoustical excitation, with a sensitivity of 1-5
pm/mPa @1kHz.

ACKNOWLEDGMENT

The authors thank to the ACMIT Gmbh and NO
Forschung & Bildung (NFB), Austria, which sponsored
this work in the frame of the project: “Totally implantable
fiber-optic sound sensing system for cochlear- and middle-
car hearing aids”, Life Science grant: LS14-026. Many
thanks to Miss Nina Tomic for creating some of the figures.

REFERENCES

1] D. Young, and P. Cong, “Wireless implantable sensors: from lab to
technology breakthrough ambitions”. Sensors and Actuators A,
Vol. 294, pp. 81-90, August 2019.

[2] S.Park, X. Guan, Y.Kim, F. P. X. Creighton, E. Wei, I. J. Kymissis,
H. H. Nakajima, and E. S. Olson, “PVDF-Based Piezoelectric
Microphone for Sound Detection Inside the Cochlea: Toward
Totally Implantable Cochlear Implants”, Trends in Hearing, Vol.
22, pp. 1-11, April 2018.

[3] A. M. Innes, R. P. Morse, Irving and P. Begg, “Implantable

microphones as an alternative to external microphones for cochlear

implants”, Cochlear Implants International, Vol. 18, pp. 304-313,

September 2017.
[4] J. M. Ge'rard, L. Demanez, C. Salmon, F. Vanpoucke, J.
Walraevens, A. Plasmans, D. De Siati, and P. Lefe'bvre,

LFeasibility of an implanted microphone for cochlear implant
Listening®, Eur Arch Otorhinolaryngol, Vol. 274, pp. 1383-1390,
November 2017.

[5] H. A. Jenkins and K. Uhler, “Speech Perception Comparisons
Using an Implanted and an External Microphone in Existing
Cochlear Implant Users”, Otology & Neurotology, Vol. 33, pp. 13-
19, January 2012.

[6] S.H. A. Woo, S. T. Woo, B. S. Song, and J. H. Cho, “Feedback
characteristics between implantable microphone and transducer in
middle ear cavity”, Biomed Microdevices, Vol. 15, pp. 867-877,
October 2013.

[7]1 A. G. Bittencourt, P. R. Burke, L. S. Jardim, R. Brito, R. K. Tsuji,
A. C. O. Fonseca, and R. F. Bento, “Implantable and Semi-
Implantable Hearing Aids: A Review of History, Indications, and
Surgery*, Int Arch Otorhinolaryngol, Vol.18, pp. 303-310, April
2014.

[8] F.Pfiffner, L. Prochazka, D. P"eus, 1. Dobrev, A. Dalbert, J. H. Sim,
R. Kesterke, J. Walraevens, F. Harris, C. Roosli, D. Obrist, and A.
Huber, “MEMS Condenser Microphone-Based Intracochlear
Acoustic  Receiver, IEEE Transactions on Biomedical
Engineering, Vol. 64, pp. 2431 — 2438, December 2017.

[9] S. T. Woo, D. H. Shin, H. G. Lim, K. W. Seong, P. Gottlieb, S.
Puria, K. Y. Lee and J. H. Cho, “A New Trans-Tympanic
Microphone Approach for Fully Implantable Hearing Devices”,
Sensors, Vol. 15, pp. 22798-22810, September 2015.

[10] D. Calero, S. Paul, A. Gesing, F. Alves and J. A. Cordioli, “A
technical review and evaluation of implantable sensors for hearing

2235



[11]

[12]

[13]

[14]

2236

devices”, BioMed Eng OnLine, Vol. 17, pp. 1-26, February 2018.
J. W. Zwartenkot, “Auditory Implants in Otology-Active Middle

Ear Implants and Direct Acoustic Cochlear Stimulation: Indications
and Outcome”, PhD Thesis, Radboud University, 2017.

D. Calero, S. Paul, and J. A. Cordioli, “On implantable sensors for
totally implantable hearing aids, 5th Joint Meeting of the ASA and
ASJ, Honolulu - November 29, 2016.

M. C. Tomic, Z. V. Djinovic, and S. J. Petricevic, “Demodulation
of quasi-quadrature interferometric signals for use in the totally
implantable hearing aids”, Biomed. Opt. Express, Vol. 8, pp. 3404
3409, July 2017.

Z. Djinovi¢, R. Pavelka, M. Tomié, G. Sprinzl, H. Plenke, U.
Losert, H. Bergmeister, R. Plasenzotti, “In-vitro and in-vivo
measurement of the animal's middle ear acoustical response by

[15]

[16]

[17]

partially implantable fiber-optic sensing system”, Biosensors and
Bioelectronics, Vol. 103, pp. 176-181, October 2018.

K. P. Koo, A. B. Tveten, and A. Dandridge, “Passive stabilization
scheme for fiber interferometers using (3x3) fiber directional
couplers,” Appl. Phys. Lett., Vol. 41, pp. 616618, July 1982

M. Koch, T. M. Essinger, T. Stoppe, N. Lasurashvili, M. Bornitz,
and T. Zahnert, “Fully implantable hearing aid in the
incudostapedial joint gap”, Hearing Research vol. 340, pp. 169-178,
March 2016.

U. B. Willi, “Middle-ear Mechanics: The Dynamic Behavior of the
Incudo-Malleolar Joint and its Role During the Transmission of
Sound,” PhD Thesis, Uni. Ziirich, 2003.

MIPRO 2020/0PHO



