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ARTICLE INFO ABSTRACT

Dataset link: https://hdl.handle.net/21.15109/ Neurodynamic behavior of artificial neuron circuits made of Mott memristors provides versatile opportunities
ARP/NNEEQB to utilize them for artificial sensing. Their compactness and energy-efficient spike generation enable integration
Keywords: into medical implants. This work demonstrates a low-power, biomimetic auditory sensing concept for fully
Action potential implantable cochlear implants. The approach draws inspiration from the frequency selectivity and temporal
Frequency resolved MEMS array encoding of the cochlea, and uses neuromorphic spike generation to replace conventional signal processing
Nanogap memristor blocks. The auditory sensing unit is realized by a piezoelectric MEMS cantilever coupled to a single VO,
Piezo-MEMS nanogap Mott memristor-based oscillator. This configuration enables FFT-free, frequency-selective sensing and
Rate encoding direct spike generation, forming a biomimetic auditory front end. The sensing unit exhibits frequency-selective
;f/gnompy detection of mechanical vibrations in the nanometer to tens-of-nanometers displacement range and generates

2

biomimetic spiking waveforms. Spike rate-encoding of the input amplitude is demonstrated, with output spiking
frequencies tunable between approximately 100 Hz and 1 kHz depending on the excitation level. The waveform
is finally converted to a biphasic shape suitable for cochlear implant stimulation. Through realizing temporal
spike-encoding, a fundamental principle in the healthy auditory pathway, the proposed approach can provide
significant benefits for cochlear implants. In addition, the circuit has the potential to reduce footprint, energy
consumption, and latencies compared to current commercial solutions.

1. Introduction an external microphone, a speech processor unit, a transmitter, and
flexible electrodes with 12-22 channels that stimulate the auditory

Hearing loss affects millions of people worldwide, profoundly im- nerve directly [3] utilizing the tonotopic organization of the cochlea,
pacting communication, social interaction, and quality of life [1]. In where high-frequency signals are processed at the basal end and low-
2019, over 403 million people had moderate to severe hearing loss, frequency signals are processed at the apical end of the cochlea [7].

and this number is expected to nearly double by 2050 [2]. Cochlear While traditional CIs have significantly improved the quality of life for
individuals with severe to profound hearing loss, they present several

challenges [8], such as weak adhesion for patients with thick hair,
social stigmatization due to visible external components, frequent bat-
tery replacements, and issues like pressure sores and electric discharge.
Fully/totally implantable cochlear implants (FICI/TICI) address these
drawbacks by eliminating external parts, enhancing aesthetic appeal,

implants (CIs) are medical devices designed to restore hearing in indi-
viduals with severe to profound sensorineural hearing loss by bypassing
the damaged cochlea [3]. They are among the earliest human implants
and are increasingly utilized globally. Although exact numbers are
unknown, more than 170,000 people in the United States had under-
gone cochlear implantation by 2015 [4]. While cochlear implantation user convenience, and overall device performance.

i? more effecti‘v'e in prelinguistic‘ childr'en,- its use in older popula- However, the practical realization of FICI presents significant chal-
tions is also rising [5]. Beyond its social impact, Cls have become lenges. All implanted components must be fully biocompatible, com-
the most significant medical market [6]. A standrad CI comprises pact, long-lasting, extremely low in power consumption, and immune
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to internal noise, such as heartbeats or mechanical vibration from
jaw movement or facial muscle contraction. In contrast to the earlier
concepts, where a special microphone was implanted in the skull,
Envoy Medical has recently introduced a more progressive solution by
detecting the movement of one of the ossicle bones, the incus, in the
middle ear and converting the processed signal into the cochlea by the
same multielectrode [9]. The main advantage of this solution is that it
is immune to the internal body noises. Moreover, it does not sacrifice
or bypass the middle ear organ, which functions well for most CI
recipients, and it also utilizes the middle ear to probe the vibrations that
were efficiently captured by the eardrum, taking advantage of natural
filtering and amplifying characteristics of the outer and middle ear.
Although the concept outlines a credible strategy for next-generation
FICIs, the energy-efficient signal processing is still an issue, especially
if a non-chargeable implanted battery is used. This persistent challenge
underscores the need for novel signal processing strategies that address
energy-efficiency at the architectural level, paving the way for prac-
tical, energy-efficient FICIs with extended battery life and potentially
longer operational lifetime.

The proposed architecture is built around three key components
that together are designed to minimize power consumption and sim-
plify auditory signal processing in fully implantable cochlear implants.
These components include: (i) a Fast-Fourier Transformation (FFT)-
free frequency-resolved cantilever array, (ii) piezoelectric analog-signal
generation, and (iii) a compact neuromorphic spiking element capa-
ble of directly generating and encoding action potential-like bipolar
signals. While the first two components have been detailed in our
previous work [10], this paper focuses on the third component and its
compatibility with the preceding elements.

Building on these components, the auditory sensing system operates
as illustrated in Fig. 1: Vibroacoustic stimuli with multiple frequency
components (S = Y S(f)) are sensed by a MEMS cantilever array,
each element tuned to different resonance frequencies f[°, realizing
frequency-selective sensing. The resulting electric signals are routed
to a set of compact neuromorphic oscillators [11] which emit spiking
signals proportional to the amplitude of the incoming stimulus in the ith
channel, % ~ S(f;*). This realizes frequency-selective rate-encoding
across i channels and produces spike trains suitable for neuromorphic
processing in FICIs.

To implement this neuromorphic spiking element, we employ resis-
tive switching memories, or memristors. These elements are anticipated
to be crucial components in next-generation neuromorphic circuits
due to their memory effect, small footprint, low energy consumption,
and negative differential resistance [12-19]. Non-volatile memristors
show great promise for functioning as artificial synapses in spiking
neural networks (SNNs) [20,21]. Volatile memristors, such as those
constructed from VO, thin films, are excellent candidates for gener-
ating action potential signals, spiking/bursting patterns, or replicating
several attributes of biological neurons, such as all-or-nothing firing, re-
fractory period, spike frequency adaptation, and spike latency, thereby
acting as artificial neurons [15,22,23]. A recent implementation of a
VO, Mott memristor-based artificial spiking photoreceptor is reported
in Ref. [24].

In this paper, we take advantage of the capabilities of VO, memris-
tors to demonstrate, for the first time, the direct conversion of analog
MEMS signals into biomimetic bipolar signals similar to biphasic signals
used in commercial implants [3,25]. The mechanical excitation applied
within a physiologically relevant nanometer-scale displacement range
resembles the conditions inside the middle ear and is provided by a
controlled source. Additionally, we demonstrate that the frequency of
the generated spikes is proportional to the amplitude of the mechanical
vibration, closely mimicking the human auditory system’s temporal
encoding of frequency-resolved signals [26].
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Fig. 1. Concept of our bio-inspired auditory sensing system. Vibroacoustic
stimuli composed of several different frequency signals (S = Y S(f)) are
sensed by piezo-MEMS cantilevers, each having a well-defined resonance
frequency, f/**, realizing frequency-selective sensing. The output signals of
the cantilever array are carried to VO, memristor-based relaxation oscillator
circuits (i number of channels), which emit neural spikes proportional to the
amplitude of the incoming stimulus in the ith channel, /¢ ~ S(f/*). The
auditory sensing system realizes rate-encoding in i channels, creating spiking
waveforms suitable for further processing by the nervous system, aimed at
using in FICIs.

2. Methods

In this Section, we describe the measurement setup used for the
characterization of MEMS cantilevers (Section 2.1), provide details on
our VO, nanogap memristors and relaxation oscillators (Section 2.2),
and validate our concept for an auditory sensing unit (i.e. one channel
of the auditory sensing system shown in Fig. 1, see Section 2.3).

2.1. Characterization of piezoelectric MEMS cantilevers

The MEMS cantilevers used for our experiments incorporate a piezo-
electric ScAIN layer [27] on a silicon-on-insulator platform. The spiral-
shaped design of the cantilevers was optimized for the targeted appli-
cation previously [10]. To emulate conditions inside the middle ear,
the cantilevers were put under ~1 nm amplitude mechanical excitation,
provided by the stage of a laser interferometric instrument (SmarAct
PicoScale Scanning Vibrometer), capable of recording the displacement
of the cantilever. In this setup, illustrated in Fig. 2a, the displacement is
measured via the laser interferometric principle, and frequency spectra
are recorded using the lock-in technique. Fig. 2b shows the custom-
built sample holder used for the electromechanical characterization
of the cantilevers. One important component of testing the presented
concept for auditory sensing is providing biologically realistic, ~10 nm
excitation, i.e., in the range of the movement of bones in the middle
ear. Mechanical excitation was provided by a piezo shear actuator (PI
Ceramic P-142.03), which has a sensitivity of 6 nm/V, and an axial
resonant frequency of 120 kHz (far from the 200-700 Hz range under
investigation). Nominal mechanical excitation amplitudes (stimuli) are
calculated from the drive voltage amplitude of the piezoelectric actua-
tor, based on the value of its 6 nm/V sensitivity. Electric signals of each
cantilever are led through ribbon cables to custom PCBs on the two
sides, where routing of each electrode is possible using two jumpers,
leading the signal of a chosen cantilever to a pair of BNC connectors
on the sides.

2.2. Memristor-based oscillators

The composition of VO, memristors is illustrated in Fig. 3a. For the
fabrication of VO, memristors, 50 nm thick VO, layers were deposited
on top of a sapphire (Al,0;) substrate, via pulsed laser deposition.
Layers were prepared according to the procedure reported in Ref. [28],
without any buffer layers between the single crystal Al,O5 substrate and
the VO,. Stoichiometry and epitaxial growth of the VO, layer were con-
firmed by scanning transmission electron microscopy — electron energy
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Fig. 2. Measurement setups for the characterization of piezo-MEMS can-
tilevers. (a) Schematics of the interferometric measurement setup used for
the mechanical characterization of cantilevers. (b) Photo of the custom-
built sample holder for the electromechanical test: (A) piezoelectric actuator,
(B) shielded electrical connections to the piezoelectric actuator, (C) custom
PCB holding the chip with cantilevers, (D) flexible ribbon cables to capture
the cantilever’s signal, (E) custom PCB for routing the connections to the
cantilevers, (F) BNC connector, (G) jumper used for selecting the desired
electrode of a cantilever. Scale bar: 2 cm.
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Fig. 3. Fabrication and characterization of VO, memristors. (a) Illustration of
the planar memristor design showing layer thicknesses. (b) Scanning electron
microscopy image of the nanogap region of a representative VO, device.
Scale bar: 100 nm. (c¢) Circuit schematic for I(V') characterization of the VO,
samples. Drive voltage V,,;,. is applied to the memristor and a series resistor R,
while current 7 is monitored. Bias voltage is calculated as V;;,, = Vgive—R-1. (d)
Typical I(V) curves of a VO, device exhibiting volatile resistance switching,
R = 380 Q. Current is also displayed as a function of bias voltage (blue
curve) and drive voltage (gray curve). The set process/IMT (reset process/MIT)
is indicated by a pink (green) arrow on the I(V;;,) curve. Note that these
transitions are not resolved on the 12 kSa/s sampling rate of the measurement;
there are no datapoints in the sections indicated with arrows.

loss spectroscopy (STEM EELS) and X-ray diffraction measurements
(XRD) [28-31].

On top of these epitaxial VO, layers, planar electrodes were de-
posited using electron-beam evaporation and lift-off techniques. The
electrodes were patterned using standard electron-beam lithography
(Raith 150), and 50 nm Au was evaporated after a 5 nm Ti adhesive
layer deposition. Ultra-small gaps between electrodes in the 30-60 nm
range were formed with this method. The layout of the electrodes is
depicted in the electromicrograph of Fig. 3b, which shows a V-shaped
electrode facing a flat one. This arrangement ensures the focusing
of the electric field into a small, nanometer-sized active region. The
development of memristors with such a planar, nanogap layout was
reported in Ref. [32].

Resistive switching characteristics of the VO, nanogap memristors
were studied in the simple circuit arrangement depicted in Fig. 3c.
Slowly ramped (~1 Hz) triangular voltage signals, V.., are applied
by a data acquisition card (National Instruments USB-6363) to an
R = 380 Q series resistor and the memristor. The applied voltage
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Fig. 4. Relaxation oscillator made of a VO, memristor. (a) Current waveform
I, () of an oscillator. (b) Magnified I(V;;,) characteristics of a memristor
(positive quadrant) shown with blue colors (transitions blurred with light
blue). Gray line marks the possible equilibrium currents defined by the
load line of the oscillator circuit according to the equation (V;, — Vj;,.)/R.
Equilibrium points defined by the continuation of the HRS and LRS are not
reached, as marked by the red crosses. (c) Voltage waveform V. (1) of an
oscillator. The green shaded area and pink/green labels of V. /V,., in panels
(b—c) highlight the operation regime of the memristor during oscillation.
Pink/green encircled points in panels (a—c) mark the points where set/reset
transitions occur, and black arrows mark the direction. (d) Circuit schematics
of the relaxation oscillator (output current/voltage and the memristor are
highlighted in blue). Circuit element values were C = 611 nF and R = 15 kQ
throughout the measurements.

Virive and the current I are measured using the same data acquisition
card at 12 kSa/s sample rate, the latter is measured through a current
amplifier (Femto DLPCA-200) in the 10% V/A gain setting. There was no
dedicated electroforming applied to the VO, nanogap memristors. Fig.
3d shows typical DC I(V') characteristics of a VO, nanogap memristor,
the gray curve depicts raw I(V,;,.) data, whereas the blue curve is
the compensated I(V,;,,) dependence of the memristor, where the bias
voltage Vi = Vaive — R - I is the voltage drop on the memristor.
Initially, at low V;;,, levels, the memristor is in its insulating, high
resistance state (HRS) until the voltage drop on it reaches the threshold
for the onset of resistance switching (set process, see V., threshold in
Fig. 3d). Once this threshold is reached, the memristor undergoes an
insulator-to-metal transition (IMT, marked with a pink arrow), after
which the memristor arrives in a conductive, metallic low resistance
state (LRS). Upon decreasing the voltage, the memristor stays in its LRS
until the V., threshold is reached (here we define V, ., on the I(V,;,)
curve). Once V. is reached, the VO, memristor undergoes the reverse
effect, metal-to-insulator transition (MIT, marked with a green arrow) is
observed, and HRS is formed again. The different resistances observed
in these states (typically Rigrs < 1 kQ and Rypg = 30 kQ [33]) are
the result of a Mott-type phase transition accompanied by structural
rearrangement of the VO, material. In these nanogap memristors, the
mutual effects of the high electric field, which stems from the ultra-
small, ~30 nm active region, and Joule heating are responsible for
operation [32].

A relaxation oscillator can be realized by connecting an RC-circuit
in series with a VO, memristor (see Fig. 4). The circuit shown in Fig.
4d exhibits oscillating current I, (Fig. 4a) and voltage V. (Fig.
4b) signals while driven by a constant input voltage of V;,. During
oscillation, the memristor switches back and forth between its LRS and

esel
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Fig. 5. Circuit schematics of a single channel of the proposed auditory sensing
system. A piezo-MEMS cantilever with a well-defined frequency resonance
senses a sinusoidal vibroacoustic stimulus provided at the same frequency. As a
result, an AC voltage signal is generated by the cantilever, which is amplified
(ViSys) and rectified (V5S, ) by a custom-built circuitry. The VS o signal
serves as an input DC voltage for the oscillator circuit, which emits current
spikes at its output. These spikes are measured with the 50 Q input terminal

of a digital oscilloscope.

Spiking
output =

HRS. The points where the set (reset) transition happens are illustrated
by pink (green) circles in Fig. 4a—c. Note, that during oscillation,
the whole hysteresis curve of the memristor is walked around, which
means, that V,,, varies between V., and V.. (see green shaded area
and pink/green labels of V. /V,.. in Fig. 4b—c).

To illustrate the conditions required for stable oscillations, the pos-
itive quadrant of the memristor’s I(V;,,) curve in Fig. 3d is magnified
in Fig. 4b. In this plot, set/reset transitions are blurred with a light blue
color, since they are not resolved in DC measurements. With gray color,
the load line of the oscillator circuit is shown, given by the equation
(Vin — Vhias)/ R, which is a visualization of the possible equilibrium
current flow in the circuit as a function of V;;,,. The memristor would
be in equilibrium if the load line intersected the HRS or LRS. Light blue
dashed lines illustrate the continuation of these states, and red crosses
mark their intersections with the load line; the current tends to reach
these points in both states, but they are never reached since switching
happens before that, which drives continuous oscillation.

The general role of circuit parameters affecting oscillatory behavior
of a circuit depicted in the inset of Fig. 4d can be summarized as
follows: (i) The series resistance R has to be chosen such that it
ensures stable oscillation at the desired range of V;, input voltage
levels (the load lines corresponding to V;, values do not cross HRS or
LRS of the memristor); (ii) The parallel capacitance C can be used to
tune the oscillation frequency of the circuit to the desired timescale.
The timescales of the circuit are primarily governed by the RC time
constants in the HRS and LRS of the memristor. Note that on the tar-
geted, biologically relevant timescales in the ~ ms regime, the ~ps— ns
timescales of resistance switching in VO, memristors [33,34] can be
neglected, and switching can be considered as instantaneous. (iii) The
input voltage level also affects the oscillation frequency. While R and
C are constant, this dependence can be leveraged to realize encoding
of Vi, levels in oscillation frequency.

2.3. Concept validation

For validating our concept of the auditory sensing system shown in
Fig. 1, we built and investigated the operation of a single channel ac-
cording to the circuit depicted in Fig. 5. In our single-channel auditory
sensing setup, a piezo-MEMS cantilever with a well-defined resonance
frequency is driven by a sinusoidal vibroacoustic stimulus at the same
frequency, generating an AC voltage. This signal is first amplified
(VAC ) and then rectified and smoothed to a DC level (V2C ) by

MEMS MEMS
custom-made electronics designed for this purpose. The resulting VI\?EMS
serves as an input to the VO, memristor-based oscillator circuit that
produces output current spikes, which we record using the 50 Q input
of a digital oscilloscope.

To verify rate encoding of the circuit due to biologically relevant,

~10 nm amplitude mechanical stimuli, we designed a custom setup
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Fig. 6. Characterization of piezo-MEMS cantilevers. (a) Tilt-view scanning
electron micrograph showing the typical geometry of a piezo-MEMS cantilever.
Scale bar: 250 pm. (b) Displacement spectrum of a representative cantilever
with Q0 ~ 200 quality factor and f, = 486 Hz resonance frequency. (e)
Resonance frequencies of the studied 16 cantilevers covering the 200—700 Hz
frequency domain.

for the precise control of the stimulus amplitude (see more details in
Section 2.1 and in Fig. 2b). The operation of the circuit was also verified
in less controlled experiments, where audio signals from a Bluetooth
speaker were used as acoustic stimuli. Either a Picoscope 6404 A
instrument (electromechanical experiments) or a Tektronix DPO 3014
digital oscilloscope (audio experiments) was used to record the output
signals of the circuit.

3. Results
3.1. Piezoelectric MEMS cantilevers

A scanning electron micrograph of an exemplary spiral-shaped can-
tilever is shown in Fig. 6a. The spiral is suspended at one side of
a square cavity. The geometrical factors of the spirals, along with a
seismic mass in the middle, determine their resonance frequencies [10].
The resonances are located at different frequencies, usually with O >
200 quality factor (see an exemplary resonance peak in Fig. 6b recorded
in a laser interferometric measurement). The resonance frequencies of
the 16 cantilevers with slightly different geometries cover the desired
frequency range of 200-700 Hz (see Fig. 6¢), where the fundamental
frequencies of human speech are found. Conventional cochlear im-
plants use 12-22 channels in the same frequency domain [3], being
sufficient for speech recognition.

3.2. Spike generation and rate-encoding

First, the response of the auditory sensing circuit was analyzed using
controlled electromechanical stimuli through a piezoelectric actuator.
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Fig. 7. Results of electromechanical experiments performed on a single-
channel auditory sensing circuit, where stimulus to the cantilever is provided
and controlled in the biorealistic displacement regime. (a) Waveform of a
sinusoidal stimulus .S, with constant frequency of 638 Hz. (b) Output signal
Virsus Of the cantilever, conditioned to V2* = = 3.6 V level, which drives
the oscillator circuit. (¢) Output current signal of the oscillator component
exhibiting oscillation with a stable frequency. (d) Upon repeating experiments
depicted in panels (a—c) with varying the stimulus amplitude S,, we observed
that the oscillation frequency f,,. depends linearly on S,. Displacement values
S are calculated from the voltage applied to the piezoelectric actuator and its
6 nm/V sensitivity. Within the oscillator part, component values were kept at
C =611 nF and R = 15 kQ throughout the measurements.

The cantilever chip was mounted to the sample holder shown in Fig.
2b for these experiments. The VI\?ECMS electric signal of a cantilever was
utilized to drive an oscillator circuit according to the circuit schematics
in Fig. 5.

The typical result of an experiment is shown in Fig. 7a-c, where a
MEMS cantilever is excited at its 638 Hz resonance frequency with an
Sy = 40 nm amplitude sinusoidal stimulus (see black waveform §). Due
to this excitation, the cantilever emits a similar sinusoidal output (see
amplified green signal, V1<), which is conditioned to V2¢ - =3.6 V
level, driving the oscillator component of the circuit. As a result, a
spiking current signal with stable oscillation frequency f,,. appears at
the output (see I, with blue in Fig. 7c). Note that f, . is entirely
independent from the frequency at which the cantilever is excited,
since the amplifying circuitry completely smoothes out AC components.
The spiking frequency f,,. is determined by (i) the values of R, C
elements in the oscillator circuit, (ii) the device characteristics of the
VO, memristor (threshold voltages of V., V. and resistance states
Ryrs, Ryrs), and the (iii) input DC voltage level of the oscillator circuit
(VSEMS in this experiment). The oscillator circuit’s parameters (i-ii)
can be adjusted such that the resulting spiking frequencies correspond
to biologically relevant spike rates. Since the input DC voltage level
also affects spiking frequency and depends on the amplitude of the
incoming stimulus, this chain of dependencies can be utilized for spike
rate-encoding of the incoming vibration amplitude.

Overall, by appropriately setting R and C values in the oscillator

component, the frequency range of possible oscillations can be set
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Fig. 8. Comparative measurement of a VO, oscillator at different tempera-
tures. The oscillator was composed of C = 611 nF and R = 15 kQ passive
elements, and a VO, device was driven with V;, =3 V DC voltage for 0.2 s-
long intervals. The spiking waveform was recorded at room temperature (green
curve) and then at physiological temperature (pink curve). Time axes are
shifted to synchronize the signals and to show their slow divergence over a
35 ms time window. The resulting frequencies of 467 Hz and 481 Hz differ
only by 3%.

to the desired ~1 kHz domain, where typical spiking rates of the
auditory nerve are found [35,36]. Furthermore, this input voltage de-
pendency enables encoding the stimulus amplitude S, in the frequency
of output spikes, as shown in Fig. 7d, where this was verified by
varying the amplitude of sinusoidal stimuli. In this experiment, the
piezo-MEMS cantilever was excited at its 637 Hz resonance frequency,
with amplitudes in the 26-60 nm range. In a realistic setting where
the cantilever would be mounted near the umbo, these amplitudes
correspond to 82-92 dB sound pressure levels [37]. The parameters
of the oscillator were chosen such that the resulting spiking frequen-
cies are found in the 100 Hz-800 Hz range, which is common in
biological conditions. The information encoding shown in Fig. 7d re-
sembles the natural encoding of sound amplitude in the nervous system,
with similar frequency—-amplitude characteristics as the sigmoid-shaped
functions observable at the cellular level [38,39]. This rate-encoding
behavior aligns with emerging FICI concepts, which increasingly rely
on neural-inspired temporal coding strategies for efficient auditory
signal representation [40].

To assess the feasibility of implantable operation, we performed
spiking measurements at physiological temperature (37 °C) using the
Mott oscillator circuit. A comparison with room-temperature operation
is shown in Fig. 8. At 37 °C, the spiking waveform exhibits slightly
longer relaxation tails due to the slower resistance relaxation of the
memristor. However, the overall oscillation period becomes slightly
shorter due to the decreased HRS of the memristor at elevated temper-
ature, resulting in only a 3% increase in oscillation frequency (from
467 Hz to 481 Hz). This small deviation can be compensated by tuning
the passive oscillator components. Since the temperature-induced effect
is minimal, all subsequent measurements were performed at room
temperature.

3.3. Shape-tuning of the excitation signal

CI devices should satisfy an essential safety requirement: the spiking
waveform carried to auditory nerves should be bipolar (biphasic in
CI terminology), yielding positive and negative sections as well. This
bipolar waveform is needed to exclude the possibility of charge accu-
mulation near the end of the implanted electrodes [3]. Current spikes at
the output of a conventional VO, oscillator (see blue waveforms of Fig.
9a-b and corresponding circuit schematics in the top inset of Fig. 9c)
are unipolar (monophasic in CI terminology), as they only have positive
sections. Therefore, additional circuit elements are needed to convert
this waveform into a bipolar signal. This conversion can be realized by
adding a parallel LR circuit to the output (see bottom inset of Fig. 9c
for schematics).
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Table 1
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Comparison of a conventional FFT/DSP (digital signal processing) based CI and the proposed MEMS/memristor-

driven auditory sensing system for FICIs.

Feature Conventional FFT/DSP CI

Proposed piezo-MEMS/VO, memristor FICI

Clinical standard
Digital FFT

Present maturity
Frequency analysis method
Power profile

Power consumption 10-100 mW [41]

ADC, DSP, memory, clocking, DAC, RF

Single-channel proof of concept
Mechanical resonance of MEMS cantilevers
Analog processing of MEMS signal

~640 pW (estimated for 16 channels)
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Fig. 9. Audio experiments with shape-tuning of the output waveform. (a)
Comparison of output waveforms of the auditory sensing circuit built with
a conventional oscillator (blue curve) and a modified oscillator (red curve).
Only 200-ms-long sections of the 2.2-s-long measurements are shown; both
waveforms are shifted such that a spike appears at 100 ms. (b) Plot is
magnified on the time axis of the gray shaded area in panel (a) (the y-axis
is the same as in panel (a)). (c) Comparison of numerical integrals calculated
from the 2.2-s-long stimulation in case of the conventional oscillator (blue
curve, see top inset for circuit schematics) and the modified oscillator (red
curve, see bottom inset for circuit schematics) as the spiking component of
the auditory sensing circuit. In the oscillator, R = 15 kQ and C = 611 nF
were kept constant, while an L = 2.2 mH inductor was added to the modified
circuit.

In our experiments, where we investigated shape-tuning, a less-
controlled acoustic stimulus from a Bluetooth speaker held close to the
cantilever array was used to provide stimuli. First, the operation of the
circuit with a conventional oscillator component was verified (see blue
waveforms in Fig. 9a-b). Next, the appearance of a bipolar waveform
was confirmed (see red signal in Fig. 9a and magnified waveform in
Fig. 9b). This bipolar pulsed waveform has 0.7 V amplitude (for positive
spikes) and 20 ps pulse duration. Considering typical electrode-tissue re-
sistances of 2—10 kQ [42], currents of 70—-350 pA are feasible. Thereby,
our waveform conforms with typical values in the 100 pA-range for the
stimulating current and 10—200 ps for pulse duration, which is crucial
for safe electrical stimulation of the cochlear nerve [43].

The obtained waveform (red curve in Fig. 9b) differs from the
conventional rectangular pulses used in CI devices [3]; however, a
study had shown that the usage of such ramped signals instead of
rectangular ones (i) can induce similar electrically-evoked auditory
brainstem response in mice, and (ii) could be more energy-efficient,
having the potential to lower battery usage in CIs [25].

To demonstrate the difference between the cumulative effects of
unipolar and bipolar signals, numerical integrals are calculated from
2 s-long experiments, shown in Fig. 9c. As expected, the integral of the
unipolar signal increases monotonically (blue curve). In contrast, the
bipolar signal shows no definitive tendency; the fluctuation around a
small, non-zero value is an instrumental artifact from a low-frequency
drift superimposed on the measured signal.

One of the most common complications of cochlear implant surgery
is unintended facial nerve stimulation (FNS), which affects between
1%-15% of patients, resulting in discomfort and pain [44,45]. FNS
can happen due to the facial nerve’s close proximity to the cochlear
lateral wall and is also associated with high stimulation levels [46].
According to clinical studies, the usage of charge-balanced monophasic
signals (similar to the red waveform depicted in Fig. 9b) instead of
common biphasic signals (having equal positive and negative sections)
can ease the effects of FNS [47-50]. Hence, our proposed memristive
auditory sensing circuit can also alleviate the effects of unintended FNS.
Besides, the design of the RL-part providing the stimulus imposes a
limitation on the maximum charge accumulating on the coil, which
provides a protective limitation on the maximum current per spike
during stimulation.

Beyond waveform characteristics, low power consumption is an-
other critical requirement for fully implantable cochlear implants. The
average power of the bipolar waveform (red trace in Fig. 9a-b) is
estimated to be 0.14-1.4 pW, calculated from the product of the
peak voltage (0.7 V), stimulation current (~100 pA), pulse width
(20 ps), and oscillation frequency (~100-1000 Hz). In addition, the
power consumption of the MEMS cantilever’s amplification stage can
be minimized using low-power amplifiers designed for implantable
applications, reducing this contribution to ~40 pW (estimation based
on 4 levels of amplification and calculating with capacitor leakage),
dominating overall consumption. Calculating with 16 channels - a
typical channel number in conventional cochlear implants — an average
power in the range of 640 pW is estimated as the total consumption of
an auditory sensing system utilizing piezo-MEMS cantilevers and VO,
oscillators. This is significantly lower than the total power consump-
tion of state-of-the-art digital FFT-based cochlear implant processors
(~10-100 mW [41]), which also include RF communication and digital
signal processing (DSP) blocks that are not required in our approach. A
comparison of the main features of conventional CIs and our proposed
auditory sensing system is presented in Table 1.

4. Conclusion and outlook

We proposed a concept for an auditory sensing system designed for
use in FICIs. The operation of a single channel was tested and verified in
electromechanical experiments with controlled mechanical stimuli. Our
experiments demonstrate that the auditory sensing circuit is capable of
emitting a spiking output in response to biologically realistic excitation
amplitudes in the ~10 nm range and also capable of rate-encoding of the
incoming stimulus amplitude, converting it to the 100 Hz—1 kHz output
frequency domain. In our experiments where audio signals were used
as stimuli, we showed that unipolar current spikes can conveniently be
transformed to a charge-balanced bipolar waveform as a prerequisite
to application in cochlear implants. The output pulses’ amplitude and
duration conform to typical values utilized in cochlear implants. The
resulting waveform shape has the potential to alleviate the effects of
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unintended facial nerve stimulation, reducing discomfort and pain in
patients.

Beyond demonstrating the core operating principle, several practi-
cal aspects relevant to future implantable implementation should also
be considered. For future clinical translation, the VO, device layer
would be fully isolated from biological tissue by hermetic biocompat-
ible packaging, for example, using a titanium casing with insulated
feedthroughs, as commonly employed in implantable electronic de-
vices [51,52]. Moreover, the amount of VO, used in our devices is ex-
tremely small, being deposited only locally in the nanogap region; thus,
as in conventional Si-based chips that may contain non-biocompatible
materials, the key requirement is not direct material biocompatibility
but reliable encapsulation that prevents any contact with the physio-
logical environment. Owing to the CMOS compatibility of both VO,
memristors and AlN-based MEMS technology, monolithic integration
on the same substrate appears feasible. In addition, system-in-package
approaches, commonly employed in MEMS sensor technology, may also
provide a practical route for heterogeneous integration of the different
functional components.

Although operation was investigated only up to physiological tem-
peratures in the present work, previous studies indicate that destabi-
lization of the VO, oscillator only occurs when approaching the Mott
transition temperature of VO, (~68 °C), at around 50 °C [33]. Since
this temperature range lies well above physiological conditions, the
thermal stability of the proposed oscillator concept is expected to be
sufficient for implantable operation.

In addition to integration and thermal considerations, device-to-
device variability also represents an important practical aspect of mul-
tichannel implementation. For the MEMS array, fabrication-induced
variations can shift cantilever resonance frequencies, affecting the tono-
topic map. However, their high Q factors enable post-fabrication mea-
surement and calibration by assigning each channel based on its mea-
sured resonance. Similarly, variations in VO, memristors (e.g., Vi,
Viesets HRS/LRS) can alter oscillation characteristics. However, these
quantities deviate only ~15-30% from their respective average values
across 70 devices [33]. This non-uniformity can be compensated by
tuning the oscillator’s R and C components, requiring channel-wise
calibration. Such calibration is consistent with patient-specific fitting
in cochlear implants, although long-term stability remains an important
consideration for future implantable systems.

The demonstrated low-footprint and low-power operation can facil-
itate the application of the proposed auditory sensing circuit in fully
implantable systems. The planar-type nanogap VO, memristors used
in this study were shown to endure >2 - 10'3 cycles of oscillations
in our recent study involving 100 MHz-range oscillators [33]. This
cycle number corresponds to approximately 634 years of continuous
operation at a stimulation rate of 1 kHz, predicting a remarkably long
lifetime for memristor-based spike encoder units. Taking the first 10%
of the lifetime, corresponding to a 60-year interval, an ~8% variation
in frequency is experienced. For FICI applications, this means a slight
shift in encoded sound volume over the years, similarly to the natural
process of aging affecting loudness perception.

The proposed circuit may help to mitigate latencies of ~10 ms
typically experienced in commercial CI devices, i.e., the delay between
the CI’s electrical stimulation and the acoustic input, which has been
shown to improve sound localization of patients [53]. In addition to the
demonstrated rate-encoding approach, the proposed auditory circuit
could also be adapted to support phase-locking through appropriate
coupling of the MEMS output signal to the oscillator component. Since
the auditory pathway inherently uses temporal information encod-
ing principles like rate-encoding and phase-locking, applying these
principles in cochlear implants can yield meaningful benefits [54].

While these perspectives highlight the potential of the proposed
architecture, a few limitations of the present proof-of-concept should
be acknowledged. The experiments validate a single auditory sensing
channel, whereas a practical cochlear implant front end would require a
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multichannel array covering a substantially broader auditory frequency
range. This could easily be delivered, since our auditory sensing circuit
is scalable. There is a method routinely used in conventional CIs, the ap-
plication of virtual channels [55], where intermediate frequencies are
encoded by stimulating channels with adjacent frequencies simultane-
ously. Within our system, this approach would be feasible by decreasing
the Q factors of the cantilevers, for which opportunities are limited.
Once implanted, programmability in our system is inherently limited,
which is generally challenging for all FICI concepts. Also, the shape of
the stimulating waveform cannot be freely tuned independently of the
shaping circuitry and the memristor/oscillator components.

Despite these limitations, the present results demonstrate the fea-
sibility of an FFT-free, frequency-selective, memristor-driven auditory
sensing architecture capable of biomimetic temporal spike encoding.
The proposed concept provides a promising foundation for future mul-
tichannel, low-power, fully implantable cochlear implant front ends.
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