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Future hardware improvements in implantable
hearing devices

Ide Swager, March 2015

Abstract—This paper presents an overview of current and
future developments in implantable hearing devices. It has been
written as part of the course Introduction to Microelectronics for
the M.Sc. track Microelectronics of the faculty Electrical Engi-
neering, Mathematics and Computer Science of Delft University
of Technology. A brief version of the auditory anatomy is included
to clarify the causes of deafness. After elaborating on the current
devices available and the basic working principle, future trends
are explored. These include Neural Response Telemetry (NRT),
combined Acoustic and Electric Stimulation (EAS) and binaural
devices.

I. INTRODUCTION

Over 500 million people worldwide are estimated to live
with hearing loss [1]. Restoring hearing to these people has
been of scientific interest for more than a hundred years, with
Alessandro Volta as one of the first to experience stimulating
of the senses by electricity [2]. Currently, different implantable
solutions exist to overcome hearing loss of varying degree.
Which implementation is best suited to the patient depends on
the cause of deafness. Sensorineural hearing loss has its root
cause in the inner ear, the cranial nerve or the central nervous
system. Conductive hearing loss on the other hand originates
from problems in the middle ear, tympanic membrane or outer
ear. Cochlear implants are mostly applied to patients with
sensorineural hearing loss, while middle ear implants or bone
conduction implants can partly mitigate conductive hearing
loss. In less severe cases of hearing loss, traditional Hearing
Aids can be powerful enough to overcome the sensorineural
or conductive hearing loss.

A. Cochlear implants

The Cochlear Implant (CI) has been in development since
the second part of the twentieth century, making it the most
sophisticated functioning implant for the human body [3].
Its purpose is to restore the sensation of hearing to the
deaf by electrical stimuli. CI’s are implanted both in deaf-
born babies and mature people who have lost their sense
of hearing. This greatly increases quality of life for these
patients. However, only partial functionality is restored and
patients need significant training and tuning to become apt
at understanding conversations. Even for the high-performing
patients it is still impossible to appreciate music or other
complex sounds.

Several major companies have been operating in the CI
business: MED-EL (Austria), Cochlear Limited (Australia)
and Advanced Bionics (USA, division of Sonova). In this
field some new companies have been emerging as well, with

Neurelec (France) being the most well-known. These compa-
nies employ partly the same technology, but show significant
differences. At this point, it is not possible to point out a
superior device, because all implants perform likewise: a wide
performance range across different patients is seen with all
devices.

B. Middle ear implants

In general, middle ear implants are implemented by a
transducer that moves structures in the middle and inner
ear, like the hearing ossicles and the oval window. These
transducers can be piezoelectric or electromechanical-based
with a mass attached. Most of the middle ear implants work
by moving some part of the auditory ossicles, especially the
incus and stapes [4].

Multiple commercial middle ear devices have been devel-
oped in the past decades, but not all have been successful.
The design focus is now on devices that are fully implantable
- and therefore suited for use during swimming and moist
conditions.

C. Bone conduction implants

The final category of hearing implants are those that harness
bone conduction. The basic principle is to apply vibrations,
measured by an external microphone, to the temporal bone.
The vibrations in the bone are sensed by the nerve cells and
sound is perceived. These implants are suited for patients who
have a normally functioning sensorineural system, but have an
obstruction or malfunction in the air pathway.

The stimulation is often performed by an electromechanical
system with a mass, with a percutaneous titanium part. This
causes discomfort and infections in many patients.

The Bone-anchored Hearing Aid (BAHA) is one of the
most used examples of a bone conduction implant. However,
one of its main disadvantages, the percutaneous connection
that causes infections, esthetic concerns and longer surgical
procedures, has not been solved yet [5]. Transcutaneous bone
conduction implants, that use an RF connection have been
developed more recently.

D. Structure

This paper is a short elaboration on the current limitations of
auditory implants and future improvements that may be able to
overcome some of these limitations. It has been written as part
of the course Introduction to Microelectronics for the M.Sc.
track Microelectronics of the faculty Electrical Engineering,
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Mathematics and Computer Science of Delft University of
Technology.

In light of the high amount of different components of
the implants, this paper is limited to developments of certain
parts, primarily the hardware parts of the design. To give the
reader a clear view of the surroundings, the basic anatomy of
hearing is first explained in Section II. After explaining the
working principle of the different implants currently available
in Sections III and IV, the paper elaborates on different
improvements in Sections V, VI and VII.

II. AUDITORY ANATOMY

This section explains the normal hearing anatomy as well
as the different abnormalities occurring in the hearing system.
The latter can help in better understanding how the different
implants improve the hearing of the patients. The book Human
Anatomy and Physiology, 9th edition by Hoehnand Marieb has
been used as an overall reference [6].

A. Normal hearing

Sound consists of pressure differences in the air. These
pressure differences reach the ear and propagate through the
ear canal to the tympanic membrane. This membrane will
vibrate accordingly, moving the various auditory ossicles: the
malleus, incus and stapes. The movement of the stapes can
be compared to a piston-like movement. Because the other
end of the stapes is attached to another membrane - the oval
window - these vibrations are transferred to it. In its turn,
the oval window causes pressure waves in the cochlear fluids.
A traveling wave propagates along the Basilar membrane
through the windings of the cochlea, from base to apex. The
Basilar membrane (BM) is a highly specialized membrane
that has varying mechanical properties along its length. At
the base it is stiff, and at the apex it is very flexible. This
gives rise to frequency specific behavior: the base part is
sensitive to high frequencies whereas the apex part is sensitive
to low frequencies. An array of different hair cells translate the
movements of the BM to electrical impulses that are guided
to the central nervous system via the auditory nerve. The hair
cells are ordered in four rows across the length of the cochlea.
The inner row, close to the centre of the cochlea, consists
of Inner Hair Cells (IHC’s), the other rows are classified as
Outer Hair Cells (OHC’s). Stereocilia on the hair cells, protein
rod-like structures, deflect when the BM moves, influencing
the release of chemical transmitters in the cell. The OHC’s
serve as a biological amplifier; movements of their stereocilia
make the BM more or less sensitive to the frequencies that
are stimulated. Figure 1 displays a simplified version of the
normal hearing system.

B. Sensorineural damage

When an auditory system suffers damage to the nerves or
hair cells, it is called sensorineural damage. Some people are
born this way, but there is a range of factors that can cause
sensorineural damage during life. This includes infections,
exposure to loud sounds, some drugs and aging [3]. The

Fig. 1. Normal situation of the middle and inner ear; the hair and nerve cells
are intact [3].

severity of the damage and impact on the ability of hearing
depends on where the damage is done. Damage to or absence
of IHC’s is the most severe, causing total loss of hearing
in the frequency range corresponding to those IHC’s. Neural
connections can be severed as well. Damage to OHC’s results
in less sensitivity and selectivity of hearing. Figure 2 illustrates
sensorineural damage in a basic way.

Fig. 2. Damaged situation of the middle and inner ear; hair cells are damaged
or non-existent, nerve cells are not fully developed or do not reach the cochlea
[3].

C. Conductive damage
Damage to the outer or middle ear, for example to the

tympanic membrane, auditory ossicles or oval window can
be classified as conductive hearing loss. Obstructions in the
ear canal could also inhibit sound conducted by air. Sound
waves are no longer translated to vibrations in the cochlear
fluid, resulting in the loss of sound perception through air. If
the nerves and hair cells are still functional, sound is sensed
via vibrations of the bony tissue around the cochlea.
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III. GENERAL CI SYSTEM

Every cochlear implant roughly consists of 6 components,
as depicted in Figure 3 [3]. Ambient sound is picked up by
a microphone, this sound is digitalized and processed in the
speech processor. This signal is transmitted through a wireless
system to an implanted receiver. This receiver is also powered
by the wireless signal. The stimulation is performed using a
wire connection to an implanted electrode array in the cochlea.

In acoustic stimulation, which is only successful when
the cochlea itself is barely damaged, stimulation is often
performed using a mechanical element. Section IV will further
elaborate on this.

Fig. 3. Toplevel components of a general CI [3].

A. Translation of Sound

The sound of the microphone is digitalized and split into
different channels to allow for multi-electrode stimulation.
Different strategies for speech processing are used; examples
are Continuous Interleaved Sampling (CIS), n-of-m, Spectral
Peak (SPEAK) and Advanced Combination Encoder (ACE).
Further details on signal processing is not part of the focus of
this paper. The review paper of Wilson [3] has an extensive
section on signal processing.

B. RF Transmission

For medical reasons, a transcutaneous RF transmission is
preferred over a percutaneous wire connection. An implantable
battery would not last long enough to form a practical solution.
The RF transmission works by two inductively coupled coils:
an external and internal coil. These coils form a transformer
which allows for transport of energy to the implant. The
design of the transmission system is bounded by conflicting

design goals: low power consumption, insensitivity to voltage
variation and restricted size of the coils.

Because of esthetic and spacial reasons, the size of the
coils is limited. The coupling can be made more stable by
making the internal coil smaller than the external coil. Power
consumption increases, because more current is needed in the
external coil to produce the same current in the internal coil
[7].

C. Electrode Array

Electrical stimulation of the auditory nerve takes place in
the cochlea, by means of an electrode array that is inserted into
the cochlea. It is inserted either through the bone protecting
the cochlea (by Cochleostomy) or through the round window.
The effectiveness, selectivity and power consumption of the
stimulation depend on a number of factors: depth of insertion,
placement of the electrode relative to the nerve cells and
number of electrodes.

1) Depth of insertion: The cochlea is a narrow space and
the diameter shrinks along its length. The lumen is often
uneven, so this makes insertion even more complex. Damage
to healthy cells can be caused by insertion [8]. For this
reason, electrode arrays are made of a flexible material. Most
insertions reach between 18 and 26 mm, although 30 mm is the
maximum ever reached [3]. For comparison, the total length
is 35 mm.

2) Placement: Depending on how the electrode is inserted,
different populations of neurons are stimulated by the elec-
trodes. The neurons are associated with different frequencies
across the length of the cochlea. In order to better reproduce
natural hearing, an attempt is made at making use of this
so-called tonotopic organization. In the early models with
only a single electrode, this was impossible. Currently, all
commercially available implants use multiple electrodes [9].

Accurate selective stimulation is hard to perform, because
of multiple factors. The electrodes are submerged in the peri-
lymph fluid, which is highly conducting. Often, the electrodes
are not very close to the nerves they need to stimulate.
Therefore, the current spreads through the fluid and stimulates
multiple sites at the same time. Because of the winding
structure of the cochlea, cross-turn simulation occurs as well;
this means that a stimulation current propagates through the
tissue in the apical direction to lower frequencies [10].

3) Number of electrodes: The electrode arrays have
strongly changed during the development of the CI. Starting
with single channels and few electrodes, to multiple channels
and up to 22 electrodes [9]. A current electrode design by
Advanced Bionics is displayed in figure 4. Many experiments
suggest that using more electrodes does not necessarily deliver
better performance.

Using more electrodes generally requires more power, but
when the electrodes can be placed closer to their target
nerve cells, power consumption can be reduced. Selectivity
is increased as well, because stimuli are less powerful and
hence stimulate less of the surrounding tissue.
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Fig. 4. An electrode array developed by Advanced Bionics [3].

D. Safety measures

Safety of the patient is of top priority to the manufacturers
of implants; any damage to the sensitive brain tissue should
be prevented. In order to achieve this, a couple of measures
must be taken [9]:

• Parity check on the RF transmission.
• Check of the stimulation method (electrode, duration,

etcetera).
• Check on maximum charge delivered to the tissue.
• Charge balancing: all charge that enters the tissue must

come out as well. Residual charge can generate gases,
oxychlorides, pH changes and corrosion.

• Capacitors are serially connected to all electrodes to
mitigate DC stimulation and to avoid single fault failure
(short-circuit of the battery to an electrode).

• Some devices short all electrodes between pulses to
prevent accumulation of charge in high-rate stimulation.

Furthermore, the implant must be able to safely handle
unexpected situations, such as EM interference, dropping of
the device and contact with water.

IV. MIDDLE EAR IMPLANTS

Middle ear implants are an option for patients with moderate
to severe hearing loss, and especially patients with limited
damage to the sensorineural system. Middle ear implants
bypass the natural auditory pathway, by recording sound and
directly stimulating the auditory ossicles or oral window. The
recording of the sound can be performed outside the ear, inside
the auditory tube or on the tympanic membrane. The last
few years, research has been focusing on developing totally
implantable devices that record on the tympanic membrane or
along the auditory tube [11]. A fully implanted device allows
the patient to use their hearing aid at all times, even in moist
conditions, and is cosmetically appealing as well. However,
long battery lifetime or easy charging possibilities should be
available.

A successful example of a totally implantable hearing aid
is the Envoy Esteem [11], depicted in Figure 5. The second
version has already been developed and passed FDA approval.
It uses the tympanic membrane for sound recording and

stimulates the stapes capitulum after sound processing. Battery
lifetime ranges from 5 to 8 years; replacement takes a simple
surgical operation of less than one hour.

Fig. 5. The Envoy Esteem totally implantable device [11].

Potential improvement of middle ear implants is possible
by using piezoelectric elements for mechanical stimulation.
Piezoelectric elements are efficient, small and are simpler
in mechanical structure [12]. This is beneficial to the de-
velopment of the fully implantable devices. Bone conduc-
tion implants could benefit from piezoelectric stimulation
as well, because these elements do not require a resonant
mass, hence need less subcutaneous space [13]. By combining
these elements with a transcutaneous connection instead of a
percutaneous connection, many disadvantages of the BAHA
can be mitigated.

V. NEURAL RESPONSE TELEMETRY

Until now, CI’s have mostly been open loop systems.
Proper performance requires extensive tuning by an audiolo-
gist, which is time-consuming and expensive. After this tuning
period, quite high performance is achieved, but optimum
performance is probably not achieved. Additionally, tuning
often has to be performed again, as optimal settings can change
after a few months [14].

Clearly, it would be beneficial to make the CI’s more closed-
loop. In order to achieve this, the response of the tissue to
the stimuli should be measured. This can be used to adjust
the stimulus strength to the right level. Multiple options exist
to measure the response of the brain on stimulation. The
response can be measured directly from an electrode in the
CI electrode array, which is called eCAP, evoked Compound
Action Potential. Another option is to measure the Auditory
Brainstem Response (ABR) by means of a scalp electrode.
This response is delayed more than the eCAP and therefore
easier to separate from the stimulation artifact. The ABR
is closer to the behavioral response on sound, so it might
be a better measure of comfort level. Measuring cortical
responses could yield even more information about the speech
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perception, but much work has yet to be done in measuring
and analyzing cortical data of CI patients.

This paper will highlight the eCAP method and discuss
practical implementations in CI devices. The eCAP can be
measured by making use of the existing electrodes of the CI.
When one electrode is stimulating, the neighboring electrode
can serve as a recording electrode. eCAPs do not require the
patient to be awake and are not influenced by muscle activity
(hence movement). Neural Response Telemetry or Imaging
(NRT/NRI) has already been studied in clinical trials [15].

A significant challenge in measuring the eCAP is the signal
strength. The stimulus may reach up to 20 V, while the neural
response is in the order of µVolts. This amounts to a dynamic
range of 126 dB [16]. To remove the stimulation artifact
and accurately measure the eCAP, three methods have been
used so far: Alternating probe, Forward masking and Template
subtraction, all illustrated in Figure 6 [9]. The alternating probe
method makes use of the fact that the anodal probe should
be the inverse of the cathodal probe and the eCAP is found
by averaging the two. Forward masking makes use of the
neural refractory period: because of the masking, the second
pulse does not trigger a neural response, but does cause an
artifact. Template subtraction uses statistics to determine the
artifact and subtract it from the signal to calculate the response.
Currently, the forward masking method is used the most.

A new method is proposed in [16]: an integrated circuit
that directly measures the neural response. To overcome the
dynamic range problem, an instantaneous additive companding
method was developed with charge sources. Simulations show
promising results, however, the design has not been tested in-
vivo yet.

VI. COMBINED ELECTRIC AND ACOUSTIC STIMULATION

Because of the success of CI’s in the past decades with
profoundly deaf patients, it is more and more common to
implant patients with less profound hearing loss. As a result,
conservation of the residual hearing is becoming an important
research area [17]. To avoid unnecessary damage to the
cochlea, the electrode is smaller, inserted less deep into the
cochlea, drugs are used to suppress apoptosis (programmed
cell death) in the cochlea and the operation procedure is
modified to reduce trauma. The acoustic stimulation can be
performed by traditional hearing aids, but research has also
been performed on the possibility of an integrated acoustic
and electrical stimulation device. In [18] a PZT transducer is
integrated in the electrode to stimulate the low frequencies
by vibrating the cochlear fluid. Figure 7 displays a possible
configuration for such a device.

VII. BINAURAL IMPLANTS

In the past decade, more and more experiments were con-
ducted with binaural implantation of CI’s [19], [20]. Patients
can benefit from multiple effects when implanted with two
devices. However, challenges in practical implementation and
of course the added cost have to be overcome.

Fig. 7. EAS integrated in the electrode [18].

A. Beneficial Effects

The following paragraphs describe the potential beneficial
effects of binaural implants.

1) Head shadow effect: This effect is physical, caused by
the fact that the head and shoulders block some of the sound
for one of the ears, improving the S/N ratio for one of the
ears. The brain can automatically decide to switch to the ear
with the best S/N ratio. It is frequency dependent because
low frequencies pass through the body more easily than high
frequencies, hence this effect is most active in the higher
frequencies.

2) Binaural summation: Hearing with two ears yields re-
dundant information in the auditory centre in the brain, causing
the effective hearing threshold to lower by ±3 dB. Both quiet
and noise speech perception have been observed to improve.

3) Sound localization: As with seeing depth, a person needs
two sources to effectively determine the location of a sound
source. This is made possible by a binaural implant. High
frequencies are often localized by sensing amplitude differ-
ences between the ears, while low frequencies are localized
by sensing timing differences. Currently, sensing the amplitude
difference seems to be the dominant method used by binaurally
implanted patients, as phase information is lost in some speech
processing algorithms [19].

4) Binaural squelch: This effect is related to the brain
that processes all the information from the two ears together.
Different sounds are split in objects and the brain is thought
to use localization to split the sounds per ear.

B. Challenges

The advantages just mentioned seem to really encourage
binaural implantation. However, some practical difficulties
arise as well. The timing and level differences between the
ears are very subtle, and stimulating this accurately enough
with two independent devices is hard to achieve. The two ears
might have different patterns of damage, making the matching
even harder. The binaural brain capabilities of the patient may
have been distorted or not functioning at all. Learning might
be able to overcome this, but extensive research has yet to be
conducted to verify this.
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Fig. 6. Artifact reduction techniques [9].

VIII. CONCLUSION

In this paper a brief overview has been given of the hardware
developments in implantable hearing devices. In the author’s
opinion, the field of auditory implants has some exciting ongo-
ing developments in the combination of different techniques,
more advanced surgery and in making a closed control loop
system. By better conserving residual hearing, more patients
can be included in cochlear operations, enlarging the market
for cochlear devices and therefore further accelerating the
development. Profoundly deaf and substantially deaf patients
are offered the possibility to actively participate in ”normal”
society again.
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