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Editorial

As this special issue of Audiology & Neurotology ushers
in a new year, the focus on nanotechnology is intended to
provoke thoughtful discussion of new areas for research
and development in our field. A broad definition of nano-
technology provides the backdrop for this issue:

‘The creation of functional materials, devices and sys-
tems through control of matter on the nanometer length
scale and exploitation of novel phenomena and proper-
ties (physical, chemical, biological) at that length scale’
(http://www.ipt.arc.nasa.gov/nanotechnology.html).

Given that the scale of a nanometer is less than 1/1000
of the width of a human hair, the field of nanotechnology
naturally conjures up a myriad of questions about appli-
cation and feasibility.

Some background and explanation for why the topic
of nanotechnology is both contemporary and momentous
may be useful to our readers. The origins of nanotechnol-
ogy arose from the theoretical work of several scientists.
In the 1950s, Richard Feynman proposed a new small
scale future that included manipulating and controlling
atoms. Feynman’s theory has been confirmed by the dis-
covery of new shapes for molecules of carbon including
carbon nanotubes, which are far lighter but stronger than
steel with superior heat and conductivity characteristics.
In 1974, Norio Taniguchi coined the term ‘nano-technol-
ogy’ to refer to production technology or micromachining
with accuracy and fineness on the scale of the nanometer.
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Around the same time, Eric Drexler proposed that the
biological machinery that already exists in nature could
be adapted through molecular manufacturing. He also
called this approach ‘nanotechnology’ and envisioned
manufacturing high-performance machines out of a mo-
lecular carbon lattice. Even as some scientists have an-
ticipated the revolutionary changes that nanotechnology
might bring, controversies associated with nanotechnol-
ogy have not been small scale — particularly as warnings
surfaced of the potential for developing a self-replicating
nanorobot with the capacity to destroy the environment.

Even as scientific debate continues regarding the use-
fulness and safety of nanotechnology, some principles of
nanotechnology are already shaping biomedical research.
For example, innovative research is already funded and
underway on creating synthetic ciliated surfaces through
the creation and actuation of sheets of nanorods and in-
vestigating the impact of light-driven molecular motors
for use in artificial muscle systems. In this issue, we are
publishing seven articles that describe how various prin-
ciples and practices of nanotechnology are being applied
to the human ear and hearing. Our goal is to both en-
lighten our readers about this new research and to stimu-
late questions and dialogue about the possibilities for
nanotechnology in our field.

Jeffrey P. Harris, La Jolla, Calif.
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Editorial

Like integrated circuits and personal computers, the
emerging micro- and nanotechnologies will fundamental-
ly change the way we live and work in the future. There
are two reasons why we should pay attention to the devel-
opment and impact of these technologies. Firstly, we
should prepare for the changes the technologies will likely
bring about to our profession and service. Secondly, as
audiologists and neurotologists, we deal with perhaps the
most sophisticated microelectromechanical system that
nature ever built, namely the ear, which can sense vibra-
tions as small as 0.5 nm. Engineers are not only learning
the operational principles of the ear to enhance their tech-
nological development, but also how to apply the tech-
nologies to addressing a host of clinical issues in otology.

The present special issue, consisting of seven invited
papers, showcases potential applications of micro- and
nanotechnologies to audiology and neurotology. Spelman
reviews the development of cochlear implants and dis-
cusses future cochlear electrode arrays. Inspired by the
working of a fly’s ear, Miles and Hoy have microfabri-
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cated a directional microphone for hearing aids. Bach-
man and colleagues use polymers to produce microme-
chanical resonator arrays that may serve as the micro-
phone and frequency analyzer for an analog cochlear
implant. Wittbrodt and colleagues have developed a
physical model of the human cochlea using microfabrica-
tion. Shkel and Zeng describe a microelectromechanical
system vestibular implant prototype. The usage of mag-
netic nanoparticles for inner ear targeted molecule deliv-
ery and middle ear implants is described by Kopke and
coworkers. Combining microfluidics and transfected
cells, Ryan’s group have conducted micropatterning stud-
1es to control auditory nerve development and growth.

Although the papers were invited, each went through
the same rigorous review process as typical papers sub-
mitted to Audiology & Neurotology. We thank the review-
ers and the editorial managers at Karger for their efficient
and high-quality professional service.

Fan-Gang Zeng, Irvine, Calif.
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Table 1. Electrode arrays described in this

paper (see the text for details) Source Manufacturing Number Used in
method/substrate of contacts humans?
Epic Biosonics automatic/silicon 16 no
Sonn (Raytheon)? automatic/silicon 37 no
Stanford® automatic/polymer 8 no
University of Michigan automatic/silicon® 128 no
Advanced Cochlear Systems automatic/polymer 72 no
University of Utah automatic/silicon 100 no
AllHear (House) manual/wire 1 yes
Med-El manual/silicone 24 yes
Cochlear Ltd. manual/silicone 22 yes
Advanced Bionics manual/silicone 16 yes
LAURA manual/silicone 48 no

4 Sonn [1972].

> White et al. [1982].
¢ The University of Michigan is also working on hybrid arrays that bury silicon sub-
strates in polymeric carriers.

olds occurred between 100 and 400 Hz [Spelman, 1982].
Despite the frequency-threshold characteristics of neural
fibers, signal processing and interference issues made
clear the necessity to drive the fibers of the auditory nerve
with pulses of short duration, indeed, of widths less than
100 ps [Wilson et al., 1991; Rubinstein and Miller, 1999;
Rubinstein et al., 1999]. Clear also was the need to de-
velop arrays with large numbers of electrode contacts, to
better approximate the design of the auditory system
[Merzenich and White, 1977; Spelman, 1982; Patrick et
al., 1990].

Modern cochlear implants consist of a microphone or
microphones, an external processor, a transcutaneous
data link, an internal processor and an electrode array.
This paper deals solely with the electrode array. Other
aspects of the cochlear prosthesis are covered in other
papers within this issue. The manufacturing techniques,
producers and basic properties of the major electrode ar-
rays presented here are summarized in table 1.

Organization of the Paper

Early studies in humans were done with six electrodes
that were inserted into the modiolus of the cochlea [Sim-
mons et al., 1964; Simmons, 1966]. That approach has
the benefit of bringing electrode contacts into direct prox-
imity with the cells of the auditory nerve, lowering the
threshold for electrical excitation. It suffers from the
tonotopic organization of the nerve fibers in the modio-

78 Audiol Neurotol 2006;11:77-85

lus: the fibers’ characteristic frequencies are organized in
a spiral whose axis is either parallel or orthogonal to the
direction of placement of contacts in the array [Geisler,
1998]. Modiolar arrays have not been used commercially
at the time of this writing, but are proposed as potential
designs for high-density devices because the modiolar ap-
proach lends itself to the use of silicon substrates [Badi et
al., 2003; Hillman et al., 2003]. Modiolar electrode arrays
may possibly be the heart of future implants and will be
discussed in more detail below.

The number of patients who have received brainstem
auditory implants is small. Brainstem implants are still
experimental devices. No commercial device has been
distributed widely. Brainstem arrays will not be discussed
in this paper.

Current commercial electrode arrays are placed in the
scala tympani of the cochlea. This paper will present a view
of arrays that have been developed and are currently in use,
and describe future designs of the scala tympani array.

Properties of a Cochlear Electrode Array

The length of the cochlea of the human is about 35 mm
[Geisler, 1998]. Ideally, a cochlear electrode array would
span the entire cochlea, stimulating the full population of
auditory neurons that span its length. To excite the speech
regions of the cochlea, the contacts of the array should stim-
ulate neurons whose center frequencies extend from 500
to 3000 Hz, that is, the array should span the distance from

Spelman



14 to 25 mm from the stapes [Greenwood, 1990]. With
25-30000 auditory neurons spread across the cochlea
[Geisler, 1998], and the necessity to have 20 independent
stimuli to reproduce speech signals in noise [Spelman,
2004], there should be a means by which 20 electric fields
could be produced within the 11 mm subtended by the
speech frequency region. One way to do so is to drive triads
of electrodes to produce potential widths that are approxi-
mately one electrode separation apart [Spelman et al.,
1995; Jolly et al., 1996; Middlebrooks and Bierer, 2001;
Bierer and Middlebrooks, 2004]. That requirement sug-
gests that the cochlear electrode array’s contacts should
have a pitch that is less than 0.5 mm. If musical sound is
desired, the array must extend nearer to the stapes than
14 mm in order to stimulate high-frequency neurons. If the
array extends from the highest frequencies to 500 Hz as
the lowest frequency, it must span 25 mm and should sup-
port at least 50 contacts for music appreciation.

Multipolar stimulation has higher thresholds of excita-
tion than monopolar stimulation [Spelman et al., 1995;
Middlebrooks and Bierer, 2001]. The higher thresholds
are a consequence of the electric fields produced when
electrodes are driven simultaneously to produce focused
potential fields [Spelman et al., 1995]. Thresholds can be
reduced if the electrode contacts are close to the target
neurons [Merzenich and White, 1977; Spelman et al.,
1995]. The electrode array should be placed near the mo-
diolar (central) wall of the cochlea. A cochlear electrode
array should be flexible to allow relatively easy surgical
insertion. Of course, the materials of the array must with-
stand the hostile milieu of a warm, saline environment
and be compatible with biological tissue.

A few properties of an ideal cochlear clectrode array
are these: flexibility for easy insertion and to minimize
damage; a means to ensure proximity to the modiolar wall
of the cochlea; high-density fabrication of electrodes; ma-
terials that are impervious to saline solutions; biocompat-
ibility; ease of manufacture for low cost. These properties
will be discussed below in the sections that describe elec-
trode arrays that are produced for human use and that
are in the research stage.

Modiolar Electrode Arrays

Wire Bundle Array: Simmons

Simmons’ first attempt to stimulate the auditory nerve
in humans was done in a surgical setting during which he
exposed and visualized the nerve, obtaining responses to
frequencies of 1 kHz and getting spoken responses from

Cochlear Electrode Arrays

the subject [Simmons et al., 1964]. Simmons et al. [1979]
implanted volunteers with chronic electrode arrays placed
inside the auditory nerve.

Monolithic Array: Normann

Richard Normann’s group at the University of Utah
is developing a three-dimensional electrode array to stim-
ulate the cells of the auditory nerve [Hillman et al., 2003].
The array consists of silicon needles, the tips of which are
plated with platinum and the shanks of which are insu-
lated. Each needle has a 1-mm length, and is spaced from
its neighboring needles by 400 wm. The needles are placed
on a silicon substrate in groups of 6-19, though the arrays
have been produced with as many as 100 contacts [Badi
et al., 2003]. The Utah array has been used successfully
in animal experiments. It was tested in anesthetized cats.
Arrays were driven into the auditory nerve with a pneu-
matic actuator [Hillman et al., 2003]. The auditory brain-
stem response was recorded, and the technique produced
thresholds of 3-60 pA using pulse widths of 75 ps/phase
and biphasic square pulses [Badi et al., 2003]. The contact
lengths can be varied, although they were not graded in
the experiments described here. The arrays have been
implanted for times as long as 52 h. The construction of
the arrays is novel and promising for automated manu-
facture. However, insertion into the auditory nerve may
require extensive testing after implantation to learn the
tonotopic organization of the contacts for each subject.
The proximity to cells should provide more confined ex-
citation of neurons than is available currently.

Early Work: Wire Bundle Arrays

House

William F. House was one of the early entrants into the
cochlear implant field, using a single scalar electrode and
a 16-kHz carrier, amplitude-modulated with auditory sig-
nals to drive the auditory nerve [House and Urban, 1973].
House reported that his patients heard environmental
sounds, e.g. doorbells and automobile horns, and had im-
proved speech production when they used the cochlear
implant [House and Berliner, 1991], a finding supported
by Bilger in his early report on the benefits of cochlear
prostheses [Bilger et al., 1977]. The House implant was
produced commercially by 3M in 1984 [House and Ber-
liner, 1991]. The House implant is still produced by All-
Hear (http://www.allhear.com/). However, multi-channel
implants make up by far the greatest, and most useful,
number of cochlear prostheses that are used today.

Audiol Neurotol 2006;11:77-85 79



Fig. 1. The Med-El PULSAR'® Elec-
trode array. The array is a wire bundle array
with the configuration derived from that de-
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scribed in the citation in the text. The upper i |

portion of the figure shows the array inte-
grated to the internal processor and current
driver package; the center image shows the
placement of twelve electrode contacts on
one side of the array; the bottom image de-
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picts the placement of electrode contacts on
both sides of the array. Dimensions are in
millimeters. Taken from www.medel.com.
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UCSF to Advanced Bionics

Robin Michelson and his coworkers began a series of
studies in animals in the 1960s, resulting in technology
transfer to the designers of cochlear implants, and then
to human subjects [Michelson, 1985]. The UCSF arrays
were made with 8 Pt-Ir (90% Pt-10% Ir) electrodes whose
surfaces were formed into mushroom shapes, and whose
carrier was molded to fit snugly into the human cochlea
[Michelson and Schindler, 1981]. The device consisted of
four paired electrodes of Pt-Ir, with four electrodes placed
near the bony shelf of the cochlea and four placed near
the modiolus [Rebscher et al., 1982]. The design took ad-
vantage of the direction of the peripheral processes of the
auditory nerve, producing stimuli that followed along the
lengths of the processes. The electrode array was built in-
tegral with its connector to the prosthesis’ internal proces-
sor, the whole assembly being molded of silicone [Reb-
scher et al., 1982]. The technology was transferred from
UCSF to Advanced Bionics in 1988, and later became the
prototype of the Advanced Bionics electrode arrays, used
in the Clarion® implant system. The array was wedded
to a four-channel processor; the initial designs were to be
driven as dipoles, developing fields that were at an acute
angle, but not parallel to the peripheral processes of the
nerve. The entire assembly was produced by hand.

Austria to Med-El

Erwin and Ingeborg Hochmair at the Technical Uni-
versity of Vienna developed a multi-channel, wire bundle
electrode array with an approach that was different from
that of UCSF, Cochlear Corp. and the French [Hochmair-
Desoyer et al., 1983]. The array was built manually on a
tapered silicone carrier with a basal diameter of 0.8 mm
and an apical diameter of 0.5 mm. It employed eight Pt-
Ir contacts arranged so that half were in a modiolar loca-
tion and half were on the opposite side of the array. The
array did not fill the scala tympani. The array was 16 mm

80 Audiol Neurotol 2006;11:77-85

long in the four-channel version, and was longer when it
was produced in six-, eight- and twelve-channel models.
All versions were tested in human subjects, and the longer
arrays could be inserted surgically to a depth of 25 mm.
The electrode was flexible and tractable for insertion. A
newer version of the array was tested as a modiolar-hug-
ging device that used a central fiber under tension to ap-
pose the electrodes to the modiolar wall [Jolly et al.,
2000].

Med-El still produces its 24-electrode arrays manually,
but may change that approach in the future (fig. 1, vide
infra).

The French Prosthesis

Professor C.-H. Chouard and colleagues introduced a
cochlear prosthesis in the 1970s. Their approach to elec-
trode design that differed somewhat from that of the oth-
erarrays is described here. They used 12-contact Pt-Ir ball
electrode contacts (0.3-mm spherical diameter) placed in
indentations on a half-cylindrical silicone carrier for im-
plantation in an unobstructed scala tympani. In the case
of malformed cochleae, they inserted Pt-Ir ball electrodes
into the scala via surgical fenestrations [MacLoed et al.,
1985]. Cochlear prostheses with 15-contact arrays, based
on the Chouard design, are currently produced in France
by MXM Laboratories (Cote d’Azur, France).

The LAURA Cochlear Implant

The University of Antwerp introduced the LAURA
cochlear implant in 1993 [Offeciers et al., 1998]. The ef-
fort was adopted by the Philips Corporation, but has not
been sold worldwide. There are few details available on
the LAURA electrode array. However, the designers of
the LAURA implant proposed a new electrode array in
2003 [Deman et al., 2003]. The array is designed to oc-
cupy the entire scala tympani as a tapered, space-filling
structure and has 48 contacts arranged with 24 contacts

Spelman



to be placed near the basilar membrane and 24 on the
opposite side of the device. The purpose is to achieve cur-
rent flow in the radial direction of the cochlea. The con-
tacts are stamped from platinum, attached to wires, and
then the silicone substrate is injection molded to produce
a spiral shape. Insertion tests in an acrylic model of the
human cochlea produced forces appropriate for human
use. The device has not been implanted in human sub-
jects at the time of this writing.

Clark and Cochlear Corporation

Clark et al. [1975] reported on an electrode array that
they introduced into human temporal bones from an
opening drilled into the apex of the cochlea.

They described a more practical device in greater de-
tail later, introducing the concept of a wire bundle array
with cylindrical electrode contacts [Clark et al., 1983].
This novel array had the advantage that it did not require
rotation to face the electrodes toward the modiolar wall
of the cochlea. However, it had the disadvantage that cur-
rent exits the electrodes in all radial directions. The elec-
trodes were made of Pt-Ir rings that had widths of 0.3 mm
and separations of 0.45 mm. The original design used a
silicone tube with a uniform diameter of 0.64 mm. The
arrays that have been adopted and which are manufac-
tured by Cochlear Corporation are tapered along their
lengths.

Cochlear’s present array, the Contour Advance™ Ar-
ray, has 22 electrode contacts that are inserted into the
scala tympani via the basal turn (fig. 2). The present ar-
ray can be inserted to a depth of more than 20 mm. It
apposes the modiolar wall by means of a premanufac-
tured shape (fig. 2; www.cochlearamericas.com/Prod-
ucts/23.asp). To resist folding of the shaped array, it is
inserted with a tool that straightens it during the surgery.
The present array has rectangular rather than cylindrical
electrode sites. Cylindrical sites are not required for
radial symmetry because the spiral shape of the array
places the contacts near the modiolar wall of the cochlea.
Reducing the surface area of the electrode sites helps to
concentrate the electric fields where they are needed to
excite neurons. This array is manufactured by hand.

Materials Used

Substrates

Cochlear electrode arrays have used silicone rubber
(dimethylsiloxanes) carriers, Pt-Ir electrode contacts, and
Pt-Ir wires that are insulated with fluoropolymers. The

Cochlear Electrode Arrays

.a»_.ai‘-;;:ﬁmu.n_-ﬁ‘-mﬁ‘“'ﬁ”‘“ﬂ ar

Fig. 2. The Contour Advance™ electrode array of Cochlear Cor-
poration. a The electrode array with a stilette inserted to straighten
the device. The stilette can be seen at the left side of the figure. The
active contacts are to the right of the rings that are visible in the
center of the figure. The contacts to the left of the rings are for re-
turn current and are outside of the scala tympani. b Close-up image
of the array with the stilette removed. The SofTip® is visible at
the center of the spiral. The 22 active contacts are clearly seen in
the figure. These images are courtesy of Cochlear Americas, Inc.,
C. van den Honert.

contacts have been made of Pt for its durability and safe-
ty under the conditions of long-term pulsatile stimulation
and Ir for its strength [Spelman, 1982]. Silicone rubber is
used for its low toxicity, durability during long-term ex-
posure to aqueous salt solutions and mechanical flexibil-
ity [Colas and Curtis, 2004].

Electrode Contacts

More recently, researchers have investigated the ox-
ides of iridium as electrode contacts [Cogan et al., 2003a,
b]. Iridium oxide electrodes were suggested carlier [Rob-
blee and Rose, 1990]; no commercial arrays employ them
at present, although the material is under active investi-
gation by several groups. The oxides of iridium have

Audiol Neurotol 2006;11:77-85 81



Fig. 3. Sketch of Berrang’s electrode array design copied from U.S.
Patent 6,374,143. The array is formed on a polymer substrate with
a silastic core. The beam (10) in the center of the array provides the
torque necessary to approximate the array to the modiolar wall of
the cochlea.

charge storage capacities, that is, the ability to deliver
electric currents over time, that are more than ten times
those of Pt surfaces. Additionally, the oxides of iridium
appear to be safe to use over long times in neural tissues
[McCreery et al., 1992].

Manufacturing Techniques

The evidence offered above shows that present-day
electrode arrays are built by hand. That approach requires
highly skilled technicians to produce the arrays, long
manufacturing times and high cost relative to devices that
are manufactured automatically in large quantities. The
idea of using integrated circuit techniques for artificial
ears dates to the early 1970s [Sonn, 1972]. Sadly, nothing
came of Sonn’s work, although he covered several key
points in detail: the use of polymeric substrates; sputter-
ing metals onto plastics; feedlines; connectors; biocom-
patibility [Sonn, 1972].

Mercer and White [1978] designed monolithic elec-
trode arrays and drove them into the auditory nerves of
anesthetized cats. The arrays were designed first as gold-
on-silicon and then developed as molybdenum or tung-
sten substrates with Pt electrodes. Mercer and White re-
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ported low threshold currents and reasonable recording
from separate arrays that were placed in the inferior col-
liculus. The eight-contact arrays were robust when they
were produced with the metallic substrates [Mercer and
White, 1978]. Later, the Stanford group built electrode
arrays on flexible polymers, choosing polyimide as a sub-
strate and iridium as a contact. Titanium was deposited
on spun polyimide, with a conducting layer of iridium
evaporated on top of the titanium [Shamma-Donoghue
et al., 1982]. The Stanford array never was used in human
subjects. Some of the details of the techniques of deposi-
tion and difficulties encountered are found in the quar-
terly progress reports of the Stanford NIH Contract, NO1-
NS-0-2336, which was extant during the early 1980s.

A few years after Sonn proposed his device to Raythe-
on, van der Puije published a novel concept of an electrode
array [van der Puije et al., 1989]. Van der Puije introduced
several ideas, one of them the development of a cylindri-
cal electrode array formed around a silicone core. He sug-
gested the use of ring electrodes, already introduced by
Clark [Clark et al., 1983]. However, van der Puije’s array
was based on a polyimide substrate, with a layer of tita-
nium followed by an overcoating of platinum. Contacts,
feedlines and wiring pads were sputter etched from the
layered metal, using standard photolithographic tech-
niques to distinguish the desired conductors from the sub-
strate [van der Puije et al., 1989]. The surface of the array
was insulated with another layer of polyimide. Using a
special die, the flexible structure was rolled into a cylinder
of 0.5-mm diameter whose central cavity was filled with
silicone [van der Puije et al., 1989]. After the initial pub-
lication, no further work was reported on the electrode
array, which never was implanted in human subjects.

More recently, Berrang et al. [2002b] have patented
their design of a modiolar-hugging cochlear electrode ar-
ray.

Figure 3 shows a sketch of the design, taken from a
U.S. Patent for the device [Berrang et al., 2002b]. The ar-
ray incorporates many of the desirable characteristics of
a cochlear electrode array [Merzenich and White, 1977,
Stypulkowski, 1984; van den Honert, 1984]. (1) The elec-
trodes (numbers 3 and 19 in fig. 3) can be driven either
as longitudinal sets or as radial bipolar pairs. (2) The ar-
ray has a preferential direction of bending so that it ap-
proximates the cochlear spiral. (3) The array can be made
to hug the modiolar wall because of the central beam (10
in fig. 3), and the backbone that lies on the side of the lat-
eral wall of the cochlea. Berrang and Lupin [2002] pat-
ented an insertion technique for entry of the array into
the cochlea. The Berrang array is designed to be a part of

Spelman



a totally implantable cochlear implant [Berrang et al.,
2002a]. Berrang’s company, Epic Biosonics, was bought
recently by Med-El. As of this writing, the Berrang array
has not been used in human subjects.

Others have tried to automate the manufacture and
production of cochlear electrode arrays. Two designs
sought to both automate the manufacturing process and
increase the number and density of electrode contacts.
The first was a marriage of wire-based technology and
automated manufacture in which tiny, insulated Pt-Ir
wires were formed automatically into a layered spiral
form with a central shape-memory core [Corbett et al.,
1997; Spelman et al., 1998].

Insulation was removed with laser ablation, provid-
ing the potential of having more than 70 contacts of
1500 wm? and inter-contact separations of 0.1 mm. Pro-
totypes were tested in preliminary studies in animals,
demonstrating the potential of focusing fields on small
groups of auditory neurons [Jolly et al., 1997]. As studies
progressed, the investigators found that yield was small
because the insulation on the wires developed pinholes
that produced crosstalk between contacts.

Corbett et al. [2004] at Advanced Cochlear Systems
(Snoqualmie, Wash., USA) developed a flexible, layered
array on substrates of liquid crystal polymer. The array
could be built with microcircuit techniques, which could
be automated. To produce an array of 72 contacts, seven
layers of 25-pm liquid crystal polymer were used, each
separated by another layer (fig. 4). Traces were deposited
on each layer, terminated in vias that were developed at
the edge of the array. The vias were plated, and could be
made of a variety of metals. The initial design specified
iridium oxide contacts. Several limited prototypes with
twelve gold or iridium oxide contacts were made for in-
sertion into the first turn of the scala tympani of the cat.
Experiments in the laboratory of Russell Snyder [pers.
commun.] confirmed that it was possible to focus stimu-
li onto small groups of auditory neurons, confirming the
results obtained by Middlebrooks and Bierer [Middle-
brooks and Bierer, 2001, 2002; Bierer and Middlebrooks,
2002]. The animal data obtained with this array indicate
that it should be possible to excite several independent
groups of neurons simultaneously. Still, the array has not
been incorporated into a clinical device.

Investigators at the Wireless Integrated MicroSystems
Engineering Research Center at the University of Michi-
gan are working to develop flexible, high-density elec-
trode arrays for cochlear implants. Their most recent an-
nual report briefly explains the design of a number of
techniques that may permit the use of silicon substrates

Cochlear Electrode Arrays

Fig. 4. Sketch of Corbett’s multi-layered cochlear electrode array.
For details, see text. Sketch courtesy of Scott S. Corbett, III, with
permission.

Fig. 5. Image of a prototype electrode array produced by the Uni-
versity of Utah to place in the modiolus of the cochlea. The array
is designed to penetrate the auditory nerve. Taken from www.sci.
utah.edu/~gk/abstracts/bisti03/img/array_bw.png.

as platforms for cochlear implants. Arcand and Friedrich
[2004] describe an articulated device that uses fluidics to
achieve a spiral shape and to position the array against
the modiolar wall of the cochlea. The device achieves a
spiral shape of 1-2 turns, and looks promising. They do
not mention either animal tests or insertion tests in co-
chlear models or temporal bones. However, in the same
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organization, Bhatti et al. [2004] describe a high-density
electrode array for the guinea pig. It employs contacts of
180-pum diameter that are spaced 250 wm center-to-cen-
ter. The device is coupled to monolithic current genera-
tors and testing devices, and looks promising for insertion
into the first turn of the guinea pig’s cochlea.

The Michigan group is working toward a systems ap-
proach, with cochlear electrode arrays, positioning de-
vices, force sensing devices and stimulators [Arcand and
Friedrich, 2004; Bhatti et al., 2004; Tang and Aslam,
2004; Wang and Wise, 2004]. If they are successful, the
goal of building a high-density, relatively inexpensive,
precise cochlear electrode array may be achieved.

The Utah array can be manufactured automatically,
using the techniques that are used to fabricate integrated
circuits. It can support large numbers of contacts, al-
though experimental work in vivo has been limited to 19
contacts [Hillman et al., 2003]. Arrays with 100 contacts
have been fabricated and tested in vitro (fig. 5).

If human testing protocols can be perfected, this ap-
proach may provide promise to provide more indepen-
dent channels of information than can be provided by
scala tympani arrays. Still, sorting the tonotopic arrange-
ment of the contacts in human patients may prove to be
a daunting task.

Future Electrode Arrays

Future cochlear electrode arrays are likely to contain
more contacts than the devices that are implanted cur-
rently. Scala tympani arrays will continue to be placed
close to the modiolar wall of the cochlea in order to reduce
thresholds and increase specificity. Whether the arrays
will be manufactured by hand or automatically is unclear
at this point. If the Michigan group is successful [Arcand
and Friedrich, 2004], silicon arrays may well be placed in
human ears. A human array that employs flexible circuit
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able ability to sense the direction of an incident sound
wave [Miles et al., 1995; Mason et al., 2001]. The fly’s
auditory system has evolved in such a way that it is ide-
ally suited to hearing and localizing a cricket’s mating call
[Robert et al., 1992]. The parasitic female must find a
specific host cricket on which to deposit her predaceous
maggots. Hence, gravid female O. ochracea locate calling
male crickets using auditory cues. The offspring are de-
posited on or near a cricket and ultimately consume it.
Our initial efforts to study the fly’s ears were on determin-
ing the mechanism by which these small animals localize
the sounds from the cricket. It seemed surprising that
such a small animal, roughly the size of a housefly, pos-
sessing auditory organs with eardrums separated by a few
hundred microns, could be so adept at localizing sounds.
Over the past decade, we have conducted a thorough me-
chanical and anatomical investigation of the ears of this
animal [Robert et al., 1994, 1996; Miles et al., 1995,
1997].

In the following, we describe the mechanism for direc-
tional hearing in this animal. As will be apparent, these
flies have evolved a unique mechanism for directional
hearing, based on mechanical coupling of its eardrums.
This ‘invention’ of nature has inspired a useful exercise
in biomimicry, in which the physical acoustics of fly’s ears
serve as a basis for novel microphone design. The prin-
ciples used for developing conventional directional mi-
crophones will be described along with a discussion of the
evolution and performance possibilities of the current
Ormia-inspired microphones. Because these new micro-
phone designs are made possible by the use of new fabri-
cation technologies, some of the challenges and opportu-
nities for future advances in microphone constructions
are discussed.

The Unusual Ears of O. ochracea

Laser vibrometric measurements of the mechanical re-
sponse of the ears of O. ochracea indicate that when sound
arrives from one side, the tympanum that is closer to the
sound source responds with significantly greater ampli-
tude than that which is further from the source. This oc-
curs even though the two eardrums are very close togeth-
er, both fitting in a space about 1 mm across. Because of
the minute separation between the eardrums, the inter-
aural differences in incident pressure are extremely small.
The interaural difference in mechanical response is due
to the coupling of the ears’ motion by a cuticular structure
that joins the two tympana, which we have named the

Biologically-Inspired Microphone for
Hearing Aids

Fig. 1. The ears of O. ochracea and a mechanical model used to
describe the directional sensitivity. The two tympana are the cor-
rugated membranes that are mechanically connected through the
intertympanal bridge, shown here with the numbers 1, 2, and 3.
The central point (3) acts as a hinge. The sensory cells are connect-
ed to the tympanal pits (1 and 2). The mechanical model includes
equivalent stiffnesses, K;, K,, and K3 and equivalent viscous dash-
pots, Cy, C,, and C; [Miles et al., 1995].

intertympanal bridge, as shown in figure 1 [Miles et al.,
1995]. This was the first report of the use of a mechanical
link between a pair of ears to achieve directionally sensi-
tive hearing, which had not been previously reported in
any other animal.

We developed an analytical model of the ears of
O. ochracea that accurately predicts the mechanical re-
sponse of the eardrums when stimulated by sound from
any incident direction [Miles et al., 1995]. An examina-
tion of this model shows that the system can be repre-
sented in terms of two independent resonant modes of
vibration that are excited by a sound wave as shown in
figure 2. This consists of a rocking mode, in which the two
eardrums move in opposite directions, and a translation-
al mode, in which the ears move in the same direction.
The rocking mode is driven by the difference, or gradient,
in pressure between the two exterior surfaces of the ears.
The translational mode is driven by the average pressure

Audiol Neurotol 2006;11:86-94 87



Fig. 2. The combination of a rocking mode
and translational mode leads to directional
sensitivity.

1. Rocking mode

2. Translational mode

Result

on the two ears. Operating under an appropriate set of
mechanical properties for the ears, these two modes com-
bine such that they add on the ear that is closer to the
sound source and cancel on the ear that is further from
the source. With the right choice of mechanical proper-
ties, this effect produces a directionally sensitive response
in the fly’s ears over a frequency range of about 5 kHz to
over 25 kHz [Miles et al., 1995]. As shown in the lower
schematic in figure 2, this mechanical coupling can gener-
ate a significant interaural difference in tympanal re-
sponse, in the face of minute interaural difference cues in
the sound field at the location of the ears. This difference
in the amplitude of the motion at the two ears is due to
very small differences in the phase of the incoming wave
at the external surfaces of the tympana. One can view this
system as a simple mechanical signal processor that com-
bines the pressure gradient with the average pressure to
achieve a directionally sensitive response [Miles et al.,
1997].

This approach to sound source localization differs
from what is used in most large vertebrate animals, like
ourselves, in which two independent ears detect the sound
and interaural differences in amplitude and time of ar-
rival are processed by the central nervous system to de-
termine the orientation of the sound source. Very little or
no interaural processing takes place at auditory periph-
ery, which is the ‘secret’ of the fly’s ears. We exploit this
mechanistic difference in device design below.
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Comparison with Conventional Directional
Acoustic Sensing

Any system that responds to sound pressure in a man-
ner that depends on the direction of propagation of the
wave must detect the spatial gradient in the pressure. The
straightforward methods of creating a conventional pres-
sure gradient sensor use either the difference in the re-
sponse of two independent microphones (where the sub-
traction is accomplished by electronic circuitry or signal
processing) or a pressure-sensitive membrane that re-
sponds due to the net (i.e. difference) pressure on its two
sides.

The essence of what is special about the ears of O.
ochracea is that miniscule pressure gradients in the sound
field cause the pair of eardrums to rotate about a central
anatomical pivot point in the rocking mode shown in fig-
ure 2. Essentially, the pressure gradient creates a net mo-
ment, producing rotation of the entire assembly about the
pivot. Figure 3 shows a schematic of an Ormia-inspired
pressure gradient diaphragm on the left and a conven-
tional gradient diaphragm on the right. In the conven-
tional diaphragm, the two pressures act on the top and
bottom surface of a simple membrane. The membrane
responds to the net force produced by these pressures,
which is equal to the pressure difference because they act
on opposite sides of the diaphragm. The use of an acous-
tic pressure gradient to produce a moment and hence a
rotation of a diaphragm suggests a significant departure
from previous approaches to directional acoustic sensing.

Miles/Hoy



Diaphragm
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Fig. 3. Schematic of an Ormia-inspired pressure gradient dia-
phragm on the left and a conventional gradient diaphragm on the
right. In the Ormia-inspired microphone diaphragm, the difference
in sound pressure applied at points 1 and 2 produces a net moment,
and hence a rotation of the entire assembly about a pivot. In the
conventional diaphragm, the two pressures are sensed at the open-

This approach offers a host of design possibilities and the
potential of radically improved performance.

Because nature conferred upon the small Ormia fly an
unusual technique to detect pressure gradients, i.e. an
auditory system that is severely constrained by size, it
seemed appropriate that engineers interested in small,
sensitive, and robust directional microphones should also
examine the merits of this approach.

The Evolution of the Engineering Design -
Biomimetic Directional Microphone

Because the materials and fabrication processes that
are available preclude simply ‘copying’ of the design of
Ormia’s ear, our approach has been to mimic, or borrow,
the essential ideas rather than create a high fidelity rep-
lica. This becomes the starting point of an extensive en-
gineering design process. The analysis and design of the
mechanical diaphragm structure involved engineering
evolution. The earliest design consisted of a membrane,
or thin plate, supported along its perimeter and stiffened
and tuned with masses in order to emphasize the response
to the difference in pressure [Gibbons and Miles, 2000;
Miles et al., 2001; Yoo et al., 2002]. Lessons learned from
the analysis and fabrication of this structure led to the
realization that a considerably more compliant (and
hence more responsive to sound) diaphragm could be
constructed if it was fashioned out of a stiffened plate and
supported by carefully designed hinges as shown in fig-
ure 4 [Miles et al., 2001; Tan et al., 2002]. In this design,

Biologically-Inspired Microphone for
Hearing Aids

7

2

ings of two ports separated by the distance d as shown in the figure
on the right. The microphone package then directs these pressures
such that they act on the top and bottom surface (denoted by points
1 and 2) of a simple membrane. The membrane responds to the net
force produced by these pressures, which is equal to the pressure
difference because they act on opposite sides of the diaphragm.

rather than attempt to construct a diaphragm that pos-
sesses both the rocking and translational modes of Or-
mia’s ear (as shown in figure 2), we sought the more mod-
est goal of constructing a pressure gradient microphone
that responds primarily with the rocking mode; the stiff-
ness of the structure was designed so that the natural fre-
quency of the translational mode of figure 2 was above
the frequency range of interest (approximately 40 kHz).
The materials and fabrication constraints thus led to a
significant departure from the morphology of the fly’s ear
but the essential principle of differential sensing is still
employed. In order to achieve the effect of the in-phase
mode, one can add another nondirectional microphone
and combine the signals to obtain any of the directivity
patterns that are possible with a first-order directional
Sensor.

Differential Microphone Acoustic
Performance

In this section, predicted results for the sensitivity and
noise performance of the Ormia differential microphone
(fig. 4) are compared with that of a conventional design
(such as depicted in the right panel of figure 3). The per-
formance of several specific designs are compared to il-
lustrate some of the advantages of the present approach.
Since our goal is to develop very small acoustic sen-
sors, we deliberately used silicon microfabrication tech-
niques.
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Fig. 4. Ormia-inspired differential micro-
phone diaphragm. This diaphragm is sup-
ported only on carefully designed pivots. A
slit separates the diaphragm from the sur-
rounding substrate everywhere except at
the pivots. A finite element model of the
diaphragm is shown at the top, and a mesh
of amodel used to examine stresses is shown
in the lower left. A scanning electron micro-
graph of a diaphragm fabricated out of poly-
crystalline silicon is shown on the lower
right. The rectangular diaphragm has di-
mensions 1 x 2 mm.

In order to facilitate the design process, it is important
to use a computationally efficient means of estimating the
acoustic sensitivity of the diaphragm. Because of the com-
plexity of the diaphragm structures that can be fabricated
in silicon, it is appropriate to use the finite element meth-
od to model the dynamic response. Based on the detailed
finite element models, we have established that the design
behaves much like a rigid body that rotates about the piv-
ots shown in figure 4. This is determined by predicting
the resonant mode shapes and natural frequencies of the
structure. In our typical design, the rocking mode (as il-
lustrated in the upper left of fig. 2) has a resonant fre-
quency between 1 and 2 kHz, while the translational
mode has a resonant frequency between 30 and 40 kHz.
The translational mode is thus above the frequency range
of human hearing in these designs.

With the assumption that the diaphragm structure be-
haves like an ideal rigid body, with a response that is dom-
inated by the rocking mode, we can estimate the response
to sound by calculating the moment applied to the dia-
phragm by a plane acoustic wave that is incident at an
angle ® relative to the direction normal to the plane of the
diaphragm. The analysis of this simplified lumped-param-
eter representation of the diaphragm requires knowledge
of the equivalent stiffness of the pivots and of the mass
moment of inertia about the pivots. These quantities may
be readily determined by using the detailed finite element
model. We have shown that this lumped-parameter mod-
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Detailed Design

Pivots

Finite element model

el, where the parameters are identified by the finite ele-
ment method, yields accurate predictions of the response
of the diaphragms to sound [Tan et al., 2002].

A similar approach can be taken to estimate the sensi-
tivity of a differential microphone that is fashioned out
of a conventional diaphragm as in the right panel of fig-
ure 3. The diaphragm can be modeled as a flexible plate
with fixed boundaries. In this comparison, the sound field
isassumed to enter the microphone through the two open-
ings separated by the distance d in the right side of fig-
ure 3. The difference in the pressures on the top and bot-
tom sides of the diaphragm (labeled 1 and 2 in the figure)
produce a net force on the diaphragm. In both of these
microphones, it is assumed that the wavelength of sound
is significantly longer than the distances L or d in figure 3.
We will assume that capacitive sensing is used to obtain
an electronic signal from the microphones.

The sensitivities of the differential microphone con-
cepts shown in figure 3 may be estimated from:

_ V,2siw(L12)’ cos(¢)/(clh)

S,
° w2 —w? + w2Cw,
and
v Sazzlugcos(@/mc
S = ___ €
Ch Wt 2w,
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where the subscripts o and ¢ denote the Ormia and con-
ventional concepts shown on the left and right of fig-
ure 3, respectively. S, and S, are the sensitivities of the
microphones in volts/Pascal, i = |-1, ¢ is the sound speed,
® is the angle of incident sound, o, and w, are the reso-
nant frequencies of the conventional and ormia direc-
tional microphone, respectively,

[k [k,
W, = P W, = 7,

and o is the driving frequency.

The dimensions of the microphones are assumed to
both be 1 x 2 mm, and the structures are constructed
out of 1-pm-thick polysilicon. Both microphones thus
have the same area s. For the Ormia microphone, the
total mass, obtained from our finite element model is
m = 0.975 x 10~® kg, the mass moment of inertia about
the axis through the supports is 7= 3.299 x 107! kgm?.
The resonant frequency of the rotational mode w,, is pre-
dicted to be 1409 Hz. For the conventional microphone,
the mass is m, = 0.46 x 10~% kg, the resonant frequency
of the diaphragm w, is found to be about 10 kHz. The
bias voltage V;, = 1 V and the distance between the dia-
phragm and the backplate electrode is # = 3 pm. The
damping constants in each design are selected to achieve
critical damping, i.e. {,={, = 1. The parameter « is equal
to 0.69. This parameter is computed by taking the inner
product of the first vibrational mode shape of the
clamped plate with the uniformly distributed acoustic
pressure.

Predicted acoustic responses for the two microphone
diaphragm designs show that the Ormia microphone has
approximately 20 dB greater sensitivity of the conven-
tional microphone over the audible frequency range [Tan
et al., 2002].

Along with the acoustic sensitivity, it is also very im-
portant to examine the lowest sound levels that can be
measured with a given microphone. This is limited by the
self-noise of the microphone [Gabrielson, 1993]. Noise
performance of microphones is usually characterized by
using the A-weighted overall equivalent sound pressure
due to the noise. In order to construct a fair comparison
of the noise performance of candidate designs, a compen-
sation filter is utilized so that the signals from the micro-
phones are adjusted to have identical frequency respons-
es. The compensation filter for each microphone signal
was applied to achieve a flat frequency response from
250 Hz to 8 kHz. The noise of the microphone results
from energy dissipation in the system that can be thought
of as being due to equivalent dashpots that are distrib-

Biologically-Inspired Microphone for
Hearing Aids

uted over the diaphragm surface. The microphone self,
or thermal noise in dBA may be estimated from

N=135.2+101logio Py,

where P, is the white noise power spectrum due to ther-
mal noise, Py; = 4 k,TR/s? [Gabrielson, 1993]. k; is
Boltzmann’s constant, k, = 1.38 x 10723 J/K, T is the
absolute temperature, s is the area over which the dash-
pots act, R is the equivalent dashpot constant. In this
comparison the value of R has been taken such that each
design is critically damped so that the damping ratio is
unity, i.e. {,={,=1. It is found that the predicted thermal
noise floor of the conventional microphone is 40.4 dBA
while that of the Ormia differential microphone is 20.8
dBA [Tan et al., 2002].

The significant reduction in thermal noise of the Or-
mia differential microphone results from the fact that the
compliance of the diaphragm can be made to be very high.
This high compliance is achieved by careful design of the
pivot supports.

Our approach enables us to create almost any desired
stiffness (or compliance) of the diaphragm through the
proper design of the support at the pivot. The only ways
to adjust the stiffness of a conventional diaphragm, being
essentially a plate or membrane, are to adjust its thick-
ness, or change its initial tension. The reduction of the
diaphragm thickness introduces a host of fabrication dif-
ficulties and raises concerns over the device’s durability.
The frequency response of the diaphragm will also suffer
as its thickness is reduced because unwanted resonances
will appear in the frequency range of interest. Because our
design consists of a stiffened plate supported on a care-
fully designed hinge, we are able to design it so that any
unwanted resonances are well above the frequencies of
interest.

Current Challenges and Future Opportunities

Based on the predicted results described above, there
are significant benefits to the use of a rather unconven-
tional microphone diaphragm that would be very difficult
to realize without the precision that is available through
silicon microfabrication. Silicon microfabrication en-
ables the use of novel diaphragm constructions that are
likely to lead to significant performance benefits as this
technology matures.
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Fabrication Issues

In order for any promising microphone concept to
have an impact on the hearing impaired, it is essential
that great care be taken at the outset to ensure it ultimate-
ly can be fabricated in a cost-effective way. Silicon micro-
fabrication has great potential to provide devices that can
be manufactured using a minimum of human labor and,
subsequently, low cost. The promise of low-cost devices
has been a primary motivation in nearly all research on
silicon microphones and it has proven an intoxicating
lure for a number of microphone manufacturers. Despite
these efforts, however, much more needs to be done to
develop microphone designs that can be fabricated with
a sufficiently high yield to make this approach cost-effec-
tive.

It is widely accepted that by far the biggest challenge
in fabricating microphones out of silicon (or other mate-
rials used in microfabrication) is the reduction of the in-
fluence of stress on the structural integrity and dynamic
properties of the microphone diaphragm [Pedersen, 2001;
Loeppert, 2001]. Unfortunately, due to the microme-
chanical properties of the materials, the fabrication pro-
cess typically results in a significant amount of stress in
the diaphragm that can be sufficient to result in fracture
of a significant percentage of the devices before the fab-
rication is complete. In addition, the stress is strongly
dependent on fine details of the fabrication process that
are almost impossible to control sufficiently. Since the
typical microphone diaphragm consists of a very thin
plate, stress (either tensile or compressive) can have a
marked influence on the dynamic response. Stress nearly
always has significant detrimental effects on microphone
performance.

Myriad approaches have been developed to reduce the
effects of stress on silicon microphones including the use
of corrugations and stress relieving supports [see for ex-
ample Scheeper et al., 1994; Bergqvist and Rudolf, 1994;
Zhang and Wise, 1994; Jennan, 1990; Cunningham and
Bernstein, 1997; Spiering et al., 1993].

By incorporating a diaphragm as shown in figure 4
that, by design, has significant bending stiffness, in-plane
stresses due to fabrication have substantially less impact.
It is also important to note that the overall compliance of
the diaphragm is determined by the design of the pivot
supports, not the thickness or stress in the diaphragm as
in conventional approaches. As a result, our design ap-
proach avoids many of the difficulties caused by stress in
silicon microphones.

92 Audiol Neurotol 2006;11:86-94

Performance Limitations due to Capacitive
Sensing

Capacitive sensing, either through the use of a charged
electret or a biased back-plate, is employed in the vast
majority of miniature microphones that have sufficiently
low noise and high sensitivity to be candidates for use in
hearing aids. It is well known, however, that the use of
capacitive sensing places significant design limitations on
the microphone diaphragm that adversely impacts the
electronic noise performance. In addition, due to the vis-
cosity of air, the use of a biased electrode in close proxim-
ity to the diaphragm introduces a significant source of
microphone self-noise. A major breakthrough in micro-
phone performance may be achievable through the use of
alternative sensing methods, such as optical sensing, by
eliminating many of these design limitations.

To illustrate the limitations imposed on the noise per-
formance of the read-out circuitry used in a capacitive
sensing scheme, consider a simple model of a conven-
tional (nondirectional) pressure-sensitive microphone.
Suppose the buffer amplifier used to convert the change
in microphone capacitance to an electronic signal has a
white noise spectrum given by N volts/|Hz. If the effec-
tive sensitivity of the capacitive microphone is S volts/
Pascal then the input-referred noise will be N/S Pascals/
JHz. In a conventional (nondirectional) capacitive micro-
phone, the sensitivity may be approximated by S = V,4/
(hk) where V), is the bias voltage, 4 is the area, / is the air
gap between the diaphragm and the back plate, and k is
the mechanical stiffness of the diaphragm. Here we have
assumed that the resonant frequency of the diaphragm is
beyond the highest frequency of interest. The input re-
ferred noise of the buffer amplifier then becomes N/S =
Nhk/(V,A4) Pascals/JHz. Based on this result, one is
tempted to reduce this noise by increasing the bias volt-
age, V), or by reducing the diaphragm stiffness, k.

Unfortunately, one is not free to adjust these param-
eters at will because the forces that are created by the bi-
asing electric field can cause the diaphragm to collapse
against the back plate. In a constant-voltage (as opposed
to constant charge) biasing scheme, the maximum voltage
that can be applied between the diaphragm and the back
plate is called the collapse voltage given by

8 ki
V;ol]apsc = E g’

where ¢ is the permittivity of the air in the gap. Dia-
phragms that have low equivalent mechanical stiffness,
k, will thus have low collapse voltages. To avoid collapse,
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one must have Vj, << Vi yjiqpse- The above equation clear-
ly shows that the collapse voltage can be increased by in-
creasing the gap spacing, 4, but this comes at the cost of
reducing the microphone capacitance (and electrical sen-
sitivity), which is inversely proportional to the nominal
spacing, /4. Since miniature microphones (and particu-
larly silicon microphones) have very small diaphragm ar-
eas, A, the capacitance tends to be rather small, on the
order of a pF. The small capacitance of the microphone
challenges the designer of the buffer amplifier because of
parasitic capacitances and the effective noise gain of the
overall circuit. For these reasons, the gap, A, used in sili-
con microphone designs tends to be small, on the order
of 5 pm.

The use of a gap that is as small as 5 pm introduces
yet another limitation on the performance that is imposed
by capacitive sensing. As the diaphragm moves in re-
sponse to fluctuating acoustic pressures, the air in the
narrow gap between the diaphragm and the back-plate is
squeezed and forced to flow in the plane of the diaphragm.
Because / is much smaller than the thickness of the vis-
cous boundary layer (typically on the order of hundreds
of wm), this flow produces viscous forces that damp the
diaphragm motion [Skvor, 1967; Bergqvist, 1993; Ho-
mentcovschi and Miles, 2004, 2005]. It is well known that
this squeeze film damping is a primary source of thermal
noise in silicon microphones [Gabrielson, 1993]. By elim-
inating the constraints imposed by capacitive sensing
along with the constraints of conventional diaphragm de-
sign approaches, microphone designs will be able to break
through significant performance barriers.

In order to decouple the design of the diaphragm’s
compliance from the requirements of the sensing scheme,
we are developing optical methods that do not require the
use of significant bias voltages [Hall and Degertekin,
2002; Cui et al., 2006]. Preliminary calculations indicate
that this sensing approach can achieve noise floors less
than 20 dBA, rivaling those of large precision micro-
phones.

Improvements in Fabrication Technology Will
Lead to Improved Designs

While there have been numerous efforts to fabricate
silicon microphones, thus far very few have led to suc-
cessful commercial products. The technology of fabricat-
ing silicon sensors is still relatively immature, particu-
larly compared to the very mature and highly successful
electret microphones as currently used in hearing aids.

Biologically-Inspired Microphone for
Hearing Aids

Nonetheless, because silicon fabrication technology per-
mits the creation of extremely precise and complex mi-
crostructures, it opens up a new world of possibilities in
sensor design.

When a revolutionary technology arrives, its primary
advantages may not be initially appreciated by designers.
As an example, the earliest transistor circuits quite natu-
rally bore a strong resemblance to vacuum tube circuits
with the transistors replacing the function of the tubes.
When designers learned more about the advantages of
transistors, entirely new circuit topologies were created,
making integrated circuits possible.

This effect has also occurred in the development of
silicon accelerometers. While the initial designs resem-
bled conventional accelerometers that were reduced in
size, current silicon accelerometer designs utilize com-
plex structures for their proof-mass and microscopic in-
terdigitated comb fingers for capacitive sensing of the mo-
tion of the proof mass [see for example Xie et al., 2004].
These new sensor designs have evolved to take advantage
of what can be accomplished with silicon microfabrica-
tion.

With very few exceptions, existing attempts to fabri-
cate silicon microphones amount to a dramatic miniatur-
ization of the same sorts of structures that are used in
conventional microphones. They consist of a thin dia-
phragm supported around its perimeter, and a back plate
a small distance away to permit capacitive sensing [see
for example Bergqgvist and Rudolf, 1995]. It is likely that
the real advantages of silicon microfabrication for micro-
phones have yet to be discovered. When they are, a revo-
lution in microphone technology may occur.

We believe that one example of this technology ‘com-
ing of age’ is the development of the differential micro-
phone diaphragm we have developed. This structure
takes advantage of what can be accomplished using sili-
con microfabrication and would be particularly difficult
to realize using conventional fabrication methods.
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take advantage of the so-called tonotopic organization in
the cochlea, namely, the apical part of the cochlea encodes
low frequencies while the basal part encodes high fre-
quencies. These implants, therefore, all have implement-
ed a bank of filters to divide speech into different fre-
quency bands, but they differ significantly in their pro-
cessing strategies to extract, encode, and deliver the right
features. Current CI technology can provide 22 electrodes
per implant, as in the Nucleus 24 model, available from
Cochlear (Cochlear, Lane Cove, Australia).

Although having flexible programmability [McDer-
mott, 1998; Zeng, 2004], hearing enhancement devices
based on digital signal processor technology are expen-
sive, costing typically $30000 for CIs, and require rela-
tively large and expensive microelectronic chipsets that
consume large amounts of power, typically 50-750 mW
for a CI. Consequently, the devices require large body-
worn battery packs and accessories to produce the electri-
cal signals needed for the deaf to hear. Furthermore, the
battery life is limited to less than a week or just a few hours
in many cases, requiring frequent recharging of the de-
vices. The use of digital signal processors introduces la-
tency in the audio signal of up to tens of milliseconds.
Since the signal must be encoded and then transmitted
via a wireless connection to electronics beneath the skull,
only a limited number of channels (e.g., up to 22) can be
processed. The expense, inconvenience, and frequent re-
charging requirement of current technology means that
the majority of the hearing-impaired population cannot
or choose not to fully benefit from the technology [Tyler
et al., 2004]. The current market penetration rate for Cls
is less than about 5% [Zeng, 2004].

Apart from practical and cosmetic concerns about
speech processor-based Cls, there is a concern regarding
hearing quality. Most speech processor algorithms en-
code temporal cues about the waveform envelope to aid
the patient in interpreting speech [Saunders and Kates,
1997; Loizou, 1997, 1998]. While this is effective in dis-
tinguishing the spoken word (at least for Indo-European
languages in quiet conditions), it provides little help in
enabling the patient to hear true musical pitch for the ap-
preciation of music or the understanding of tonal lan-
guages [Zeng, 2004]. Recent work has indicated that such
temporal-based algorithms are unlikely to succeed — the
source of tone transduction is truly tonotopic in the co-
chlea [Oxenham et al., 2004]. Properly positioning more
electrodes in the cochlea, and properly stimulating them,
is the most likely means for restoring tonal sense.

An alternate approach to cochlear implants and speech
coding is the ambitious goal of building an artificial co-
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chlea that truly mimics the behavior of the natural co-
chlea. Such a device could be used for research aid for
understanding cochleas (e.g., for developing mathemati-
cal models), or eventually as a front-end transducer for
an electrode system.

Some progress has been made in this area already. Re-
searchers have demonstrated the ability to build fluid-
filled, 1:1 scale models of the human cochlea and have
demonstrated that they respond to sound in a manner
similar to the known response of the mammalian cochlea
[Ohyama and Koike, 1999; Lim et al., 1999; White and
Grosh, 2005]. Most recently, the team of White and
Grosh [2005] demonstrated the ability to use silicon mi-
cromachining technology in order to build their cochlea
model. This is significant because the batch microma-
chining process used to fabricate the system will allow
future integration of sensing elements into the structure
to economically produce low-power, micromechanical,
cochlear-like sensor filters. The devices built thus far are
primarily for research purposes and to aid in understand-
ing the mechanism of the cochlea.

In this same spirit, a second type of artificial cochlea
may be constructed by building a mechanical bank of
resonators designed to respond in a manner similar to the
cochlea. A mechanical filter bank acts in a passive way to
perform sub-band filtering, reducing power requirements.
Furthermore, an array of such resonators may work in
parallel to produce a large number of frequency bands
simultaneously, reducing latency. By controlling the
shape and composition of the resonators, one may design
simple to complex resonances into the system, depending
on the requirements of the cochlear design. The traveling
wave phenomena of the cochlea may be included by light-
ly coupling the resonators together. A mechanical bridge
version of this was demonstrated by Haronian and Mac-
Donald [1995]. Their design employed a large array of
thin bridges micromachined in silicon with lengths that
were increased exponentially. This formed an array of
resonators, each with a characteristic frequency. In some
cases, the spacing between bridges was small enough to
couple neighboring bridges (by the viscosity of air) so that
the device behaved similarly to a cochlea. In addition, the
viscosity of air served to dampen the resonances so that
the device exhibited low Q, a desirable feature for an ar-
tificial cochlea. Apart from a single conference paper in
1995, no other work appears to be published on this re-
search.

Japanese researchers Tanaka et al. [1998] also demon-
strated a variation of this concept by fabricating an inge-
nious device that they called a ‘fishbone’ resonator. Their
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device, fabricated from silicon, consisted of an array of
mechanical beams connected to a single torsional beam
at their centers, making it appear as a ‘fishbone’. The
resonators in this device were coupled by the central
beam making it behave as an acoustic transmission line.
This construction enabled the device to mimic a cochlea.
The device was not directly instrumented — the research-
ers used external optical instrumentation to monitor the
movement of the oscillators.

A third type of artificial cochlea can be built based on
electronic circuitry designed to convert an input signal
into multiple outputs that mimic the cochlea. Banks of
band-pass filters have been built [Loulou, 2004], as well
as the so-called ‘silicon cochlea’, an electronic transmis-
sion line (filter cascade) designed to mimic the cochlear
function [Kuszta, 1998]. The filter cascade model seems
to hold great promise. By tapping in to the cascading se-
ries of filters one can achieve a large number of outputs
that appear to closely mimic the gain, filtering and dy-
namic range characteristics of the cochlea [Lyon and
Mead, 1988, 1998; Lyon, 1998]. Moreover, such a device
has been built with 117 outputs over the range of 100 Hz
to 10 kHz, 61 dB dynamic range, with small size (less
than 3 x 3 mm) and low power consumption (0.5 mW)
[Sarpeshkar et al., 1998; Sarpeshkar, 1999]. This is a tre-
mendous feat that may well signal the next generation of
artificial cochleas.

Whether fluidic, mechanical or electrical, the develop-
ment of a small, low-power, analog, multiresonator sys-
tem that can mimic the cochlea would be a major step
toward developing a completely implantable bionic ear
that can provide true, quality hearing.

Micromachined Multiband Transducer

We are developing a low-power micromachined mul-
tiband transducer, small enough to be implanted in the
head, which we believe could ultimately alleviate the need
for a speech processor. Power requirements for a system
using this technology could be much less than conven-
tional systems, enabling it to be run by rechargeable, im-
planted battery system. By doing so, we may envision a
fully implantable bionic ear that can restore human hear-
ing. The microphone consists of an array of microme-
chanical resonators, each tuned to a different center fre-
quency, and each instrumented to an individual ampli-
fier. The output from the device is a number of
independent channels, each carrying an electrical signal
representing a particular frequency sub-band of the orig-

Micromechanical Resonator Array for an
Implantable Bionic Ear

Inductive coil
and battery

/ Electrode driver

High-density
electrode

Multiresonant
bionic ear

Fig. 1. Illustration of bionic ear concept. A multiresonant trans-
ducer receives acoustic energy and splits into frequency bands that
mimic the tonotopic distribution of the cochlea. An electrode driv-
er amplifies the signal and sends current to an implanted electrode
in the cochlea.

inal acoustic signal. We have built and tested two versions
of this device. One used optical readout [Xu et al., 2004],
the second used capacitive readout.

An illustration of the optical microphone is shown in
figure 1. It consisted of an array of suspended polymer
cantilevers, each one at a different length, ranging from
2 to 7mm. The cantilevers were rectangular cross section,
100 pm in width and 40 pm in height, made from epoxy
using modern micromachining techniques for polymer
[Xu et al., 2002]. The cantilevers were suspended over an
etched cavity in silicon, allowing them freedom to vi-
brate. A second rectangular epoxy channel was fabricated
to meet the cantilever at its distal end, stopping short of
contact, leaving a 20-pwm air gap. A 635-nm laser was di-
rected down the cantilevers, and the light intensity was
monitored at the exit end of the second epoxy channel.
The transparent polymer channels acted as excellent light
pipes, so that light was efficiently guided from the laser,
through the channel and cantilever, through the second
channel to the photodetectors at the end. When the can-
tilever vibrated, the cantilever was temporarily mis-
aligned with its mating channel reducing the efficiency of
light to pass across the 20-pm air gap. This was seen as a
reduction in light intensity at the photodetector. In this
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Fig. 2. a Illustration of four-channel multi-

resonant microphone showing cantilevers

of different lengths suspended above an
etched open cavity. b Scanning electron mi-
croscope image of cantilevers showing air
gap between resonators and receiving light

pipes.
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Fig. 3. Frequency response and dynamic response for multiresonant transducer. a The Q10 values of these can-
tilevers are 9.38, 10.11, 11.56, and 14.01 for resonant frequencies at 286, 720, 2868, and 6948 Hz, respectively.
Measurements were made at 70 dB (SPL). b The polymeric cantilever array has a linear dynamic range of 80 dB
for sound inputs between 35 and 115 dB (SPL). Measurements were made at each cantilever’s resonance. The
fourth cantilever is not shown in the right figure because it was destroyed during handling between measure-

ments.

manner, the movement of the cantilever, and hence, the
sound energy could be monitored (fig. 2).

Several variations of the optical device were built to
demonstrate different fabrication methodologies. Fabri-
cation methods included using UV patternable high-def-
inition epoxy (SU-8), performing laser machining on
polymer films, and performing microinjection molding.
The details of the injection molding manufacturing pro-
cess which produced the results presented here, have been
detailed elsewhere [Xu et al., 2004].

We tested a four-resonator device by placing it under
a speaker connected to an amplified tone generator. Sig-
nal was collected from the resonators and analyzed using
standard data acquisition instrumentation. Frequency
response, dynamic response, and directionality were re-
corded. The preliminary data, shown in figure 3, are very
encouraging. Cantilever response shows specific peak fre-
quencies at 286, 720, 2868, and 6948 Hz, respectively,
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well within human hearing range. Q10 values (peak fre-
quency divided by the bandwidth 10 dB below the peak)
are similar to mammalian basilar response [Robles and
Ruggero, 2001]. Dynamic response is linear from 35 to
115 dB SPL. While linear response is an excellent char-
acteristic for a microphone, for cochlear stimulation, dy-
namic compression may need to be performed using ap-
propriate amplification circuitry.

We have observed similar results with cantilevers pre-
pared for capacitive readout. In those devices, the canti-
levers were coated with a thin (100-nm) layer of gold on
their underside forming a capacitor between each canti-
lever and a ground plane directly beneath each cantilever.
A bias of 45 V was placed on the cantilever making it a
capacitor. Vibration of the cantilever resulted in changes
in the capacitance, and thus modulated an induced cur-
rent across the capacitor. The small signal was amplified
by a JFET and recorded using conventional microphone
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Table 1. Summary of differences between optical and electronic cantilevers

Optical readout

Electrical readout

Low noise floor

Low bias

Moderate power requirement due to
light coupling losses (5-10 mW)

Difficult integration with electronics

Good sensitivity and dynamic range

Noisy due to electromagnetic interference — good shielding required
High bias preferred (45 V) or electret
Low power (<1 mW)

Easy integration with electronics
Good sensitivity and dynamic range

amplifiers and instrumentation. Ultimately, the capaci-
tor (or even electret) readout is preferred over the optical
readout because it is easier to integrate with convention-
al electronics and consumes considerably less power.
However, the electrical system is more suspect to noise
and must be carefully shielded, whereas the optical sys-
tem demonstrated clear signal with almost no noise. Dif-
ferences between electrical and optical readout are indi-
cated in table 1.

The multiband transducer works because the individ-
ual cantilevers have been designed to exhibit resonances
at frequencies within the range of human hearing. For a
simple cantilever, the natural frequency is given by

1 o2 T [E
Li=— & 7.~
A 3 I*\p

where £ = Young’s modulus in pascals, 7" = thickness in
meters, L = length in meters, p = density in kg/m?3, and
n, = 1.875, 4.694, 7.855, ... (n, is mode number). When
energized by acoustic energy, the cantilever will respond
with maximum amplitude at the natural frequency, as
given by the well-known Lorentzian formula,

Here, I is the ‘linewidth’ or full width and half maximum.
For discussion, we prefer to use the ‘quality factor’ value
Q10, which is peak frequency divided by the bandwidth
10 dB below the peak, or Q10 = f,/3I'. Thus, high quality
factors correspond to narrow resonances. The human co-
chlea is also a resonator and typically responds with Q10
values under 10, relatively low quality factors [Geisler,
1998]. Second and higher order modes will also be ex-
cited, but these are typically much lower in amplitude.
Traditional micromachining materials, namely sili-
con, ceramics and metals, characteristically exhibit large

Micromechanical Resonator Array for an
Implantable Bionic Ear

Young’s modulus and low damping [Petersen, 1982].
This results in large natural frequencies (for example, a
silicon cantilever, ] mm X 5 pm, resonating at about
5 kHz) and high quality factors. These are desirable qual-
ities for fabricating mechanical resonators, such as those
used in miniature accelerometers and gyroscopes, but this
is not satisfactory for mimicking the response of the co-
chlea. If the device can be built small enough, air may be
used to dampen the oscillations [e.g., Haronian and Mac-
Donald, 1995].

Polymers have more suitable material properties, ex-
hibiting high damping and low modulus, typically 50
times less than metal. As a result, the natural frequencies
of polymer cantilevers can be designed to be in the range
of a few hundred Hz to 10 kHz for microphone size under
1 cm. Polymers have certain problems, however. Poly-
mers cannot conduct electricity, requiring the addition of
a thin metal layer if electrical transduction is desired.
Polymers are difficult to fabricate at the small sizes re-
quired for this transducer. Polymers may exhibit long-
term plastic deformation, or may develop stress from
thermal processing. Indeed, our own microfabrication ef-
forts required a special annealing step to reduce residual
stress and straighten out the resonators (for microinjec-
tion molded cantilevers). Nevertheless, many engineered
polymers exist that have been demonstrated as useful in
critical applications, for example, polyester and poly-
imide.

Because natural frequency is so directly related to
length (for a cantilever) it is easy to design multiband de-
vices of arbitrary frequency distribution. Furthermore,
since the signal from each cantilever is amplified, each
channel’s gain may be adjusted independently. In this
manner, we can enable the design of a microphone with
any arbitrary frequency range and response. We can
imagine designing a transducer that can correctly com-
press and map electrical signals to all regions of the hu-
man cochlea.
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Fig. 4. a Tonotopic mapping of the human cochlea showing center frequency as a function of distance from the
apex of the cochlea. b Relative lengths for a cantilever-based multiresonator that can reproduce natural frequen-

cies that coincide with the center frequencies.

The mammalian cochlea has a tonotopic response to
frequencies [Moore, 1997]. This relationship between
center frequency and position along the basilar mem-
brane has been mapped for several mammals and gener-
ally follows a relationship of

CF=4 (10" -k),

where CF is center frequency in kHz, x is the relative dis-
tance from the apex, k ~ 0.85 and a ~ 1.2 for most mam-
mals [Greenwood, 1961, Greenwood, 1990, Robles and
Ruggero, 2001]. The constant 4 determines the range of
center frequencies (20 Hz-20 kHz in humans). This rela-
tionship indicates a logarithmic compression of frequen-
cies at the high frequency range. A typical implantable
electrode array is likely to produce electrodes at equally
spaced separations, indicating that our resonator design
should follow a similar compression in frequency. Canti-
lever resonators designed to mimic this frequency are
readily fabricated using lithographic or UV cutting meth-
ods. Figure 4 shows the required cantilever lengths for
electrodes destined to be placed at different regions in the
cochlea. The cantilever length is given as a relative num-
ber since the physical length for a given center frequency
also depends on the material and thickness of the canti-
lever, which can be adjusted according to design crite-
ria.

Although this discussion assumes simple straight can-
tilevers, one is by no means limited to designing a system
of uniform cantilevers only. One can achieve complex
resonance profiles by assuming more complex shapes and
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Qa\ntilever base

Cantilever arm

Patterned mass
(metal)

Fig. 5. Illustration showing method for de-
creasing natural frequency while still main-
taining short cantilever length by adding ad-
ditional mass at the end of the cantilever.

mass distributions in the resonators. For example, reso-
nators may employ torsional or meander springs, pat-
terned mass areas, or material combinations in order to
produce a desired response. For low-frequency response
it would make more sense to increase the mass at the end
of a cantilever rather than extend the length, enabling the
transducer to remain small (fig. 5). In complex designs,
the mechanical analysis is more sophisticated and finite
element modeling is required. In many cases, bridge or
ribbon structures may be preferred to cantilevers, par-
ticularly in the case of capacitive readout devices where
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Fig. 6. Illustration of a high-density elec-
trode concept. The polymer material and
electrical traces may be completely defined
by lithography, resulting in a large number

Patterned
polymer

Electrode
opening

of fine ‘hairs’ that contain electrodes. At the
tip of each hair, the electrode is exposed
allowing the electrode to penetrate close
to the site of the hair cells, minimizing
cross talk (and possibly threshold voltage)
through the conductive cochlear fluid.

a small controlled gap between the resonator and the
ground plane is required. A ribbon device can maintain
tight gap tolerance, whereas any residual stress in a can-
tilever will result in bending, which will compromise the
gap tolerance. Traveling wave phenomena may be mim-
icked by lightly coupling adjacent resonators through mi-
cromachined tethers or springs.

High-Density Microelectrode Arrays

The strategy of this and other technologies is to try to
accurately mimic the response of the human cochlea so
that one may artificially stimulate the cochlea in the way
it was designed to be stimulated. It is unlikely, however,
that true hearing can be restored unless the electrode den-
sity is made large. Small numbers of electrodes, blunt and
ill-positioned, are likely to miscode and blend the spec-
tral information of sound resulting in an unintelligible
sensation. Electrode density is limited by practical con-
cerns (manufacturability, power consumption), as well
as by physical limitations — current lines tend to overlap
for adjacent electrodes when the electrodes are far from
their target, reducing the ability to stimulate specific
sites. Thus, electrode design must also include a mecha-
nism for the electrical contacts to be highly localized. The
benefit of the micromechanical resonator is that a large
number channels can be simultaneously filtered at low
power and low latency, in a small package. Advanced,
high-density electrodes are needed to complement this
technology to deliver high-fidelity signals to the auditory
nerves.

High-density electrodes may be manufactured using
micromachining techniques similar to those used for
building the resonator array. Figure 6 shows a hypotheti-
cal electrode array that can be manufactured in thin poly-
mer membrane. The device consists of lithographically

Micromechanical Resonator Array for an
Implantable Bionic Ear

defined electrodes built up in platinum, passivated by ce-
ramic or polymer (e.g., parylene), and encapsulated in a
flexible polymer carrier, such as polyimide. Each elec-
trode juts out in lithographically defined ‘hair’, 20-
100 wm in width and several hundred micrometers in
length. At the tip of each electrode hair is an opening in
the passivation layer that exposes the platinum to the en-
vironment. Such hairs could enable the electrodes to
make close contact with the basilar membrane and, pre-
sumably, minimize cross talk among nearby electrodes.
One may wish to design multiple electrode hairs per elec-
trical trace, and the hairs themselves may include hooks,
dendrites, and other special geometries to improve elec-
trical performance. Delamination of polymers may occur
due to swelling from fluid exposure, failure of adhesives,
or electrochemical effects such as cathodic delamination.
As with any implantable device, materials reliability will
be a critical factor for success.

Assuming the electrodes are 10 pm wide, with 10 pm
interspacing (smaller electrical traces can be manufac-
tured), one can trace out 50 electrodes in a single side of
plastic, I mm in width. This suggests that an electrode
capable of delivering all 88 keys on the piano should re-
quire a strip of plastic 1 mm in width, patterned on both
sides with electrical traces. Since the electrode can be fab-
ricated using conventional micromachining technology,
one can imagine having each electrode strip custom pro-
duced to fit each patient’s cochlea.

Smaller electrodes will result in higher resistances, in-
creasing the driving power per electrode. The resistance
of a 3-cm platinum electrode, 10 x 0.1 wm, will be near-
ly 3 k(). This will necessitate the use of smaller currents
to reduce power consumption. Such a strategy can only
work if smaller currents can still produce threshold volt-
ages at the dendrites. One can anticipate that the hairlike
electrodes indicated in figure 6 may experience lower
thresholds because they are in such close proximity to the
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nerve sites, and less energy is wasted in the region be-
tween electrodes. This has not been experimentally veri-
fied, however, and more work is needed in this area to
confirm design strategies.

System Packaging

A complete system can be expected to consist of a mul-
tiband microphone, amplification electronics, electrode
driver, a high-density electrode array, small rechargeable
battery, and a recharge coil. (The system might be co-
packaged with a traditional CI system as an optional sec-
ondary implant choice.) A significant engineering prob-
lem for such a system will consist of packaging for the
microphone. There are several major issues that need to
be addressed, namely (1) electrical packaging to make
electrical connections from the microphone to the elec-
tronics, (2) mechanical packaging to mount the micro-
phone in an appropriate location, (3) environmental
packaging to seal and protect the microresonators from
fluids, and (4) radio frequency packaging to shield the
device from electrical noise.

The resonator array must be mounted so that a large
number of resonators can make electrical contact to a
microelectronic chip that performs the appropriate am-
plification for each channel. This may represent a large
number of bond points, possibly hundreds of electrical
connections may need to be made. High density bump-
bonding, or even postprocessing of the microfabrication
directly on the die are possible solutions to this problem.
Since the fabrication method can be designed to be per-
formed at low temperature, one may consider building
the microresonators directly on the electronic die.

Direct connection of the resonators to the mechanical
substrate can degrade performance of the microphone. Vi-
brations of the mechanical package can be readily picked
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up by the transducer, typically introducing broadband re-
sponse where narrow band may be desired. This is a well-
known problem for microphone designers. One may need
to design damping systems or a vibration isolation mecha-
nism into the packaging or into the microdevice itself.

Sealing the device against fluid leakage is a particu-
larly difficult task because the protective package will in-
troduce an acoustic barrier and impedance mismatch
which will degrade the performance of the transducer.
One approach is to follow the example of the reptilian
middle ear and use a columella (a stiff rod) to connect the
ear drum to a membrane opening (analogous to the oval
window) in the packaged device. By choosing the size of
the window appropriately, one may be able to match the
acoustic impedances.

For most electrical transducers (e.g., capacitive, mag-
netic), interference from external electromagnetic sources
is very problematic and greatly increases the noise in the
signal. All condenser and electret microphones are heav-
ily shielded against electromagnetic interference through
metal packages and grills. One may hope that the presence
of conductive fluid in the ear chamber and head can help
provide natural shielding for the microphone. If not, then
conductive casing will need to be placed around the trans-
ducer, grounding the system to the electrical potential of
the patient.

Summary

We describe a micromachined multiresonator tech-
nology for building an artificial human cochlea that al-
lows flexible design and good integration with electronic
circuitry. The use of polymer material is recommended
for low Q characteristics. An array of resonating cantile-
vers, each built with a different natural frequency, allows
a device to perform a mechanical Fourier transform at
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the front end of a bionic ear system. The channels may
be mechanically coupled together, if desired. Further-
more, by controlling the amplification gain and the com-
position and geometry of the resonators, one may achieve
sophisticated frequency profiles for each sub-band chan-
nel. The sub-band signals can be used to directly stimulate
the cochlea according to its tonotopic arrangement. A me-
chanical bank of resonators can only be considered for
this application if the resonators are very small, so that
the device can be implanted in the ear cavity of a patient.
Miniaturization methods, developed for electronic and
sensor applications, can now be directed to make such
small resonators.

A number of technologies are being explored by re-
searchers to build artificial human cochleas, ranging from
microfluidic devices, micromechanical devices, and elec-
tronic devices. A possible roadmap to a bionic ear is

shown in figure 7. A miniaturized cochlear device is not
enough, however. A critical development for the implant
to be useful is the technology to build high-density elec-
trode arrays that can efficiently bring the many sub-band
signals to the appropriate nerve endings. System engi-
neering issues, such as electronic integration, power
sources, and sophisticated packaging also need to be stud-
ied and understood.

Ultimately, the goal for this type of technology is to
simulate the response of the human cochlea. Any analog
approach, whether fluidics, mechanics or analog elec-
tronics will lack the flexibility of digital programming.
Analog strategies are likely to be most successful when
combined with digital control electronics to provide a
measure of programmability for each individual pa-
tient.
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Fig. 1. Box model of the cochlea. Simplified
drawing of the cross-section of the cochlea
showing the organ of Corti (OC), scala ves-
tibuli (SV), scala media (SM), scala tympani
(ST), Reissner’s membrane (RM), tectorial
membrane (TM), and basilar membrane
(BM). The three fluid-filled channels are re-
duced to two channels. Reissner’s mem-
brane has small stiffness and the SV and SM
are combined as a single channel. The organ
of Corti and basilar membrane are com-
bined as a flexible cochlear partition sepa-
rating the two fluid (saline)-filled channels.

SV & SM combined Box model

Fluid filled channels

Elastic cochlear partition

duces scaling questions. The model of Zhou et al. [1993]
is the first with life-sized dimensions for the basilar mem-
brane. However, the basilar membrane thickness was not
controlled, a fluid viscosity 20 times that in the cochlea
was used, and the fabrication is not easily extended to
include other features.

Advances in micromachining equipment have en-
abled the development of models that can be extended to
include more detailed features of the cochlea with life-
sized dimensions, as by Hemmert et al. [2002] and White
and Grosh [2005]. Work in the area of sensor and actua-
tor development for atomic force microscopy [Manalis et
al., 1996; Grow et al., 2002] has provided additional rea-
sons to pursue physical modeling using microfabrication
methods. Utilizing atomic force microscopy techniques,
a model with active mechanisms could be developed.

Why study the passive cochlea response since the co-
chlea has been demonstrated to have active mechanisms?
With any complex problem it is important to understand
the underlying mechanisms. In the case of the cochlea,
the macro mechanics of the passive basilar membrane
must be studied in detail first in order to establish a basis
for how the active mechanisms work.

Modeling

The cochlea consists of three fluid-filled channels: sca-
la vestibuli, scala media, scala tympani. Separating the
scala vestibuli from the scala tympani is the organ of Cor-
ti which runs the full length of the spiraled cochlea. The
connection to the cochlea from the middle ear ossicles is
through the oval window at the stapes footplate. The
round window is open to the middle ear cavity.

Physical Model of the Human Cochlea

Box Model

This physical cochlear model is intended as a research
tool. Simplifications to the design are made to focus on
important features of the cochlear function. The basic
response of the cochlea is examined by studying the pas-
sive behavior of an elastic cochlear partition separating
two fluid channels. This is referred to as the ‘box model’
(fig. 1). One of the distinct deviations from the actual
coiled geometry is the use of straight channels. A straight
channel is easier to model mathematically and reduces
the complexities in the fabrication process. Calculations
by Loh [1983] and Steele and Zais [1985] showed no sig-
nificant differences between straight and coiled models
of a guinea pig cochlea. The fluid channels are rectangular
(2 x 2 mm) and filled with saline. Saline was chosen as
the fluid since it has similar viscous properties as peri-
lymph. The channels were machined from plexiglas using
conventional machining methods.

Cochlear Partition Design

A critical part of the box model design is the cochlear
partition. The more elastic portion represents the basilar
membrane. For humans, the basilar membrane has a
length of approximately 35 mm and is tapered in width
from approximately 100 pm at the base to 500 pm at the
apex [Wever, 1949]. The width variation of the basilar
membrane is the primary contributor to the stiffness gra-
dation along the length.

Turato [1962] and Cabezudo [1978] describe the basi-
lar membrane as consisting of a supporting layer made
up of collagen filaments arranged in a transverse direc-
tion. This fiber arrangement leads to direction dependent
properties for the basilar membrane. This was demon-
strated by the measurements of Naidu and Mountain
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[2000]. Developing a design with this feature is important
to the dynamic response of the cochlear partition. A
sketch of the organ of Corti is shown in figure 2. In the
pectinate zone, the fibers are widely spaced. In the arcu-
ate zone and at the spiral ligament, the fibers are closely
packed. This distribution of the fibers will lead to a vari-
ation in radial stiffness.

An approximation to the variation in radial stiffness
is achieved in the model by creating a composite mate-
rial consisting of a base material and discrete ribs (fig. 3).
The ribs terminate prior to the boundary to give a change
in the radial stiffness. Each rib has a width of 1.5 pum and
the spacing between ribs is 2.5 wm. The thickness of the
base material and height of the ribs were constant for a
specific design, but several variations were fabricated as
described in the results section.

Stapes Simulator

The primary excitation method for the cochlea is mo-
tion of the stapes footplate. A system of excitation which
is similar to the stapes is highly desirable, so a coil magnet
system was developed. A magnet suspended in silicone
acts like the stapes footplate. One side of the magnet in-
terfaces with the fluid (fig. 3). A sinusoidally varying cur-
rent in the coil creates a varying magnetic field which
causes the magnet to oscillate. Motion of the magnet cre-
ates a wave in the fluid at the desired frequency. The wave
in the fluid interacts with the cochlear partition causing
a traveling wave on the partition.
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Mathematical Modeling

The cochlea is a complex fluid-structure interaction
problem because the geometric parameters and material
properties for the elastic cochlear partition are not con-
stant. Additionally, the presence of the boundary layer in
the viscous fluid increases the mesh resolution needed for
a direct numerical method. Combined with the variable
elastic partition properties, the number of degrees of free-
dom becomes overwhelmingly large. With such a large
model the significant features and trends become difficult
to see with limited parameter studies. Asymptotic expan-
sion procedures offer simple, efficient, and reasonably ac-
curate approximate solutions in contrast to finite element
method or other large scale model methods. The asymp-
totic solution approach starts with the mathematical rep-
resentation of the 3-D fluid using a Newtonian fluid mod-
el. This results in the Navier-Stokes equations. The elas-
tic cochlear partition is modeled as a tapered plate. Details
of the method can be found in Steele and Taber [1979].

Methods

Micromachining Methods

Micromachining is a method of fabricating devices with fea-
tures as small as a few microns and dimensions to several hundred
microns. Typical devices are pressure sensors, accelerometers, ac-
tuators, and microsystems such as polymerase chain reaction de-
vices. The tools are shared with those developed for the microelec-
tronic integrated circuit industry. The strength of the technology is
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the ability to simultaneously fabricate many devices on a single
wafer and to combine mechanical devices with integrated circuits.
However, a limitation is 2-D planar processing, which makes it dif-
ficult to achieve 3-D structures. Kovacs [1998] provides an over-
view of micromachined transducers, but cautions of the need to
understand both strengths and weaknesses of the technology before
committing to a fabrication approach. Information on the basics of
integrated circuit processing can be found in Plummer et al. [2000].
Fundamentals of micromachining are covered in Madou [2002].
An overview of design methods related to microelectromechanical
systems are found in Senturia [2001] and Maluf [2000].

The basic methods of micromachining involve selection of a
substrate, materials, and micromachining methods. A common
substrate is silicon, but other materials are used depending on the
properties needed for the device. Standard wafer diameters are 100,
200, and 300 mm. Thicknesses range from 450 to 2500 wm and can
be custom made. Materials are selectively added to the substrate in
thin layers. Typical layers are from 0.1 to 1 um, but can be as large
as 10s of microns for certain materials.

Through the use of photolithography, patterns are created on
the thin layers using photoresist. The materials are selectively re-
moved using surface etching. Etching is a chemical reaction that is
performed either as a ‘wet’ or ‘dry’ process. The development of
deep reactive ion etching tools have enabled devices to be fabri-
cated by bulk etching through the thickness of the substrate.

For the cochlear partition, a material with a Young’s modulus
close to that of the biological material is desirable. A polymer,
Pyralin® PI2610 series polyimide from HD Microsystems, was
selected as the base material for its properties (Young’s modulus
6.6 GPa) and handling durability. Aluminum (~70 GPa) was se-

Physical Model of the Human Cochlea

lected for the discrete ribs. A summary of the fabrication method
is given in figure 4. A thin layer (several microns) of the polymer
(polyimide) was spun and cured on a 100-mm silicon wafer. Alu-
minum was sputter deposited, patterned with photolithography,
and dry etched to form the discrete ribs. The tapered plate was pat-
terned on the backside and was released by bulk etching through
the wafer thickness using deep reactive ion etching.

Measurement Methods

The cochlear model is evaluated by measuring the response of
the cochlear partition to a stapes-simulated input. A He-Ne laser
vibrometer (Polytec CLV 700 with HLV 1000 controller) was used
to measure the velocity (fig. 5). The laser was mounted on a surgi-
cal operating scope for the stapes magnet measurements and
mounted on an adjustable table for X-Y positioning during the co-
chlear partition measurements. Locations along the length are mea-
sured. A glass cover slide was used over the fluid chamber to im-
prove the laser signal to noise ratio. A hydrophone [Puria, 2003]
was used to measure pressure in the fluid chamber. The frequency
range of excitation was 100 Hz to 25 kHz using stepped tones.

Results

Microfabrication Results

Fabrication of the cochlear partition was performed in
a class 100 clean room at the Stanford Nanofabrication
Facility. Samples with base thickness from 1 to 5 pm were
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Fig. 4. Micromachining methods for creat-
ing a cochlear partition. Selection of a sub-
strate material is followed by deposition of
thin layers of material. Patterns are formed
in photoresist (PR) using optical photo-
lithography. Materials are selectively re-
moved using etching methods. A wafer saw
is used to dice the wafer into individual de-
vices.
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Step 2: sputter aluminum
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Step 3: pattern discrete ribs using photomasks
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Step 4: dry etch aluminum using gases.
PR protects selected areas
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fabricated. Rib height ranged from 0.1 to 1.0 pm, but
were constant for a particular design. A sample cochlear
partition is shown in figure 6. Over the 36 mm length,
there are approximately 9000 discrete aluminum ribs.
The figure shows a scanning electron microscope image
of the aluminum ribs on the polyimide. The specific sam-
ple shown in the sections which follow had a thickness of
4.75 pm with a rib height of 0.2 pm.

108 Audiol Neurotol 2006;11:104-112

Measurement Results

The measurement results can be examined in several
ways. The first way is to examine a single location for
multiple frequencies. The response of interest is the ve-
locity of the elastic portion of the cochlear partition. The
velocity of the wafer portion is several orders of magni-
tude lower (not shown). Normalized plots of the partition
velocity are shown in figure 7. Two locations, 0.035 m
and 0.023 m from the base location, are plotted in the
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Fig. 5. Measurement system. Cochlear partition separating two
fluid (saline)-filled channels. A coil magnet system provides the in-
put. The magnet is suspended in silicone. One side of the magnet
interfaces with the fluid. A sinusoidally varying current through the
coil creates a varying magnetic field which causes the magnet to
oscillate. The oscillating magnet creates a wave in the fluid at the
desired frequency. A He-Ne laser vibrometer is used to measure
the response. Additionally, the pressure near the input source is
measured.

figure. The peak response for the 0.035 m location occurs
near 7.5 kHz. Beyond this frequency the amplitude rolls
off into the noise level. The 0.023 m location gradually
builds up in response and peaks near 18 kHz. The phase
is also shown. The point further away from the stapes in-
put shows a larger build up of phase.

Another way to examine the results is a spatial repre-
sentation. For a single frequency, the measured response
at multiple points is plotted. A 9-kHz response is shown
in figure 8 and exhibits a gradual build-up in response to
a peak location which is dependent on the frequency of
excitation. A change in wavelength is also apparent. This
is typical for a dispersive wave.

Discussion and Conclusions

The physical model demonstrated several important
features which are also observed in mammalian cochleas:
traveling waves, tuning, frequency to place tonotopic or-
ganization, and roll off beyond the characteristic place.
The physical model demonstrates a traveling wave which
peaks at a characteristic place with again of 2.4at 0.029 m
and a phase lag of ~3 m for 9-kHz input.

Physical Model of the Human Cochlea

Cochlear partition

Base

Elastic portion

SEM image of ribs

5.8 k¥ XT.SBK B0 0w

Helicotrema

Fig. 6. Conventional photograph of cochlear partition with elastic
portion and helicotrema identified. Scanning electron microscope
(SEM) image shows details of the discrete ribs. Scale bar length is
20 pm. Width of a rib is 1.5 pm. The spacing between each rib is
2.5 pm. There are approximately 9000 ribs along the length of the
partition.

The calculations based on the design specifications
reasonably approximate the measured responses (fig. 7).
However, the measured responses showed some varia-
tion. The variations could have been due to geometry or
material property nonuniformity. High magnification
images indicate some geometric variability resulting from
the processing. Variability in width dimensions as small
as 5-10 pm can lead to measurable changes in the stift-
ness profile. To quantify the effect of the processing vari-
ations and to account for the possibility of material non-
uniformity, an approach was needed to validate the stiff-
ness.

The stiffness of the cochlear partition in the fluid
chamber can be estimated using low frequency excitation.
For this comparison, the velocity was divided by the fre-
quency of excitation, w, to give an equivalent displace-
ment. The displacement was divided by the pressure at
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the location. Since the pressure was only measured at the
stapes source (fig. 9), an approximation of the net pressure
(AP = Pgy - Pgr) at the measurement location was calcu-
lated based on the assumption of a linear profile. Using
the calculated net pressure on the elastic partition, the
displacement divided by net pressure is given in figure 10.
The variation in the compliance is reasonably consistent
with the dynamic response shown in figure 8. A next step
for the computations would be the use of the compliance
results in an updated vibration response calculation.
The usefulness of physical and mathematical models
lies in their ability to describe accurately the significant
physical processes. Their ability to provide useful infor-
mation for understanding cochlear mechanics is depen-
dent on using parameters which are physiologically real-
istic. Initial efforts have shown biological-like responses
can be achieved with a physical model. It is a first step
toward models with more complicated features. Micro-
fabrication with polyimide and aluminum has been
shown to give responses which can be validated with a
mathematical model. Modifications to the base material
thickness and height of the ribs can be made to produce
a model with a frequency range closer to that of human.

Fig. 7. Measurements are normalized to the stapes magnet input
velocity. Magnitude (a) and phase (b) are shown for locations 0.035
and 0.023 m from the base on the cochlear partition. Correspond-
ing calculations using nominal design geometry and an asymptotic
solution method are also shown. The amplitude builds up to a peak
at a certain frequency and then rolls off. Measured values show
deviation from the calculated response due to deviations in geom-
etry and material properties.

Fig. 8. Spatial response of the cochlear partition to an oscillatory
input of 9 kHz. Magnitude and phase are shown along the center-
line of the cochlear partition. Distance is shown relative to the sta-
pes input. Calculation is based on the nominal design geometry.
Fig. 9. Six pressure measurements using a hydrophone near the
stapes magnet location in the physical model scala vestibuli. The
pressure builds in magnitude until 2 kHz as a result of the stapes
input profile. A dip in pressure occurs near 4 kHz as a result of a
resonance.

Fig. 10. Compliance evaluation using low frequency velocity data.
The net pressure on the partition (AP = Psy — Pgt) is computed
based on the hydrophone measurement. The displacement is de-
termined using the velocity and frequency. A range of frequencies
(403-464 Hz) are plotted to show the data are consistent in that
region. A calculation for the expected compliance based on nominal
geometry is also shown.

Physical Model of the Human Cochlea

Research Tool and Front End Processor

Using a physical cochlear model, the effect of basilar
membrane orthotropy on the sharpness of tuning can be
studied by varying the rib height. In the current physical
model, the osseous spiral lamina and spiral ligament were
designed to be nearly rigid compared to the elastic parti-
tion. By modifying the supporting conditions with differ-
ent thicknesses for the supports, the effect of a more com-
pliant boundary can be assessed experimentally.

A problem of clinical relevance which can be investi-
gated with either the physical model or mathematical
model is the effect of a short electrode cochlear implant.
A short electrode implant is used for high frequency ex-
citation in cases when the lower frequency range is func-
tioning adequately. The electrode is placed in the scala
tympani and occupies significant volume. How is the me-
chanical response of the basilar membrane affected by the
presence of the electrode? In addition to being a research
tool for cochlear mechanics, a physical model might serve
as a front end processor for cochlear implants. Current
cochlear implants bypass the mechanical auditory path-
way and directly stimulate portions of the auditory nerve.
The next generation cochlear implants may take advan-
tage of micromachining technology to create a totally im-
plantable cochlear system [Zeng, 2004]. Development of
an array of cantilever beams for this purpose was demon-
strated by Xu et. al. [2004]. While the physical model
presented in this work demonstrates cochlear-like capa-
bilities, there is still much development work needed be-
fore it could be used in a cochlear implant device.
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trical pulses for direct stimulation of the vestibular nerve.
Della Santina et al. [2005] recently described a multi-
channel vestibular prosthesis employing commercial off-
the-shelf microelectromechanical system (MEMS) gyro
transducers and demonstrated responses to prosthetic
stimulation in vestibular-deficient animals.

Here we describe development of a MEMS-based, ves-
tibular prosthesis prototype. The core technology is a cus-
tomized silicon chip thatis 5 X 5 mm in size and includes
three gyroscopes and three linear and angular accelerom-
eters [Shkel and Howe, 2002]. We envision using the
MEMS gyroscope as the input and then to adapt the co-
chlear implant technology for signal processing and elec-
tric stimulation. The combined MEMS and integrated
circuit technologies should significantly shrink the sensor
size, reduce the fabrication cost, and integrate the sens-
ing-processing-stimulating functions on the same silicon
chip for a ‘balance on-a-chip’ system.

We first briefly summarize the function and structure
of the vestibular system. We then describe the system
level design and functional blocks of the proposed ves-
tibular prosthesis. Third, we present an engineered pro-
totype of a unilateral vestibular prosthesis and compare
the prototype performance to the physiological data re-
corded in the vestibular nerve of squirrel monkeys. Fi-
nally, we discuss both the opportunities and challenges
facing the development of a totally implantable vestibular
prosthesis.

Vestibular Function and Structure

The vestibular system is responsible for maintaining
balance and spatial orientation while allowing the head
and body to move freely [Goldberg and Fernandez, 1975;
Highstein et al., 2005; Minor, 1998]. The vestibular sys-
tem accurately senses and processes position and motion
information. The brain then acts on the information by
using the vestibulo-ocular reflex to stabilize gaze and the
vestibulo-spinal reflex to control posture and balance.
The sensing unit of the vestibular system consists of three
semicircular canals and two otolith organs. The three
semicircular canals are orthogonal to each other and can
detect rotational movements of the head by sensing an-
gular acceleration. The two otolith organs are the saccule
and utricle that detect linear movements of the head, with
the saccule being sensitive to gravity and the utricle being
sensitive to linear accelerations in all planes.

All vestibular organs have small sensory hair cells,
which convert motion into action potentials in the ves-

114 Audiol Neurotol 2006;11:113-122

tibular nerve. Each hair cell has a resting potential and its
associated nerve has a spontaneous firing rate. The mean
spontaneous rate is 91 spikes/s (SD = 36) in the squirrel
monkey [Goldberg and Fernandez, 1971]. The firing rate
increases when a semicircular canal responds to rotation
in one direction, and decreases in the other direction. The
firing rate changes in the opposite direction for vestibular
nerve fibers innervating the contralateral semicircular ca-
nal in the same plane. Adaptation and small nonlineari-
ties also occur in response to constant angular accelera-
tion [Fernandez and Goldberg, 1971]. The average sen-
sitivity is 0.3-0.7 spike/s, per 1°/s in rats and guinea pigs
[Curthoys, 1982].

The perceptual threshold for rotation detection in hu-
mans has been measured to be between 0.1°/s and 2°/s
[Benson et al., 1989]. Montandon [1954] found that the
acceleration threshold is 1°/s? in normal healthy individ-
uals, but greater than 6°/s? in patients with vestibular dys-
function. It should be noted that the perceptual threshold
is likely to be different for different rates of acceleration
and highly dependent upon individuals. Nevertheless,
these reported electrophysiological and behavioral data
have formed the basis on which the sensing and pulse
generating units are built in the proposed vestibular pros-
thesis.

System Design

We initially focus on a semicircular canal prosthesis
to restore rotational sensibility. The prosthesis should
sense motion with sufficient precision and deliver elec-
tric stimulation to the central nervous system that mim-
ics the dynamic vestibular function. Figure 1a contrasts
the natural and prosthetic systems, with both having
three main functional units — a sensing unit, a pulse gen-
erator, and a stimulator. Figure 1b shows a functional
block diagram for the circuit components of a vestibular
prosthesis [Liu et al., 2003]. The sensing unit includes a
gyroscope, a low-pass filter and a differentiator. The in-
put is rotational motion while the output is an analog
voltage that is proportional to angular acceleration along
the sensing axis. The pulse generator consists of a trans-
fer function unit and a voltage-to-frequency converter. It
generates monophasic voltage pulses based on a mathe-
matical model describing biomechanics of the vestibular
organ. The current source converts the monophasic volt-
age pulses into biphasic, charge-balanced, cathodic-first,
current pulses that can be used to safely stimulate the
vestibular nerve.

Shkel/Zeng
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Fig. 1. a Comparison of the natural and
prosthetic vestibular systems. b The func-
tional block diagram of a MEMS-based ves-
tibular prosthesis mimicking the dynamic
function of the natural vestibular system.

Power supply

Sensing Unit

The prosthesis utilizes a custom-made single-axis
MEMS gyroscope, developed by UCI Microsystems Lab-
oratory [Shkel, 2001]. Figure 2 shows a scanning electron
micrograph of a MEMS gyroscope prototype. The gyro-
scope is approximately 2 x 2 mm? in size with a mini-

An Electronic Prosthesis Mimicking the
Dynamic Vestibular Function

mum feature of 5 wm. The MEMS gyroscope consumes
~10 mW power, which compares favorably with
~30 mW/rotational axis for the piezoelectric and MEMS
sensors by Murata and Analog Devices Inc., respectively.

The micromachined gyroscope uses a vibrating ele-
ment to measure rotational velocity based on the Coriolis

Audiol Neurotol 2006;11:113-122 115



Fig. 2. Scanning electron micrograph of a prototype MEMS gyroscope.

principle [Greiffet al., 1991; Shkel et al., 2005]. The proof
mass, which constitutes the active portion of the sensor,
is driven by an oscillator circuit at a precise amplitude,
Xp, and a relatively high frequency, w,, so that x(¢) =
Xpsin(w,t). When subject to a rotation with angular ve-
locity (), the proof mass will be subject to the Coriolis
force. The resultant Coriolis force is perpendicular to
both the input rate and the instantaneous radial velocity
in the drive direction. This force produces a motion of
the proof mass, y(¢), in a direction perpendicular to its
initial oscillation:

|v(o]==222¢ ()

This equation shows that the output deflection is pro-
portional to the input angular velocity. The gyroscope
response is also directly proportional to quality factor Q
(i.e., the sharpness of the resonance) of the device. To
improve performance of the MEMS gyroscope, the device
has to be vacuum packaged to achieve high-amplitude

116 Audiol Neurotol 2006;11:113-122

response in the sensing direction. Detection of the Corio-
lis response is also challenging, requiring measurements
of picometer scale oscillations in the sense mode, with the
proof mass oscillating with tens of micrometers ampli-
tude in the drive mode. The synchronous demodulation
technique is commonly used to tackle this problem. A
high-frequency carrier signal is imposed on the structure.
An array of differential capacitors is used to detect pico-
meter scale deflections due to the Coriolis-induced mo-
tion. The difference of the outputs of the differential am-
plifiers is amplitude demodulated at the carrier signal fre-
quency, yielding the Coriolis response signal at the driving
frequency.

We have also developed alternative vibratory gyro-
scopes with rate-integrating capabilities [Shkel et al.,
2005]. Here we consider the design principle and specifi-
cations for a single-axis MEMS gyroscope employing a
unique architecture that comprises a drive mode oscilla-
tor and a sense mode oscillator. This architecture im-
proves sensitivity while maintaining robust operation

Shkel/Zeng
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characteristics. The device operates in air and does not
require vacuum packaging. Figure 3 shows this MEMS
gyroscope’s linear response in DC voltage as a function
of the angular rate input. The gyroscope has a sensitivity
0f 0.0694 mV/degree/s and a noise floor of 0.211 mV/,/Hz
ata 50-Hz bandwidth, yielding a resolution of 3.05°/s/,Hz
at the same bandwidth.

The MEMS gyroscope can sense any type of angular
rotation (constant or nonconstant rotational rate), while
the natural vestibular organ only responds to the angular
acceleration. To mimic the natural organ, a circuit dif-
ferentiates the output voltage of the gyroscopes to pro-
duce a signal proportional to the angular acceleration. To
minimize the effect of high-frequency noise without af-
fecting the input motion signal, which is usually less than
10 Hz, a 3030-Hz low-pass filter is used prior to the dif-
ferentiator [Liu et al., 2003].

Pulse Generator

The pulse generator consists of a transfer function unit
emulating the dynamics of the natural vestibular organ.
It uses a high-order transfer function, described by two
zeros and three poles, to encode angular acceleration by
increasing or decreasing the firing rate from the spontane-
ous rate of the vestibular nerve. The transfer function is
modeled as a linear torsion-pendulum system [Steinhau-

An Electronic Prosthesis Mimicking the
Dynamic Vestibular Function

sen, 1931; von Egmond et al., 1949]. In this model, the

cupula and endolymph are treated as a heavily damped,

second-order linear system, where the cupula angular de-

flection &() is related to angular acceleration a(¢) by the

following differential equation:
d’<(1) de ()

O—F~+II——=+ Ac(t)=0a(f)

&t dr 2)

where 7, = II/A and 7, = O/1I are two time constants de-
fined by morphology and material properties of the ves-
tibular end-organ [Groen, 1956].

Furthermore, the relationship between the input an-
gular acceleration and the overall change in firing rate of
neurons is described by:

(s)= TAS 1+7;5
147,48 (l +Tls)(l + TZS)

A3)

where 71 and 7, are time constants of the pendulum mod-
el described above, 7, is related to the level of neuron
adaptability, and 7; is the dynamical-electrical time con-
stants. Fernandez and Goldberg [1971] estimated: 7, =
5.7s, 75 =0.003s, 7,=80s,and 77 = 0.049 s.

We use three operational amplifiers in serial to imple-
ment the transfer function relating the input angular ac-
celeration to the firing rate of the vestibular nerve fibers.
The input to the pulse generator is the voltage signal cor-
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Fig. 4. A printed circuit board prototype of the electronic unilateral semicircular canal prosthesis. The dimension

is ~12 x 24 cm?.

responding to angular acceleration, and the output is the
pulse train with its rate being equal to the firing rate esti-
mated from the animal model.

Current Source

To provide effective and safe electric stimulation, the
monophasic voltage signal has to be converted into a bi-
phasic current signal [McCreery et al., 1990; Scheiner et
al., 1990]. Similar to cochlear implants, the vestibular
implant will likely have great individual variability in
threshold and dynamic range [Zeng and Galvin, 1999].
Therefore, the electric parameters, including pulse rate,
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pulse amplitude, and pulse duration, have to be dynami-
cally and individually adjusted. In our implementation,
the shortest pulse duration is set at 1 ms. Therefore, the
maximum rate can be set close to 500 Hz, doubling the
maximum rate of 250 Hz used in a previous study [Gong
and Merfeld, 2002].

Printed Circuit Board Prototype

Figure 4 shows such a vestibular prosthesis prototype
implemented in a printed circuit board. The sensing unit
is a z-axis gyroscope, followed by a low-pass filter and a
differentiator. The pulse generator includes a transfer
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function unit and a voltage-to-frequency converter. The
current source includes Smith triggers, analog switches
and a current mirror. Two 9-volt batteries are used as a
power supply for the prototype circuitry and the sensor.
Nine potentiometers are utilized to adjust for the resis-
tance parameters, including four time constants in the
transfer function (7, 7, 74, and 7;), the gain of the trans-
fer function, spontaneous firing rate, pulse amplitude,
and duration of both positive and negative phases for the
biphasic pulses.

Electronic Evaluation

We have evaluated electronic performance of the ves-
tibular prosthesis prototype against the experimentally
obtained results in a squirrel monkey model [Fernandez
and Goldberg, 1971]. In their experiment, the animal
was mounted in a structure so that the center of the head
was coincident with the axis of rotation and the horizon-
tal canal was in the horizontal plane. Sinusoidal rota-
tions with a frequency of 0.1-8 Hz were sequentially
applied and responses of the vestibular nerve in terms
of the firing rate were monitored and recorded. In
our experiment, the prosthesis prototype was placed on
a rate table, moving under the same rotational condi-
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tions as those reported in Fernandez and Goldberg
[1971].

Figure 5 shows a segment of the prosthesis response to
inertial stimuli in real time. The continuous line (top
trace) is the output of the sensing unit (gyroscope), which
accurately reflects the sinusoidal rotation input of the rate
table. In this example, the rotation input frequency is
1 Hz and acceleration amplitude is 250%s%. The dotted
line (second trace) is the analog signal reflecting the output
of the transfer function in the pulse generator. The value
of this analog signal is used to generate a corresponding
pulse rate. Note the apparent phase difference between the
gyroscope’s output and the pulse generator’s output. In
this example, the biphasic current pulses generated by the
prosthesis dynamically varied from a maximum of 50
spikes/s to a minimum of 30 spikes/s, with a spontaneous
rate of 40 spikes/s. We should note that both the sponta-
neous firing rate and the sensitivity (setting the maximum
and the minimum firing rates) can be easily adjusted,
should this adjustment be needed to accommodate indi-
vidual differences. Finally, occasional instant shocks on
top of the pulses may occur as a result of conversion of a
digital signal to an analog signal. While adding a capacitor
parallel to the load can minimize the potential effect of
such shocks on the electrode and tissue, more sophisti-
cated circuit design may be required to eliminate them.
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Figure 6 compares the magnitude (panel a) and phase
(panel b) responses for the experimentally obtained data
in squirrel monkeys [Fernandez and Goldberg, 1971]
(symbols), the mathematical model prediction (dashed
lines), and the output of the vestibular prosthesis proto-
type (solid lines). The dashed line in the magnitude re-
sponse is not visible because the model prediction is
virtually identical to the prototype’s output. A compar-
ison is performed for the harmonic angular acceleration
with frequencies between 0.1 and 8 Hz. The gain re-
sponse matches closely for all three sets of data, but the
phase response differs slightly, particularly at higher fre-
quencies, reaching 5 degrees between the physiological
data and the prototype output at 8 Hz, and 12 degrees
between that physiological data and the model predic-
tion at the same frequency. Higher-order models or even
nonlinearities simulating the biomechanics of the ves-
tibular end-organ are required to remove this phase dif-
ference.

Future Direction
This paper describes the design, implementation and

evaluation of an electronic prosthesis mimicking the dy-
namic function of a unilateral semicircular canal. The
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encouraging preliminary results have demonstrated the
technical feasibility of combining MEMS gyroscopes and
analog circuits to reproduce a natural vestibular system’s
dynamic response to unilateral rotational movement.

The present architecture enables the use of the surface
mount hybrid techniques, which can reduce the size of
the overall system and potentially implement them on a
single chip. Power consumption can also be reduced us-
ing the custom-integrated MEMS gyroscope and low-
power analog circuitry. Figure 7 shows the conceptual
design of a totally implantable version for the next gen-
eration of the vestibular prosthesis. A three-axis MEMS
gyroscope will be integrated with control and signal con-
ditional electronics on a silicon substrate encapsulated in
a vacuum environment (panel a). The same silicon struc-
ture will support a stimulating electrode at each end and
provide multiple feedthroughs (panel b). Wireless com-
munication capabilities, wireless gain adjustment capa-
bilities, and wireless power supply will be integrated and
housed in a glass capsule. The glass capsule will be elec-
trostatically bonded to the substrate to provide hermetic
sealing for protection of the receiver circuitry, sensor, and
hybrid elements from body fluids.

We should also note that successful implementation of
the vestibular prosthesis not only requires innovative en-
gineering solutions but also novel surgical approaches.
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The implantation procedures and interface with vestibu-
lar nerves should minimize the risk of injury to and stim-
ulation of the adjacent facial nerves. In addition, vestibu-
lar implantation should not interfere with hearing. An
important next step is to demonstrate both the technical
and surgical feasibilities of the present vestibular prosthe-
sis prototype in a live animal model.
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ability of the material and the magnetization M = m/V is
the magnetic moment (1) per volume of material. All
materials are magnetic to some extent and are classified
by their susceptibility (x) to an external magnetic field,
where M = xH. The uniform dispersal of SNP in aqueous
solutions is dependent on the magnetic field, susceptibil-
ity to that field and also is related to the zeta potential of
the particles. For in vivo applications, organic coatings
surrounding SNP are used to insure dispersion and pre-
vent aggregation of particles, which would impede trans-
port across cell membranes.

Steric stabilization of SNP solutions can be achieved
by polymeric encapsulation. Poly (D,L,-Lactide-co-gly-
colide, PLGA) is one such (biodegradable) polymer,
which can also bind therapeutic moieties [Panyam et al.,
2003; Aubert-Pouessel et al., 2004; Bala et al., 2004; Fun-
hoff et al., 2004; Jeong et al., 2004; Jiang et al., 2004;
Kumar et al., 2004a, b; Panyam et al., 2004; Prabha and
Labhasetwar, 2004; Gupta and Gupta, 2005; Yamamoto
et al., 2005]. One procedure used to encapsulate PLGA
involves a double-emulsion technique, a water-in-oil
emulsion being created, followed by this emulsion being
dispersed in water [Gupta and Gupta, 2005]. Previous
examples using this technique have been described; how-
ever, water-dispersible SNP were used that, in general,
seem to have poor SNP dispersion in the polymer. Based
on fundamental colloid chemistry principles, an oil-dis-
persible SNP should have much better dispersion.

Mechanical forces imposed on SNP by external mag-
netic fields have been used to manipulate tissues in which
they reside or are attached [Puig-De-Morales et al., 2001].
Silica-encapsulated SNP chronically implanted into the
middle ear epithelium of guinea pigs respond to a sinu-
soidal electromagnetic field and can oscillate the ossicular
chain at displacements comparable to hearing levels
[Dormer et al., 2005]. Implantable middle ear hearing
devices in various stages of development directly drive
the ossicular chain for hearing amplification using piezo-
electric, motor or electromagnetic actuators [Dormer,
2003]. However, otologic biomechanical applications of
SNP have not yet been made.

Nanotechnology also may prove useful in inner ear
medicine with recent better understanding of the pathol-
ogies of noise- [Kopke et al., 2002], toxin- [Ravi et al.,
1995; Song et al., 1997], inflammatory-, viral- and im-
mune-mediated injury [Adams, 2002; Ryan et al., 2002]
and cell death processes [Huang et al., 2000] leading to
new treatment approaches [Kopke et al., 2002; Seidman
and Van de Water, 2003]. Genetic and trophic factor ma-
nipulations have enhanced repair processes of inner ear
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neurosensory epithelium [Kopke et al., 2001b; Izumika-
wa et al., 2005]. Also, new methods have been tested for
inner ear drug delivery including middle ear perfusion,
use of catheters and wicks for round window membrane
(RWM), cochlea, and vestibule [Kopke et al., 2001a;
Jones et al., 2004; Izumikawa et al., 2005].

Safe, precise delivery of potentially therapeutic mole-
cules remains a current challenge in otology/neurotology.
We have been examining a new approach to inner ear
drug delivery: SNP being pulled by magnetic forces, car-
rying a therapeutic payload into the inner ear in minutes.
The RWM uniquely serves as portal of entry to cells of
interest, i.e. sensory hair cells (HC), supporting cells, neu-
rons, stria vascularis tissues. Small molecules, peptides,
proteins, and viruses have been shown to pass through
the RWM [Witte and Kasperbauer, 2000; Korver et al.,
2002; Suzuki et al., 2003; Wang et al., 2003]. However,
the passage of these molecules can be inefficient and high-
ly variable [Juhn et al., 1988; Hoffer et al., 2001]. Addi-
tionally, most of these experiments involving passage of
larger molecules through RWMs have been done in small
animals, but humans have RWMs that are five to six
times thicker than these animal models. Therefore, the
larger molecules may not traverse the thick human RWM
without the use of additional forces. The purposes of the
preliminary studies reported here were to determine the
feasibility of driving SNP and a payload across the RWM
and the feasibility of driving the ossicular chain at a use-
ful level with SNP embedded into the ossicular epitheli-
um using externally applied magnetic forces. Our initial
results with in vitro modeling, organotypic culture mod-
eling, in vivo studies, and evaluation with fresh human
temporal bones suggest the following: (1) SNP can be
pulled through a tripartite in vitro membrane model, liv-
ing guinea pig and rat RWM, and fresh cadaver RWM in
less than 60 min by a magnetic force of ~0.3 tesla; (2) the
magnetic gradient-forced transport supersedes diffusion
or active forces of RWM transport; (3) SNP and PLGA
particles appear biocompatible to inner ear tissues and to
the RWM; (4) a payload has also been transported across
the RWM in vivo, and (5) a sinusoidal magnetic field ap-
plied to implanted SNP resulted in ossicular displace-
ments comparable to 90 dB SPL.

Materials and Methods

Synthesis of Nanoparticles

Our initial synthesis of magnetite (Fe;04) utilized a procedure
modified from Massart [Massart, 1981; Lian et al., 2004] in which
the magnetite was prepared in an atmosphere saturated with nitro-
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gen [Dormer et al., 2005]. Silica was tested as a biocompatible en-
capsulant for the magnetite and as a means to prospectively add
both steric stabilization and a surface for derivatization of the par-
ticles.

For polymeric encapsulation of SNP into a larger composite
nanoparticle, we hypothesized that oleic acid-coated magnetite
nanoparticles (Liquid Research Ltd., Bangor, UK) and PLGA
(Absorbable Polymers International, Pelham, Ala., USA) could
be combined using previously published emulsification chemis-
try [Gupta and Gupta, 2005]. PLGA nanoparticles were formed
using a double emulsion solvent evaporation technique [Prabha
et al., 2002]. Following formulation of PLGA nanoparticles, dy-
namic light scattering (DLS) measurements determined hydrated
particle size dispersion (HPP5001 High Performance Particle
Analyzer, Malvern Instruments, Malvern, UK). Electron micro-
graphs were taken also to determine particle size (H7600 Trans-
mission Electron Microscope, Hitachi, Pleasanton, Calif.,
USA).

Electron Spin Resonance Spectroscopy

Aqueous 5,5-dimethyl-1-pyrroline- N-oxide (DMPO) was re-
acted with activated charcoal and then filtered. A baseline curve
was made with DMPO. To determine if silica-coated SNP had re-
active iron surfaces, a Fenton-type reaction was performed with
10 mM H,0, added to a solution containing the DMPO spin trap
and the SNP. Interaction of the SNP with the Fenton system was
tested under three conditions: (1) the DMPO spin trap with 10 mM
H>0,; (2) the addition of the SNP to the DMPO + H,O, reaction
system above, and (3) a positive control obtained by adding 60 .l
of ferrous sulfate to the reaction seen in system 2 above. Spectra
were obtained with the basic reaction system with the addition of
60, 180, and 300 pl SNP added to DMPO + H,0,, respectively
(NanoBioMagnetics Inc., Edmond, Okla., USA).

Cell Growth Kinetics

A cell culture study of particle biocompatibility was performed.
Madin-Darby canine kidney epithelial cells (MDCK) were seeded
on the mucosal side of a porcine small intestine submucosa (SIS)
membrane (Cook Biotech, West Lafayette, Ind., USA) at a seeding
density of 4.8 x 103 cells/cm?. Dextran-coated SNP (Nanomag-D
NH2, Micromod, Germany) were added to the growth medium of
the MDCK cells (1 mg/ml). Cells were counted at days 1, 2, 3, 5, 7,
9, 11, and 14 using a hemocytometer (Fisher Scientific, Pittsburgh,
Pa., USA). On each of these days, cells were counted in 3 separate
wells (n = 3).

Organotypic Culture Biocompatibility

Biocompatibility of SNP and PLGA nanoparticles containing
SNP was tested using exposure to organotypic cell cultures of Cor-
ti’s organ. Corti’s organ was explanted from postnatal day 3 mouse
pups and cultured for 24 h with standard Dulbecco’s Modified Ea-
gle’s Medium (DMEM) at 37°C in 5% CO; similar to previously
described methods [Nicotera et al., 2004]. Next the DMEM was
replaced with fresh medium containing SNP (100 pg/ml) or PLGA
particles with oleic acid-coated SNP embedded (1 mg/ml, 100 pg/
ml, 1 pg/ml). That medium was replaced with fresh particle-free
DMEM after 48 h. SNP cultures were maintained for 3-7 days (8
cultures for each time point). The PLGA cultures (4 samples at each
of the three concentrations) were maintained in culture for an ad-
ditional 3 days.

Magnetic Nanoparticles and Ear

On the last day, the tissues were fixed in 4% paraformaldehyde
and stained with tetramethylrhodamine B isothiocyanate (TRITC)-
or fluoroscein isothiocyanate (FITC)-phalloidin to identify HC, cu-
ticular plates, and stereocilia bundles under a light microscope as
previously described [Kopke et al., 1997]. Specimens were mount-
ed in mounting medium for fluorescence (VECTOR H-1000) and
examined under a fluorescence microscope (Olympus BX51) with
appropriate filter sets (excitation, 540 nm; emission, 573 nm) for
TRITC and FITC (excitation, 495 nm; emission, 520 nm). Each
explant of Corti’s organ was examined in its full length. HC were
identified by the bright FITC/TRITC phalloidin staining of the HC
stereocilia bundles and cuticular plates, whereas missing HC were
identified by the absence of cuticular plates and stereocilia bundles
and the formation of supporting cell scars.

Magnetic Transport — in vitro RWM Model

Figure 1a illustrates our in vitro RWM model, a tripartite cell
culture membrane constructed and cultured as previously de-
scribed except that MDCK and fibroblasts were used instead of
smooth muscle and urothelial cells [Zhang et al., 2000]. First, epi-
thelial cells (MDCK) were cultured on one side of a small intestine
submucosal membrane (Cook Biotech, West Lafayette, Ind., USA).
Next, SWISS 3T3 fibroblasts were cultured on the contralateral side
of the SIS membrane and allowed 2 days to penetrate the mem-
brane. MDCK were then cultured on the free membrane surface
and allowed 5 days to become confluent, as confirmed by measur-
ing increased transmembrane electrical resistance (Epithelial Volt-
Ohmmeter, WPI Inc., New Haven, Conn., USA) across the mem-
brane until a peak in resistance was measured on day 4 before
conducting the experiments.

Solutions of dextran-coated SNP clusters, 130 nm average di-
ameter, or PLGA-embedded SNP, 160 nm diameter (1 mg/ml con-
centration) were placed on the upper surface of the RWM model.
Individual NdFeB cylindrical magnets (Magstar Technologies)
6.35 x 6.35 mm were positioned so the centers of adjacent magnets
were 2 cm apart. A plastic holder (12.8 x 8.6 x 3.1 cm) positioned
the magnets directly under the culture wells of a 24-well plate. The
magnetic field density measured at the surface of each of these mag-
nets using a gauss meter (Model 5080, SYPRIS, Orlando, Fla.,
USA) averaged 0.41 tesla.

The SIS membranes with cultured cells were harvested at day 7
and fixed in 10% formalin, placed in 3% agar and stored in 10%
formalin for subsequent histological sectioning at 4-5 pm. Sections
were stained with Masson’s trichrome (fig. 1b) and observed under
light microscopy for signs of toxicity and positions of SNP en pas-
sage through the RWM. Transmission electron micrographs were
taken on the fluid under the culture well inserts to verify magnetic
gradient-forced transport of SNP across the RWM model.

Magnetic Transport — in vivo RWM Models

Adult Sprague-Dawley rats (n = 8) or albino guinea pigs (Cavia
porcellus; n = 3) (Harlan, Indianapolis, Ind., USA) were anesthe-
tized with a ketamine/xylazine ratio of 100/10 mg/kg for rats and
70/7 mg/kg for guinea pigs, i.m. The bulla was opened to expose
the RWM. SNP, cither dextran-coated 130-nm clusters of 20-
30 nm (NanomagD, Micromod GmbH, Rostock, Germany) or sil-
ica-coated, 20-30 nm in diameter from our own synthesis, or
PLGA-embedded SNP 160 nm in diameter (1 mg/ml) were placed
in the RWM niche (1 pl for rats, 3 pl for guinea pigs). The RWM
of the experimental ear was positioned horizontally facing upwards
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Fig. 1. a Schematic representation of 3 layers in the RWM model: a layer of fibroblasts sandwiched between 2
layers of MDCK cells. The diagram also shows the magnetic delivery system, a NdFeB magnet positioned under
individual culture plate wells allowing for translational pulling of SNP across the membrane. b Photomicrograph
of a cross-section of the RWM model showing stages of translational movement of the SNP. The cross-section
shows MDCK cells on both sides of the SIS membrane and fibroblasts seeded within the SIS membrane. The SNP
movement was captured on day 5 of cell culture. ¢ Biocompatibility indicator growth plot showing that SNP (dex-
tran-coated SNP, 1 mg/ml) have no effect on cell proliferation in MDCK cell culture. The cells were counted on
days 1,2, 3,5,7,9, 11 and 14 of culture. Error bars represent standard deviation.

and the animal placed on the center surface of a 4-inch cube
NdFeB48 magnet (Magnetic Sales, Culver City, Calif., USA). The
distance from the RWM to the magnet pole face was 2.5 cm for rats
and 3 cm for guinea pigs providing ~0.3 tesla for 20 min. The re-
maining SNP solution was then aspirated from the niche and re-
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placed with a fresh solution (process was repeated two times for
60 min total exposure). Control animals went through the same
protocol but without the magnetic field. The area of the basal turn
and the apex, but not the RWM niche, was irrigated and aspirated
dry. The bony wall on the basal turn of the cochlea was thinned
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using an 18-gauge needle and a small hole made. A 30-gauge
blunt-tip needle was inserted to the basal turn of the cochlea, and
perilymph (10 pl for rats, 16 pl for guinea pigs) was withdrawn
and saved for transmission electron microscopy (TEM). Fresh
needles, syringes, and tubing were used for perilymph aspira-
tions. The RWM was removed after fixation and also prepared
for TEM.

The perilymph collected was washed twice with double-distilled
water on a magnet to remove the salt content. The resulting 5-pl
liquid was examined with TEM for nanoparticles. A small drop was
put on glow-discharged formvar- and carbon-coated copper on
nickel mesh grids. Samples were allowed to settle for 30 s, then
wicked and rinsed 4 times with one drop of distilled/deionized wa-
ter. RWM tissues were first rinsed in 0.1 M cacodylate buffer, then
dehydrated through a series of acetones and finally rinsed in pro-
pylene oxide. After going through a series of propylene oxide/resin
exchanges, samples were embedded in 8/2 resin. Transverse sec-
tions, 90 nm thick, were cut and put on 400 mesh copper grids that
were glow discharged. Both perilymph and RWM samples were
examined by TEM (H7600, Hitachi, Pleasanton, Calif., USA), and
2K x 2K digital images were taken (Megaplus ES 3.0, Advanced
Microscopy Techniques, Danvers, Mass., USA). For each peri-
lymph sample an average of 20 meshes from 2 grids were examined
for nanoparticles. For RWM samples, 4 grids from each membrane
sample were examined.

In order to quantify our observations for the guinea pig in vivo
transport experiment, a 5-pl drop of control or magnet-exposed
guinea pig perilymphatic fluid from a total of 2 animals was placed
on the formvar grid. The particles evenly disperse and do not ag-
gregate in fluid (data not shown). Fifteen randomly selected fields
were observed and fifteen images were taken at 5000 x magnifica-
tion, similar to figure 2g and i. The number of observed particles
on each photograph was counted and compared between control
and experimental samples. A two-tailed Student’s t test was used
to determine if the particle count means between the two samples
were statistically different.

Magnetic Transport — Human Temporal Bone

SNP synthesized by NanoBioMagnetics Inc. were suspended in
normal saline (0.2 mg/ml) and 5.5 pl was placed in the round win-
dow niche of human fresh frozen temporal bones (n = 2). Bones
were placed approximately 1 inch from the pole face of a 4-inch
cube NdFeB magnet external to the skull with the RWM parallel
to the pole and exposed to approximately 0.3 tesla for 20 min. Next,
the residual solution was removed from the niche and the procedure
repeated twice for a total magnetic exposure of 60 min. After copi-
ous irrigation of the cochlear surface a cochleostomy was performed
and 15 pl of perilymph aspirated using a 27-gauge needle and mi-
crosyringe for identification of SNP that were transported across
the RWM. The same protocol was followed on a control temporal
bone (no magnetic field). Both conventional TEM and electron en-
ergy loss spectroscopy (EELS) of particles prepared on formvar
grids as previously described [Mamedova et al., 2005] were used to
locate SNP in the sampled perilymphatic fluids. Conventional
TEM techniques were used to locate approximately 10-nm electron
dense spheres and confirm their elemental composition using the
EELS feature searching at 708 eV for the iron L electron shell. The
energy filtering option on the TEM microscope (CEM 902, Zeiss,
Oberkochen, Germany) was used to photograph the iron-contain-
ing nanoparticles.
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Ossicular Movements

SNP were silica coated and the silica surface was derivatized by
the attachment of amino groups using 3-aminopropyltrimethoxysi-
lane for conjugation with FITC [Dormer et al., 2005]. Intracellular
location of fluorescent nanoparticles was subsequently done using
scanning confocal microscopy. Guinea pigs were anesthetized and
implanted with a sterile saline solution (50-75 pl) of SNP soni-
cated 3-4 min before placement either on the lateral wall of the
surgically exposed incus (n = 9) or on the tympanic membrane
(n=2).

Each animal’s head was laid on the pole face of a 4-inch cube
NdFeB magnet (~0.30 tesla), the implanted ear facing up. Three
aliquots of SNP were sequentially placed on the epithelium, then
exposed to the magnet for 20 min. The animals recovered for 8-15
days and then were again anesthetized for laser Doppler single point
interferometry measurements of velocity and conversion into dis-
placements (Models OFV501 and 3000, Polytec PI, Tustin, Calif.,
USA) in response to an electromagnetic field. In a recumbent posi-
tion, the incus was again exposed, and a 1 x 1-mm piece of reflec-
tive tape placed at the implant site. Interferometry measurements
were made in response to a 6.5-mH coil activated at 500 or
1000 Hz, 5-8 V peak-to-peak (Model 80 Function Generator, Wa-
vetek, San Diego, Calif., USA; Model 2706 Precision Amplifier,
Bruel & Kjaer, Denmark).

Histological confirmation of the SNP implants was made by first
decalcifying the incus, followed by transverse sectioning of the ep-
ithelium at 5 pm and observation using laser scanning confocal
microscopy (Model TCS SP2, Leica, Mannheim, Germany).

Animal Care and Use

The experimental protocols were approved by the Institutional
Animal Care and Use Committee, University of Oklahoma HSC.
The study was performed in accordance with the Public Health
Service Policy on Human Care and Use of Laboratory Animals, the
National Institutes of Health Guide for the Care and Use of Labo-
ratory Animals, the Animal Welfare Act and the principles of the
Declaration of Helsinki.

Results

Synthesis of Nanoparticles

Figure 2a shows a TEM of PLGA particles. The PLGA
particles had an average size of 99 * 44 nm which was
comparable with a size of 175 nm and a polydispersity
index of 0.045 from DLS. Figure 2b shows a TEM of
oleic acid-coated SNP incorporated into the PLGA mi-
croparticles. These particles had an average size of 85 *
32 nm. The average size of the particles as measured via
DLS was ~180 nm with a polydispersity index of ~0.1.
The oleic acid-coated SNP appeared to range in size
from 5 to 15 nm and incorporation of the SNP did not
influence the size of the PLGA particles. As can be seen
in figure 2¢, the SNP have slightly aggregated together in-
side the polymer. This aggregation is most likely a result
of the sonication process and not an artifact of evaporat-
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Fig. 2. TEM. a PLGA particles. Magnification 7000 x . b PLGA particles with magnetite incorporated inside. Mag-
nification 8000 x . ¢ PLGA particles with magnetite incorporated inside. Magnification 100000 x . d PLGA particles
made with a lower concentration of oleic acid-coated magnetite. Magnification 80000 x. e PLGA particles with
magnetite after passing through the RWM model. Magnification 7000 x. f PLGA particles with magnetite after
passing through the RWM model. Magnification 70000 x . g PLGA particles with magnetite after passing through
the RWM of a guinea pig. Magnification 5000 x . h PLGA particles with magnetite incorporated inside from guinea
pig perilymph. Magnification 100000 x . i TEM of perilymphatic fluid from animal without magnet exposure dem-
onstrating very few particles.

ing the particles on the TEM plate. The oleic acid-coated  concentration of magnetite was used (1 vs. 5 mg/ml) in
SNP embedded in the PLGA were not freely mobile. the formation of the PLGA microparticles, fewer magne-
Thus aggregation of the magnetite is not expected when tite particles were incorporated into the polymer and did
the particles are dried on the TEM grid. When a lower not aggregate (fig. 2d).
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Figure 2e, f shows TEM images of the magnetite-con-
taining PLGA after having passed through the RWM
model. TEM of a solution control experiment where no
magnetic forces were employed demonstrated no parti-
cles in multiple TEM fields. In perilymphatic fluid sam-
ples from animals exposed to magnetic forces numerous
particles were observed in multiple TEM fields as shown
in figure 2g, h, whereas there were very few particles seen
in fluid from animals not exposed to magnetic forces
(fig. 21). Quantitatively, the mean number of particles for
the experimental (magnet exposed) sample was 51.2 *
13.1 particles per photograph and the mean particle count
for the control (no magnet exposure) samples was 1.8 =+
1.8 (p < 0.001).

Biocompatibility

ESR studies of silica-coated paramagnetic nanoparti-
cles in a Fenton system revealed no evidence of free iron
in the silica-encapsulated nanoparticles. There was no
spectral evidence of free radical activity, supporting that
the silica encapsulation of the nanoparticles prevented
iron exposure and generation of free radicals.

As can be seen in figure Ic, the cell growth kinetics
curve for MDCK cells grown in culture on SIS mem-
branes was identical for cells cultured without particles
or cells cultured with a concentration of 1 mg/ml of Nano-
mag-D NH, dextran particles.

Application of particles to organotypic cultures of
mouse organ of Corti revealed little detectable HC loss or
supporting cell scar formation with either the SNP (n = 8
at each time point) or the polymer-encapsulated oleic
acid-coated paramagnetic nanoparticles (4 at each con-
centration). Very little or no HC loss was observed nor
were replacement supporting cell scars detected (similar
to control cultures not exposed to particles) at the light
microscopic level in any of the cultures even at 1 mg/ml
concentrations and at the longest time periods of culture.
Representative photomicrographs of organotypic cul-
tures are seen in figure 3.

TEM and light microscopy of explanted RWM
(fig. 4a—c) and in vitro tripartite SIS membrane (fig. 1b),
respectively, revealed no evidence of cell death, necrosis,
inflammation or other obvious pathology on initial stud-
ies. Similar indicators of biocompatibility were noted for
the particles incorporated in the middle ear mucosa of
guinea pig ossicles [Dormer et al., 2005].

Magnetic Gradient Transport
A total of 9 SIS membrane inserts, 6 experimental and
3 controls, were utilized to assess magnetic gradient trans-
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Fig. 3. Representative photomicrograph of cultured organ of Corti
from postnatal day 3 mouse pups (5 days in vitro). Three rows of
outer HC (OHC) and one row of inner HC (IHC) are shown.
TRITC-phalloidin staining. a Control. b PLGA-SNP (1 mg/ml,
48 h) treated. At the light microscopic level, control and particle-
exposed cultures all evidenced little, if any, HC loss. Magnification
200 x.

port with and without magnetic forces. TEM observa-
tions detected a large number of SNP with a polymer
payload in all 6 experimental inserts as seen in figure 2e,
f. On the other hand, in the control membranes without
magnetic forces no SNP were detected (data not shown).
The concentration of SNP was 10! particles/ml and
100 pl was applied to each insert.

TEM of fresh human cadaveric cochlear aspirate also
readily demonstrated the particles of interest, whereas
none were seen in the specimens not exposed to magnet-
ic forces. These SNP were rapidly pulled through the hu-
man RWM in fresh frozen cadaveric human temporal
bone and detected in the inner ear perilymphatic fluid.
EELS confirmed that the particles contained iron. Peri-
lymphatic fluid from temporal bones exposed to nanopar-
ticles but no magnetic forces were devoid of these parti-
cles (fig. 5a, b).
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Fig. 4. SNP passing through RWM. TEM - 2 microns
image of RWM from a rat exposed to mag-
net field for 60 min. Particles placed on the
RWM in solution were drawn into and
through the RWM with a magnetic gradi-
ent. Particles from samples from controls
not exposed to magnetic forces were found
only on the surface of the RWM (data not
shown). a A low power magnification
(1500 x) view shows the RWM and SNP
passing through three layers of the RWM
(outer epithelium, middle fibrous layer, and
into inner epithelium). b A high power view
(6000 x) shows the distribution of SNP
within the RWM fibrous layer among col-
lagen bundles. ¢ A higher power view
(40000 x ) shows the individual dextran-
coated SNP clusters in the tissue. OE =
Outer epithelium; MF = middle fibrous
layer; IE = inner epithelium; CB = collagen
bundle.
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Fig. 5. These magnetic nanoparticles were “
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along a magnetic gradient in fresh cadav-

eric human temporal bone and detected in

the inner ear perilymphatic fluid. a TEM of

perilymphatic fluid aspirated from the co-
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demonstrating particles. Original negative %

(85000 x ). b EELS confirms that the parti-

cles contain iron (bright dots). Perilymphat-

ic fluid from temporal bone exposed to 0.1 pm
nanoparticles but no magnetic forces was
devoid of these particles.
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Ossicular Displacement

Silica-coated SNP, average diameter of 16 nm, with a
zeta potential of —15 to —20 mV were internalized into
epithelia of the tympanic membrane or that covering the
incus. The density of SNP at the incus implant site was
visible without magnification 8 days following implanta-
tion and the FITC-labeled SNP were visible under scan-
ning confocal laser microscopy [fig. 6, 7 in Dormer et al.,
2005]. Histopathology revealed no inflammatory re-
sponse, no giant cells or evidence of apoptosis following
2-15 days of implantation. In this preliminary study, the
displacements of the (intact) ossicular chain and tympan-
ic membrane, as measured using single point interferom-
etry, were comparable to 90 dB SPL displacements of the
human middle ear [table 1, Dormer et al., 2005]. Fre-
quency doubling occurred as the SNP responded to both
polarities of the reversing electromagnetic field. This con-
firmed the superparamagnetic property of the magnetite
SNP.

Discussion

The earliest use of external magnetic field to deliver
clinical agents was in 1951, involving catheters for selec-
tive angiography. Magnetic microspheres were mostly
studied until nanotechnology emerged in the late 1980s.
Long-term deposition of iron in vivo is not a toxicity con-
cern, as assessed epidemiologically in miners of hematite
whose lung concentrations over lifetimes were 100-1000
times above those produced by drug targeting [Ranney,
1987]. Neither is adverse immunogenetic response a con-
cern as iron is one of the most regulated cellular elements.
Today, surface modifications can stabilize SNP in physi-
ological solutions, protect against oxidation, provide
functional groups for further derivitization and, in the
case of polymeric encapsulation, carry and protect pay-
loads en route to target tissues whereupon biodegradation
will release payloads [Neuberger et al., 2005]. Future suc-
cesses of SNP applications in nanomedicine, like other
biomaterials, will be related to the extent of complete
physicochemical characterizations (e.g. zeta potential)
since surface chemistry dictates cell differentiation [Gup-
ta and Gupta, 2005; Keselowsky and Garcia, 2005].

Middle Ear Biomechanics

For the first time it was shown that SNP, chronically
implanted in a tissue, could be used to generate force, al-
though performance data are lacking in this feasibility
study [Dormer et al., 2005]. Current implantable middle
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ear hearing devices (IMEHD) under development or in
clinical trials employ active electronic actuators consist-
ing of motors, solenoid type drivers, piezoelectric crystals
or magnets driven by an external magnetic field [Hutten-
brink, 1999]. Reduced surgical and device risk, lower cost
and direct drive benefit may be an advantage of tissue-
indwelling, biocompatible SPN. Magnetite nanoparticles
caused ossicular displacements in guinea pigs that were
comparable to those in human temporal bones in re-
sponse to a 90-dB SPL sound source. Nevertheless, the
mass of the guinea pig ossicular chain is substantially less
than in the human and was relatively easy to displace us-
ing an external magnetic field. Others have used mag-
netic particles to exert piconewton forces influencing
(bone) cell differentiation [Cartmell et al., 2004]. RGD-
coated microparticles bound to integrin receptors on pri-
mary human osteoblasts and an external magnetic field
oscillated the cells in 2-D monolayer culture or 3-D con-
structs. Varying load-bearing matrices resulted.

Inner Ear Targeted Delivery

Of the prospective applications in nanomedicine, tar-
geted delivery of therapeutics and enhanced MRI imag-
ing, both utilizing nanoparticulate Fe;O,, may have the
greatest clinical impact [Shinkai and Ito, 2004]. Deliver-
ing therapeutics only to target tissues may reduce both
side effects and cost while improving treatment. Target-
ing of SNP by an external magnetic field had initially been
explored for intravascular delivery. However, traversing
the RWM provides a unique nanomedicine application
where delivery particles will not be removed by reticulo-
endothelial organs. Like vascular targeting across the en-
dothelium, inner ear delivery is independent of the mem-
brane status and highly dependent on homogeneity of the
magnetic field gradient in the target volume.

Substances with limited access to the inner ear may
traverse (permeabilize) the RWM carrying a payload of
drugs or genes to the inner ear. We have explored this
targeted delivery for the first time utilizing SPN [Lee et
al., 2004]. Our in vitro RWM model was used to initially
identify candidate SNP for optimal targeted delivery to
the inner ear (fig. 1a—c). In vivo testing in rat and guinea
pig subsequently validated the RWM model, and we are
currently refining the payload release from the biodegrad-
able PLGA in perilymph. The model served to emulate
the human RWM, penetrable to SNP, using external mag-
netic forces. Our results showed that cluster type aggre-
gates (130 nm) containing 10 nm SPN were biocompat-
ible and might be considered as carriers for therapeutic
substances or as nonviral vectors for gene therapy. There
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was no observable effect of the SPN on growth and pro-
liferation of human epithelial cells in culture. The SPN
crossed the tripartite RWM model much more rapidly
than diffusion because of the forces from an external mag-
netic field. It is not surprising that a small number of par-
ticles were detected in perilymph of a guinea pig not ex-
posed to magnetic forces since these particles are small
enough to diffuse through the RWM or to be transported
through active processes. However, the particles were
much more evident after exposure to a magnetic gradient.
Future studies are aimed at gathering additional quanti-
tative information.

PLGA nanospheres have been used previously as
nonviral vectors of DNA and other biologically active
compounds. Labhasetwar and others tested biodegrad-
able nanoparticles (~200 nm) consisting of PLGA and
PVA [Panyam et al., 2002, 2004; Sahoo et al., 2004].
Particles have been loaded with wt-p53 plasmid DNA
that transfected a breast cancer cell line [Prabha and
Labhasetwar, 2004]. Sustained gene expression resulted
from the slow intracellular release of the encapsulated
DNA. Cellular uptake of PLGA particles 10-800 nm in
diameter was confirmed by fluorescence of 6-coumarin
and confocal microscopy [Qaddoumi et al., 2004]. En-
docytosis appears to be involved in internalization and
cationic surface treatment is facilitatory. PLGA na-
noparticles (<200 nm) coated with a PVA-chitosan
blend produce a cationic shell with the ability to elec-
trostatically bind DNA to a nanosphere [Kumar et al.,
2004a, b].
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Therapeutic Perspectives

Inner ear medicine represents an expanding field that
will benefit from improved targeted delivery strategies for
awide range of therapeutic small molecules, peptides, pro-
teins, oligonucleotides and larger molecules containing ge-
netic information. With the growing understanding of the
molecular basis for traumatic, toxic, ischemic, inflamma-
tory, infectious, and degenerative pathologies of the inner
ear, specific efficient targeted delivery of mechanism-
based therapeutics appears promising. In addition, plas-
mid gene delivery through an efficient, minimally inva-
sive, safe method may increase the possibility of clinical
auditory HC replacement with restoration of hearing,.
Here, in preliminary studies using materials comparable
to those FDA approved and used clinically [Shinkai and
Ito, 2004], we have demonstrated that readily achievable
magnetic gradients can be created to enhance the delivery
of paramagnetic nanoparticles with a biodegradable poly-
mer payload into the mammalian inner ear.
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Yamamoto et al., 2002]. These include soluble tropic fac-
tors such as growth factors, which are released into the
extracellular fluid. Neurites can respond to gradients of
these soluble factors with directional growth [e.g. Cao and
Shoichet, 2003; Gillespie, 2003; Yoshikawa and Thomas,
2004]. Patterns of extracellular matrix (ECM) molecules
such as laminin, fibronectin or collagen, which may be
components of extracellular structures or be bound to
their surfaces, can provide additional cues [e.g. Gillespie,
2003; Gallo and Letourneau, 2004; Hari et al., 2004; Os-
ter et al., 2004; Yoshikawa and Thomas, 2004]. A wide
variety of molecules that reside on the surfaces of cells,
such as components of the ephrin/Eph bidirectional sig-
naling system [Marquardt et al., 2005], can provide di-
rectional signals at the cellular and the subcellular level.

Many known neurite guidance molecules have been
localized to regions or cells of the developing cochlea that
are appropriate for a role in regulating neurite growth,
providing the substrates for guidance of afferent and ef-
ferent projections. Neurotropic growth factors present in
the developing organ of Corti include neutrotrophin-3
(NT-3), brain-derived neurotrophic factor and acidic fi-
broblast growth factors (FGF-1), all of which are pro-
duced by hair cells [Luo et al., 1993; Pirvola et al., 1992,
1994; Ernfors et al., 1994]. Many ECM molecules includ-
ing fibronectin, laminin, tenascin and various collagens
occur in the organ [e.g. Woolf et al., 1992; Tsuprun and
Santi, 1999, 2001; Whitlon et al., 1999]. Several ephrins
and Eph receptors have also been identified in the devel-
oping inner ear [Bianchi and Liu, 1999; van Heumen et
al., 2000; Pickles et al., 2002].

Identifying the role played by these individual mole-
cules in spiral ganglion (SG) neurite guidance has proven
to be more difficult. Gene deletion studies have provided
information, but can result in the death of neurons, e.g.
tropic molecules that also provide trophic support [Ern-
forsetal., 1994; Farinas et al., 1994; Fritzsch et al., 1997a,
1998], or even the organism, e.g. many ECM molecules
[George et al., 1993]. While in vitro techniques clearly
have their limitations, they can be used to probe different
developmental periods independently, in a way that gene
deletion studies often cannot. Studies of neurons in cul-
ture have the additional advantage that the environment
in which neurites are extending can be precisely con-
trolled. In particular, they allow potential guidance fac-
tors to be presented in controlled patterns.

This is critical since, in order for a substance to provide
directional information to advancing neurites, it must be
differentially distributed. Variation in distribution can
take many forms, from abrupt gradients in concentration

Micropatterning Neurite Guidance Cues

that are essentially step-like at the dimension of the sam-
pling growth cone, to gradual gradients that extend over
many times the sensing radius of the neuron. For example,
recent evidence indicates that gradients of soluble neuro-
tropic factors can contribute to neurite guidance over dis-
tances of more than 10 mm [Cao and Shoichet, 2003].
Distribution of insoluble substances may be punctate, or
can occur in patterns that relate to the underlying structure
of the tissue. For example, in rodents, fibronectin appears
to occur in tracts that run beneath the hair cells, during
the first postnatal week [Woolf et al., 1992]. Cell surface
molecules can be confined to individual cells or to cellular
regions, or may be broadly distributed across tissues.

We have taken advantage of methods for micropat-
terning guidance molecules to directly assess SG neurite
guidance in culture. Insoluble molecules have been pat-
terned as edges, stripes and puncta. Soluble factors have
been represented as discrete fluid gradients or localized
cellular sources. Taken together, our studies suggest that
SG neurites can respond directionally to differentially
distributed guidance factors.

Methods

Culture of SG Neurons

Surgical procedures were approved by the local animal subject
committee in accordance with the guidelines laid down by the NIH
regarding the care and use of animals for experimental procedures.
Three- to five-day-old (P3-P5) rat pups were decapitated and the
skulls opened midsagitally under sterile conditions. The membra-
nous labyrinth was exposed by peeling off the cartilaginous cochle-
ar capsule under a dissecting microscope. The stria vascularis and
the organ of Corti were removed in order to expose the spiral gan-
glia. The SG was excised from the entire length of the cochlea and
divided into explants that were approximately 300 x 300 pwm.

Culture procedures were based on those developed by Van De
Water and Ruben [1971] and have been described in detail else-
where [e.g. Brors et al., 2003]. Briefly, individual explants were
cultured on surfaces coated with poly-L-lysine (PLL). Additional
molecules were applied to this surface in various patterns as de-
scribed below. The tissue was initially incubated in attachment
media consisting of DMEM, 10% FCS, 5% HEPES and 30 units/ml
penicillin for 24 h at 37°C, 5% CO,. After 24 h, the culture medium
was changed to maintenance media consisting of DMEM supple-
mented with 1 x N2 and 5 g/l glucose. Cultures were maintained
for 72-96 h in maintenance media. Various soluble factors were
included as described below.

Fixation and Immunohistochemistry

After culture in maintenance media, explants were fixed with
4% paraformaldehyde for 20 min and then washed with PBS. The
samples were blocked with 1% donkey serum for 10 min at room
temperature to reduce nonspecific binding. Specimens were incu-
bated with rabbit polyclonal anti-200 kDa neurofilament antibody
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Culture well

Fig. 1. Schematic diagram of a microfluidic device for creation of
a fluid gradient and choice point for growing neurites. The device
is generated by photolithography and molding. Test and control
fluids are forced through a microchannel network at equal rates.
They meet at the forced-choice point of a “Y’, and then flow in par-
allel through a free-choice presentation region to the tissue culture
well.

(Sigma-Aldrich) diluted 1:500 at 4°C overnight. Explants were then
incubated in donkey antirabbit secondary antibody (Jackson Im-
munoResearch) diluted 1:100 in PBS. Either fluorescent or DAB
labeling was used to visualize the secondary antibody. Immunola-
beling controls in which rabbit serum was substituted for the pri-
mary antibody exhibited no labeling. Neurites were digitally im-
aged on a fluorescence inverted microscope (Olympus).

Microfabrication

Photolithographic techniques used to generate molds for micro-
fluidic devices and for masks used in surface patterning have been
described in detail elsewhere [Wittig et al., 2005]. Briefly, mold pat-
terns were generated as negative images in Canvas 5.0 (Deneba
Systems, Inc.) and printed as high-resolution transparencies with
multiple patterns. The transparencies were used to expose the de-
sired areas of positive photoresist (SU-8 100 or SU-8 1000, Micro-
chem Corp.) spun into a uniform layer of the desired thickness on
a 4-inch silicon wafer to ultraviolet light. When a second layer and
transparency were required, they were aligned to the initial exposed
pattern, which had become translucent.
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After exposure, the photoresist was developed, and the mold
master was cleaned, baked and dried. It was then attached to an
aluminum plate prior to silicon wafer removal. The pattern was
then molded in polydimethylsiloxane (Sylgard 184, Dow Corning)
and cured to the desired level of elasticity.

Results

Soluble Guidance Cues

A microfluidic device for the evaluation of soluble
guidance cues in fluid was developed by Wittig et al.
[2005]. The device was fabricated and tested for produc-
tion of fluid gradients with a fluorescent dye. A schemat-
ic of the device is illustrated in figure 1. Fluid is delivered
at equal rates from two source wells by identical, physi-
cally ganged syringes. The resulting fluid gradients are
illustrated in figure 2. As the two fluid streams unite at
the union of the microchannel Y’ a steep gradient is
formed across the 100-pm width of the stem of the Y.
Dye concentration transitions from >95% of peak con-
centration to <5% of peak concentration in 20-35 pm.
This gradient is maintained until the fluid streams exit
the narrow stem of the Y’ into an expanding culture well,
when the gradient becomes increasingly diffuse. Thus in
an experiment using a biologically active diffusible me-
diator on one side of the device, neurites extending from
an SG explant toward the microchannel encounter at first
adiffuse and then, as they enter the microchannel, a sharp
fluid gradient of the factor.

SG explants presented with a choice between NT-3
and control media showed a strong preference for growth
in NT-3. This resulted in changes in neurite direction
within the diffuse gradient at the exit from the ‘Y’, in
preferential growth of neurites on the NT-3 side of the
stem of the ‘Y’ and growth into the NT-3 side of the Y’
bifurcation of a majority of neurites, as illustrated in fig-
ure 3. When NT-3 was presented from both delivery
wells, no preference for side was observed (data not
shown).

Insoluble Guidance Cues

A variety of strategies were employed to produce re-
stricted distributions of substrate-bound guidance cues.
Initially, silicone masks were fabricated with a single lon-
gitudinal gap. When fitted into a tissue culture well, the
mask blocked all but a single stripe of culture surface, to
which substances could be attached from solution by in-
cubation. This method produced an abrupt edge of the
attached guidance cue over ~20 wm at the edge of the
stripe. SG explants could be placed outside of or on the
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Fig. 2. Test of the fluid gradients produced by delivery of a fluorescent dye versus clear fluid to the forced-choice
(A), free-choice (B) and presentation (C) regions of the device. A sharp gradient is created in the forced-choice and
free-choice regions. A diffuse gradient is created when the microchannel exits into the presentation region, in both
the horizontal and vertical dimensions. Adapted from Wittig et al. [2005].

Fig. 3. Neonatal rat SG explants grown in
the microchannel device for 72 h, with de-
livery of 10 ng/ml NT-3 in neuronal media
(+) versus media alone (-). The explants
were subsequently fixed and stained with
antineurofilament antibody to visualize
neurites. A A sharp inflection in neurite i
projection toward the microchannel can be tu ning Y,
observed. B Neurites and associated cells a3 point \J 4
are preferentially observed on the side of 2 L ' |
the free-choice region that contains NT-3, '
and in the NT-3-containing microchannel
beyond the forced-choice point. Adapted
from Wittig et al. [2005].
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Fig. 4. Neonatal rat SG neurites (green) at the edge of a stripe of EphA4 (dashed line) exhibit growth cone collapse
(arrows), termination of extension, and reversal of growth trajectory. From Brors et al. [2003].

Fig. 5. Neurites from a neonatal SG explant
(red), grown on a pattern of laminin stripes
(green). The neurites demonstrate a strong
preference to grow off of laminin. Adapted
from Evans et al. [2005].

stripe, to evaluate their response to positive or negative
edges, respectively.

This method was used to evaluate the responses of SG
neurites to boundaries of the ECM molecule fibronectin
[Aletsee et al., 2000], and the Eph receptor EphA4 [Brors
et al., 2003]. Fibronectin boundaries proved to inhibit
neurite growth, producing a strong tendency for neurites
to stop and/or turn in response to a positive edge (data
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not shown). EphA4 was actively repulsive, invariably
causing neurites to exhibit growth cone collapse and re-
versal of growth trajectory (fig. 4). No response to a neu-
tral control protein (bovine serum albumin, BSA) was
observed (data not shown).

To simulate linear tracts of ECM molecules in the or-
gan of Corti, photolithographic microfabrication tech-
niques were used to manufacture a mask with repeating
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Fig. 6. Interaction of neurites from an SG
explant with point sources of FGF-1. A The
neurites cultured with control beads (open
arrows) follow a simple trajectory. B The
neurites encounter a cluster of FGF-1-coat-
ed beads (solid arrows). They exhibit exten-
sive branching. Analysis of numerous such
contacts revealed a significant increase in
branching (p < 0.01). From Aletsee et al.
[2003].

0 Oy

Fig. 7. Response of SG neurites to a cellular
source of FGF-1. In the left panel, neurites
grow over control mouse 3T3 fibroblasts. In
the right panel, neurites encountering 3T3
cells that have been stably engineered to ex-
press human FGF-1 on the cell surface
branch and form bouton-like terminations
(arrows) on the cells. From Dazert et al.
[1998].

microchannels that, after placement on a culture surface,
could be filled with fluid containing an ECM molecule,
for incubation [Evans et al., 2005]. After removal of the
mask and application of PLL to coat the regions between
the ECM stripes, this resulted in a pattern of narrow, re-
peating stripes of the cue.

Micropatterning Neurite Guidance Cues

When SG explants were grown on patterns of laminin,
they showed a highly significant (p <0.001), dose-depen-
dent tendency for preferential growth. When stripes were
produced by incubation with low concentrations of lam-
inin, the neurites were preferentially found on laminin.
At higher concentrations, the reverse was seen. In the ex-
ampleillustrated in figure 5, neurites exhibit a strong pref-
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erence to grow off of stripes produced by incubation with
40 pg/ml of laminin. In the figure it can be noted that es-
pecially neurites approaching the laminin stripes at an-
gles below about 45° tended to grow off of laminin onto
PLL. In contrast, neurites preferred PLL to fibronectin at
all concentrations, while control stripes of BSA had no
effect (data not shown).

Cells that display guidance cues on their surfaces can
act as punctate sources. For example, during the first post-
natal week, rat hair cells produce high levels of FGF-1.
Aletsee et al. [2003] modeled this phenomenon using 2-
to 3-pm Sepharose microbeads coated with FGF-1, a
growth factor that often binds to ECM molecules. SG
neurites that encountered beads coated with BSA showed
no response. Neurites that encountered FGF-1-coated
beads exhibited extensive branching, although they did
not terminate on the beads (fig. 6).

Dazert et al. [1998] used an alternative method to
model FGF-1 production by hair cells. They co-cultured
SG explants with 3T3 fibroblasts that were stably trans-
fected to produce human FGF-1. The cells were placed
peripheral to the explants, and were sufficiently different
in morphology (larger and more spread out) from cells
migrating out of the explants that they could easily be
distinguished. In the construct used for transfection, the
FGF-1 signal peptide was replaced with that for FGF-3,
so that the FGF-1 remained bound to the cell surface
rather than being secreted into the surrounding medium.
While SG neurites showed a tendency to grow over con-
trol fibroblasts, they exhibited branching in response to
FGF-1-producing cells. Moreover, they also formed bou-
ton-like contacts on the cells (fig. 7).

Discussion

The results presented in this review demonstrate that
patterning of neuronal guidance cues, on a microscale
that is relevant to sampling by growth cone filopodia, pro-
vides a means by which to investigate SG neurite guid-
ance in culture. Using a variety of methods it was possible
to produce spatial patterns of cues, as experimental mod-
els of distributions that occur in the developing cochlea.
In particular, patterning methods based upon photolitho-
graphic techniques allowed precise micropatterning.
These methods were derived from many previous studies
in other systems.

Stripe assays have a long history of use in the evalua-
tion of neurite pathfinding. For example, Walter et al.
[1987] created stripes using the cell membranes from ho-
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mogenates of different target tissues. They employed a
silicon mask with parallel channels similar to that used
in the present study. The mask was placed to selectively
block (in a striped pattern) the insertion of a membrane
suspension into a capillary pore filter when suction was
applied beneath the filter. Chick retinal ganglion explants
were then cultured on this surface after the matrix was
removed and a different membrane suspension was used
to fill the empty stripes on the filter. More biochemically
specific studies have used purified proteins as substrata.
Employing methods similar to those of the present
study, based on photolithographic techniques, Vielmetter
and Stuermer [1989], Nguyen-Ba-Charvet et al. [2001],
Weinl et al. [2003], and Jain et al. [2004] evaluated the
responses of primarily retinal neurites to stripes of vari-
ous substrates.

Our use of photolithography to generate microfluidic
networks was also based upon a rich prior history. Meth-
ods for the rapid production of microfluidic systems using
a positive relief microchannel structure on silicon molded
with polydimethylsiloxane were outline by Duffy et al.
[1998]. This technique formed the basis for a network
used to create complex concentration gradients [Der-
tinger et al., 2001, 2002] with laminar fluid flow through
microchannels. Previous microfluidic designs perma-
nently bonded fluidic delivery tubes, microchannel lay-
ers, and surface layers such that each unit could be used
only once [Duffy et al., 1998; Dertinger et al., 2001]. We
used a compression plate to make each unit reusable
across experiments. The compression plate incorporates
a fluidic delivery system, simplifying connection of hy-
draulic pumps (syringe pumps) to the cell culture plate.
An additional innovation was to apply the microchannel
device to extending neurites.

Using micropatterning, we have found that neonatal
SG neurites are sensitive to spatial patterns of a number
of potential guidance cues. In particular, SG neurites ap-
peared to display directional growth in response to both
diffuse and sharp spatial differences in the concentration
of NT-3. Diffuse differences appeared to induce turning,
while a near-step difference in concentration produced a
tendency for growth restricted to the NT-3 side. While
these behaviors can be interpreted to reflect directional
responses of SG neurites, an alternate possibility is pref-
erential survival. It is possible that when neurites grew
into media without NT-3, the associated neuron died,
leaving only neurites in the NT-3 region. We feel that this
explanation is less likely than directional behavior, since
we and others have found that the requirement for NT-3
is not complete for postnatal P3-P5 neurites extending
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from SG explants. That is, SG neurons in explants har-
vested at this age do not die obligatorily without neuro-
trophin support. Rather, many neurons in SG explants
survive and project neurites in media without any neuro-
trophic factor present [e.g. Aletsee et al., 2001a].

SG neurites also responded to point sources of FGF-1
with branching and/or termination. They exhibited
avoidance of ECM molecules, and could be guided over
long distances by linear ECM patterns. Finally, SG neu-
rites were actively repulsed by the Eph receptor EphA4.

Neurotrophic growth factors such as the neurotroph-
ins or FGFs have been previously implicated in cochlear
neuronal survival. For example, gene deletion studies
have identified the importance of NT-3 for embryonic SG
neuron survival [Farinas et al., 1994; Fritzsch et al.,
1997a, b], and FGF treatment has been effective in rescu-
ing dissociated SG neurons or increasing SG neurite
numbers in culture [Lefebvre et al., 1992; Malgrange et
al., 1996a; Aletsee et al., 2001a]. However, evidence for
a guidance role of these factors has been less direct.
Fritzsch et al. [1997a] concluded, based on innervation
patterns detected in N'T-3 null mice, that basalward turn-
ing of type I1 SG neurons within the organ of Corti occurs
in response to an NT-3 gradient. Malgrange et al. [1996b]
found that SG neurites are preferentially found on that
side of a semipermeable membrane upon which NT-3 is
present, although it should be noted that growth condi-
tions on the two sides differed in other ways. Our data are
consistent with these earlier results and conclusions. They
provide more direct evidence that developing SG neu-
rites will grow up a diffuse NT-3 fluid gradient, even in
the absence of a physical barrier segregating the factor.
Gradients may also influence SG neurons in other ways.
Based on recordings from cultured SG neurons after neu-
rotrophin treatment, Davis [2003] has speculated that
neurotrophin gradients may help to shape the physiolog-
ical properties of SG neurons at different cochlear loca-
tions.

Because FGF-1 null mice exhibit embryonic lethality,
development of cochlear innervation in the absence of
FGF-1 has not been evaluated. However, strong expres-
sion of FGF-1 by cochlear hair cells during the first post-
natal week in rodents [Luo et al., 1993] occurs during a
period of active synaptogenesis [Lenoir et al., 1980] and
terminal innervation in the organ of Corti [Echteler,
1992; Echteler and Nofsinger, 2000]. This suggests that
FGF-1 may play a role in innervation of the organ. Previ-
ous studies have indicated that FGFs in solution can sup-
port SG neuron survival and promote the growth of neu-
rites. However, the response of SG neurites to point
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sources of FGF-1 suggests that this factor may also serve
as a termination and branching cue.

Many neurons respond to ECM molecules via integrin
receptors. We have previously shown that SG neurites are
stimulated by uniform surfaces of ECM molecules such
as laminin and fibronectin, and that this stimulation is
mediated by integrins [Aletsee et al., 2001b; Kim et al.,
2005]. However, ECM molecules are not uniformly dis-
tributed in the developing cochlea. In particular, the de-
veloping organ of Corti contains tracts of ECM matrix
molecules that run beneath the hair cells [Woolf et al.,
1992]. The data reviewed here suggest that depending
upon the ECM molecule and amount, such tracts may at-
tract growing neurites, or the boundaries of such tracts
may serve to restrict the growth of neurites into certain
regions of the organ, or to channel dendrites alongside or
between adjacent tracts. Similarly EphA4, which occurs
on the upper and lower elements of the osseous spiral
lamina [van Heumen et al., 2000], may serve to funnel
extending neurites within the lamina and toward the or-
gan of Corti.

All of the observations reviewed here were obtained in
vitro, and potential differences between the culture and
the in vivo environments must be taken into consider-
ation when interpreting the data. However, in vitro meth-
ods have allowed us to simplify the environment of ex-
tending SG neurites, and to control the distributions of
possible guidance cues that they encounter. Microfabrica-
tion and cellular techniques have permitted us to produce
gradients of guidance cues over distances much smaller
than the sensing radius of the neural growth cone. We
have also been able to study particular periods of devel-
opment in isolation. In doing so, we have identified a
number of signals that have the potential to influence the
trajectory of developing SG neurites.

The data also have implications for the regrowth of
deafferented SG neurites toward the electrodes of a co-
chlear implant (CI) [Brors et al., 2002]. The spatial reso-
lution of CIs is low compared to the intact cochlea, which
has many thousands of independent neural channels. It
may be possible to increase the number of usable CI chan-
nels by attracting the neurites of surviving SG neurons
toward the electrode array. If neurites could be directed
to the electrodes in a controlled manner, allowing stimu-
lation with very small electrical fields, it might be possible
to increase the number of effectively separate channels
dramatically, to several hundred. This could greatly in-
crease CI frequency resolution. While there are distinct
differences between neonatal and adult neurons [Koe-
berle and Bahr, 2004], lessons learned on developing neu-

Audiol Neurotol 2006;11:134-143 141



rons provide a starting point for research on mature den-

drites. The survival of deafferented adult SG neurons can

be enhanced by exogenous neurotrophins [e.g. Staecker
et al., 1996], suggesting that other responses may also be
possible. Research on the guidance of adult SG neurites

is currently underway.
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