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ABSTRACT

Microscopic mechanics at the scale of individual sensory re-
ceptor cells play an important signal processing role in the inner ear.
However, there are few direct measurements — in large part be-
cause the measurements are technically challenging. The important
structures are small (micrometers) and the motions are even smal-
ler (nanometers) as well as fast (audio frequencies from 20 Hz to
20 kHz). Furthermore, to relate the motions of different structures,
simultaneous measurements from many targets are important.

We have developed a new method for visualizing and measur-
ing the sound-induced motions of inner-ear structures. We use (1) a
light microscope to magnify the image of the inner ear and to pro-
ject the image onto a CCD camera, (2) optical sectioning to obtain
sequences of images that characterize the entire 3D structure, and
(3) stroboscopic illumination to create slow motion video sequences
in response to audio-frequency stimuli. Even after optical magnific-
ation, sound-induced displacements of inner-ear structures are small
compared to the pixel spacing of modern CCD cameras. Neverthe-
less, subpixel motions modulate the brightness field. We have modi-
fied robot vision algorithms to determine motion from changes in the
brightness field.

Although this system was designed to study mechanics of the
inner ear, it has broader application. We illustrate possible applica-
tions in MEMS with measurements of the three-dimensional motions
of the teeth in a microfabricated comb drive.

BACKGROUND

During the past 15 years, microelectromechanical systems
have evolved from scientific curiosities to viable commercial
products, holding promise for revolutionizing the fields of sensor
and actuator design. Enormous progress in molecular biology and
cell physiology during those same 15 years has enabled scientists
to further understand the pervasiveness and elegance of design of
biological microelectromechanical systems. Our research group is
studying one such system — the cochlea, which is the part of the
inner ear that responds to sound.

The cochlea is a remarkable signal processing unit. It has asingle
mechanical input: the piston-like motion of the stapes, which is the
last in the chain of middle ear bones that move when sound strikes
the eardrum. Therefore, one could view the cochlea as a simple dis-
placement sensor — albeit, one with extraordinary sensitivity [31;
8]. Using neural signals generated by the cochlea, humans can re-
liably detect sounds that cause motions of the stapes on the order
of picometers — i.e., on the order of the diameter of a hydrogen
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atom. However, the cochlea is more than a simple displacement
sensor [26). Its neural outputs manifest considerable signal pro-
cessing. The cochlea performs a high-quality frequency analysis of
low-level sounds: Q;gqp > 600 has been recorded for motions in
the saline-filled cochlea of the bat [22]. Furthermore, cochlear signal
processing is profoundly nonlinear, even at the threshold of hearing.
One important nonlinearity is compression. Humans detect sounds
differing in intensity over a 120 decibel range. This range of intens-
ities is compressed as it is encoded for neurons with considerably
smaller (20-50 dB) dynamic ranges. Our group is interested in un-
derstanding the micromechanical mechanisms underlying these sig-
nal processing capabilities of the cochlea.

Cochlear mechanics are organized hierarchically. Sensory recep-
tion in the cochlea is mediated by hair cells [16; 17], which are spe-
cialized for mechanoreception by a microscopic bundle of mechan-
ically sensitive hairs (Figure 1). Rotations of a hair bundle cause
changes in the intracellular potential of the hair cell, thereby stim-
ulating the release of a neurotransmitter that causes action potentials
of cochlear neurons.

The mechanisms by which motions of hair bundles change in-
tracellular potential involve more microscopic mechanical events.
Like all cells [32; 33], hair cells are surrounded by a cell membrane.
The cell membrane consists of a lipid bilayer that acts as an electrical
and chemical barrier between the inside and outside of the cell. In ad-

Hair
bundle

Figure 1. Structure of a hair cell. The left panel shows a schem-
atic diagram of a hair cell and its mechanically sensitive hair bundle.
The scanning electron micrograph in the right panel shows a surface
view of a hair bundle in the cochlea of the lizard viewed in the direc-
tion of the arrow. Each bundle contains 50 to 100 sensory hairs.
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Figure 2. Schematic representation of stress-gated ion channels in
hair cells. Rotation of the hair bundle (right) changes the mechan-
ical stress in tip-links, which are represented here as springs con-
necting adjacent sensory hairs. The change in tip-link stress mod-
ulates the ionic conductivity of ion channels, schematized here as
trap-doors. The inset shows a magnified view near one tip-link. The
gray and black images were taken from the left and right panels, re-
spectively.

dition, the cell membrane contains integral membrane proteins. One
class of membrane proteins, the ion channels, act as pores through
which ionic currents can pass between the inside and outside of the
cell. Hair cells contain ion channels whose state of ionic conduct-
ivity is modulated by mechanical stress. The mechanical stress that
acts on these stress-gated ion channels is believed to be generated by
filaments called tip-links [27; 18], which connect the tips of adjacent
sensory hairs (Figure 2).

Fluid dynamics plays a key role in cochlear micromechanics.
Hair cells do not operate in isolation but are organized along with
other cells and tissues to form a sensory epithelium (Figure 3). Dis-
placements of the stapes cause pressures in the fluids that act to de-
form the sensory epithelium. As the tissues deform, shearing mo-
tions between the hair cells and overlying tectorial membrane cause
rotations of hair bundles. Forces of fluid origin play a key role in de-
termining motions of this coupled, hydromechanical system. Inter-
action of mechanical properties of the epithelium with inertial fluid
forces accounts for much of the frequency selectivity exhibited in
motion of the epithelium [25; 29; 30]. Fluid forces play a key role
in determining the motions of hair bundles [9; 5] and contribute to a
micromechanical resonance of some hair bundles of lizards [10].

Cochlear structures are extensively cross-coupled. Although or-
ganized hierarchically, the levels are not independent. For example,
the state (open or closed) of stress-gated ion channels (nanometer
scale) has been shown to affect the stiffness of the hair bundle (micro-
meter scale) [15]. Motions of hair bundles are coupled both mechan-
ically and hydrodynamically to one another and to the sensory epi-
thelium (millimeter scale). Through the surrounding fluids, hair cells
can also interact chemically and electrically.

In humans, the cochlear micromachine consists of approxim-
ately 15,000 hair cells, each with more than 50 sensory hairs and as-
sociated tip-links in a saline-filled environment. The challenge is to
understand how these parts — more than a million in each ear — in-
teract to form a system with the remarkable signal processing capab-
ilities of the ear.
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Figure 3. Schematic cross-section of the cochlea. The sensory
epithelium and overlying tectorial membrane (TM) separate two
Sfluid-filled compartments. One is coupled to the oval window (OW),
into which the piston-like foot of the stapes fits; the other is connec-
ted to the round window (RW), which is covered by a thin membrane.
The right panel illustrates deformations caused by motions of the
stapes.

METHODS

We have developed a video system to measure sound-induced
motions of cochlear structures in an in vitro preparasion of the al-
ligator lizard cochlea [6]. The cochlea is mounted in an experimental
chamber so that it can be viewed with a microscope while simultan-
eously being stimulated by an underwater pressure source (Figure 4).
The chamber is mounted on the stage of a light microscope (Zeiss
Axioplan, New York, NY) that projects magnified images of coch-
lear structures onto a scientific grade CCD camera (Photometrics 200
series with a Thompson 7883 CCD, Tucson, AZ). The camera has
576 x 384 pixels with 23 ygm spacing. Total magnification between
the target and camera can be adjusted from 5 to 600.

Optical sectioning. Many biological tissues, including hair cells, are
nearly transparent. Images can be obtained from any part of such a
tissue by altering the microscope’s focus control. Thus images from
a series of focal depths can be combined into a three-dimensional im-
age that characterizes all of the structures in the cochlea, including
hair cells, hair bundles, and the tectorial membrane. Optical section-
ing can also be used to generate three-dimensional images of opaque
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Figure 4. Cross-sectional view of the experimental chamber. The
cochlea is clamped so that it seals a circular opening between two
fluid-filled compartments. The cochlea is stimulated by a piezoelec-
tric disk that generates hydrodynamic pressures in the bottom com-
partment; the top compartment is vented to the atmosphere. Sound
pressure is calibrated using an underwater microphone located just
under the cochlea.



targets. However, only unoccluded surface structures are visible. To
automate the imaging of three-dimensional structure, a computer-
controlled stepper motor is used to adjust the focus control of the mi-
croscope with a resolution of 1/11 pm per step.

Stroboscopic illumination. The important motions of cochlear
structures are at audio frequencies, i.e., from 20 Hz to 20 kHz. These
frequencies exceed the maximum rates of scientific-grade (12-bit)
video imagers (it takes 3 seconds for our system to digitize a full
frame image and save itto the disk). Therefore, stroboscopicillumin-
ation is used to slow the apparent rate of motion. We typically use a
gas discharge strobe lamp (Chadwick-Helmuth Co. Inc., El Monte,
CA) which generates high intensity illumination. However, the light
from a gas discharge strobe is not spatially uniform and pulse-to-
pulse variations can cause motion artifacts. Therefore, light from the
strobe is coupled to the microscope through a fiber optic scrambler
(Technical Video Ltd., Woods Hole, MA). The scrambler also isol-
ates our system from the considerable electromagnetic interference
thatis generated by the strobe. The duration of the strobe pulse (8 us)
limits the maximum frequency of motion that our system can meas-
ure. To relax this constraint, we have recently developed a strobo-
scopic light source using an LED (AND Division of Purdy Electron-
ics Corp., Sunnyvale, CA). Although they generate less intense light,
LEDs radiate much less electromagnetic interference and are orders
of magnitude faster.

Subpixel motion estimates from video images. Fundamental limit-
ations on image resolution and on motion detection from images are
different. Image resolution is limited by the optics [12]. To a first ap-
proximation, images are blurred by convolution with a point-spread
function [11; 2], which limits resolution to distances on the order of
the wavelength of light (typically 550 nm). However, one can de-
tect motions of a blurred image that are significantly smaller. The
fundamental limitations on motion detection are determined by the
quantum nature of light (shot noise) and by the video imager.

Subpixel displacements can be estimated from changes in
brightness (Figure 5) using methods originally developed for robot
vision [13]. Generally we identify regions of interest that contain a
single moving structure. Images at successive times are then ana-
lyzed to determine the best rigid-body translation in a least-squares
sense [14].
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Figure 5. Variations in brightness caused by subpixel motions. The
array of squares in each panel represents the pixels of a video cam-
era; the gray disk represents the image of a simple scene; and the
bar plots represent the brightness of the row of pixels indicated by
the arrow. The three panels illustrate rightward motion of the disk.
Although the displacements are subpixel, information about the mo-
tion is available from changes in the brightness of the pixels near the
edges.
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RESULTS

Sound-Induced Motions of Cochlear Structures

Figure 6 shows the cochlea of an alligator lizard as imaged with
our system. The hair bundles of hair cells and the overlying tectorial
membrane are clearly visible. Generally 30 to 60 hair cells are con-
tained in the field of view. Approximately 20 can be seen in Figure 6,
which shows only a portion of the camera’s field of view.

Because the cochlea is nearly transparent, one can view struc-
tures both above and below those shown in Figure 6 by changing
the plane of focus. In this experiment, images were acquired at
13 planes of focus separated by 3 um. In general, one can obtain
sufficiently many images to determine the three-dimensional struc-
ture of any visible structure in the cochlea. Figure 7 illustrates how
the sequence of two-dimensional images can be combined to obtain
a three-dimensional image of a hair bundle and overlying tectorial
membrane.

Three-dimensional images of the cochlea were obtained at 8
phases of the sinusoidal stimulus. The resulting data set consisted of
104 images of 576 x 382 pixels (13 planes times 8 phases) and total
data collection time was 5 minutes. This amount of time is large com-
pared to the time needed to determine the motion of a single struc-
ture using other measurement methods, such as laser interferometry.
However, from the resulting 104 images, one can estimate the three-
dimensional displacement waveform for every resolvable structure
in the field of view. Thus the total measurement time is in fact ex-
traordinarily short compared to the time it would take to make mo-
tion measurements of each structure using anothermethod. We illus-
trate the utility of this feature by showing how two separate analyses
of the same data set may be used to address two issues at different
spatial scales — the relation between hair bundle motion and that of
the overlying tectorial membrane, and relations among the motions
of neighboring sensory hairs within a hair bundle.

To determine motions of the hair bundle and overlying tectorial

10 pm

Figure 6. Cochlear structures in the alligator lizard. This figure
shows a portion (240 x 240 pixels) of a video image of the lizard
cochlea. The white square surrounds one hair bundle; several other
hair bundles are also visible. The faint vertical structure at the right
edge of the image is the edge of the tectorial membrane (see Fig-
ure 3). Total optical magnification from specimen to video camera
was 100%.
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Figure 7. Three-dimensional image of a hair bundle. The bottom 2D
image shows a magnified and tilted version of the highlighted part
of Figure 6. The other images are from a sequence of planes, each
3 um above the previous one. The double-headed arrows associate
each image with the corresponding plane of section in the schematic
drawing on the left. The scale bar applies to both the x and z direc-
tions; y is foreshortened.

membrane, we analyzed motions of the structures in the 6 images of
Figure 7. Displacements near the base of the hair bundle were larger
than those near the tip (Figure 8), which demonstrates that the hair
bundle is rotating about its point of attachment to the hair cell. Dis-
placements of the tectorial membrane were generally smaller than
those of either the base or tip of the hair bundle. Furthermore, as dis-
tance from the base of the hair bundle increases, the motion shows
increasing phase lag.

To get a quantitative estimate of hair bundle rotation, each dis-
placement waveform was subtracted from the displacement wave-
form for the base. The results show that the displacement of the tip
of the hair bundle relative to the base is 0.3 um peak-to-peak. Since
the planes through the tip and base are separated by 6 xm, hair bundle
rotation is approximately 3° peak-to-peak. Motions of five other hair
bundles in this data set were analyzed and the results were qualitat-
ively similar to those shown in Figure 8.

In all of our 12 experiments to date, displacements of the #ps
and bases of hair bundles have been larger than those of the overly-
ing tectorial membrane for frequencies throughout the lizard’s aud-
itory range. This result is consistent with the idea that inertial forces
arising from the mass of the tectorial membrane and surrounding
fluid tend to resist motion of the tectorial membrane [24]. This res-
ult is not consistent with other theories that suggest that the tectorial
membrane is a resonant structure [1]. However, our results should be
regarded as preliminary. Control experiments must be performed to
assure that the cochlea is not damaged during experimentation. Re-
gardless of the ultimate resolution of this particular issue, the import-
ant point is that video microscopy can be used to make measurements
to directly test theoretical conceptions.

The same data set used in the previous analysis can also be used
to study mechanical events at the level of individual sensory hairs.
The sinusoidal stimulus generates nearly sinusoidal motions of all
the sensory hairs (top right panel of Figure 9). To determine if there
is relative motion between the sensory hairs, we applied our motion
detection algorithm to estimate the motion of the right edge of the
bundle and shifted the images to compensate for that motion. The
resulting images show relative motions between sensory hairs (bot-
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Figure 8. Sound-induced motions at six planes of focus through a
hair bundle and overlying tectorial membrane. Images (left column)
corresponding to those illustrated in Figure 7 were obtained at 8
phases of the stimulus period and were analyzed to quantify motion at
each plane of section. The waveforms in the center column show av-
erage displacements in the x direction during one cycle of the stimu-
lus. The associated numbers are the peak-to-peak magnitude (in um)
and angle (in degrees) of the fundamental component of the displace-
ment. The waveforms in the right column show differences between
the waveforms in the center column and the bottom waveform in the
center column. The intensity of the 513 Hz stimulus (115 dB SPL in
the fluid adjacent to the basilar membrane) corresponds to approx-
imately 89 dB SPL at the eardrum.

tom right panel of Figure 9).

Although tip-links are too small to be resolved in a light micro-
scope, the results in Figure 9 show that we can directly measure the
motions of the sensory hairs to which the tip-links are attached. The
relative motions of the tips of the sensory hairs give direct estimates
of tip-link stretch, which is the physiologically important mechan-
ical input for transduction mechanisms at the nanometer scale. Al-
though preliminary, our results suggest that tip-links are stretched not
only because the distance between insertion points increases when
the hairs are rotated by equal angles (as illustrated in Figure 2), but
also because the angular displacement of shorter hairs is greater than
that of longer hairs. Motions of individual sensory hairs have been
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Figure 9. Motions of sensory hairs within a bundle. The left panel is
an enlarged image of the hair bundle in Figure 7, at a plane of sec-
tion near the center of the bundle (second from bottom). The high-
lighted region was extracted from each of eight images acquired dur-
ing the stimulus period and positioned so that regions from earlier
phases are on top of regions from later phases. The resulting mont-
age, which illustrates motions during one period, is repeated three
times to generate theimages in the right panels. The upperand lower
right panels are similar, except that the images used to generate the
lower panel were first shifted to cancel the motion of the right part
of the hair bundle.

measured elsewhere [7; 23] but only for hair bundles that were stim-
ulated with a water jet; the membranes through which natural stimuli
are delivered had been removed.

Three-Dimensional Motions of a Comb Drive

Although originally developed to measure motions of cochlear
structures, our video system has broader application. We have per-
formed several pilot experiments to determine if it can be used to
measure the motions of man-made micromechanical devices.

Figure 10 shows an image of a microfabricated accelerometer
obtained using our system. The comb drive was driven with an 8.8
Hz sinusoidal voltage, 44 volts peak-to-peak with an 80 volt DC off-
set. Images were obtained at 45 planes of focus with 0.45 pm spa-
cing to generate a three-dimensional image. Three-dimensional im-
ages taken at 8 phases of the sinusoidal stimulus were analyzed to
determine the motions of the stationary and fixed teeth highlighted in
Figure 10. Displacements of the moving tooth were approximately
2 pm peak-to-peak in the horizontal direction (left plot, solid line).
These displacements are significantly larger than the corresponding
displacements of the fixed tooth, which serve as control measure-
ments to assess the stability of the measurement system. Vertical mo-
tions (center plot) were about 6 nm peak-to-peak for both the fixed
and moving teeth, which is near the noise floor of our measurement
system (without averaging).

Our system can also measure out-of-plane motions. Although
one cannot use optical sectioning to “‘see through” opaque structures,
three-dimensional images of opaque structures still provide inform-
ation about three-dimensional structure and motion, as illustrated in
Figure 11. Image brightness is greatest when the tooth is “in fo-
cus” and decreases as the plane of focus is moved higher or lower.
Our motion detection algorithm takes advantage of these changes in
brighmness to align three-dimensional images of the same tooth taken
at different phases of the sinusoidal stimulus. Results indicate that
the out-of-plane displacement of the moving tooth was 80 nm peak-
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Figure 10. Motions of teeth in a comb drive. The field of view of this
image (64 x magnification) of a microfabricated accelerometer is fo-
cused on the central shuttle and associated comb drives. Most of the
folded-beam cantileverthat supports the shuttle lies above and below
the field of view; only a small portion of it is visible near the cen-
ter of the image. The portions of the images in the white boxes were
analyzed to determine the motions of a stationary (top) and moving
(bottom) tooth of the comb drive, and results are shown in the three
plots as dashed and solid curves, respectively. The left, center, and
right panels show average displacements in the horizontal, vertical,
and out-of-plane directions, respectively.
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Figure 11. Three-dimensional image of a tooth in a comb drive.
This figure illustrates 6 images of the stationary tooth highlighted
in Figure 10. The images are at different planes of focus, separated
by 2.27 pm. The double-headed arrows associate each image with
the corresponding plane of section in the schematic drawing on the
left. The scale bar applies to both the x and z directions; y is fore-
shortened.

to-peak. The out-of-plane displacement of the stationary tooth was
much smaller (26 nm peak-to-peak).



DISCUSSION

‘We have developed a video system that can be used to charac-
tenize the motions of both biological and man-made micromechan-
ical systems. Using stroboscopic illumination, we observed motions
over the entire audio range of frequencies, and can in principle ob-
serve motions at much higher frequencies. Using the optical section-
ing property of a light microscope, we measured three-dimensional
motions of both transparent (biological) and opaque (silicon) struc-
tures. Quantitative results were obtained directly from the video im-
ages, based on motion detection algorithms originally developed for
robot vision.

Implications for hearing research

Using the video system, we have obtained the first direct exper-
imental observations of the relation between sound-induced motions
of the tectorial membrane and hair bundle displacement. We have
also obtained the first direct experimental observations of sound-
induced motions of sensory hairs within a bundle. Although these
results must be regarded as preliminary until control experiments
have tested the viability of our preparations, they demonstrate how
video microscopy can be used to probe important cochlear mechan-
isms at a variety of spatial scales: from ion channels (nanometers) to
hair bundles (micrometers) to the entire cochlea (millimeters). Video
microscopy has opened the experimental door to understanding key
relations in cochlear mechanics that have previously been addressed
only theoretically.

Implications for MEMS

Tools for characterizing the performance of man-made mi-
cromachines are primitive by comparison to those available for elec-
tronic devices. For many micromachines, tools for assessing internal
failure modes do not exist, and only the terminal behaviors can be
tested. The inability to characterize internal failure modes has im-
portant consequences for both the designer and fabricator. For the
designer, it can result in large numbers of prototypes. For the fab-
ricator, it means reduced yields because common techniques such as
laser wrimming cannot be applied. As the complexity of microma-
chines increases and as their production becomes a commercial en-
deavor, developing better tools for characterizing the performance of
micromachines will become crucial. Results in this paper demon-
strate the potential use of video methods for characterizing the per-
formance of MEMS devices.

Comparison to other motion measurement systems

A number of systems have been developed to measure mi-
cromechanical motions. Our method is different from and has sev-
eral advantages over previous methods, including the Mdssbauer
method [19], photodiode method [4], capacitive probe [34], and laser
interferometry [20; 28]. (1) Our motion estimates are derived dir-
ectly from sequences of images. Thus all of our quantitative res-
ults can be checked qualitatively by simply viewing the slow-motion
video sequences. For example, to test that the displacement estim-
ates in Figure 8 were qualitatively correct, each image was shifted
by the estimated displacement in a direction to compensate for the
motion. The resulting sequence of images, which should be station-
ary, provided a test that motions were estimated properly. (2) In the
video method, the identity of the target whose mouton is measured
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is unambiguous since motion is determined directly from images of
the target. All the other methods listed above require additional ob-
servations to determine which motion is being measured. (3) Unlike
any of the other methods listed above, the video method allows sim-
ultaneous measurement of motions of many structures in the same
specimen. This is a significant advantage when determining interre-
lations among motions of different structures. (4) The video method
provides estimates of all three components of rigid body translation
for every structure in the image. The other methods listed above
provide an estimate of just one component of motion. (5) In contrast
to some methods (e.g., the Mdssbauer method, some laser interfer-
ometric methods [3] and some photodiode methods [4]) our method
does not require any mechanical contact with the moving specimen.
Mechanical contact has been shown to affect motions of cochlear
structures [21], and it seems inescapable that similar degradations
would occur in high-performance man-made micromachines.

The video method has one important disadvantage: it is partic-
ularly sensitive to vibrations of the microscope and camera. To re-
duce vibrations, we use a pneumatic vibration isolation table, which
very effectively reduces vibrations at high frequencies but has little
effect for low frequencies (<10 Hz). Although low frequency vi-
brations contaminate the output signals of all motion detectors, the
contamination can generally be filtered out — provided that the fre-
quencies of interest are sufficiently different from the contamination
frequencies. However, in the video method, images are acquired at
a low rate, typically 0.3 Hz. Low frequency vibrations of the micro-
scope or camera cause displacements of the images that cannot be
distinguished from motions near the frequency of interest. These vi-
brations determine the noise floor of our measurements, which under
optimal conditions (e.g., high contrast target, no nearby structures
with confounding motions) is approximately S nm without averaging
—1i.e., 1% of the wavelength of the light that generates the images.
With averaging we have reduced the noise to less than 1 nm. We are
currently working on other methods to reduce this noise floor.
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