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Sound-evoked vibrations transmitted into the mammalian cochlea
produce traveling waves that provide the mechanical tuning necessary for spectral decomposition of sound. These traveling waves
of motion that have been observed to propagate longitudinally
along the basilar membrane (BM) ultimately stimulate the
mechano-sensory receptors. The tectorial membrane (TM) plays a
key role in this process, but its mechanical function remains
unclear. Here we show that the TM supports traveling waves that
are an intrinsic feature of its visco-elastic structure. Radial forces
applied at audio frequencies (2–20 kHz) to isolated TM segments
generate longitudinally propagating waves on the TM with velocities similar to those of the BM traveling wave near its best
frequency place. We compute the dynamic shear storage modulus
and shear viscosity of the TM from the propagation velocity of the
waves and show that segments of the TM from the basal turn are
stiffer than apical segments are. Analysis of loading effects of hair
bundle stiffness, the limbal attachment of the TM, and viscous
damping in the subtectorial space suggests that TM traveling
waves can occur in vivo. Our results show the presence of a
traveling wave mechanism through the TM that can functionally
couple a significant longitudinal extent of the cochlea and may
interact with the BM wave to greatly enhance cochlear sensitivity
and tuning.
cochlear mechanics 兩 dynamic mechanical properties 兩 longitudinal
mechanical coupling

T

he mammalian cochlea is a remarkable sensor that can detect
motions smaller than the diameter of a hydrogen atom and
can perform high-quality spectral analysis to discriminate as
many as 30 frequencies in the interval of a single semitone (1, 2).
These extraordinary properties of the hearing organ depend on
traveling waves of motion that propagate along the basilar
membrane (BM) (3) and ultimately stimulate the mechanosensory receptors. There are two types of cochlear receptors: the
inner and outer hair cells (OHCs). Both types of hair cells
contain densely packed arrays of stereocilia called hair bundles
that transduce mechanical energy into electrical signals (4).
These hair bundles project from the apical surface of hair cells
toward an overlying gelatinous matrix called the tectorial membrane (TM).
The strategic anatomical configuration of the TM relative to
the hair bundles suggests that the TM plays a key role in
stimulating hair cells. Mouse models with genetically modified
structural components of the TM have been shown to exhibit
severe loss of cochlear sensitivity and altered frequency tuning
(5–9), thereby providing further evidence that the TM is required for normal cochlear function. However, the mechanical
processes by which traveling wave motion along the BM leads to
hair cell stimulation remain unclear (10), largely because the
important mechanical properties of the TM have proved difficult
to measure. Consequently, the mechanical function of the TM
has been variously described as a rigid pivot, a resonant structure,
and a free-floating mass (11–14) in ‘‘classical’’ cochlear models,
which assume that adjacent longitudinal sections of the cochlea
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are uncoupled except for energy propagation through the fluid
(15). Recent measurements have shown that the TM is viscoelastic (16) and can couple motion over significant longitudinal
cochlear distances (9, 16), suggesting that the TM also may
support waves. Such waves have been predicted previously in the
amphibian inner ear based on neurophysiological evidence (17).
Here we show that longitudinally propagating traveling waves are
intrinsic to the dynamic material properties of the mammalian
TM. The longitudinal extent of wave motion suggests that TM
waves can stimulate hair cells from multiple regions of the
cochlea and interact with the BM traveling wave to affect
cochlear function.
Results and Discussion
To study wave propagation in the TM, we developed an experiment chamber in which a segment of an isolated TM from the
mouse cochlea is suspended between two parallel-aligned supports in artificial endolymph (Fig. 1A). Sinusoidal forces applied
in the radial direction at one support launched waves that
propagated longitudinally along the TM toward the other support [Fig. 1B; see supporting information (SI) Movie 1]. TM
waves were bidirectional; attaching either the basal or apical end
of the TM to the vibrating support launched waves. These waves
were generated with nanometer-scale amplitudes (⬇90–400 nm)
over a broad range of frequencies (2–20 kHz). An optical
imaging system synchronous with the driving stimulus (18)
tracked radial displacement amplitude and phase at multiple
points on the surface of the TM (see Materials and Methods).
Longitudinal Pattern of TM Radial Motion. Fig. 2A shows the spatial

pattern of radial displacement of a typical basal TM segment in
response to 15-kHz motion of one support. The two waveforms
show radial displacement as a function of longitudinal distance
at two instants of time separated by 1/4 cycle. An exponentially
decaying sinusoid was fit to each waveform. These fits indicate
wave motion of the TM. The wave has a wavelength of 350 m,
and the amplitude decays with a space constant of 237 m. The
wavelength did not vary with displacement of the vibrating
support. Moreover, radial displacement along the TM scaled
linearly with displacement of the support.
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Fig. 1. Suspended TM segment in a wave chamber. (A) Schematic of TM
segment suspended between two supports (not to scale). Double-headed
arrow indicates sinusoidal displacement of vibrating support at audio frequencies. Radial displacement of the TM was tracked at audio frequencies by
using stroboscopic illumination (see Materials and Methods). (B) Image of TM
segment taken with a light microscope. (Scale bar, 50 m.) Displacement and
phase of propagating motion were tracked at several points along the TM in
the region that normally overlies the hair bundles. Marginal and limbal
boundaries of the TM are indicated. The two schematic waveforms pasted on
the image are displacement snapshots at sequential instants (1, 2) illustrating typical TM deformations. Displacement amplitudes were exaggerated to
show the wave-like nature of the motion.

The phase of radial displacement varied with longitudinal
distance in a frequency-dependent manner. In Fig. 2B, the phase
lag at low frequencies (2 kHz) reached /6 radians over the
length of the suspended TM. In contrast, at high frequencies
(ⱖ18 kHz), the phase lag exceeded a complete cycle (⬎2
radians). Phase also was measured as a function of stimulus
frequency at a location on the surface of the TM ⬇250 m from
the vibrating support. Fig. 2C shows that phase lag increased with
stimulus frequency. This trend was evident across all TM samples, and the lag was larger for TM segments from the apical turn
of the cochlea than for segments from the basal turn.
Waves Intrinsic to Dynamic Material Properties of the TM. The
velocity of wave propagation (s) was computed as the product
of frequency and wavelength for each stimulus frequency. For
pure shear waves in an infinite, isotropic, visco-elastic material,
s is related to the shear storage modulus (G⬘) and the shear
viscosity (), by

s ⫽

冑

2共G⬘2 ⫹ 22兲

共G⬘ ⫹ 冑G⬘2 ⫹ 22兲

,

[1]

where  is the angular frequency of vibration and  is the density
of the material (19), assumed to equal that of water. Thus we can
estimate G⬘ and  by finding those values for which Eq. 1 best
fits measurements of the frequency dependence of s. This
relationship highlights the material properties that give rise to
TM waves. At low frequencies, the wave velocity is determined
by the ratio of G⬘ to . At high frequencies, the relevant ratio is
/. Thus the density, shear modulus, and shear viscosity all
contribute to wave propagation.
Ghaffari et al.
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Fig. 2. Traveling waves along isolated TM segments. (A) TM radial displacement vs. longitudinal distance in response to 15-kHz stimulation. Radial
displacement (r) is plotted as a function of longitudinal distance (x) at two
instants separated by 1/4 cycle for a TM segment from the upper basal turn.
Solid lines represent the equation r ⫽ 0.13e⫺(x⫺30)/237cos(2(x ⫺ 30)/350 ⫺ ),
with x and r in micrometers and  ⫽ 0, /2 radians. Longitudinal distance was
measured relative to a point on the TM ⬇30 m from the edge of vibrating
support. (B) Phase vs. longitudinal distance for stimulus frequencies 2–18 kHz
of the basal TM segment from A. Phase is plotted relative to a 30-m point on
the TM. Phases decreased monotonically with distance and became steeper
with increasing frequency. (C) Phase vs. stimulus frequency at a location on the
surface of the TM ⬇250 m from vibrating support. Each symbol represents
phase lag measured relative to a 30-m point on the TM. Apical TMs (red; n ⫽
25 measurements) accumulated more phase lag than basal TMs (blue; n ⫽ 22
measurements) at a given stimulus frequency. The entire data set represents
measurements across six TM preparations (three basal and three apical TMs).

Distributed Impedance Model of the TM. Although the isolated TM

can support waves, the TM is loaded in vivo by hair bundles and
damped by fluid in the subtectorial space (12, 13). To test the
effects of these loads, we analyzed a distributed impedance
model of the TM. The model consisted of a longitudinally
distributed series of masses (M) coupled by viscous (b) and
elastic (k) elements (Fig. 3A). The radial displacements of the
TM at the supports were constrained in the model as they were
in the wave chamber. Moreover, in contrast to Eq. 1, this model
accounts for the finite dimensions of the TM. The value for each
mass component was determined by assuming the TM had the
density of water. The k and b parameters are related to the shear
storage modulus and shear viscosity of the TM by G⬘ ⫽ kd/ATM
and  ⫽ bd/ATM, where d is the length of each longitudinal
section and ATM is the cross-sectional area. Sinusoidal stimuli
applied to one end of the TM in this model launched a traveling
wave similar to those seen in the wave chamber. The model
accounts for the fact that fluid adjacent to the TM moves with
the TM in a frequency-dependent fluid boundary layer. Fluid
velocity in this layer can be approximated by
U共y, 兲 ⫽ UTMe ⫺y冑j/ ,

[2]

where  is the radial frequency, UTM is the velocity of the TM,
y is the height above the TM, and  and  are fluid density and
viscosity, respectively (20). This fluid layer significantly increases
the effective mass of the TM and causes some damping (bbl). The
best fit of the model to the measurements of a typical TM
segment from the upper basal turn is shown in Fig. 3B.
Estimates of TM material properties from the distributed
impedance model vary with longitudinal cochlear position. The
PNAS 兩 October 16, 2007 兩 vol. 104 兩 no. 42 兩 16511
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tations. Furthermore, these previous measurements were made
at static or near static (1–10 Hz) conditions (21–24), and the
mechanical properties of the TM vary with frequency (16). Thus
a meaningful comparison with previous measurements requires
development of a theoretical framework for comparing quasistatic and audio-frequency results. The mean values of TM shear
viscosity, , ranged from 0.11 to 0.26 Pa䡠s, which is much greater
than the viscosity of water (0.001 Pa䡠s). These large values of
shear viscosity could result because the porous network of TM
macromolecules resists the flow of interstitial fluid or because of
proteoglycan interactions. Although the mean values of  were
greater in basal TM segments (0.19 ⫾ 0.07 Pa䡠s) than in apical
segments (0.15 ⫾ 0.04 Pa䡠s), the large ranges preclude any strong
conclusions about longitudinal trends.
To predict the effects of hair bundle stiffness and viscous
damping in the subtectorial space, a spring (khb) representing
hair bundles and a dashpot (bsts) representing fluid damping
were added between each mass and ground (Fig. 3A). We
assumed that a nominal hair bundle stiffness of 3.5 mN/m (25)
was distributed evenly across an 8-m extent of the TM for each
of the three rows of OHCs. Adding hair bundle stiffness to the
model increased space constants by ⬇1%. Damping in the
subtectorial space, bsts, was estimated assuming that fluid flow
was Couette, so that
bsts ⫽

Fig. 3. Distributed impedance model of the TM. (A) (Upper) Schematic
highlighting a 1-m longitudinal section (d) of the TM (dark gray) with
rectangular cross-sectional area, ATM. Vibrating support can generate radial
motion of this TM section with a velocity of Um through longitudinal coupling.
(Lower) Mechanical circuit representation of TM section consisting of a mass
(Mm) coupled to adjacent sections (Mm⫺1, Mm⫹1) by viscous (bm, bm⫺1) and
elastic (km, km⫺1) components. The effective mass of each TM section included
the mass of the fluid layers above and below the TM. Effect of damping in the
fluid layer was investigated by adding a dashpot (bbl) between each mass and
ground. Effects of cochlear loads: viscous damping in the subtectorial space
(bsts), hair bundle stiffness (khb), and the elastic effect of the limbal attachment
(ksl) were investigated by adding a dashpot and two springs between each
mass and ground. (B) Comparison of TM wave measurements in the wave
chamber to theoretical predictions of the distributed impedance model.
Symbols (⫹ and E) denote motion measurements of the upper basal TM
segment from Fig. 2 A. Lines represent least-squares fits of the theoretical
predictions to these experimental results. The best fit values of shear storage
modulus, G⬘, and shear viscosity, , applied in the model across multiple
frequencies for this TM were 30 kPa and 0.13 Pa䡠s, respectively. Velocities at
the extreme longitudinal ends of the TM segment were constrained in the
model as they were by the supports in the TM wave experiments.

mean values of the shear storage modulus, G⬘, for basal and
apical TM segments were 47 ⫾ 12 kPa (n ⫽ 5 TM preparations)
and 17 ⫾ 5 kPa (n ⫽ 3 TM preparations), respectively. The
ranges denote the standard deviation from the mean. The
greater G⬘ values of basal TMs indicate that portions of the TM
from the basal turn are stiffer than those from the apical turn,
as has been reported by others (21–23). Moreover, the range of
G⬘ values in the present study is somewhat larger than previous
estimates of this property (21, 23, 24) with one important
exception. Gueta et al.’s (22) quasi-static measurements in the
base of the mouse cochlea are significantly larger than any other
reported values. It is difficult to make comparisons of G⬘ across
studies because the TM is anisotropic (16) and the methods are
different: we provide a radial stimulus that generates shear
waves, whereas others (22–24) analyze transverse point inden16512 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0703665104
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where  is the viscosity of the fluid in the space and Asts is the
cross-sectional area of each TM section facing the subtectorial
space. The height of the subtectorial space, ␦, was taken to be 1–6
m based on the lengths of OHC stereocilia (26). Although the
TM has a large intrinsic damping, viscous damping in the
subtectorial space still has some frequency-dependent effects on
wave motion at the narrowest gaps (␦ ⫽ 1 m). In response to
7-kHz stimuli, the space constants of wave motion of a typical
basal TM decreased by ⬇50%. At 10 kHz, the space constants
were reduced by ⬇25%. These reductions in the space constants
were evident only for ␦ ⫽ 1 m and insignificant for ␦ ⬎ 2 m.
This finding suggests that subtectorial damping would have a
significant effect on TM wave propagation at low frequencies
only for the narrowest gaps, which occur in the extreme base of
the cochlea (26). Because the base of the cochlea responds to
high frequencies, damping in the subtectorial space does not
significantly affect wave propagation near the best frequencies
(BFs) of basal cochlear locations.
An additional effect of including the subtectorial space in the
model was to reduce the effective mass of the TM, because the
subtectorial space replaced the lower fluid boundary layer. This
reduction in mass caused an increase in wavelengths particularly
at low frequencies. In response to 7-kHz and 10-kHz stimuli, the
wavelengths were increased by ⬇15% and ⬇10%, respectively.
Therefore, replacing the lower boundary layer with the subtectorial space increased wavelengths because of the reduced
effective mass of the TM.
There is little agreement on the mechanical properties of the
thin attachment of the TM to the spiral limbus. Models of this
region of the TM have ranged from completely rigid to mechanically inconsequential (16). Although there is a lack of experimental evidence to support either claim, evidence of TM radial
motion in the intact cochlea (27) suggests that the limbal
attachment does not preclude TM waves. We analyzed the
effects of an elastic limbal attachment by adding a spring (ksl)
between each mass and ground (Fig. 3A). For sufficiently large
values of ksl, the limbal attachment increased the space constant
and wavelength of the TM wave at low and intermediate
frequencies. The model ultimately demonstrates that TM inertia,
damping, and elasticity, which are comparable to those of the
Ghaffari et al.
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Fig. 4. Propagation velocity of TM traveling waves. The circles represent the
median values of wave propagation velocity, s, measured across multiple
frequencies for basal (blue; n ⫽ 7 TM preparations) and apical (red; n ⫽ 4 TM
preparations) segments. Interquartile ranges are represented with vertical
lines. Lines represent model predictions of s vs. frequency generated from the
average dimensions of basal and apical TM segments and from material
property estimates (G⬘ and ) of these segments. Typical values of G⬘ and  for
basal (G⬘ ⫽ 40 kPa;  ⫽ 0.33 Pa䡠s) and apical (G⬘ ⫽ 16 kPa;  ⫽ 0.18 Pa䡠s) TM
segments were applied to estimate the frequency dependence of s in the
model.

reported in this study suggest that significant longitudinal spread
of excitation occurs via the TM (9, 31). The distributed impedance model (Fig. 3) provides support for this claim by showing
that TM waves are robust enough to overcome viscous dissipation in the subtectorial fluid and are sufficient to excite motions
of the hair bundles. TM waves therefore provide a mechanism
for extensive longitudinal coupling through cochlear structures.
This finding counters a fundamental assumption made in classical cochlear models: that adjacent longitudinal sections of the
cochlea are uncoupled (15, 32, 33). The space constant measurements at 15 kHz (Fig. 2 A) indicate that TM wave motion
extends ⬎240 m in the longitudinal direction. This value is
much larger than previous estimates from TMs completely
attached on one surface to a glass slide (16), suggesting that the
attachment conditions in the previous studies significantly reduced space constants. The large spatial extent of TM wave
motion is sufficient to stimulate as many as 30 rows of hair
bundles, thereby coupling the activity of hair cells from multiple
regions of the cochlea.

Frequency Dependence of Wave Propagation Velocity. The average

dimensions and typical values of G⬘ and  for basal (G⬘ ⫽ 40 kPa;
 ⫽ 0.33 Pa䡠s) and apical (G⬘ ⫽ 16 kPa;  ⫽ 0.18 Pa䡠s) TMs were
applied in the model to compute the frequency dependence of
wave propagation velocity, s. The measurements of s across
basal (n ⫽ 7 TM preparations) and apical (n ⫽ 4 TM preparations) TMs were fit by the model predictions (Fig. 4). The model
curves and measurements have two distinct regions at low
frequencies, an asymptote to infinity and a local minimum, that
were dominated by the effects of the stationary support rather
than by the material properties of the TM. At frequencies ⬍6
kHz for basal TMs and ⬍4 kHz for apical TMs, the wavelengths
of TM waves were significantly greater than the distance between the supports. Consequently, the phase lag at low frequencies approached zero, which in turn caused s to increase
asymptotically to larger values (Fig. 4). The local minima were
likely caused by wave reflections about the stationary support.
Wave reflections can interfere with forward propagating waves
and thereby reduce the effective wave propagation velocity in the
forward direction. We tested these features by increasing the
distance between the boundaries in the model. This change in
distance shifted the asymptotes and minima to lower frequencies, consistent with the concept that the stationary boundary
increases s and generates wave reflections at low frequencies.
Wave Propagation Not Driven by Fluid Motion. Because the vibrating

support drives the surrounding fluid as well as the TM in the
wave chamber, we must consider the possibility that the TM is
entrained to the fluid, and the observed waves are in fact fluid
waves. Fluid motion decreases with increasing distance from the
vibrating support, and the space constant for this decrease is the
boundary layer thickness. In a two-dimensional approximation
of this experimental setup (i.e., fluid velocity does not vary in the
direction orthogonal to the plane of focus), the boundary layer
thickness is on the order of 10 m at 15 kHz (30). This distance
is small compared with the space constant of TM wave motion
(⬇240 m) measured at 15 kHz, and energy dissipation in the
third dimension will make it even smaller. Therefore, the
Ghaffari et al.

described TM traveling waves as stimulating hair cells, it is
equally plausible that these waves can arise from electromotility
of OHCs (25, 34–38). Jia et al. recently reported that OHC
motility generates radial motion of the TM in the hemicochlea
(36, 37). This finding suggests that force generation by multiple
rows of OHCs via somatic motility or hair bundle motility may
well be the natural driving force along the radial direction that
excites longitudinally propagating waves of the TM. The physical
attachment of the undersurface of the TM to the OHC hair
bundles (26) provides further support that OHC motility can
generate radial motion of the TM at multiple points along its
surface, in a manner that is similar to how waves were launched
in the wave chamber (Fig. 1). In contrast to the OHC hair
bundles, the inner hair cell (IHC) hair bundles are not in direct
contact with the TM but are coupled to the TM through viscous
forces from the subtectorial fluid. Recent measurements using
electrical stimulation across isolated turns of the guinea pig
cochlea indicate that OHC motility drives radial motion of fluid
in the subtectorial space (39). This fluid flow is thought to
stimulate the IHC hair bundles at frequencies below 3 kHz.
Because OHC motility also drives radial motion of the TM (36,
37), TM waves are likely to provide the coupling that allows
OHC motility to enhance the mechanical input to IHCs (8, 36,
37, 39, 40).
Implications for Cochlear Mechanics. The fact that TM traveling

waves occur in vitro is not surprising considering that waves can
be excited in a variety of elastic biological tissues (41). What is
striking is that TM traveling waves have large space constants
and propagate with velocities (2–10 m/s) (Fig. 4) that are
comparable to the BM traveling wave near the BF location in
response to BF stimuli (42). Therefore, the velocities of these two
independent wave mechanisms can be matched near the BF
location and are likely to be coupled through the OHCs, which
exhibit active movements in the radial and transverse cochlear
directions (25, 34–38). This type of interaction suggests that
radial motion of the TM wave excites the OHC hair bundles and
drives their active mechanism, which can amplify transverse
motion of the BM wave. The contribution of TM waves to
amplification is expected to be significant only in the region
where the two waves have comparable velocities and are likely
to be out of phase with respect to each other. The spatial extent
of this region is likely to correspond to frequencies within
PNAS 兩 October 16, 2007 兩 vol. 104 兩 no. 42 兩 16513
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Effect of OHC Motility Mechanisms on TM Waves. Although we have

entire cochlear partition (28, 29), allow TM waves to propagate
even in the presence of the loads imposed by fluid in the
subtectorial space, the hair bundles, and the limbal attachment.

approximately an octave of the BF (43). The concept that the
mammalian cochlea supports two traveling waves with similar
propagation velocities over a limited spatial region has been
suggested in a previous cochlear model (44), where the combination of the two waves was shown to produce sharp tuning and
emissions.
Relation to TM Resonance. The fact that the TM and BM waves
have similar velocities and wavelengths has important implications for the concept of TM resonance (12, 13). Previous
measurements of TM and BM relative vibrations in the guinea
pig cochlea have supported the idea that the TM and hair
bundles behave as a resonant system (27). This type of resonance
is believed to arise from the mass of the TM and the compliance
of the OHC hair bundles at frequencies 0.5 octave below the
characteristic frequency of the BM (13, 27). However, the effects
of the TM are analyzed based on the concept of point impedance
and are supported by point measurements, both of which ignore
longitudinal coupling. Our measurements demonstrate that longitudinal coupling through the TM cannot be ignored and
suggest that the phenomenon of TM resonance could be interpreted as a single-point simplification of a propagating TM wave.

Conclusions
We have demonstrated that radial displacements of an isolated
TM excite waves of motion that propagate longitudinally with
velocities similar to those of the BM traveling wave. Analysis of
physiological loading effects of the hair bundles, the limbal
attachment of the TM, and fluid viscosity in the subtectorial
space suggests that TM waves also can propagate in vivo. Because
these waves can stimulate hair cells and interact with the BM
traveling wave, they constitute a distinct mode of motion (10, 45)
that can have a significant effect on cochlear tuning and sensitivity, thereby fundamentally changing the way we think about
cochlear mechanisms.
Materials and Methods
Isolated TM Preparation. TM segments were excised from the
cochleae of adult male mice (strain B6129F1, 4–10 weeks old;
Taconic, Hudson, NY) by using a previously published surgical
technique (46). Additionally, TM segments were excised from
the CD-1 strain of mice (4–8 weeks old; Taconic). No significant
differences were found in the wave properties of TM segments
excised from these two strains. In total, five B6129F1 TM
segments (n ⫽ 3 basal and n ⫽ 2 apical) and six CD-1 TM
segments (n ⫽ 4 basal and n ⫽ 2 apical) were studied.
The cochlea was surgically removed and placed in an artificial
endolymph bath containing 174 mM KCl, 5 mM Hepes, 3 mM
dextrose, 2 mM NaCl, and 0.02 mM CaCl2. The bath was
equilibrated at pH 7.3 at room temperature. The bone casing of
the cochlea was gently chipped away with a #11 scalpel blade
until the organ of Corti was exposed. A combination of brightand dark-field illumination provided visual access to the TM
above the organ of Corti with a dissection microscope (Zeiss). A
sterilized eyelash was used to remove Reissner’s membrane and
to lift the TM from the cochlea. TM segments (typically 0.5–1
mm in longitudinal length) were isolated from the organ and
placed in a fresh artificial endolymph bath in preparation for
experiments in the wave chamber. Segments were classified as
basal and apical based on the cochlear turn from which they were
excised. As a secondary classification measure, we also measured
the distance from the edge of the marginal band to the ridge
associated with the attachment of the TM to the spiral limbus
(46, 47). The care and use of animals in this study were approved
by the Massachusetts Institute of Technology Committee on
Animal Care.
16514 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0703665104

Wave Chamber. The wave chamber (Fig. 1) consisted of two

parallel supports separated by 390–480 m. One support was
attached with epoxy to a piezo-electric actuator (resonance
frequency 138 kHz; Thorlabs Inc., Newton, NJ) and loosely
coupled to the underlying glass slide. To minimize transverse
motion of the actuator, the surface of the support in contact with
the glass slide near the actuator was coated with a thin layer of
petroleum jelly (Vaseline) in a region that was dry and isolated
from fluid contact. Motion of the actuator loaded with the
support and fluid was examined to ensure uniform sinusoidal
motion in the radial direction. The frequency response of the
vibrating system was characterized over a broad range of frequencies (1–40 kHz). The motion amplitude of the support
decreased by ⬇6 dB between 1 and 20 kHz and exhibited a
resonance at ⬇30 kHz. TM radial displacement scaled linearly
with motion of the vibrating support over the range of amplitudes (⬇90–400 nm) applied to the TM.
The second support was firmly attached to the underlying glass
slide. To position a TM segment in this experiment chamber, the
surfaces of both supports were coated with 0.3 l of tissue
adhesive (Cell Tak; Collaborative Research, Bedford, MA). The
tissue adhesive was dried and rinsed with ethanol resulting in a
monolayer of adhesive. Artificial endolymph solution was perfused in the region of the supports and over the adhesive.
The TM segment was injected into this medium with a glass-tip
micropipet and suspended between the supports with a sterilized
eyelash probe. The motion of the vibrating system was not affected
by the attachment of the TM. The suspended region of the TM was
⬇200–300 m above the surface of the underlying glass slide. Once
the TM was successfully suspended, it was inspected for curvature.
Optical sections were acquired at 0.5-m intervals through the
thickness of the TM by using a light microscope coupled to a
piezo-positioner (P-721 PIFOC; Physik Instrumente, Karlsruhe/
Palmbach, Germany). The captured images rendered a threedimensional profile of the TM and indicated a curvature of ⬍2° (⬍6
m) at the midpoint between the supports. TM segments also were
inspected for structural damage. Segments containing tears or
structural abnormalities were discarded.
Motion Analysis with Optical System. The optical system consisted of

a ⫻20 water immersion objective (Zeiss Axioplan) with a 0.5 N.A.
and a transmitted light condenser (0.8 N.A.). Images were collected
with a 12-bit, 1,024 ⫻ 1,024 pixel CCD camera (CAD7–1024A;
Dalsa Inc., Waterloo, ON, Canada) by strobing the light-emitting
diode (LED). The TM segment was illuminated at 16 evenly spaced
stimulus phases over several stimulus cycles. The collected images
were analyzed to determine the first eight harmonics of the periodic
motion. We computed the magnitude and phase of radial displacement from the series of collected images by using previously
published motion-tracking algorithms (18, 48). Radial displacement
and phase were measured at multiple points along the suspended
surface of the TM segment. The phase lag was measured relative
to the phase at a point on the TM ⬇ 30 m from the edge of the
vibrating support. The experimental setup was supported by a
pneumatic vibration-isolation table that damps ambient vibrations
of the surroundings. Displacements at the stationary support were
used to evaluate the amount of ambient noise and motion error in
the measurement system. The noise floor of the measurement
system was ⬇15 nm.
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