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Fluid-Structure Interaction in the Inner Ear 
 
A multitude of processes cooperate to produce the sensation of sound. The key initial step, 
the transformation from mechanical motion into an electrical signal, takes place in highly 
specialized mechanosensitive organelles that are called hair bundles due to their 
characteristic appearance. Each hair bundle comprises many apposed cylindrical 
stereocilia that are located in a liquid-filled compartment of the inner ear. The viscous 
liquid surrounding the hair bundle dissipates energy and dampens oscillations, which 
poses a fundamental physical challenge to the high sensitivity and sharp frequency 
selectivity of hearing. To understand the structure-function relationship in this complex 
system, a realistic physical model of the hair bundle with an appropriate representation 
of the fluid-structure interactions is needed to identify the relevant physical effects. 
A novel fluid-structure interaction approach will be discussed, which is based on a 
phase-field description [1]. The finite-element method is employed to solve the system of 
partial differential equations. Based on data from the hair bundle of the bullfrog's 
sacculus, a detailed model is constructed that resolves simultaneously the interaction 
with the surrounding liquid as well as the coupling liquid in the narrow gaps between the 
individual stereocilia.  
The experimental data are from high-resolution interferometric measurements at 
physiologically relevant amplitudes in the range from a fraction of a nanometer to several 
tens of nanometers and over a broad range of frequencies from one millihertz to hundred 
kilohertz. Different modes of motion are analyzed and their induced viscous drag is 
calculated. The investigation reveals that grouping stereocilia in a bundle dramatically 
reduces the total drag as compared to the sum of the drags on individual stereocilia 
moving in isolation. The stereocilia in a hair bundle are interconnected by oblique tip 
links that transmit the energy in a sound to the mechanotransduction channels and by 
horizontal top connectors that provide elastic coupling between adjacent stereocilia. 
During hair-bundle deflections, the tip links induce additional drag by causing small but 
very dissipative relative motions between stereocilia; this effect is offset by the horizontal 
top connectors that restrain such relative movements, assuring that the hair bundle 
moves as a unit and keeping the total drag low. In the model the stiffness of the links, the 
stiffness of the stereocilia, and the geometry are carefully adjusted to match experimental 
observations. The results are further validated by a comparison with the relative motions 



 

 

measured in a sinusoidally stimulated bundle for the distortion frequencies at which 
movements are induced by the nonlinearity imposed by channel gating.  
The model of the fluid-structure interactions provides insight into the key step in the 
perception of sound and the method presented provides an efficient and reliable approach 
to fluid-structure interaction problems in general. The results are described in [2]. 
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