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Transduction of Vestibular Hair cell 
by 

Jong-Hoon Nam 
 

(Abstract) 
 
The hair cell, a specialized cell in the inner ear, is responsible for hearing and balance.  The 

hair cell is an exquisite sensor that captures mechanical stimuli and generates neurosensory signals.  A 
theory called gating theory has been developed and widely used to analyze the experimental data of 
hair cell transduction.  Despite increasing knowledge about molecular structures of hair cells, the 
mechanical model in the gating theory remained simple.  Efforts to make the most of the recent 
findings regarding the hair cell structures led to the development of hair cell finite element (FE) 
model (Cotton & Grant, 2000, 2004a, b).  I have extended this approach by adding channel kinetics 
and structural dynamics to the FE structural model of the hair cell. 

I have expanded the previous static and passive model to a dynamic and active model.  It is 
the most detailed hair cell structural model and includes up-to-date knowledge of the hair cell 
structure such as the stereocilia and various extracellular links.  In order to observe the dynamic 
response of hair bundles in the endolymph fluid, I have included fluid drag in the model.  Link 
nonlinearity has been added to reflect recent observations (Tsuprun 2003).  The lateral links stiffen as 
they stretch and prevent contact between stereocilia when they compress.  In addition to these 
structural features, I added channel kinetics such as the fast adaptation.  In my study, the Ca2+ 
diffusion kinetics plays a key role in the hair cell adaptations.  The Ca2+ association rate to the fast 
adaptation modulator is postulated to govern the fast adaptation.  I assumed that two factors—the tip 
link tension and the Ca2+ concentration at the tip of stereocilia govern the hair cell mechanoelectric 
transduction. 

My dissertation comprises three parts—structure, dynamics and mechanotransduction of hair 
cells.  First, the mechanical properties of hair bundle were sought by comparing my FE model with 
other experiments.  The quantified Young’s modulus of stereocilia and the stiffness of tip link agree 
well with other recent estimates.  The stiffness of other structural elements (upper lateral and shaft 
links) was newly estimated through this effort.  Second, I established equations of motion for the hair 
bundle in the fluid.  Two possible loading conditions to the hair bundle were simulated.  Two different 
hair bundles were subjected to a point load and a load induced by fluid flow.  The results showed that 
some vestibular hair cells’ transduction might be dominated by the fluid-induced force.  Finally, I 
observed the hair cell transduction in various stimulus conditions.  The results showed that the hair 
cell’s sensitivity highly depends on the stimulus method.  The fluid-jet stimulus activated fewer 
channels than the glass fiber and made the hair cell less sensitive.  A faster stimulus opened more 
channels and made the hair cell more sensitive.  The resting tension in the tip link, which is believed 
to be controlled by the Ca2+ concentration, also affected the hair cell sensitivity.  A higher resting 
tension, equivalent to a lower Ca2+ concentration, tended to make the hair cell more sensitive. 

In conclusion, I developed a new tool to study the hair cell mechanoelectric transduction.  My 
hair cell computational model enables us (1) to study how the hair cells’ morphological variations are 
related to their function; (2) to investigate the hair cell mechanoelectric transduction at the single 
channel level, in silico, as opposed to the statistical approach; (3) to test the response of hair cells 
under in situ force boundary conditions. 
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Chapter 1. Introduction 

 

Chapter 1   Introduction 
 

 This chapter introduces the structure and physiology of the hair cell.  The structural 

features are described from large to small scale, from utricle to transduction pore at the tip of 

hair cell.  The environment of hair cells in the utricle is described.  The structures of the hair 

cell and the hair cell transduction channel are reviewed in turn.  I also introduce adaptation 

which is a key mechanism that helps hair cells to maintain their superb sensitivity and 

selectivity.  Recent theories on hair cell adaptation are introduced.  I review other studies 

closely related to hair cell mechanoelectric transduction.  The objective of this study is to 

develop a computational model of the hair cell mechanoelectric transduction that has a full 3-

D geometry and individual channel kinetics.  Finally, the remaining chapters of the 

dissertation are discussed in the context of my global objective. 
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Chapter 1. Introduction 

1.1 Hair cells in the utricle 

 The hair cell is a terminal sensory receptor in the inner ear responsible for hearing and 

balancing.  The inner ear labyrinth is divided into the auditory organ and the vestibular 

organs.  The major vestibular organs are composed of three semicircular canals and two 

otolith organs which sense the angular and linear movement, respectively.  The most 

common otolith organs of vertebrates are the saccule and the utricle which are oriented 

approximately orthogonal to each other.  The subject of my study is the hair cells in the 

utricle.   Although I study specific hair cells from a specific animal, the theories and 

methodologies I have developed are general enough to apply to any hair cells including 

human auditory hair cells. 

 

 
Figure 1-1  Hair cells in the deformed utricle 
A medial-to-lateral transect of turtle utricle is shown in this cartoon.  The scales 
are not proportional and are exaggerated for clarity. The hair cells in the utricle 
are embedded in layered structure.  The otoconial layer (OL) and the epithelial 
layer (EL) are much stiffer than the gel layer (GL) and column filament layer 
(CFL).   The hair bundles (HB) at the apical surface of the hair cells protrude 
into the intermediate layer (GL plus CFL).  The hair bundles are in a space 
filled with an endolymph fluid abundant in K+.  By the region, the hair cells are 
divided into striolar hair cell, medial extrastriolar (MES) hair cell, and lateral 
extrastriolar (LES) hair cell.  The MES hair cells have long kinocilium that are 
connected firmly to the OL.  Other hair cells are considered connected to the GL 
or OL via kinocilia and perhaps, the tallest stereocilia like the hair cells in the 
striola and LES.  In this study, the mechanical stimulus represents the relative 
motion between the OL and the EL.   The double headed arrow indicates the line 
of polarity reversal (LPR).  At LPR, the polarity of HC changes by 180°.  
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Chapter 1. Introduction 

A schematic structure of a turtle utricle is illustrated in Figure 1-1.  The hair cells 

(HC) are embedded in layered structure.  As the skull accelerates, the otoconial layer (OL) 

lags behind the epithelial layer (EL) which is attached firmly to the skull.  The relative 

movement between the OL and EL deforms the compliant column filament (CFL) and gel 

layer (GL).  It is this relative shear displacement that deflects the ciliary bundle or stimulates 

the hair cells.   The hair cells convert the mechanical stimuli into electric signals.  Therefore 

the hair cell is called a mechano-electric transducer (in short MET). 

 The utricle hair cells are divided into two categories by the region where the hair cells 

are located—striolar and extrastriolar hair cells.  The striola region is a crescent-like narrow 

band along the line of polarity reversal  (see Figure 1-2).  The shape and size of hair bundles 

in the striola region are much different from the bundles in the extrastriola region.  It is 

presumed that such variations of hair cells are related to their function.  By the presence of 

the calyx (synapse of neuron wrapping the cell body) the utricle hair cells are divided into 

type I hair cell and type II hair cell.  In Figure 1-1, all the hair cells are type II hair cell except 

the hair cell marked with ‘I’ in the cell body.  Type I hair cells are observed only in amniotes 

(mammals, birds and reptiles).   The knowledge about the functional difference between the 

two types of cells is very limited. 

 

 
Figure 1-2   Polarity of hair cells in utricle  (Kelly, 1991) 
The arrows indicate the polarity of hair cells across the surface of utricle. The 
hair cells are most sensitive along these directions.  The broken line is called the 
line of polarity reversal.   The striola region is a narrow strip along the line of 
polarity reversal. 
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Chapter 1. Introduction 

 

1.2 Hair cell structure 

 

 
Figure 1-3  Hair bundle structure 
A. Top view of bundle: the circles denote the cilia.  The kinocilium is marked 
with ‘K’.  The arrows indicate the principal (excitatory-inhibitory) direction of 
this hair cell along which the hair cell is most sensitive.  B. Side view of bundle: 
the kinocilium is at the taller edge of bundle.  The stereocilia form a staircase 
toward the shorter edge.  A stereocilium looks like a sharpened pencil that has a 
tapered root.  Unlike the stereocilia, the kinocilium has constant diameter.  The 
stereocilia and kinocilium are bound by various links such as the tip links (TL), 
upper lateral links (UL), shaft links (SL), kinocilial links (KL) and ankle links 
(AL).  C. Isometric view of bundle:  the illustrated bundle has a dimension of 
9.2×3.2×3.2 (height, width and length in µm). 

  

Hair cells have a cell body and a bundle of hairs (cilia) atop the cell body.  The ciliary 

structure is called a hair bundle.  The hair bundle in the utricle consists of dozens to 100+ of 

stereocilia and one kinocilium.  The cilia in the hair bundle are hexagonally arranged (Figure 

1-3A) and have a staircase-like height distribution (Figure 1-3B).  The hair cell is most 

sensitive along E-I (excitatory-inhibitory) axis.  The hair cell is depolarized when the bundle 

deflects towards the excitatory direction (see Figure 1-3A), and hyperpolarized when the 

bundle deflects towards the inhibitory direction.   When deflected normal to E-I axis, the 
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Chapter 1. Introduction 

change of transduction current is minimal.  If not specifically mentioned, most experiments 

and analytic studies consider stimulating along the E-I axis.   

The stereocilia are modified microvilli and packed with actin filaments.  There are 

several hundred actin filaments in the shaft and several dozens in the rootlet of stereocilia 

(Tilney et al., 1980; Miller & Peterson, unpublished data).  The actin fibers are 

interconnected by filamentous links.  The kinocilium is a true cilium with 9+2 tubular cross 

section like the tail of a sperm.  Stereociliary rootlets are embedded into an actingel (deRosier 

& Tilney, 1989) called the cuticular plate, while the kinocilium is rooted on a compliant base 

(Hillman 1969).  The stereocilia and kinocilium are bound by several different types of 

filamentous fine links to make a bundle (Figure 1-3B).  The tip link connects the tip of a 

stereocilium to the shaft of tallest neighboring stereocilium.  The upper lateral links connect 

the top ends of stereocilia horizontally to each of their neighbors.  The kinocilial links bind 

the kinocilium with the rest of the bundle. 

 

 

1.3 Transduction channel 

 It is agreed that the mechanoelectric transduction channels in the hair cell are located 

at the tip of hair bundle.  The tip link is situated at an optimal location to detect the shear 

deformation between the stereocilia (Pickles et al., 1983).  The transduction channels are 

believed to be located at one or both ends of the tip links.  Researchers are still seeking 

exactly where the transduction channels are located.  It is clear that the hair cell transduction 

channels are within 1 µm of stereociliary tips (Lumpkin & Hudspeth, 1995).  Some 

experiments suggested that the transduction channels are located at both ends of tip links 

(Denk et al., 1995; Howard & Hudspeth, 1988).   However, other experiments estimate that 

the number of transduction channels is less than the number of stereocilia (Kros et al., 1992; 

Géléoc et al., 1997; van Netten & Kros, 2000; Ricci et al., 2003), which means that there is 

one channel per a tip link.  Some seem to support the channel at the upper end of tip link 

(Gillespie, 1995; Hudspeth et al., 2000), while others suggested the channels are at lower end 

of tip links (Hackney & Furness1995; Kachar et al., 2000; Meyer et al., 2005).  In this work, I 

assumed that there is one transduction channel at the lower end of each tip link.  See Figure 

1-4 for the structure near the transduction channel in my hair cell model. 
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Chapter 1. Introduction 

   
Figure 1-4   Transduction channel at the tip of hair bundle 
There is a transduction channel at the lower end of a tip link.  The upper end of 
tip link is towed by an adaptation motor which is a group of myosin molecules 
(Holt et al., 2002).  A part of the channel has an elastic springy structure 
(ankyrin repeats), which is called a gating spring (Corey & Sotomayor, 2004; 
Ashmore, 2004). It is almost clear that the channels are located around the tip of 
each stereocilium, but the exact location of the hair cell transduction channel is 
still unclear (see text for related discussions). 

  

Gating theory posits that an elastic spring delivers the stimulating force to open 

(activate) the ion channels in the hair bundle (Howard & Hudspeth 1988).  Recent evidence 

suggested that a part of the transduction channel itself (ankyrin repeats of TRPA1 channel) is 

the gating spring (Corey & Sotomayor, 2004). 

Mechanoelectric-transduction is believed to happen as follows: As the bundle deforms, 

the shear displacement between the stereocilia pulls the tip links.  The increased tension in 

the tip links activates (opens) the transduction channels (Howard & Hudspeth, 1988).  Hair 

cells maintain a negative electric potential with respect to the external endolymph fluid 

(extracellular fluid is abundant in cations such as K+ and Ca2+).  When the transduction 

channels open, the electric potential drives the cations in the endolymph fluid into the hair 

cell through the open channels.  The depolarizing current carried by the inflowing cations 
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leads to a release of a chemical neurotransmitter into a synaptic space between the hair cell 

and adjacent neuron. 

 

1.4 Adaptation 

Adaptation enables the hair cell to detect very small movements.  During sustained 

stimulation, the depolarization current of the hair cell decreases with time (Eatock et al., 

1987).  This allows the cell to recover its sensitivity in preparation for another stimulation.  

There are at least two discrete adaptation mechanisms—fast and slow adaptation.   The fast 

adaptation is the rapid decrease of current right after the peak current.   The slow adaptation 

is the slow decrease of current following fast adaptation.  The time constant of fast adaptation 

is typically less than 1.0 ms and the time constant of slow adaptation is a few to a hundred ms 

(Wu et al., 1999; Strassmaier & Gillespie 2003; Kennedy et al.,  2003).   Hair cell adaptation 

is detailed in Chapter 4. 

 Fast adaptation is the rapid reclosure of channels within a millisecond of channel 

opening presumably by the change in molecular shape of the channel (Gillespie & Cyr, 2004).   

The intracellular Ca2+ regulates the speed and extent of the fast adaptation.  High intracellular 

Ca2+ concentration, [Ca2+], makes the channels close faster (Ricci, Wu & Fettiplace, 1998).  

The fast adaptation is an active feedback of the hair cell that generates a considerable force 

(Kennedy et al., 2005).  The active force can provoke twitch—a rebound of bundle tip 

opposite to the stimulus direction (Benser et al., 1996).  

 Slow adaptation shares two characteristics with the fast adaptation—it closes the open 

channels and is affected by intracellular [Ca2+].   Unlike the fast adaptation, the slow 

adaptation motor has been identified.  Myosin-1c, the slow adaptation motor of hair cell, is at 

the upper end of the tip link and climbs up and down along the stereocilia shaft (Holt et al., 

2002).   The major role of slow adaptation is to maintain optimal resting tension in the tip 

links.   By adjusting the resting tension the hair cell remains most sensitive at resting state. 

 

1.5 In vitro experiments of hair cell 
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 Throughout this dissertation, I will frequently refer to the results from other 

experiments.  It will help the readers to understand the remaining chapters better if they are 

briefly informed of representative experiment techniques. 

 Many experiments deliver step force/displacement stimuli to the hair bundle.  Some 

experiments measure the mechanical stiffness of hair bundle.  Others measure the hair cell 

depolarization current using the voltage clamp technique.  The input is usually a mechanical 

stimulus, and the output is the bundle displacement and/or transduction current.  Figure 1-5 

show two stimulus methods widely used to stimulate hair cells.   In one, a micro glass fiber 

(diameter normally less than 2 µm and length less than 500 µm) is used to deliver a force to 

the tip of bundle (Strelioff & Flock, 1984; Crawford & Fettiplace, 1985; Shepherd & Corey, 

1994).   In the other, a fluid-jet is used to apply stimulus by fluid drag (Szymko et al., 1992; 

Géléoc et al., 1997; Vollrath & Eatock, 2003).   

 

 
Figure 1-5  In vitro stimulus methods 
Two representative experiment techniques used to stimulate hair cells are shown. 
Left: A glass fiber delivers force to the tip of hair bundle.  Right: A fluid-jet 
deflects the hair bundle  

 

1.6 Previous studies 

 Gating theory has explained and predicted observed hair cell behaviors consistently.  

Because a part of my study is closely related to this theory (Chapter 4), the gating theory and 

recent progress is outlined in this section.  
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Chapter 1. Introduction 

 Gating theory was a combination of the hair bundle mechanical model and the 

transduction channel model (Corey & Hudspeth 1983b; Howard & Hudspeth, 1988).  The 

hair bundle mechanics were represented by a couple of linearly elastic springs and an active 

actuator (See Figure 1-6).   The channel has two states1—open and closed.  Statistical 

thermo-dynamics described the channel open probability of the hair cell, po(X), (Corey & 

Hudspeth, 1983) as 

( ) ( ) ( )TkXXzo
Boe

Xp /1
1
−−+

=       (1-1) 

Where, z is the gating sensitivity, X is the bundle tip displacement, Xo is the bundle 

displacement when po=0.5, kB is the Boltzmann constant and T is the absolute temperature.  

The force equilibrium between the applied force (FHB) and the hair bundle is (Howard & 

Hudspeth, 1988) 

       (1-2) ooSHB FzNpXKF +−=

Where, KS is the passive stiffness of hair bundle, N is the number of transduction channels in 

the hair cell and F0 is a constant to assure FHB = 0 at X = 0. 

 Above relations represent the transduction channel energetics by equation (1-1) and 

the hair bundle mechanics by equation (1-2).  In addition to these two relations, the 

adaptations and the Ca2+ dynamics have been introduced to explain the most prominent 

features of auditory hair cell—self tuning and amplification (Martin et al., 2003; Vilfan et  al., 

2003). 

 Apart from the development of hair cell transduction studies, there have been efforts 

focused on the structural mechanics of hair bundle.  A 2-D analytic model provided an 

explanation how the hair bundle’s mechanical properties affect the tip link tension (Pickles, 

1993; Geisler, 1993).   Studies on fluid-structure interaction used simplified geometry of the 

hair bundle to show that the fluid viscous drag dominates hair bundle dynamics (Freeman & 

Weiss, 1988; Zetes & Steele, 1997; Shatz 2004).  The finite element (FE) method was 

introduced for static analysis of hair bundle (Duncan & Grant, 1998; Cotton 1998; Cotton & 

Grant 2000).  A 3-D static analysis of hair bundles showed that the 2-D models can miss  

                                                 
1 Three-state channel Boltzmann relationship is known to fit better the experiments.  But, it does not mean that 
the actual transduction channel has three states.  We can safely say that there are at least three distinct states in 
the transduction channel.  In my introduction, I introduce only the two-state model for the simplicity explanation. 
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important information encoded in the various hair bundle structures (Silber et al., 2004). 

 

 
Figure 1-6  Hair cell mechanical model 
A simplified hair bundle mechanical model was proposed by Howard & 
Hudspeth (1987), and has been used in most mathematical studies including 
Martin et al., 2003 and Vilfan et  al., 2003.  The whole bundle is represented by a 
couple of stereocilia interconnected by a gating spring (Left).   The stereocilia 
shaft is considered rigid and the rootlet of stereocilia is compliant.  Therefore, 
the bundle pivots with respect to the insertion points of stereocilia.   The 
rotational mechanical system is linearized to a Maxwell spring damper model 
(Right).  This structural unit is arranged in parallel as many as the number of 
transduction channels (parallel arrangement assumption, Hudspeth et al., 2000).  

 

1.7 Motivation 

 The study of hair cell mechanoelectric transduction can be divided into two parts: 1) 

hair bundle mechanics 2) transduction channel kinetics.  Hair bundle mechanics is divided 

into kinematics and dynamics.  There have been efforts to build full 3-D hair bundle 

mechanical models (Duncan, 1993; Cotton 1998; Silber et al., 2004).   Those are static 

mechanical model that cannot explain the dynamic nature of hair cell.  Dynamic hair bundle 

models were used to explain the fluid-structure interaction between the hair bundle and the 

endolymph fluid (Freeman & Weiss, 1988; Zetes & Steele, 1997; Shatz, 2000).  These 

dynamic hair bundle studies used a simplified geometry and did not include the transduction 

channel kinetics.  There are studies on hair cell mechanoelectric transduction that include 
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both the hair bundle mechanics and the channel kinetics (Choe et al., 1998; van Netten & 

Kros, 1998; Camalet et al., 2000; Martin et al., 2003; Vilfan et al., 2003).  However, the 

simplified mechanical model (Figure 1-6) has limited their application.  

 In most mathematical studies (Howard & Hudspeth, 1987, 1988; Choe et al., 1998; 

Vilfan et al., 2003; Martin et al., 2003; van Netten & Kros, 2000), a single degree of freedom 

(DOF) mechanical model represented the hair bundle mechanics.  In other studies of hair 

bundle kinematics, the mechanical models were 2-dimensional models and assumed the 

stereocilium a rigid bar hinged at the rootlet (Pickles 1993; Freeman & Weiss 1988; Zetes & 

Steele, 1997; Shatz 2004).  In recent study by Silber et al., 2004, they presented a 3-D hair 

bundle structural model and showed that the 2-D hair bundle models and the single DOF 

model can miss important information of hair bundle mechanics. 

 

Table 1-1  Mathematical studies on hair cell mechanoelectric transduction 

 Structural model Dynamic 
analysis 

Fluid 
force 

Transduction 
Channel 

Howard & Hudspeth, 1988; 
Choe et al., 1998; Vilfan et 
al., 2003; Martin et al., 2003 

Single DOF* Yes No Yes 

Pickles, 1993;  
Cotton & Grant 2004a, b 2-D geometry No No No 

Zetes & Steele, 1997 
Simplified 3-D 

geometry† Yes Yes No 

Freeman & Weiss, 1988; 
Shatz, 2004 Single DOF‡ Yes Yes No 

Silber et al., 2004 Full 3-D geometry No No No 

Present Full 3-D geometry Yes Yes Yes 

 

My study of the hair cell overcomes the limitations of previous model studies.  I 

tabled the mathematical studies on hair cell mechanoelectric transduction.  For the clarity of 

comparison, I categorized the studies into four sections: by the type of structural model, and 

by the inclusion of the dynamic analysis, fluid force and transduction channel.  Previous 
                                                 
* These studies used mechanical model shown in Figure 1-6. 
† They assumed a cubic array and a pivoting stereocilia rootlet (rigid stereocilia shaft and compliant rootlet) 
‡ They assumed a rigid hair bundle (no relative movement between stereocilia) hinged at rootlet. 
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studies served well for their purposes, but none of them have included all of the four sections 

required to study hair cell mechanoelectric transduction.  My model has a full 3-D geometry.  

It is capable of dynamic analysis including a fluid forcing effect.  It is an active hair cell with 

channel gating and fast adaptation.  

 

 As reviewed in section 1.1 and 1.5, in vivo and in vitro stimulus conditions are 

different.  In the utricle, the hair bundles stand in fluid-filled cavities and some structure of 

each hair bundle seems attached to the gel layer or the otoconial layer in some way (Figure 1-

1).  The hair cells in the utricle are pulled by the linked layers and are subjected to fluid flow 

at the same time.   In the experiments using the glass fiber as a stimulus method, the ambient 

fluid stays still while the hair bundle is pulled.  In the experiments using the fluid-jet, the 

bundle is intact while the ambient fluid moves.  Therefore, it is difficult or inappropriate to 

extrapolate in vitro experiment results to predict in vivo hair cell response. 

 My study will provide a way to extrapolate the experiment results to predict in vivo 

hair cell responses.  I will simulate and compare the two different in vitro forcing conditions.  

The results will help to predict hair cell response in vivo.    

 

1.8 Overview of this dissertation 

The remaining chapters of my dissertation follow the developmental course of the 

virtual hair cell—the computer model simulating hair cell mechanoelectric transduction.  The 

chapters evolve from static (Chapter 2) to dynamic analysis (Chapter 3 and 4) and from 

passive (Chapter 2 and 3) to the active system (Chapter 4).   These procedures are 

summarized in Table 1-2. 

The mechanical properties of the hair bundle structural elements are mostly unknown. 

Chapter 2 is devoted to finding the mechanical properties of hair bundle structural elements 

such as the tip link, upper lateral link, shaft link and the stereocilia.  The fidelity of the 

current full 3-D hair bundle model depends on how faithfully the mechanical characteristics 

reflect the in vivo hair bundles.  Frequently, the mechanical properties of hair cells are 

represented by the bundle stiffness.  I described how a 3-D finite element model of a hair 

bundle was built from the geometric data/image of a real hair bundle.  Then, I used published 
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experimental results to find the mechanical properties of hair bundle structural elements (tip 

link, upper lateral link, shaft link and stereocilia).  The mechanical properties of hair bundle 

structural elements were found through parametric studies comparing my computer model 

with the experiment results.   There is little available information on the mechanical/material 

properties of the shaft and upper lateral link.  The identified mechanical properties of the tip 

link and stereocilia are well within others’ estimations and measurements.   

Little is known how different stimulus methods affect the hair cell response.  A full 3-

D hair bundle model can compare the hair cell with different morphologies. Chapter 3 

establishes the methods of dynamic analysis and compares hair cell response under fluid 

forcing and point forcing.  These two methods are the two popular stimulation methods used 

in most in vitro experiments.  I wrote the equations of motion (EOM) of hair bundle and 

developed a time integration program solving the EOM.  The fluid drag was included as a 

separate forcing term instead of approximating it with viscous damping.  By including the 

fluid drag explicitly I could simulate the fluid-jet stimulation on hair bundles.   An MES and 

a striolar hair cell are simulated and compared.   The MES cell showed little difference by the 

forcing types, but the striolar cell was predicted to respond more sensitively by the fluid force. 

There were analytic studies on active hair cells (Martin et al., 2003; Vilfan et al., 

2003; van Netten & Kros, 1998), but the mechanical model is heavily simplified.  There was 

a full 3-D hair bundle model (Silber et al., 2004), but it was a passive static study.  I fill the 

gap between those two studies in Chapter 4.  Based on mechanical backgrounds developed in 

previous chapters, Chapter 4 presents an active hair cell by including the channel gating and 

fast adaptation.  I present a four-state channel model and a single channel gating scenario.   

The hair cell is subjected to a series of step forces with various magnitudes for two 

milliseconds.  The developed virtual hair cell shows the characteristics of in vitro hair cells: 

twitch, non-linear compliance and fast adaptation.  My results show that the I-X (activation 

represented by the depolarization current, I, versus excitation represented by bundle tip 

displacement, X) relationship depends on the stimulus conditions.  Many previous 

experiments provide I-X relationships as a characteristic of a tested hair cell.  The developed 

virtual hair cell has a potential to analyze the experiment results more accurately.  
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Table 1-2  Organization of main chapters 

Chapter Analysis Type Specific Aim 

2 Static, harmonic • To find the mechanical properties of hair bundle structural 
elements (ES, KTL, KSL and KUL)* 

3 Dynamic, passive • To simulate the dynamic response of different hair cells to the 
fluid force** 

4 Dynamic, active • To observe how different stimulus conditions affect the hair 
cell sensitivity 

                                                 
* ES = Young’s modulus of stereocilia, KTL = tip link stiffness, KSL = shaft link stiffness, KUL = upper lateral link 
stiffness 
** A striolar (S) cell and a medial extrastriolar (MES) cell are simulated with different forcing types 
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Chapter 2   Mechanical properties and consequences of 

stereocilia and extracellular links in vestibular hair bundles 

 

Knowledge about the fine structure of vestibular hair bundles is increasing.  However, 

the mechanical properties and the functional significance of those fine structures are still 

unclear.  Bashtanov et al. (2004) reported the contribution of different extracellular links to 

hair bundle stiffness. In their experiment, tip links or shaft links were selectively removed 

and the stiffness was measured to see how much stiffness was reduced by removing each type 

of link. I simulated the same experimental protocol.  A three dimensional finite element (FE) 

model of the hair bundle was built based on measured geometric values from a typical striola 

hair cell.  Through the effort to match the experimental results, I was able to estimate the 

mechanical properties of stereocilia and extracellular links.  The following values were 

found: Young’s modulus of stereocilia of 0.74 GPa, stiffness of tip links of 5300 pN/µm, 

stiffness of shaft links combining a couple of stereocilia of 2250 pN/µm, and almost zero 

stiffness of upper lateral links.  With these quantified properties, I could match results of the 

experiment: intact bundle stiffness of 900 pN/µm, 43% and 48% of stiffness reductions after 

the tip and shaft link removal, respectively.  The structural consequences of these findings 

were discussed.  
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2.1 Introduction 

 

The hair bundle is a complex structure atop a hair cell that transduces a mechanical 

stimulus into a neurosensory signal.  Among structural elements comprising the hair bundle, 

stereocilia are dominant structures of hair cells.  Each stereocilium is a pencil-shaped 

modified microvillus packed with hundreds of actin fibers in the shaft and tens of actin fibers 

in the rootlet (Tilney et al., 1980).  To form bundles in vestibular organs, stereocilia are 

arranged hexagonally and interconnected by filamentous structures, or links. In the bundle, 

five different types of links are known—the tip link, the upper lateral link, the shaft link, the 

kinocilial link and the ankle links (Goodyear & Richardson, 1994).  These structural 

elements—stereocilia, kinocilium and extracellular links determine the structural or 

mechanical characteristics of the hair cell. 

 The mechanical characteristics of the hair cell determine how a mechanical stimulus 

applied to the bundle is transferred to the individual mechanosensory channels.  Bundle 

stiffness is the most commonly measured mechanical characteristic.  Bundle stiffness is 

defined as the applied force at the bundle tip divided by tip displacement.  Two-dimensional 

mathematical models of the hair bundle have related the externally applied force to the force 

in the gating spring (Howard & Hudspeth, 1987; Pickles, 1993; Shepherd & Corey, 1994).  

While a 2-D hair bundle model provides important first-order estimates of the hair bundle’s 

mechanics, it cannot determine the full effects of the range of morphologies seen in nature.  A 

full 3-D structural model can more accurately investigate the mechanical consequences of 

various bundle shapes (Silber et al., 2004).   

A study by Bashtanov et al., 2004, provides clues to the possible structural roles of 

the upper lateral links and shaft links.  In their experiment, the tip links or the shaft links were 

selectively removed by BAPTA or subtilisin treatment. To evaluate the stiffness contribution 

by the removed links the bundle stiffness before and after the treatment was compared.  Their 

experimental results combined with a detailed hair bundle structural analysis can suggest not 

only the mechanical properties of the structural elements, but their structural role. 

In this study I use the finite element (FE) method for the structural analysis of hair 

bundle. The FE method is an established tool used to study structural, thermal, and electro-

magnetic problems.  An advantage of the FE method is its ability to model complicated 
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geometries such as the varied and complex shapes of hair bundles.  The flexibility and 

generality of FE analysis to study hair bundle mechanics was shown in previous studies 

(Siber et al., 2004; Duncan & Grant, 1998; Cotton & Grant, 2004a, b).  I have further 

developed the hair bundle FE model to create the hair bundle model closest to the real life 

hair bundle.  It is a true 3-D model.  The geometric information is directly measured from 

microscopic images of hair cells.  All structurally significant components of the hair bundle 

are included such as tip links and various shaft connectors.  

The objective of this study is to quantify the mechanical properties of hair bundle 

structural elements (stereocilia and extracellular links) and to suggest their structural 

consequences.  I simulated computationally the same protocol as the in vitro experiment by 

Bashtanov el al., 2004.  The stiffness of a bundle before and after removing specific link 

structures was compared.  By matching the computational results of my FE model to the 

experimental results of Bashtanov et al., I obtained the mechanical properties of hair bundle 

structural elements including the stereocilia, tip links, upper lateral links and shaft links.  I 

provide here quantitative mechanical properties of hair bundle structural elements that fully 

explain the experimental results of Bashtanov et al., 2004.  
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2. 2 Methods 

 

Finite element program 

For this analysis I have used the finite element (FE) method and algorithm originally 

presented in Cotton and Grant, 2000.    The program was written and run in MATLAB 

(Mathworks, Inc., Natick, Massachusetts).  The hair bundle FE model is composed of two 

types of elements.  The stereocilia are represented by Timoshenko (shear deformable) beam 

elements (Reddy, 1993) which describe well the anisotropy of the stereocilia and account for 

translation and rotation under shear and moment loads.  For the tip links, upper lateral links, 

shaft links and kinocilial links an elastic rod element is used which can either elongate or 

shrink.  These links can support no bending or shear forces.  Ankle links are neglected in the 

model as they contribute little structurally (Bashtanov et al., 2004).  

 

Modeling the vestibular hair bundle 

A striolar hair cell from the utricle of a turtle (Trachemys scripta) was used for the 

study.  The selected hair bundle was located 20 µm medial to the line of polarity reversal, i.e. 

in zone 2 (Moravec & Peterson, 2004).  Model construction procedures are illustrated in 

Figure 2-1.   Information regarding planar arrangement of stereocilia was obtained from a 

confocal microscope image taken at the bottom of the hair bundle (Moravec, unpublished 

data).    The heights of stereocilia were taken from confocal microscope images (Xue & 

Peterson, 2004).  Because it was impossible to get both the planar arrangement and the height 

information from same cell, the heights of stereocilia were inferred from the average values 

of cells at similar location.  These geometric properties are presented in Table 2-1.  The 

configurations of interciliary link structures follow previous studies (Goodyear & Richardson, 

1994; Pickles et al., 1983; Goodyear & Richardson, 2003; Tsuprun et al., 2003; Jaramillo & 

Hudspeth, 1993).  Although different types of interciliary links have been found, the 

geometric information such as the length, thickness, location and spacing are generally 

lacking.  Therefore I had to assume the following geometric properties.  For the studied hair 

bundle I chose the highest location of shaft links as 4.0 µm from the base of the bundle.  

Stereocilia are connected to each neighbor by up to three upper lateral links and three shaft 

links if the vertical space allows. The spacing between the upper lateral links and the 
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minimum spacing between the shaft links are given as 0.2 µm and 1.0 µm, respectively.  The 

kinocilial links that bind the kinocilium with the rest of the bundle have 0.2 µm spacing and 

connect the kinocilium with the top 1.0 µm of adjacent stereocilia.  The resultant hair bundle 

linkage structures are shown in Figure 2-2a. The effect of the different spacing in the model 

and in real hair cell bundles are discussed later.   

 

 
Figure 2-1  Constructing 3-D finite element (FE) model 
Number, arrangement and spacing of stereocilia are obtained from the planar 
view at the base of a hair bundle. In (a), a confocal microscope image of 
stereocilia arrangement (misty circular shadows) is shown with the stereocilia 
array of the model (brighter dots in the middle of circular shadows).  The 
heights of the kinocilium, the tallest and the shortest stereocilia are measured 
from the vertical cross-sectional view of bundles from the same macular location 
(b).  Finally, the tip links, the kinocilial links, the upper lateral links and the 
shaft links are configured according to Goodyear and Richardson, 1994.  In (c), 
the stereocilia are drawn as lines to show the links more clearly. The tip links are 
not shown.  The resultant FE model of a striolar hair bundle from the turtle 
utricle is shown in (d).  The scale bars in the right bottom corner indicate 1 µm.  
The confocal images were provided by Moravec, Xue and Peterson, 2003. 
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Figure 2-2  Two dimensional images of a hair bundle depicting the links 
between stereocilia 
Only the central column in the principal direction that includes the kinocilium is 
drawn to show the different links in the hair bundle FE models.  (a) Control hair 
bundle: the studied striolar hair bundle has tip links (TL), upper lateral links 
(UL), shaft links (SL) and kinocilial links (KL).  Three cases were tested to 
observe the contribution of each structural component to the overall bundle 
stiffness.  The cases include (b) hair bundle without tip links, (c) hair bundle 
without shaft links and (d) hair bundle without tip and shaft links.  These three 
cases parallel the experiments of Bashtanov et al. (1). 
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Table 2-1  Geometric properties of the model 

Region Striola 

# of stereocilia 51 (+1 kinocilium) 

Height of kinocilium 8.8 µm 

Tallest stereocilia 9.2 µm 

Shortest stereocilia 2.4 µm 

Stereocilia spacing 0.48±0.026 µm 

Shaft diameter(Kino/Str)* 0.425/0.4 µm 

Root diameter(Kino/Str) 0.425/0.04 µm 

Lateral link length (mean±sd)* 0.078±0.026 µm 

Tip link length (mean±sd)* 0.227±0.003 µm 

# of tip links 42 

# of UL btw two stereocilia 3 or less 

# of SL btw two stereocilia 3 or less 

Array length in E-I direction 3.18 µm 

Slope  2.14 

Width/Length  1.01 

*These values were not measured, the shaft diameters were assumed constant and adjusted to have the tip 

link length of about 220 nm. 

Height difference between the tallest and the shortest stereocilia divided by the array length in E-I 

direction 

Array width perpendicular to the array length divided by the array length 
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Simulation protocol 

I simulated the experiment of Bashtanov et al., 2004.  Like the experiment, four cases 

were run to determine the structural contribution of different link types and to estimate the 

mechanical properties of the bundle structural components (Figure 2-2).  Link structures of a 

hair bundle include the tip links (TL), the upper lateral links (UL), the kinocilial links (KL) 

and the shaft links (SL).  In addition to these links, the flexibility of stereocilia roots affects 

the bundle compliance. 

 To measure the stiffness of the hair bundle in a resting state, a small point load of 1.0 

pN in excitatory direction (toward taller edge) is applied at the tip of kinocilium.  The 

deflection at the tip of the kinocilium is computed and the bundle stiffness is defined as the 

applied load divided by the tip deflection.  The hair bundle without tip links (Figure 2-2b) 

represents the BAPTA treated hair bundle.  The hair bundle missing shaft links (Figure 2-2c) 

represents the subtilisin treated hair bundle.   A hair bundle washed with BAPTA and 

subtilisin is represented by the one without tip and shaft links (Figure 2-2d). 

 Throughout the study all model inputs were unchanged except the following four 

mechanical parameters: the stereocilia Young’s modulus (ES), the tip link stiffness (kTL), the 

upper lateral link stiffness (kUL) and the shaft link stiffness (kSL).  I discuss later how the 

other mechanical properties are determined.   

The four mechanical properties (ES, kTL, kUL and kSL) were estimated in two steps.  

First, a set of mechanical parameters was identified by trial and error.  Three constraints used 

for the identification were 43 and 48 % stiffness reduction after tip and shaft links removal 

and the intact bundle stiffness of 900 pN/µm.  The initial values of the mechanical properties 

were from the previous study (Silber et al., 2004).  After estimating the mechanical properties, 

a series of parametric studies was performed to observe the effects of each mechanical 

parameter on the whole bundle stiffness.  The mechanical properties identified from the first 

step were used in these parametric studies except the single parameter subject to variation.  In 

summary, the first set of studies identifies a solution and the second set confirms the 

uniqueness of the solution.   
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2.3 Results 

 

Mechanical properties of hair bundle structural elements 

The mechanical properties satisfying Bashtanov’s results were identified: Young’s 

modulus of stereocilia 0.74 GPa, Young’s modulus of kinocilium 0.13 GPa, stiffness of 

kinocilial link 105 pN/µm, and stiffness of tip, upper lateral and shaft links of 5300, 1, and 

750 pN/µm respectively.  In Table 2-2, the hair bundle stiffness and contribution of each 

structural element with the identified mechanical properties were compared with the 

experiment results (Bashtanov et al., 2004).  With the identified mechanical properties, my 

computational model produced the same results as the experiment.  How the identified 

mechanical properties match other studies will be described in the discussion. 

 

Table 2-2  Hair bundle stiffness with identified mechanical properties 

Case 
A  
(Stiffness 
pN/µm) 

B 
(Stiff. 
reduction %) 

C 
(Stiff. 
reduction %) 

D 
(Stiff. 
reduction %) 

Bashtanov 900±500 43±18 48±14 N/A 

Present 901 43.5 48.3 80.8 

 

Parametric study 

The stiffness of the striolar hair bundle was tested for different stereocilia Young’s 

modulus values (Figure 2-3).  As the Young’s modulus was increased from 0.1 to 10 GPa, the 

bundle stiffness increased from 300 to 3820 pN/µm (Figure 2-3a). The contribution of a 

structural element ( k ) can be inferred from the stiffness reduction after removing that 

element (Figure 2-3b).  For example I defined the stiffness contribution or the fractional 

stiffness reduction of the tip links, TLk , as ( ) 0/0 / kkkk oTLwTL −= , where,  is the stiffness of 

the control hair bundle and  is the stiffness of hair bundle after removing the tip links.  

Likewise 

0k

oTLwk /

SLk  and ULk  denote the fractional stiffness reductions after the shaft links and the 

upper lateral links are removed respectively.  Finally, TLSLk &  is the fractional stiffness 

reduction after both the shafts and the tip links are removed. 
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 The structural contribution by the shaft links decreased as the stereocilia got stiffer 

(Figure 2-3b).  The shaft link contribution SLk  went from 0.72 for lower stereocilia modulus 

to 0.13 for higher stereocilia modulus.  On the contrary, the tip link contribution TLk  did not 

vary monotonically and was not affected much by stereocilia Young’s modulus.  As the 

Young’s modulus of stereocilia changed from 0.5 to 1.0 GPa, the TLk  stayed between 0.42 

and 0.44. 

Varying tip link stiffness also affected the whole bundle stiffness (Figure 2-4).  As the 

tip link stiffness was increased a hundred times from 100 to 10,000 pN/µm, the bundle 

stiffness doubled from 530 to 1000 pN/µm (Figure 2-4a).  Because the shaft links and the tip 

links both can play the role of binding the bundle, as the tip link stiffness was increased, the 

contribution of tip links TLk  increased from 0.04 to 0.49, while the contribution of the shaft 

links SLk  decreased from 0.61 to 0.48.  Experimental studies show that the stiffness of a hair 

bundle is decreased after removing the tip links (Jaramillo & Hudspeth, 1993; Marquis & 

Hudspeth, 1997).  According to my simulated result, for the tip links to contribute more than 

30% of bundle stiffness, the tip link should have stiffness greater than 1600 pN/µm.  

The parametric study of the upper lateral link stiffness indicates that the stiffness of 

upper lateral links should be very small compared to the tip and the shaft links (Figure 2-5).  

As the stiffness of upper lateral link approaches zero, the stiffness reduction after tip or shaft 

link removal reaches experiment results.   Because the upper lateral links connect the 

adjacent stereocilia horizontally like the shaft links, the contribution of shaft links SLk  

dropped from 0.48 to 0.18 as the stiffness of upper lateral link was increased to100 pN/µm.  

Note that the estimated stiffness of upper lateral link (1 pN/µm) is much smaller than the 

identified tip and shaft link stiffness of 5300 and 750 pN/µm.  Upper lateral links with such a 

small stiffness did not affect the overall bundle stiffness. 

Earlier studies noted that upper lateral links must be stiff to allow the bundle to 

deform with minimal splay and that adding links of identical structure further down the shaft 

had little effect (Pickles, 1993; Cotton & Grant, 2004a).  This work reaches a different 

conclusion based upon two differences in the model: the present model assumes 1) the lateral 

links have two discrete structures (upper lateral links and shaft links) following two discrete 

material constitutive laws, and 2) the upper lateral links have a nonlinear force-displacement 

relationship which exhibits low stiffness at small displacement, but increases to significant 
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stiffness value at larger displacement.  This allows tip links to transfer more inter-ciliary 

force at a small displacement, while protecting the tip links with the upper lateral links at a 

larger displacement. 

 The shaft link has much effect on the whole bundle stiffness next to the stereocilia 

rootlet stiffness, represented by the stereocilia Young’s modulus (Figure 2-6).   As the 

stiffness of shaft link was increased from 100 to 10,000 pN/µm, the bundle stiffness 

increased from 570 to 1890 pN/µm (Figure 2-6a).   As the stiffness of the shaft link increases, 

the stiffness contribution of shaft links SLk  increases from 0.18 to 0.75, while that of the tip 

links TLk  decreases from 0.57 to 0.18. 
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Figure 2-3  Effect of stereocilia Young’s modulus (ES) on the hair bundle 
stiffness 
At ES =0.72GPa, the bundle stiffness matched the experiment results marked 
with broken lines.  (a) Bundle stiffness vs stereocilia Es: The bundle stiffness 
increased from 300 to 3820 pN/µm as the Es increased from 0.1 to 10 GPa.  (b) 
Structural contribution of different links:  As the ES increased, the SAk  
decreased, but the TLk  stayed at similar level when ES is 0.3~1.2 GPa. 
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Figure 2-4  Effect of tip link stiffness (kTL) on the hair bundle stiffness 
At kTL =5300 pN/µm, the bundle stiffness matched the experiment results.  (a) 
Bundle stiffness vs tip link stiffness: The bundle stiffness increased from 530 to 
1000 pN/µm as kTL increased from 100 to 10,000 pN/µm.  (b) Structural 
contribution of different links: As the tip link stiffness increased, the TLk  
increased and the SLk  decreased. 
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Figure 2-5  Effect of upper lateral link stiffness (kUL) on the hair bundle 
stiffness 
The kUL should be close to zero to match the experiment results by Bashtanov (1).  
(a) Bundle stiffness vs upper lateral link stiffness: The bundle stiffness increased 
from 900 to 1180 pN/µm as the upper lateral link stiffness increased from 1 to 
100 pN/µm.  (b) Structural contribution of different links: As the kUL increased, 
the SLk  decreased, and the TLk  was not affected much within tested range. 
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Figure 2-6  Effect of shaft link stiffness (kSL) on the hair bundle stiffness 
At kSL =750 pN/µm, the bundle stiffness matched the experiment results.  (a) 
Bundle stiffness vs shaft link stiffness: The bundle stiffness increased from 570 
to 1890 pN/µm as the kSL increased from 100 to 10,000 pN/µm. (b) Structural 
contribution of different links: As the kSL increased, the SLk  increased, and the 

TLk  was decreased. 
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Harmonic analysis 

 I implemented a harmonic analysis of the hair bundle which has the quantified 

mechanical properties.  The roll-off frequency is a characteristic frequency of over damped 

system.  In a heavily over damped system such as the hair bundle in fluid, a single DOF 

(degree of freedom) approximation provides a good estimation of the roll-off frequency.  The 

roll-off frequency of a mass-spring-damper system is approximated by k/2πξ, where, k is the 

spring constant and ξ is the damping coefficient.  My tested hair bundle has 900 pN/µm and 

200 nNs/m.  Then the approximate roll-off frequency of my tested hair bundle is 720 Hz.  

The roll-off frequency computed from my harmonic analysis was 630 Hz (Figure 2-7), which 

agrees quite well with the approximation.  To introduce other’s measurement for comparison, 

the roll-off frequency of bullfrog saccule hair bundle is 450 Hz, and the bundle stiffness and 

the effective damping of bullfrog hair bundle was 341 pN/µm and 127 nNs/m (Denk et al., 

1989).     

In Figure 2-8, the power spectral density (PSD) curve and the PSD ratio curve are 

shown in comparison with Bashtanov et al. (2004) results.  In experiments, the PSD of hair 

bundle were compared to Lorentzian over-damped oscillator spectrum, but the low frequency 

region of hair bundle showed constant negative slope in log-log scale different from the 

Lorentzian curve (Denk et al., 1989; Bashtanov et al., 2004).  My PSD curve showed the 

characteristic bi-linear curve with two negative slopes, which is different from Lorentzian 

curve, but similar to experiments.   
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Figure 2-7  Roll-off frequency of hair bundle 
The broken line indicates the response of the hair bundle without TL, and the 
solid line the intact hair bundle.  The top plot is the frequency response and the 
bottom plot is the phase lag.  The roll-off frequency marked by a vertical line is 
630 Hz. 
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Figure 2-8  Comparison with experimental harmonic results 
My harmonic analysis results (top) is compared with experiment results 
(bottom, Bashtanov et al., 2004). Top: Displacement power spectral density 
(PSD) of control hair cell (solid line) and hair bundle without TL (broken line).  
Bottom: PSD of hair cell before (thick line) and after treatment with BAPTA.  
Insets show the ratio of the PSD. 
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2.4 Discussion 

 

Summary of the identified parameters 

Identified mechanical parameters were the Young’s modulus of stereocilia at 0.74 

GPa, the stiffness of tip link at 5300 pN/µm, the stiffness of upper lateral link at 1 pN/µm and 

the stiffness of shaft link at 750 pN/µm.  This set of material properties matched the bundle 

stiffness of the presented striolar hair bundle from the turtle utricle, 901 pN/µm, with the 

experimental stiffness of 900±500 pN/µm (Bashtanov et al, 2004).  The stiffness reduction 

after tip link removal was 43.5% in the model, which compares well with the experimental 

value of 43±18 %.  After shaft link removal, my model results predicted a 48.3% stiffness 

reduction again matching the experimental drop of 48±14%.  Finally, after removal of both 

the tip link and the shaft link stiffness drop was 80.8%. This value is less than the 91% 

estimated Bashtanov et al., 2004. Possible reason for this discrepancy is discussed below. 

While my search for the material properties is systematic, it is not a complete search 

of the entire solution space.  However, the Figures 3 through 6 show the model results are 

well-behaved and monotonically change with variation of model inputs.  This behavior 

strongly suggests that no acceptable solution set exists outside my examined parameter space. 

 

Fixed mechanical parameters 

The four parameters identified are a part of a complete and consistent parameter set 

for my hair bundle FE model.  Other parameters were fixed in this study and these are (1) the 

stiffness of kinocilial links, (2) the Young’s modulus and the shear modulus of kinocilium, 

(3) the shear modulus of stereocilia (1.04 pN/µm, 0.13 GPa, 0.045 GPa and 0.74 MPa 

respectively).  This study also consistently assumed the mechanical boundary conditions of 

fixed stereocilia roots and hinged kinocilium root.  

Kinocilial links connect the kinocilium with the rest of bundle.  They have much in 

common with tip links (Goodyear & Richardson, 2003; Tsuprun et al, 2004), and tip links are 

considered very stiff (Kachar et al., 2000). I rationalize that the kinocilial links should be stiff 

as these links function merely to couple the forced kinocilium to the rest of the bundle 

structure, and compliance would serve no purpose. My model showed that, as long as the 
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kinocilial link stiffness is greater than 104 pN/µm, bundle compliance is not affected by the 

kinocilial link stiffness.  The kinocilium mechanical properties were inferred from those of 

sperm flagella and assumed to be isotropic (Kikuchi et al., 1989).  The shear modulus of 

stereocilia is set to 1/1000 of the Young’s modulus as was speculated in a previous 

parametric study (Duncan & Grant, 1998; Cotton & Grant, 2004a; Peterson et al., 1996).  In 

this study, I observed that a stereocilia shear modulus has a minor effect on the overall bundle 

stiffness or the stiffness contribution by different structural components.  A stereocilia shear 

modulus even a hundred times greater than the value used for the study changed the bundle 

stiffness only a few percent and the relative stiffness contributions by less than one percent.   

The mechanical boundary conditions are important and can affect the bundle 

stiffness considerably.  Because the cuticular plate on which the stereocilia stand is a dense 

tangle of actin fibers, into which the stereocilia fibers in the root completely embed (Tilney et 

al., 1983; Tilney et al., 1989), a clamped boundary condition was applied where each 

stereocilium cannot translate or pivot at the insertion point (Duncan & Grant, 1998).  The 

surface on which the kinocilium stands is considered much more compliant than the cuticular 

plate (Hillman, 1969).  For the kinocilium, a pinned boundary condition is applied in which 

the root of the kinocilium cannot translate, but can freely rotate.  It may be worth mentioning 

that in an early model with a clamped kinocilium root, the stiffness contribution of the 

kinocilium was so large that the removal of tip or shaft links could never reduce the bundle 

stiffness more than 30% within the tested range of properties. 

 

The stereocilia 

 Mechanically, each stereocilium is dominated by bundled actin fibers (Tilney et al., 

1980).  There are three to four hundred actin fibers in the shaft region while the number of 

fibers reduces as the stereocilium tapers into the root.  The stiffness of each stereocilium is 

governed by the rootlet diameter and the Young’s modulus of actin fibers for the striola hair 

bundle with heights < 10µm.  For extrastriolar hair bundles with a long kinocilium, the 

stiffness of kinocilium dominates the bundle stiffness (Silber et al., 2004).  Based on 

transmission electron micrographs, I determined a stereocilia root diameter of about 40 nm 

based after observing the scanning electron micrograph images of stereocilia roots (Miller, 

unpublished data).  Using this rootlet diameter, the identified values of Es were 0.74 GPa.  

This value is within the range of estimated Young’s modulus of 0.1~10 GPa (Howard, 2000), 
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close to my previous parametric study result of 3 GPa (Silber et al., 2004) and a recent 

measurement result of 2 GPa (Shin et al., 2004).  If I overestimated the diameter or the 

number of actin fibers at the rootlet of the stereocilia, then the identified Young’s modulus of 

stereocilia is underestimated.  For example, with a smaller rootlet diameter of 30 nm, the 

stereocilia Young’s modulus should increase to 1.1 GPa, while the mechanical properties of 

extracellular links change less than a few percent. 

 

The tip link 

 The tip link has a stranded structure and is thought to be very stiff so that it can even 

carry some amount of compressive force (Kachar et al., 2000; Tsuprun & Santi, 2000; 

Siemens et al., 2004; Söllner et al., 2004).  It should be noted that the tip link in my FE model 

describes not only the filaments of stranded structure, but includes any structural elements 

that are serially connected to it as it spans from stereocilia to stereocilia.  It was suggested 

that the ankyrin filaments binding the channel or tip link to the intracellular cytoskeleton are 

the gating spring (Kachar et al., 2000; Corey & Sotomayor, 2004; Howard & Bechstedt, 

2004).  When a stiff spring is serially connected to a compliant spring, the total stiffness of 

the spring complex is approximated by the compliant element.  Therefore, the identified 

stiffness of tip link in the FE model (5300 pN/µm) will be the approximate stiffness of the 

compliant structural elements that might be serially connected to the tip link.  The stiffness of 

the ankyrin spring has been estimated as 900 pN/µm (Howard & Bechstedt, 2004).  If there is 

a channel at one end of the tip link, 5~7 ankyrin springs are able to provide the identified tip 

link complex stiffness of 5300 pN/µm.  If both ends of the tip link are anchored to MET 

channels, it needs 10~14 ankyrin springs at each end.  Therefore these results are consistent 

with 5~14 ankyrin springs serially connected to the end of the tip link. 

 

The upper lateral links 

I found that the stiffness of upper lateral link should be less than 1% of the tip link 

stiffness to allow the tip link to contribute more than 30% of the whole bundle stiffness 

(Figure 2-5).  It also needs to be close to zero to correlate the model stiffness with experiment 

results.  Interestingly, the high resolution images of the lateral links in chinchilla auditory hair 
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cells showed a central globular region in the link and it was suggested that the lateral links 

have a coiled shape (Figure 2-9; Tsuprun et al., 2003).   

 

 
Figure 2-9  Stiffness characteristics of upper lateral links 
This study newly suggests the nonlinear stiffness of the upper lateral links (UL). 
In resting state, (B), the UL has little stiffness.  As it stretches, (C), it gets 
uncoiled and becomes stiffer.  As it shrinks, (A), it behaves like a contact element 
that prevent the neighboring stereocilia from fusion.  This study focused on the 
initial or resting stiffness when the tip displacement is very small (less than a few 
nanometers).  Within this small displacement range, the upper lateral links are 
coiled as in figure (B) and the stiffness of the upper lateral links is minimal. 

 

Even though the upper lateral links have negligible stiffness in their resting state that 

does not necessarily mean that they have no structural role.  There are two possible structural 

roles inferred from their location—upper end of stereocilia and below the tip links.  One 

possible role is to protect the tip links from damage.  If the upper lateral links gain stiffness as 

they are stretched, they could act like a door chain preventing relative motion of stereocilia 

beyond a certain range and protecting the tip links from hyper-extension or rupture.  The 

other possible role is to separate neighboring stereocilia.  Hair bundles with damaged or 

missing lateral links frequently showed the fusion of stereocilia (Tsuprun et al., 2003).  

Possible stiffness characteristics of the upper lateral links that enable these two roles are 

illustrated in Figure 2-9.  I implemented the nonlinear characteristics of the upper lateral link 

suggested in Figure 2-9 with my hair bundle computational model and simulated the 
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feasibility of my suggested idea.  My simulation showed that if the bundle is subjected to a 

large force either in the positive or in negative direction, the stereocilia contact one another at 

their tip where the lateral links are located (Figure 2-10).  The upper lateral links can be a 

separator that prevents stereocilia from fusing together. 

 

K

a
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b

K
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Figure 2-10  Upper lateral links can prevent the stereocilia from fusing 
For the simulation, to avoid the possible artifact of irregular stereocilia 
arrangement, an ideally symmetric hair bundle was used.  Each plot shows the 
top view of deformed hair bundle. Undeformed configurations are shown as 
background shadows. Top and bottom plots show hair bundle subjected to 400 
pN at the tip of kinocilium in the excitatory and 200 pN in the inhibitory 
directions.  Left plots (a, c) show the results when allowing interference (fusion) 
between stereocilia.  Without separating medium some stereocilia fused together.  
In right (c, d), the upper lateral links are used as a separator or a contact 
element.  The upper lateral links prevented the stereocilia from contacting each 
other directly.  

 

The shaft link 

Previous hair bundle models have assumed that the upper lateral links and the shaft 

links have the same mechanical properties (Pickles, 1983; Silber et al., 2004; Cotton & Grant, 

2004b).  Based on that assumption, the shaft link was shown to have an insignificant role and 

was not included in the hair bundle mechanical model.  But, the experiment results of 

Bashtanov et al., 2004, indicate that the shaft link contributes as much as 48% of bundle 
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stiffness.  According to this finding, I added shaft links in the hair bundle FE model with 

different mechanical properties from upper lateral links.  The major structural role of the 

shaft links is apparently to bind the stereocilia together to form a bundle.   

Although I computed the stiffness of a shaft link as 750 pN/µm, this does not mean 

the absolute stiffness of an actual single shaft link has that value. Instead, I may say that a 

group of shaft links between neighboring couple of stereocilia has total stiffness of about 

2250 pN/µm (three shaft links times 750 pN/µm per a link).  High resolution images of hair 

bundles show that the links are more densely arranged in real hair bundles than the present 

model (shaft links shown in Goodyear & Richardson, 1999, 2003 and 2004; kinocilial links 

shown in Goodyear & Richardson, 2003 and Tsuprun et al., 2004).  I observed that modeling 

fewer links doesn’t affect the structural response of the hair bundle as long as the total 

stiffness of the links binding a couple of stereocilia is equivalent.  In real hair cells with more 

interciliary shaft links between neighboring stereocilia, the stiffness of an individual shaft 

link will be smaller than the computed value in this study. 

 

Why not addition rules in stiffness? 

Bashtanov and his colleagues estimated the stiffness reduction after removing both 

the tip links and the shaft links as 91%.  However, in their experiment the stiffness of bundles 

treated with both BAPTA and subtilisin could not be measured due to the splitting of the 

bundle.  The estimate of 91% comes from the simple summation of the two treatment results: 

43% reduction by BAPTA and 48% reduction by subtilisin.  My simulation results show that 

the addition rule does not hold.  I saw 80% reduction after removing both types of links, 

which is 11% less than the estimation based on adding individual cases.  The addition rule 

holds only if the hair bundle can be represented by a parallel spring model. A simple angular 

spring and rigid lever model confirmed that TLSLTLSL kkk +<& . This was just a qualitative test 

to validate the statement and does not imply that this type of model (angular spring and rigid 

lever) is a full substitution of my FE model.  

 

Different test conditions from experiment 

There are different test conditions between the experiment by Bashtanov et al. and 

my computational simulations.  First, the tested hair cells are from different species. My 

 38



Chapter 2. Structure 

model’s geometric information was from the turtle utricle, of which geometric characteristics 

have been studied (Moravec & Peterson, 2003; Xue & Peterson, 2004).  The chosen hair 

bundle for the simulation is from the striolar region about 20 µm medial to the line of polarity 

reversal.  Bashtanov’s experimental data is from the striolar hair cells within 60 µm from the 

line of polarity reversal in the chick utricle.  The hair cells from different species may have 

different mechanical/structural characteristics.  But, the hair cells used for the simulation and 

the experiment share two important structural features: the configuration of extracellular links 

and the height of the bundle.  In the simulated hair bundle, the extracellular link 

configurations were from the chick utricle.  My simulated bundle height is 9.2 µm and the 

averaged bundle height of Bashtanov’s experiment was about 10 µm (personal 

communication).   

Second, the stiffness measurement method is different.  In the experiment, the bundle 

is deflected by the Brownian motion of water molecules.  To simulate the Brownian 

movement is not feasible because it is difficult to quantify the stochastic forces applied by the 

water molecules.  In my simulation a concentrated load is applied at the tip of kinocilium.  

The different loading conditions may somewhat affect the results.  Yet, in the range of 

experimental resolution, the stiffness measurement from observing Brownian motion agreed 

with the stiffness measurement by a concentrated load such as a glass fiber stimulus (Denk et 

al., 1989). 
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Chapter 3   Effect of fluid forcing on vestibular hair 

bundles: 3-D dynamic structural analysis 

 

A dynamic 3-D hair bundle model including inertia and viscous fluid drag effects 

based on the finite element method is made.  Five structural components are used to 

construct the hair bundle—kinocilium, stereocilia, lateral links, tip links and kinocilial links.  

Fluid drag is distributed on the surface of cilial columns.  This study analyzes and compares 

the bundle mechanics under two distinct loading conditions: (1) drag caused by flow of the 

surrounding endolymph fluid (fluid-forced) (2) a single force applied to the tip of the 

kinocilium (point-forced).   A striolar and an extrastriolar vestibular hair cell from the utricle 

of a turtle (Silber et al., 2004) are simulated.  The striolar hair bundle shows a clear 

difference between fluid-forced and point-forced cases.  When the striolar cell is fluid forced, 

it shows more evenly distributed tip link tensions and responds like an on/off switch.   The 

extrastriolar cell does not show noticeable differences between the forcing types.  For both 

forcing conditions, the cell responds serially—the nearest tip links to the kinocilium gets 

tensed first then the tension propagates to the farther tip links.  The striolar cell’s response is 

five times as fast as the extrastriolar cell.  
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3.1 Introduction 

 

The hair cell is a terminal mechanosensory receptor in the inner ear that transduces 

mechanical excitation (deflection) into a neural signal.  At the apical surface of a hair cell, 

there is a bundle of column-shaped stereocilia coupled by tip and lateral links.  The tip link, a 

filamentous protein connecting the tip of a stereocilium to the shaft of a neighboring 

stereocilium, carries force between the stereocilia to the mechanosensory channel.  Lateral 

links bind the bundle mechanically and are not thought to have a direct role in 

mechanoelectric transduction.  Due to its microscopic dimensions, the mechanics of the hair 

bundle are not well understood. 

A popular mathematical model of a hair bundle is the two-dimensional, lumped 

parameter model described by statistical mechanics (Howard & Hudspeth, 1988; Howard & 

Hudspeth, 1987).  It reduces the complicated hair bundle to three mechanical elements—a 

gating spring, a stereocilia pivotal spring and a dashpot.  This model consistently explains 

some common features of different hair cells such as the nonlinear compliance of the hair 

bundle.  However, as this model greatly simplifies the bundle structure, it is not an accurate 

tool for explaining the functional significance of morphological variations.  Another 

modeling approach is to describe the hair bundles geometrically with finite element (FE) 

method (Cotton & Grant, 2000; Cotton, 1998).  This approach explicitly states geometric and 

material assumptions.  This distributed parameter model describes all internal forces and 

displacements of various hair bundles (Silber et al., 2004).   

Although no previous hair bundle model includes temporal and inertial effects, there 

have been efforts to observe the frequency characteristics of the surrounding otolith organ 

structure (Kondrachuk, 2002; Grant & Cotton, 1990/91; Grant et al., 1994).  These models 

simulated the interaction among the otoconial layer, the gel layer and the endolymph fluid.  

The results of these models predict a dynamic fluid and point forcing conditions that would 

be applied to hair cell bundles.  The results show that to observe the intrinsic dynamics of 

hair bundle, a hair bundle model must include the temporal and viscous effects of the applied 

loads.  However, the lack of a dynamic hair bundle model leaves a hole in the efforts to 

simulate the total response of the organ. 
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Most in vitro experiments, as well as analytic and computational simulations on 

vestibular hair bundles, assume that a hair bundle is attached to a structure such as the gel 

layer in the otolith organ, or the cupula in the semicircular canal.  Therefore, the 

displacement or force excitation is applied at the tip of kinocilium.  However, some 

vestibular hair cells may be forced by the endolymph fluid that fills the cavity around the 

hair bundle in addition to pulled directly by the attached solid structure (Kondrachuk, 2002; 

Grant, 1990; Tsuprun & Santi, 2002) like the inner hair cells of the cochlear.  The striolar 

region of the gel layer opens into a fluid filled cavity, suggesting the bundles in the striolar 

region of the otolith organs may be forced by fluid flow.  The striolar fluid flow would be 

driven by the motion of the otoconial layer and the viscosity of the fluid (Fernandez & 

Goldberg, 1976). 

Here, I present a computational hair bundle model that includes inertial, damping and 

fluid drag effects.  With this model, I simulate the effect of the viscous fluid as a source of 

excitation energy.  This is the first numerical simulation of the response of a fluid-forced hair 

bundle.  The model is constructed from a description of the material and fluid properties of 

the inner ear, observed geometries of a real hair bundle from a turtle utricle.  Two typical 

vestibular ciliary bundles of hair cells are modeled and used for the study.  I observe the 

response of a fluid forced bundle and compare it to the same bundle forced by a single load 

at the tip of kinocilium.  The time response of the bundle deflection as well as the time and 

spatial distribution of tip link tension will be reported. 
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3.2 Methods 

 

Finite element model  

A custom finite element (FE) program is used for this study.  The previous 

FORTRAN code (Cotton & Grant, 2000; Cotton, 1998) has been converted into MATLAB 

(Mathworks, Inc., Natick, Massachusetts).  As described in the previous work, the hair 

bundle FE model is composed of two types of elements.  The stereocilia are represented by 

Timoshenko (shear deformable) beam elements (Reddy, 1993) which account for translation 

and rotation under shear and moment loads.  For the tip links and lateral links, rod elements 

are used which oppose only axial force.  Geometric nonlinearities of all link elements as they 

rotate with ciliary displacement are considered (the coordinates of links are updated as the 

bundle deforms).  For this study the program was expanded to include (1) inertial and 

viscous forces, (2) forcing the bundle from fluid drag, and (3) material nonlinearity of lateral 

links.  The implementation of these features is described in detail below.  The mechanical 

properties of hair bundle FE model is presented in Table 3-1. 

 

Table 3-1  Mechanical properties 

Most of mechanical and geometrical properties are from Silber et al.’s (2004) except the 
tip and lateral link stiffness.  The link stiffness is assigned explicitly instead of obtaining 
it from link length, diameter and Young’s modulus. 
Parameters Value (unit) Source 

Young’s modulus kinocilium ( )28 /103.1 mpN µ×  Mickey & Howard, 1995; 
Ishijima & Hiramoto, 1996 

Shear modulus kinocilium ( )27 /106.4 mpN µ×  Adjusted to be isotropic 

Young’s modulus stereocilia ( )29 /100.3 mpN µ×  Gittes et al., 1993 

Shear modulus stereocilia ( )26 /104.1 mpN µ×  Cotton & Grant, 2000; 

Root diameter of stereocilia (Cell E/Cell S) ( )mµ05.0/04.0  Silber et al., 2004 

Stiffness of tip link ( )mpN µ/100.1 3×   

Full stiffness of lateral link ( )mpN µ/100.5 3×   

Initial stiffness of lateral link ( )mpN µ/1005.0 3×   

Length of tip link ( )mµ22.0   

Length of lateral link ( )mµ015.0  Silber et al., 2004 
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Inertial and viscous formulation 

 As described in Cotton, 2000, the stiffness matrix for the bundle, K, is assembled.  To 

add the inertia, a mass matrix M is created (Reddy, 1993).  The structural damping is 

represented by the matrix C.  A proportional damping is defined as 

       (3-1) KMC t
CC

t βα +=

where, Cα  and Cβ  are scalar constants.  Superscripts to the left of the variable, t, denote 

time.   Although both structural damping and fluid drag dissipate the kinetic energy, I 

assume that the major contributor is the fluid drag as will be discussed later.  Thus, small Cα  

and Cβ  are chosen (Table 3-2) so that the structural damping plays a minor role for the 

energy dissipation. 

Then, the equation of motion at time t is 

)1()()()( −∆+∆+∆+∆+ −=∆++ kttttktktttktt FRUKUCUM &&&   (3-2) 

where, M, C and K are mass, damping and stiffness matrix respectively.   U, R and F are 

displacement, applied force and internal force vectors.  Dotted variables denote the 

differentiation with respect to time.  Superscripts to the left of the variable, t, denote time 

while those to the right (k) denote the iterative step within each time step.   

 At each time step, an incremental displacement vector  is computed and the 

displacement updated by  

)(kU∆

)()1()( kkttktt UUU ∆+= −∆+∆+      (3-3) 

Iterations of k for that time step continue until the internal force distribution converges. 

 

For the solution of the dynamic structural analysis, a direct integration scheme called 

Newmark method is used (Newmark, 1959).  This method is chosen because it is a single-

step, implicit method which is unconditionally stable.  The velocity and displacement vectors 

at time step  are calculated by solving the equations below using two coefficientstt ∆+ β  

and γ  

( ){ }UUUU &&&&&& tttttt t ∆+∆+ +−∆+= γγ1     (3-4) 
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( ){ }UUUUU &&&&& ttttttt tt ∆+∆+ +−∆+∆+= ββ2
12    (3-5) 

The time step size of ms was chosen as a compromise between 

computational resources and temporal resolution.  

5100.1 −×

  

Table 3-2  Dynamic properties 
Small structural damping coefficients are chosen, assuming that the damping by fluid drag is a 
dominant dissipating factor.  Newmark’s coefficients are chosen to meet the conditional stability 
conditions ( 5.0≥γ , 5.0≤β ).  The density and kinematic viscosity of endolymph fluid are 
assumed to be same as the water.   
Parameters Value (unit) 
Damping coeff Cα  4100.1 −×  
Damping coeff Cβ  4100.1 −×  
Newmark’s coeff β  3333.0  
Newmark’s coeff γ  5005.0  
Viscosity of fluid 23 /100.1 mmspN µ⋅×

Fluid density ( )33 /100.1 mng µ−×  

 

Fluid forcing 

I consider the loading effects of fluid drag on the hair bundle (Figure 3-1).  The 

assumed fluid flow pattern will be discussed later in this study, but I begin by explaining the 

physics included in the FE program.  

The drag force, D, on a cylindrical shape cause by the flow of a viscous fluid is given 

as 

 VVACD D ρ
2
1

=       (3-6) 

Where, CD is the drag coefficient, the velocity V is the relative velocity between the 

stereocilium and the fluid, A is the projected bundle area normal to the fluid flow, and ρ  is 

the fluid density. Since the stereocilia have long cylindrical shape and the Reynolds number 

(Re) is much less than 1.0, the drag coefficient, CD, can be approximated by (White, 1986) 

 ( )ReRe
CD /4.7log

8π
=       (3-7) 
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The Reynolds number is defined as Re = ρVd/µ, where d is the diameter of the cylinder (the 

stereocilia or kinocilium), and ρ and µ are density the viscosity of endolymph fluid.  I assume 

the viscosity of the endolymph fluid to be the same as water (1.0×103 pN⋅ms/µm2).  When the 

conditions in Tables 3-1 and 2 are used, the Reynolds number ranges from 10-3 to 10-2, so the 

flow is highly viscous. 

The fluid drag on the tip, lateral and kinocilial links was ignored.  No disturbance by 

the bundle on the fluid flow is considered (i.e. the fluid applies force to the bundle, but the 

bundle does not disturb the stream).  If a single stereocilium with the diameter of 0.2 µm is 

subject to drag caused by uniform, constant flow of 1.0 µm/ms, the fluid drag is 1.2 pN per 

µm of height.  If one of the tested hair bundle (projected area of 8.07 µm2) is subject to a 1.0 

µm/ms uniform fluid flow, the resultant drag force is about 50 pN, which agrees with the 

reported range of drag measured from the frequency analysis of hair bundle Brownian 

motion (Jaramillo & Hudspeth, 1993; Martin et al., 2000; Marquis & Hudspeth, 1997).  The 

dynamic properties are shown in Table 3-2. 

 

 

Figure 3-1  Hair cell subjected to fluid force   
As the otoconial layer (OL) has motion relative to the epithelial layer (EL), the 
gel layer (GL) deforms and the endolymph fluid (EF) runs.  Since the EF is very 
viscous, the velocity profile will be linear according to Newtonian viscous flow 
theory.  (B) The developed fluid velocity will force the exposed surface of 
stereocilia (shaded area).  (C) The drag force is computed assuming that the 
stereocilium body is cylindrical shape.  At each node of finite element model, the 
relative velocity between the node and the fluid is used to compute the nodal 
drag force (Dnode) using equation (3-6). 
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Link nonlinearity 

New to this study, I have introduced a material nonlinearity in the lateral links.  It 

was observed that the lateral links between closer stereocilia have a globular domain in their 

middles, while the lateral links between farther spaced stereocilia have no globular shape 

(Tsuprun & Santi, 2000; Tsuprun et al., 2003).  If the globular shape indicates a coiled 

region of link, as was suggested (Tsuprun & Santi, 2002), the link likely unravels as it 

elongates.  Mechanically, such a material will change its stiffness depending on the strain 

level.  My approximation of the mechanical behavior of such a link is presented in Figure 2-

9.  The lateral link has no rigidity when its displacement is below A.  Between A an B, as the 

link stretches, the link gains its stiffness.  After it straightens out, C, the link reaches a 

constant stiffness, k0.  Since there are no reported data about the mechanical properties of 

lateral links or similar filamentous proteins, I assumed the nonlinear characteristic of lateral 

link.  The lateral link has 0.6% of full stiffness at zero strain and has full stiffness when its 

strain (deformed length divided by original length) is 0.04.  Unlike the lateral links, the 

kinocilial links (kinocilium-stereocilia connecting links) were given a constant stiffness 

( ). mpN µ/100.1 5×

 
Figure 3-2  Nonlinear description of the lateral link. 
As the link material unravels, the lateral link gets stiffer.  The stiffness of the 
link can go from negligible (at A) until the link is fully uncoiled and stiffness 
becomes linearly elastic (B).   On the right is the high resolution microscopic 
image of lateral links (Tsuprun et al., 2003).   Lateral links with central high 
density are captured. 
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Hair cell studied 

 Two hair cells from the utricle of a turtle (Trachemys scripta) representing a striolar 

cell (Cell S) and an extrastriolar cell (Cell E) are used for the study.  These cells have been 

presented previously and modeled under a static load (Silber et al., 2004).  The geometric 

information of stereocilia distribution is obtained from the sonicated apical surface image of 

each cell.  The heights of stereocilia are inferred from the average values of cells in similar 

locations.   Figure 3-3 shows the finite element models. 

 

Simulations 

 Two loading conditions are applied for both cells—point force and fluid drag force.  

For the point force, a force at the tip of kinocilium, in the excitatory direction of the cell is 

ramped from zero to maximum value within 0.02 ms.  For fluid forcing, the applied fluid 

velocity has a spatial distribution increasing linearly from zero at the apical surface (Figure 

3-1).   Temporally, the fluid velocity magnitude rises from zero to final velocity within 0.02 

ms.  The tip force of 300 pN is chosen because my model predicts that at this force level 

most tip links of the bundle are tensed enough to exceed proposed gating threshold, TLT > 

0.25 pN2.  This load is thought to be the upper limit of hair cell activation or the saturation 

point of the hair cell (Shepherd & Corey, 1994).  The fluid force level (maximum fluid 

velocity) is adjusted to yield the same tip deflection as the point loaded case.  The deformed 

shapes, the tip link tension distribution and the lateral link stiffness are observed at the end of 

analysis and at the time that the first tip link exceeds the tension of 1.0 pN.  It is supposed 

that at this early stage of excitation the hair cell channels are most sensitive (Gillespie & Cyr, 

2004). 

                                                 
2 An additional tension over the resting tension required to change the channel state from 
closed to open. 
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Figure 3-3  Hair cell bundle FE models  
A: Cell E from the extrastriola region has a tall kinocilium and five rows of 49 
stereocilia connected by 44 tip links and 540 lateral/kinocilial links.  B: Cell S 
from the striola region has a non-dominant kinocilium, and eleven rows of 85 
stereocilia connected by 74 tip links and 1050 lateral/kinocilial links.  C: Tip 
links and upper lateral links connect the tips of stereocilia.  The FE model has 
six structural elements: (1) kinocilium (2) stereocilium (3) tip link (4) upper 
lateral link (5) shaft link, and (6) kinocilial link.  Among the known structural 
components, the ankle link and the attachment link (from kinocilium to gel 
layer) are not included in the FE model since they are mechanically negligible or 
unnecessary for the scope of this study.  
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3.3 Results 

 

Time response of tip deflection 

The time response of hair bundle tip deflection is presented in Figure 3-4a and b.  For 

Cell E, the tip deflection was mµ75.1  under the fluid velocity at the tip of the kinocilium of 

msmVtip /7.34 µ=  or the maximum force at the tip of pNFtip 300=  respectively.  The time 

to reach 90% of its final deflection was sµ116  for the fluid forcing and sµ95  for the point 

forcing.  Due to its short and thick bundle shape, Cell S was much stiffer than Cell E (bundle 

stiffness of Cell E:  = 1cellK mpN µ/171 ; bundle stiffness of Cell S:  = 

).  Therefore, the response time of Cell S was faster.  The bundle of Cell S 

deformed 

4cellK

mpN µ/1094.5 3×

mµ0505.0  under the maximum fluid velocity of msmVtip /1.11 µ=  or the 

maximum force at the tip of  respectively.  The time to reach 90% of its final 

deflection was 

pNFtip 300=

sµ22  for the fluid forcing and sµ18  for the point forcing.  For both Cell E 

and Cell S, the response of tip deflection to the point forcing was faster than the fluid forcing.  

Both bundles responded like an overdamped system (with no overshoot or oscillation) under 

both point and fluid loading conditions.  

 

Lateral links 

Figure 3-5a and b show the lateral link stiffness changes with time.  This plot 

illustrates not only the stiffness, but also indicates, indirectly, the state of extension and 

tension in the links.  The top row plots show the lateral links stiffness changes with time for 

the fluid forcing and the bottom plots are for point forcing.  At the beginning for both cells 

the lateral links can carry little force.  The broken lines mark these links with smallest 

stiffness (stiffness less than 1% of its full stiffness).   For Cell E, Figure 3-5a, little difference 

is observed in the lateral link status between fluid forced and point forced cases in the final 

state.  During the transient time, the lateral links of the fluid forced bundle tends to stretch 

faster than the point forced case.  For both forcing cases, the lateral links unraveled from 

near the kinocilium and propagated towards the farther links from the kinocilium.  On the 

contrary, for Cell S, the fluid forcing tends to stretch the links throughout the bundle, while 
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the point forcing unravels the lateral links from near the kinocilium to the periphery (Figure 

3-5b). 
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Figure 3-4  Tip deflection of hair bundle 
Tip deflections of Cell E (A) and Cell S (B) are shown. Two different forcing 
conditions are compared—point forcing (broken line) and fluid forcing (solid 
line).  Note that the displacement and time scales are different in the two plots.  
Cell E has larger and slower response.  The point force at the tip of kinocilium is 
ramped from zero to 300 pN within 0.02 ms.  The magnitudes of fluid velocity 
are chosen to yield the same tip deflection.  The solid points (■, ●) on the lines 
denote the instant when the maximum TLT in the bundle reaches 1.0 pN.  The 
void points (□, ○) on the lines denote the instant when half of all tip links in the 
bundle exceed the threshold tension of 0.25 pN.  
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Figure 3-5  Lateral link stiffness along time    
To focus on the lateral links, the stereocilia and the kinocilium are symbolized 
with a line and the tip links were not drawn.  The red line indicates the stiffer 
the links, while the blue line the less stiff links.  Broken lines indicate smallest 
stiffness (less than 1% of full stiffness).  Upper row is fluid forced case and lower 
row is point forced case.  Top two rows and bottom two rows are link diagrams 
of Cell E and S, respectively.  For Cell E, as the force develops, more lateral 
links gain their strength (from left to right).  Two forcing types reveal relatively 
little difference.  Cell S, the fluid forced bundle tends to spread out more 
homogeneously throughout the bundle in contrast to the point forced bundle 
which stretches the links from the nearest to the kinocilium. 
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Tip link tension 

Figure 3-6 and 7 show the tip link tension (TLT) distribution for Cell E and Cell S 

respectively.  The plots show top views of the bundle and the color in the circle denotes the 

TLT for the tip link attached to the top of that stereocilium.  The differences between cells 

and loading types are obvious in these figures.  Both in final and initial stage, Cell E showed 

little difference in the TLT distribution between the fluid forcing and the point forcing.   The 

TLT propagates from the tallest to the shortest stereocilia.  The TLT drop along the 

excitation-inhibition (E-I) direction was more drastic at the initial stage of loading (Figure 3-

6a and b) compared with the final state (Figure 3-6c and d).  On the contrary, the TLT 

distributions in Cell S were greatly different between the loading types.  Under the fluid 

forcing, the maximum TLT occurred in the middle of bundle and the TLT gradient was small.  

Under the point forcing, the maximum TLT occurred at the nearest tip link to the kinocilium 

and the TLT gradient was very steep.  At the beginning of loading, when the 

mechanosensory channels are believed to be very sensitive (Gillespie & Cyr, 2004), the 

difference between two loading types was even greater (Figure 3-7a and b).  

 

Applying the gating threshold 

I defined the gating threshold as the force difference between the channel opening 

tension and the resting tension in the tip link (gating spring).  The concept of this gating 

threshold is further discussed in the discussion of chapter 4.  Figure 3-8 A and B present a 

count of the number of tip links that exceed a TLT of 0.25 pN plotted against time.  For both 

cells, fluid forcing had more tip links over the threshold level at a given time, indicating the 

fluid forcing is faster.   For Cell E (Figure 3-8A), the fluid and point forced loading cases 

were similar, but the response time was faster in fluid forced bundle.  Unlike Cell E, all tip 

links of Cell S (Figure 3-8B) exceeded the threshold level within 15µs under fluid forcing, 

while more than ten percent of the total tip links remained below the threshold when point 

forced. 
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Figure 3-6  Tip link tension distributions of Cell E 
Left two plots are the tip link tension distributions when the first tip link get to 
max TLT of 1.0 pN  (a) fluid forced, (b) point forced.  Right two plots are the tip 
link tension distributions at the end of dynamic loading: (c) fluid forced, (d) 
point forced.  The darker circle denotes higher tension level of the tip link 
attached at the tip of the stereocilium and the scale (in pN) is shown in the right 
of each bundle. 
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Figure 3-7  Tip link tension distributions of Cell S  
Upper row plots are the tip link tension distribution when the first tip link get to 
max TLT of 1.0 pN: (a) fluid forced, (b) point forced.  Lower plots are the tip 
link tension distribution at the end of dynamic loading: (c) fluid forced, (d) point 
forced.  The darker circle denotes the higher tension level of the tip link attached 
at the tip of the stereocilium and the scale (in pN) is shown in the right of each 
bundle. 

55 



Chapter 3. Dynamics 

0 0.05 0.1 0.15 0.2 0.25
0

0.25

0.5

0.75

1

time (ms)

no
rm

ai
lz

ed
 #

 o
f t

ip
 li

nk
s  

ex
ce

ed
in

g 
th

re
sh

ol
d 

te
ns

io
n

0 0.01 0.02 0.03 0.04 0.05
0

0.25

0.5

0.75

1

time (ms)

no
rm

al
iz

ed
 #

 o
f o

f t
ip

 li
nk

s
ex

ce
ed

in
g 

th
re

sh
ol

d 
te

ns
io

n 
A

B

 
Figure 3-8  Dynamic response of hair bundle   
When the threshold tension is set to 0.25 pN, the number of tip links exceeding 
the channel gating threshold is normalized by the number of total tip links.   
Void points on the curves (□, ○) mark the time when fifty percent of tip links 
exceeds the threshold level.  Solid points on the curves (■, ●) mark the point 
when the maximum TLT in the bundle reaches 1.0 pN.  (A) Cell E;  (B) Cell S   
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3.4 Discussion 

 

Tip link tension (TLT) distribution 

Figure 3-6 and 7 display the TLT distribution and show a major difference between 

fluid forcing and point forcing: fluid forcing applies more even distribution of tension in 

some bundle shapes.   The tip links are believed connected to either the ion-channel itself or a 

channel gating spring (Kachar et al., 2000; Siemens et al., 2004; Pickles et al., 1984; Tsuprun 

& Santi, 2000).  The excitation force to the bundle is distributed and transmitted to the ion-

channels through the tip links.  According to the studies based on statistical mechanics, the 

pulling tension for a channel to reach 50 percent open probability can be as small as 0.2 pN 

(Ricci et al., 2002; Jaramillo & Hudspeth, 1993; van Netten & Kros, 2000; Sukharev & 

Corey, 2004).  In that sense, the initial TLT distribution plots (a and b in both Figure 3-6 and 

7) represent the open chances of mechanosensory channels at an early stage of excitation, 

while the final tip link tension distribution plots (c and d in Figures 3-6 and 7) represent a 

maximum number of channels open. 

 

Striolar vestibular hair cell responses 

The most interesting finding of this study is that for Cell S the tip link tension 

distribution differs greatly from the fluid forcing to the point forcing.  Cell S represents a 

utricular hair cell with a large number of stereocilia in the striolar region.  Under the point 

loading, the maximum TLT occurs at the nearest tip link to the kinocilium and the TLT dies 

out quickly as it is transmitted to the neighboring links.  On the contrary, by fluid forcing, the 

maximum TLT occurred in the middle of bundle and the tension dropped gradually from the 

center to the periphery of bundle.  Mechanically, this is quite an expected result.  The fluid 

flow will apply its load in the form of fluid drag to the entire surface area of the bundle facing 

the flow.  This distributed force spreads out the bundle and as a result, the tip link tension is 

distributed throughout the bundle.  In short, for Cell S the point forcing results in a serial 

response while, the fluid forcing makes a parallelized response (Figure 3-7).  Although the 

model does not include active channels, the number of tip links exceeding the threshold 

tension (Figure 3-8) suggests a possible channel activation profile.  While the tip deflection 

response is slower in the fluid forced cell (Figure 3-4B), a larger number of tip links exceed 
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the tension threshold at an earlier time (Figure 3-8B).  Even smaller fluid force yielding only 

25 nm tip deflection was enough to make all the tip links exceed the threshold tension.  On 

the contrary, a point force as large as 300 pN causing the bundle to deflect 50 nm couldn’t 

bring all the tip links over the threshold.  

 

Extrastriolar vestibular hair cell responses 

Different patterns due to the forcing type are not so clearly observed in Cell E.  This 

cell represents a utricular Type II vestibular hair cell of the extrastriolar region.  Figure 3-6 

shows little difference between the TLT distributions by the fluid forcing and by the point 

forcing tests.  For both forcing conditions, the maximum tip link tension occurs at the 

location nearest to the kinocilium. The TLT drops as it goes down to the shorter stereocilia.  

In other words, Cell E responds serially regardless of the forcing type.  I ascribe this to the 

dominant height of the kinocilium that collects most of the fluid drag, compared to the shorter 

stereocilia, which experience little fluid drag.  The bundle in both cases is forced by a 

deflected kinocilium.  

 

Damping from fluid drag versus structural damping 

Previous studies showed the fluid-induced force on auditory hair bundle can 

dominate the dynamics of hair bundle (Freeman & Weiss, 1988; Zetes & Steele, 1997; Shatz, 

2004).  As were shown in those previous studies, due to the low Reynolds’ number caused by 

the microscopic scale, inertial forces were negligible compared to elastic forces and fluid 

drag.  In addition to these forces, there is also structural damping as there is in any material.  

This damping describes the deviation from perfect elastic material behavior within the 

stereocilia itself.  Both the fluid drag and the structural damping dissipate kinetic energy, so 

that the excited bundle loses energy and approaches a steady state.  It is difficult to estimate 

how much structural damping contributes to the total dissipating force.  I assumed here that 

structural damping is negligible compared to the fluid drag. 

The response time in the fluid drag scenario depends on the viscous properties of 

endolymph fluid that provides the fluid drag.  The response time to reach 90% of the final 

deflection of Cell E and Cell S was 0.1 ms and 0.02 ms respectively, which is faster than the 
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reported fast adaptation time constant ranging 0.1~1.0 ms (Vollrath & Eatock, 2003; Eatock 

et al., 1987; Fettiplace & Ricci, 2003;  Wu et al., 1999). 

 

Force boundary conditions of hair bundle 

 

 
Figure 3-9  Force boundary conditions of hair cell   
A. Fluid-jet stimulus: an almost parallel velocity field delivers pressure to the 
hair bundle.  B. Glass fiber stimulus: A concentrated force is applied to the tip of 
bundle.  C. Possible in vivo force boundary condition of a striolar hair cell: The 
fluid velocity field is induced by the shear movement of gel layer.  The tallest 
stereocilia can be linked to the gel layer. 

 

In vivo force boundary condition is different from in vitro conditions.  Most in vitro 

experiments apply the step force/displacement to the hair cell via flexible glass fiber or fluid-

jet.  In the glass fiber experiments, the hair cell can be considered as being placed at infinite 

fluid field.  The ambient fluid stays still during the stimulation.  In the fluid-jet stimulus, the 

hair bundle stands freely, not attached to any structure.  My simulation results show that the 

glass fiber stimulus can be a good approximation for the hair cells which are attached to the 

otoconial layer firmly like the tested Cell E.  However, either fluid-jet or glass fiber case 

seems similar to the natural force boundary condition of Cell S, the striolar hair cell in utricle. 

See Figure 3-9.  It is likely that Cell S is pulled by the gel layer and at the same time pushed 

by the fluid drag.  It is not the combination of the fluid-jet and the glass fibers cases though.  

In case C of the figure, the fluid flow is shear developed, not a wall of flow like case A.  My 

other simulations (not presented here) showed that the shear flow (case C) tends to be more 
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effective in increasing the tip link tension than the wall flow (case A).  My simulation results 

also suggest that the hair cell can be more or less sensitive according to the nature of stimulus. 

 

Mechanical implication of the coiled lateral link   

I have added a toe region to the material response of the lateral link.  High resolution 

images of lateral link (Tsuprun & Santi, 2000; Tsuprun et al., 2003) indicate that some lateral 

links have a central globular region.  The lateral links between closer stereocilia have a 

globular region, while the lateral links that have distant roots show no central high density, 

which leads to the idea of a coiled lateral link (Tsuprun & Santi, 2002).   

This observation is very interesting mechanically.  Recent analytic studies suggest 

that the tip link and the lateral link have interacting structural roles—they both couple 

neighboring stereocilia (Cotton & Grant, 2004b; Silber et al., 2004).  If one element is much 

stiffer than the other, the internal force is carried mostly by the stiffer element.  Two simple 

cases are imaginable.  If the tip link is much stiffer than lateral link, KTL >> KLL, most force 

will go through the tip link and the energy efficiency (energy used to open channels versus 

deforming links and stereocilia) of the hair cell will increase.  Otherwise, if the lateral link is 

much stiffer than the tip link, KTL << KLL, the tip link will experience little tension, having 

little energy for opening channels.  However a tip link in this scenario would be protected 

against hyperextension and damage by stiff lateral links.  Thus, a lateral link that increases its 

stiffness with deflection can provide sensitivity at low deflections while protecting the tip 

links at larger deflections. 

At zero stress, a lateral link as I have modeled it, has very low stiffness (0.6% of its 

full stiffness).    In real hair bundles the tip links are believed to be pre-tensed by the actin-

myosin motor apparatus (Assad et. al., 1991; Jaramillo & Hudspeth, 1993).  This pre-tension 

will deform the bundle by pulling stereocilia together along E-I axis.  This will reduce the 

stiffness of lateral links in rows (along the E-I axis, in line with the tip links) from B to A in 

Figure 2-9. Therefore, the lateral links not parallel to the E-I axis may be closer to B on 

Figure 2-9 and may have higher initial stiffness.  

 

Limitations of my model 
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The model I have used has a few limitations.  Material properties are based on 

incomplete knowledge, and the possible range of mechanical properties is quite wide.  I do 

not simulate active channels, so I cannot address the mechanical effect they would have on 

the bundle.  The two cells analyzed in this study were chosen to represent the range of 

variation among different hair bundles.  Of course, these two cells do not cover all anticipated 

behaviors.  Regardless of these limitations, I believe that the trend of my major finding 

reflects the true behavior of hair cells in vivo. 
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3.5 Conclusions 

 

I tested two typical vestibular hair cells subject to different forcing conditions.  Cell 

E and Cell S represent cells of the extrastriolar and striolar region of the utricle respectively.  

Cell S, from the striolar region, showed parallel and serial TLT distributions for fluid and 

point forcing respectively.  Cell E, from extrastriolar region, showed serial TLT variation 

regardless of the forcing type.  While there is no clear evidence (or counter-evidence) that 

fluid-forced bundles exist, their existence has been speculated (Fernandez & Goldberg, 1976).  

My results strongly support the idea that the striolar cell’s major stimulant might be the fluid 

force.  If the striolar cell is not connected or weakly connected to the gel layer, the stimulant 

is the surrounding fluid and the cell will respond very fast—just like an on/off switch.  This 

also means that in-vitro experiments of striolar hair cell by pulling the tip of bundle may not 

produce biologically realistic results. 

Our enhanced hair bundle modeling method is general enough to simulate variations 

in link and stereocilia geometry under fluid and point loading conditions; it is limited only by 

the precision of available geometric and material information.  Such a method shows 

promise for organs besides the utricle.  
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Chapter 4   Stimulus methods affect the hair cell 

sensitivity: a computational study using virtual hair cell 

 

I have developed a virtual hair cell—a simulation program of hair cell 

mechanotransduction.  The virtual hair cell has two distinct characteristics compared to 

existing mathematical models.  First, the bundle is modeled in its full 3-D geometry instead 

of simplified 2-D geometry.  Second, the transduction channels open and close individually 

and deterministically as oppose to be gated in parallel statistically.   The channel opening is 

regulated by the tensions of individual tip links, not by the bundle tip displacement.   The 

channel reclosure is governed by kinetics of the fast adaptation modulator.   The simulation 

results show features of hair cell observed in experiments.   A fast twitch (a transient rebound 

of the bundle tip) appeared when the applied force is small and the open probability, po is less 

than 0.5.  The bundle stiffness was nonlinear and was minimal when the po(X) curve is most 

steep.  I investigated how some experiment parameters affect the hair cell sensitivity.  Three 

experiment parameters were examined in this study: the resting tension, the forcing type and 

the forcing speed.   As the resting tension increased, the hair cell became more sensitive or 

the po(X) curve shifted to the left.   Two forcing types (glass fiber vs. fluid-jet stimulus) were 

simulated.   The fluid-jet forcing condition activated fewer channels than the glass fiber case 

and shifted the po(X) curve to the right.   A faster force application opened more channels and 

shifted the po(X) curve to the left. 
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4.1. Introduction 

 

Analytic models have been used to study hair cell mechanotransduction.  Gating 

theory combines the hair bundle mechanical model with statistical thermodynamics (Howard 

& Hudspeth 1988).  Mathematical modeling approach provides a test bed to develop theories 

that explain the prominent characteristics of hair cell such as self tuning and amplification 

(Choe et al. 1998; Camalet et al. 2000; Martin et al. 2003; Vilfan et al. 2003).   Recent 

analytic studies of hair cell mechano-transduction comprise four parts—hair bundle structure, 

transduction channel, slow and fast adaptation (Martin et al 2003; Vilfan et al. 2003).  

Despite the complexity of hair bundle structure, the hair bundle structural model in the 

analytic studies is surprisingly simple.  The hair bundle is represented by a Maxwell spring-

damper unit.  This structural model lacks lots of information such as row/column numbers, 

height gradient and attachment condition to the gel layer. Such a model cannot explain why 

the hair bundles in different organs have developed such a morphological variation.  

This study develops a computational model of hair cell mechano-transduction that 

faithfully describes the structural and mechanical characteristics of hair bundle.  This study 

extends previous efforts to create a finite element (FE) model similar to the hair bundle in 

nature (Duncan & Grant 1997; Cotton 1998).   I applied a prevalent gating theory to the FE 

model of hair bundle.  My model differs from existing analytic hair cell models in two ways: 

1) for a structural analysis of the hair cell, a full 3-D structural model of hair bundle is used 

instead of the linearized 2-D model, and 2) the transduction channels open and close 

individually instead of open and close in parallel.   Two criteria determine when to open or 

close the transduction channels—the tip link tension and the intracellular Ca2+ concentration 

level at the tip of stereocilia.  Tip link tensions are computed by dynamic FE analysis.  Fast 

adaptation and Ca2+ diffusion kinetics are introduced to compute temporal variations of Ca2+ 

concentration at the tip of each stereocilium.  I confined the scope of this study to early stage 

of hair cell activation within 2 milliseconds after the onset of excitement.  It is too short a 

time for any significant effect of slow adaptation to appear.   Therefore, the slow adaptation is 

not considered in this study. 

I introduce the theory of the virtual hair cell and validate it by various simulation 

results.   The structure is based on the geometry measured from a hair cell in the turtle utricle.  
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Imitating in vitro experiment technique that uses a micro glass fiber to stimulate the hair 

bundle, I applied a series of force steps for two milliseconds to the virtual hair cell and 

obtained the displacement and channel activation responses.  The virtual hair cell showed 

characteristics observed in experiments such as the fast twitch (Howard & Hudspeth 1987; 

Benser & Hudspeth 1996; Ricci et al., 2000) and nonlinear stiffness (Howard & Hudspeth 

1988; Marquis & Hudspeth 1997; Russell et al. 1992). 
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4.2. Methods 

 

Finite element (FE) model of hair bundle 

FE modeling procedures are described in previous works (Cotton, 1998; Cotton & 

Grant, 2000; Nam et al., b, submitted).  For geometric information, I used a turtle (Trachemys 

scripta) utricular hair cell.  The modeled hair cell is in the striolar region 20 µm lateral from 

the point of polarity reversal.   The model geometry is shown in Figure 4-1. The Young’s 

modulus of stereocilia is 0.74 GPa.  The stiffness of tip, upper lateral and shaft links are 5300, 

1 and 750 pN/µm respectively.  These mechanical properties were estimated by matching my 

mechanical model with other experiment (Nam et al. 2005b). 

 
Figure 4-1  Finite element model of hair cell 
The geometric information such as stereocilia arrangement and heights are 
obtained from confocal microscopic images and the link configurations are 
inferred from literatures.  The tallest and shortest stereocilia are 9.2 and 2.5 µm.  
The diameter of stereocilia is 0.4 at the shaft and 0.04 at the rootlet.  Mean 
spacing between stereocilia is 78 nm. (A) The bundle has 52 cilia including one 
kinocilium and 42 tip links. The kinocilium was labeled with ‘K’ in the circle. 
The array length and width are 3.2 µm.  (B) The hair bundle model includes 
several different structural elements.  The kinocilium and stereocilia are 
connected by several different filaments—tip links (TL), upper lateral links (UL), 
shaft links (SL) and kinocilial links (KL).    (C) The FE model of the hair bundle 
used for this study is shown in actual relative scales.   Three bars in the right 
bottom corner indicate one micrometer. 
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Resting tension 

The tip links are tensed at resting state (Assad et al. 1991; Jaramillo & Hudspeth 

1993).   The resting tension is maintained by the work of myosin motors (Howard & 

Hudspeth 1987; Holt et al. 2002).  The resting tension in the tip links increases the sensitivity 

of hair cell mechanotransduction (Gillespie & Cyr 2004).  To obtain maximal sensitivity for 

vestibular hair cells, required resting tension was estimated to be 20 pN (Gillespie & Cyr 

2004).  I selected a resting tension level of 25 pN.  With this resting tension, the tip of bundle 

deflects by 54 nm in the negative direction (toward shorter edge of the bundle) and the tip 

links3 elongate by 4.7 nm.  The deflection at resting tension is about 40% of the measured 

value of the hair cell in the bullfrog saccule (Assad et al. 1991).  The estimated gating spring 

elongation of 5 nm from resting tension is similar to the estimated range of other studies 

(Howard & Hudspeth, 1988; van Netten & Kros, 2000).  I did not simulate the myosin motors 

that actually provide the resting tension (the pretension was not applied by pulling the tip 

links along the shaft of stereocilia). Instead, the pretension was given by shortening the length 

of tip links until they had the desired resting tension 

 

Dynamic analysis including fluid viscous drag 

For the solution of the dynamic structural analysis, a direct integration scheme called 

Newmark method is used (Newmark 1959).  The time step size 2 µs was chosen as a 

compromise between computational resources and temporal resolution.  Fluid drag on the 

hair bundle is considered as follows.  Individual stereocilia columns are modeled as a 

cylinder subjected to a developed steady state flow.  When a bundle moves in the fluid, the 

drag force of individual stereocilia is computed from the relative velocity between the fluid 

and the stereocilia.  The viscous damping inside the bundle is also considered by adding 

structural damping.  This damping in the bundle was adjusted to make overall effective 

                                                 
3 Note that in present hair bundle model the tip link is not only the Cdh23 helical fibers (Söllner et al., 2004; 

Siemens et al., 2004; Kachar et al., 2000).  My tip links represents a mechanically equivalent link to the 

structural complex from stereocilia to stereocilia including the Cdh23 filaments, transduction channel itself and 

connections to the actin fiber in the stereocilia.  The stiffness of my tip link represents the most compliant 

element in the complex; probably the ankyrin repeats (Corey et al. 2004).  

 67 



Chapter 4. Mechanoelectric transduction 
 

damping of 200nNs/m which is within reported damping range (Howard & Hudspeth, 1988; 

Denk et al., 1989; Russel, Kossl and Richardson, 1992).  The structural dynamic analysis 

procedures are described elsewhere in further detail (Nam et al., 2005a submitted).   

 

Fast adaptation regulated by Ca2+

It was suggested that a first order Ca2+ reaction adjusted by intracellular [Ca2+] 

modulates the adaptation (Martin et al., 2003).  After Martin et al. (2003), I assumed that the 

Ca2+ reaction rate at the fast adaptation modulator regulates the channel reclosure, but the 

work of fast adaptation modulator in my case is opposite to Martin et al.’s modulator.  My 

fast adaptation modulator generates the force that closes the channel instead of relaxing the 

channel like Vilfan et al.’s (2003).  In present computational model, the fast adaptation motor 

is located at the transduction channel or at the lower end of tip link (Figure 4-2). 

 The time rate of Ca2+ binding probability to the fast adaptation modulator, pB, is  

BBB pkpkp
dt
d

21 )1( −−=        (4-1) 

Where, k1 is binding rate constant and k2 is dissociation rate constant.  After Martin et 

al., 2003, the binding rate k1 is considered to proportional to the [Ca2+] at the site, C, or k1 = 

C⋅α.  

The two parameters α (k1) and k2 are selected based on following considerations.  The 

steady state binding probability should approach to 1.0 when channel stays open and to zero 

when channel stays closed.  The time constant of fast adaptation is 0.1~1.0ms (Wu et al., 

1999; Kennedy et al., 2003).  Chosen parameters are α=0.1 and k2=0.25.  Related values are 

summarized in Table 4-1. 
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Table 4-1  Properties related to channel gating 

Extracellular [Ca2+] outC  50 µM 

Intracellular [Ca2+] inC  0.01 µM 

Steady state [Ca2+] at the binding site when 
channel stays open SSC  35 µM 

Resting tension  25.0 pN 

Channel opening tension F0 25.5 pN 

Gating swing δ 5 nm 

Critical tension above which open channels 
remain open regardless of [Ca2+] Fcrit 20 pN 

Ca2+ binding rate to the fast adaptation 
modulator α 0.1 

Ca2+ dissociation rate from the fast 
adaptation modulator k2 0.25 
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Figure 4-2  Mechanism of mechanoelectric transduction in the presented 
model 
The fast adaptation modulator is at the tip of the shorter stereocilium, and the 
slow adaptation motor at the upper end of the tip link.  Note that the slow 
adaptation is not modeled or simulated in this study yet, but it was included in 
the figure.  At rest, the channel is closed (A).  As an excitation is applied, the 
tension in the tip link (TLT) increases (B).  When the TLT exceeds an opening 
tension level, the channel opens (C).  The cations flow in due to resting potential 
between extracellular and intracellular fluid.  As Ca2+ at the site of fast 
adaptation modulator increases, the channel closes and the tip link pulls back 
the taller stereocilium (D).  By sliding down the upper end of tip link (slow 
adaptation), the TLT is decreased to its resting tension level. 
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Transduction channel model 

In the model, the transduction channel is located at the lower end of the tip link and 

the slow adaptation motor is at the upper end of the tip link (Figure 4-3).  The modeled 

transduction channel has four states (unstable closed C, unstable open O, stable open O·Ca 

and stable closed C·Ca, see Figure M3).   This suggested four-state model is a simplified 

variation of Choe et al.’s six-state channel model (1998) and Fettiplace et al.’s four state 

channel model (2001).  

 

 
Figure 4-3  Channel state diagram 
The transduction channel has four states.  At resting closed state the channel is 
open (C → O) when the force exceeding the channel opening tension (F > F0).  
The open channel closes by the fast adaptation (O → C·Ca), but when the 
tension exceeds a critical value (F > Fcrit) the open channel stays open (O → 
O·Ca).   The Ca2+ stabilized closed channel becomes unstable close channel as 
the Ca2+ diffuses (C·Ca → C).   Even the stable closed channel can open (C·Ca → 
O·Ca) when the tension exceeds a certain value (F > F1).   In the present study, 
the slow adaptation is not simulated. 

 

The transduction channel is activated by an increased tension in the tip link (C→O). 

When the channel is open, due to the negative resting potential of the cell, the transduction 

current is carried by inflowing cations including K+ and Ca2+.   Although most current is 

carried by the K+ ions, the Ca2+ plays a triggering role for the fast adaptation.  As the Ca2+ 

concentration increases to reach its steady state (in this study 35 µM) and the binding 

probability of Ca2+ to the fast adaptation site (pB) increases, there occurs a morphological 

change in the transduction channel that causes the channel to close (O→C·Ca, fast 

adaptation).   

The fast adaptation becomes less obvious as the magnitude of excitation increases 

(Ricci et al. 2002).   A critical tip link tension (Fcrit) is defined to account for this.  When the 
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tip link tension exceeds a critical value, regardless of the [Ca2+] at the binding site, the 

channel does not close (O→O·Ca).   The channel closes eventually by decreased tip link 

tension due to the slow adaptation (O·Ca→C·Ca).  A transient reversal movement, called 

twitch, can happen when the channels near the tip of bundle are closed. 

Channel opening and closing is structurally described by the gating swing.  In my 

simulation, the distance between the attachment points of the tip link is increased by the 

gating swing instantly after the channel opening and decreased after closure.  The gating 

swing in this study is 5 nm.  If the applied excitation is sustained in step force stimulation, the 

increased tension in the tip links is relieved by sliding down the upper end of tip links.   This 

slow adaptation happens on a larger time scale than the fast adaptation.  

 

Single channel gating  

 The new trial of my study from other hair cell transduction model studies is that in my 

model the transduction channels are open and closed individually.  Other model studies are 

based on the thermodynamic statistics represented by the Boltzmann relationship (Vilfan et 

al., 2003; Martin et al., 2003; Choe & Hudspeth, 1998; van Netten & Kros, 2000).  In 

combination with the parallel arrangement assumption (Hudspeth et al., 2000), all the 

channels in the hair cell has a same open probability depend only on the bundle tip 

displacement (equation 1-1).  

 In my study, the channel gating is determined more directly.  The individual channels 

open and close based on the tip link tension and the Ca2+ kinetics, not by the bundle tip 

displacement.  The ion channels at the tip of stereocilia open as the tip link tension (TLT) 

reaches a threshold value (channel opening tension, F0).   There are Ca2+ binding sites (fast 

adaptation modulator) near or at the ion channel.  The [Ca2+] at the binding site increases 

quickly as the channel opens (Lumpkin & Hudspeth, 1998).   As the Ca2+ binds to the fast 

adaptation modulator, the channel closes.  The open channel remains open if the TLT is too 

high.  Figure 4-4 shows the idea of single channel gating scenario.  
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Figure 4-4  Working scenario of individual channel gating 
Consider, a hair cell (depicted at right bottom) is subject to a step displacement 
excitation. In the left column, possible response of single MET channels is shown. 
Top row is the tension in the gating spring, TLT. At the beginning, the tip link 
has resting tension. In the figure, the gate has three states—two closed (C1, C2) 
and one open (O) states.  As channel opens from C1 → C2 and then C2 → O the 
tension drops discretely. The second row is intracellular Ca2+ concentration near 
at the ion channel. As [Ca2+ ] reaches a certain level, the gate recluses.  Then due 
to work of the intracellular Ca2+ pump (PMCA, plasma membrane Ca2+  

ATPase), [Ca2+] decreases gradually.  The third row describes the elongation of 
gating spring, δGS, along time. The bottom row shows that due to resting voltage 
potential (~80mV), there is electric current while gate is open (depolarization).  
In the right column, a single row hair bundle with five MET channels is 
considered.  The FE model showed cascaded tip link tension to step force 
excitation. Vertical axis denotes the current contribution by each channel along 
time.  All the channels open almost at the same instant.  It takes longer for the 
higher stereocilium to close the ion channel again.  The bottom line is the 
ensemble of the current through five MET channels. 
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Simulations 

Step forces ranging from -50 to +500 pN were applied to the taller edge of the hair 

bundle for two ms.  In order to simulate test conditions analogous to many in vitro 

experiments that used a glass fiber to stimulate hair cells, the force had a sigmoidal rise from 

zero to full magnitude in 0.1 ms.  The applied force was distributed on the tips of three tallest 

cilia including kinocilium.     To observe the effect of the gating of MET channels, two series 

of simulations were done with and without channel gating (active and passive hair cell). 
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4.3. Results 

 

Channel gating and fast adaptation 

In the simulations, the channels closer to the applied force or the channels in the taller 

stereocilia opened first (Figure 4-5).  As individual channels opened and closed, the bundle 

deformed to balance the internal forces with the externally applied force.  The reclosure of 

channels caused the tension to increase in the neighboring tip links and thus elicited a cascade 

of channel activations.  Usually the number of open channels peaked right after the force was 

fully applied.  Occasionally other peaks by the cascaded opening of channels in shorter 

stereocilia followed the first peak.  The fast adaptation by the channel reclosures lasted 

1.0~1.5 ms (the fast adaptation finishing within 2 ms).   The speed of the fast adaptation 

depends on the Ca2+ kinetics coefficient k1 in equation (1).  For small forces a small number 

of channels were open and most channels were closed again, while large forces made more 

channels open and most of channels remained open (Figure 4-6B).  In my results the recoil of 

the bundle was related to the channel reclosure (Figure 4-6A).  The maximum rebounding 

displacement was 10 nm when the force magnitude was 15 pN or when a number of channels 

near the tip of bundle were closed within short time. 
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Figure 4-5  Simulation of hair cell mechanotransduction: single channel 
activations 
A hair cell with 42 transduction channels is subjected to a step force of 50 pN.   
The bundle tip was displaced by 31 nm. Right top: top view of the bundle shows 
the channel identification number in the circle.  Analogous to glass fiber 
stimulation, the force is applied at the taller edge of bundle (three arrows 
indicate the location of applied force acting on the tips of cilia).  Left: Each of 42 
channels opens and closes individually according to prescribed gating criteria.  
The channels in the tall stereocilia open first, and the activation propagates 
towards shorter stereocilia.  Channel 1 and 2 open at the very beginning of 
stimulation and keep open.  Channel 3 opens and closes around 1 ms.  Only five 
channels were not activated during the simulation and they were mostly 
peripheral channels (Channel 4, 17, 26, 35 and 39).  Right bottom: cumulative 
channel activations of the cell.  Even though most channels are activated once 
during the simulation period, the maximum number of channels open at a time 
was twenty (po = 0.48).  Five channels remain unclosed after the fast adaptation 
and those unclosed channels are channels near the taller edge where the force 
was applied. 
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Figure 4-6  Response to different levels of excitation 
Three selected time responses are shown.   Chosen force magnitudes are 15, 80 
and 250 pN (from bottom to top curves in both left and right plots).  Tip 
displacement along time is shown in the left.  For clarity, the displacement 
responses of 15 and 80 pN were multiplied by five and two times.  When there 
was no channel activity, the bundle reached the 95% of steady state within 0.8 
ms.  The fast twitch was observed at FHB = 15 pN.  The overshoot (∆X) was 4 nm.  
In the right panel, the channel activations along time are shown.  The open 
probability po implies the number of open channels at the time divided by the 
total number of channels.  For the small forces fewer channels are open and all 
of them close again.   As the stimulus force increases, more channels are open 
and more channels remain unclosed. 

 

Activation curve 

The open probability as a function of displacement, po(X), has been approximated 

well by the second order Boltzmann relation (Corey & Hudspeth 1982; Shepherd & Corey 

1994; Géléoc et al. 1996; Holt el al. 1997; Wu et al. 1999).  The simulated hair cell behaved 

similarly to the experiments-the po(X) curve was stiffer when the channels began to open and 

gradually developed to a plateau (Figure 4-7).   
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Figure 4-7  Current versus bundle displacement 
Activation curves are obtained from a series of simulations.  The open 
probability po is defined as the number of open channels divided by total 
number of channels.  The tip deflection X was obtained when the bundle was 
deformed most (~ 0.6 ms, ●) and when the fast adaptation was finished (at 2.0 ms, 
○).  The second order Boltzmann relations were used to fit the data points and 
drawn in solid lines.  The best fit for peak response (●) is obtained with α1 = 157, 
α2 = 34, X1 = 11, X2 = 21.  The best fit for post-fast-adaptation (○) is obtained 
with α1 = 112, α2 = 18, X1 = 21, X2 = 91. 

 

The second order Boltzmann relationship presented by Corey and Hudspeth (1983) 

fitted well my results. 

( ) ( ) ( )( )2211 11
1

XXXXo ee
Xp

−−−− ++
= αα      (4-2) 

where, po is the open probability of MET channels in the bundle and X is the bundle 

displacement measured at the tip of bundle.  In this study, the po is defined as the number of 

open channels divided by the total number of transduction channels in the hair bundle.  The 

po(X) relations were obtained at peak (t ~ 0.6 ms) and at 2 ms after the onset of stimulation 
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respectively.  Around 0.6 ms, the bundle arrived at its peak displacement and usually the 

number of open channels peaked at the same time.  The bundle finished its fast adaptation 

before 2 ms.  Due to the channel reclosure or the fast adaptation, the po(X) curve at peak 

response is above the curve at 2 ms.  As small a force as 10 pN could activate 25 out of 42 of 

the MET channels throughout the simulation period, but as large force as 500 pN did not 

activate all the channels at the same time.  

 

Force-displacement relation 

The force-displacement relations are shown in Figure 4-8.  Although the passive 

force-displacement relation seems linear, the tangent stiffness increased from 1.85 to 2.45 

pN/nm as the force increased from zero to 500 pN.  Two active force-displacement relations 

are separately obtained at t ~ 0.6 ms and t = 2.0 ms.  The curves undulate in the displacement 

range between zero and 50 nm, which means that the bundle has nonlinear stiffness varying 

considerably in this displacement range.  The solid lines are the curve fit are based on the 

gating theory (equation (4-2)).   According to theory, the force applied to the hair bundle FHB 

equilibrate with the elastic force of the bundle (van Netten & Kross 2000; Markin & 

Hudspeth 1995). 

( ) rgPHB FXNFXKF +−=       (4-3) 

where, Ks is the passive stiffness of bundle, N is the number of the MET channels and 

Fr is a constant residual force.  The passive force which is the first term in the right hand side 

in equation (4-3) was obtained from a separate series of simulations.  The same hair cell was 

simulated with the same conditions, but the channels were fixed at closed state (C) to obtain 

the passive response of hair cell.  The passive force-displacement relation, FP(X) replaced the 

term KPX in equation (4-3).   

 

Hair bundle stiffness 

By numerically differentiating the force-displacement curve, FHB(X), with respect to X, 

the stiffness versus displacement curves were obtained and shown in Figure 4-8.  The bundle 

was most compliant in the displacement range from zero to 50 nm where the activation curve 

in Figure R3 was stiffest also.  Before the fast adaptation (t ~ 0.6 ms), the smallest stiffness 
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was 0.87 pN/nm at X = 8 nm and the stiffness increased to 2.52 pN/nm at X=100 nm as the 

bundle further deflected.  After the fast adaptation (t = 2.0 ms), the smallest stiffness was 

1.35 pN/nm at X = 19 nm and the stiffness grew up to 2.17 pN/nm at X = 100 nm. 

 

 
Figure 4-8  Force displacement relations 
Passive response without channel gating shows little nonlinearity in force-
displacement relationship (●).   For active response with channel gating, the 
force-displacement curve undulates between 0~25 nm (○).   The solid lines are 
from the gating theory using FHB = KSX – NFg + F0.   After X=25 nm, the curve 
shifts to the left by 8 nm, which is about the magnitude of largest twitch.  Inset 
shows the stiffness curve.   The passive stiffness was 2500 pN/µm and the 
minimum active (dynamic) stiffness was 870 pN/µm at X = 8 nm.  The active 
curve was obtained at peak response (at t ~ 0.6 ms).  After the fast adaptation (at 
t = 2.0 ms), the passive stiffness was 2170 pN/µm and the minimum active 
(dynamic) stiffness was 1350 pN/µm at X = 19 nm. 

 

Several experiments showed directional bias of hair bundle stiffness (Strelioff & 

Flock, 1984; Szymko et al., 1992; Langer et al., 2001).  My computational model was stiffer 

in the excitatory than in the inhibitory direction.   This directional dependence of the bundle 

stiffness is ascribed to the nonlinear passive stiffness.  The material properties of structural 
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components such as the stereocilia, the tip, shaft and kinocilial links are constant.  Although 

the upper lateral links in this study have a nonlinear stiffness, the nonlinear bundle stiffness 

was irrelevant to the link nonlinearity within moderate displacement range of -50~150 nm.   

The geometric nonlinearity of the bundle is responsible for the nonlinear passive stiffness.  

 

Effect of different resting tension 

The resting tension in the tip links is provided by the towing force of multiple myosin 

molecules (Gillespie & Cyr 2004).  The towing force of the adaptation motor may vary in 

accordance with the intracellular [Ca2+].  Increasing the intracellular [Ca2+] will reduce the 

resting tension.  This study does not include the slow adaptation or the slow adaptation 

kinetics.   Nor this study estimates the resting tension in correlation with intracellular [Ca2+].  

However, I could infer the effect of different intracellular [Ca2+] by changing the resting 

tension. 

I observed the hair cell activation with different tip link resting tension (Figure 4-9).  

With other conditions fixed, the hair cell activation response with the three different resting 

tensions, 25, 24 and 20 pN were compared.  Since the channel opening tension F0 was fixed 

at 25.5 pN, the force differences between F0 and the resting tension were 0.5, 1.5 and 5.5 pN 

respectively.  As the resting tension decreases from 25 to 20 pN, the po(X) curve shifted from 

left to right (Figure 4-9).   The half activation (po = 0.5) points were 33, 52 and 94 nm for the 

resting tension of 25, 24 and 20 pN.  The 10-90% operating range of my simulation with 

these ∆F’s is close to the lower bound of experiments (Shepherd & Corey, 1994; Holt et al., 

1997; Géléoc et al., 1997; Vollrath & Eatock, 2003).  

My simulations predict that increased [Ca2+] will shift the po(X) curve to the right.  

Increased [Ca2+] in the stereocilia will have two effects.  First, it will stabilize the closed 

states of transduction channel.  Second, it will shift the activation curve to the right.  The first 

and second mechanisms are related to the fast and slow adaptation respectively.  In either 

way, increased [Ca2+] will tend to decrease the resting current as observed in experiments 

(Crawford & Evans, 1991; Corey & Hudspeth, 1983). 
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Figure 4-9  Effect of resting tension in the tip links 
The hair cell with different tip link resting tensions was simulated.  As the 
channel resting tension decreased from 25 (●) to 24 (○) and to 20 pN (■), the 
po(X) curve shifted to the right.  The half activation points (po = 0.5) were 33, 52 
and 94 nm respectively. 

 

Glass fiber versus fluid-jet stimulus 

I simulated two conventional stimulus methods—excitation using a flexible glass 

fiber and a fluid-jet.   In one case, the force is applied at three tallest stereocilia to simulate 

the glass fiber forcing condition.  To imitate the fluid-jet stimulation, a fluid velocity field is 

applied to the bundle in other case.  

The effect of different forcing conditions is shown in Figure 4-10.  The activation 

results were surprisingly different.  The po(X) curve is much steeper in case of glass fiber 

stimulation.  The po(X) curve reached its plateau within 150 nm when glass fiber forced, 

while the operating range was extended to 600 nm when fluid-jet forced (Figure 4-10A).   In 

both cases, 35 out of 42 channels were open at most (max. po = 0.83).  In the fluid jet forced 

case, different from the glass fiber forced hair cell, the channels in the middle of bundle 
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opened first.  While the glass fiber stimulus tends to open the channels at taller stereocilia 

first (Figure 4-5), the fluid-jet opens the channels in the middle of bundle first (Figure 4-12).  

The channel activations along time by two forcing conditions are compared in Figure 

4-10B.  The tip displacement responses along time were similar: for the passive hair cell 

without gating the two forcing methods deflected the bundle tip by 50 nm; with channel 

gating the bundle deformed by 57 and 50 nm at t = 2.0 ms.  For the active hair cell with 

gating, the hair bundle with glass fiber forcing condition deformed further because nine 

channels remained open at t = 2.0 ms.  On the contrary of this similar displacement response, 

the channel activations were very different.  The glass fiber stimulus opened twice as many 

channels as the fluid jet stimulus (27 vs 14 channels).  This means that the hair cell activation 

represented by po is not only the function of bundle tip displacement, X.  The compared 

result is shown in Figure 4-10.  
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Figure 4-10  Glass fiber stimulus vs. fluid-jet stimulus 
The hair bundle was subjected to a series of step forces applied at the tip of 
bundle (glass fiber stimulus), and applied by the fluid velocity field (fluid-jet 
stimulus).   In the left (A), two activation curves by different force conditions are 
shown.  The glass fiber condition (●) made much stiffer activation curve than the 
fluid jet (○).  The activation curve reached the saturation point at 120 nm in the 
glass fiber case, but the activation curve kept increasing up to 400 nm in the 
fluid jet case and reached its plateau around 600 nm.  In the right (B), the time 
responses by two forcing conditions are compared.  The magnitudes of stimuli 
were selected for the passive hair cell (without gating) to yield 50 nm of bundle 
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tip displacement (93 pN and 3.8 mm/s respectively).  During the 2 ms simulation, 
the glass fiber stimulus opened 27 channels at peak and 9 channels remained 
open (solid line), while the fluid jet stimulus opened 14 channels and all closed 
again (broken line). 
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Figure 4-11  Channel activations by fluid-jet stimulus 
The hair cell is subjected to a fluid velocity field.  The fluid velocity was ramped 
up to 10 µm/ms within 0.05 ms.  The bundle tip was displaced by 155 nm and the 
peak open probability, max po, was 0.43 (18 channels).  
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Effect of stimulus speed 

 Two different stimulus speeds were compared in Figure 4-12.   The zero to full force 

rising time (∆t) were 0.1 and 0.75 ms.  The maximum activation level is greater in fast 

stimulus case (po = 0.82 when ∆t = 0.1 and po = 0.75 when ∆t = 0.75).   The po(X) curve 

shifted right as the ∆t increased: 50% po points were 33 nm when ∆t = 0.1 and 75 nm when ∆t 

= 0.75.   Although the peak current response was lower when the stimulus was slow, the 

current response at t =2.0 ms showed little difference. 
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Figure 4-12  Effect of stimulus speed 
The series of step forces were applied for 2 ms.   In one case the force rising time 
was 0.1 ms, and in the other case it was 0.75 ms.  A: The po(X) curve when ∆t = 
0.1 ms (●) and ∆t =0.75 ms (○).  B: The time responses of hair cell by the applied 
force of 50 pN when ∆t = 0.1 ms (solid line) and ∆t =0.75 ms (broken line). 
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4.4 Discussion 

 

Gating force 

In gating theory, the geometric factor γ related the displacement at the tip of bundle to 

the elongation in the gating spring and was approximated to γ ≈ s/H, where s is the horizontal 

distance between the ends of a tip link and H is the mean height of stereocilia (Howard & 

Hudspeth 1988).  The geometric factor of my model is 0.027 from this approximation.  A 

static analysis of my model gave a similar value of 0.029 based on the definition of γ = x/X, 

where x is the average tip link elongation. 

Based on thermo-statistical reasoning (van Netten & Kros, 2000), the gating force, Fg, 

was described as  

( )( Xp
dX
dkTF og ln= )       (4-4) 

where, k is the Boltzmann constant and T is the absolute temperature. The gating force 

by this equation is 0.61 pN using the po(X) curve at peak displacement at t ~ 0.6 ms and 0.47 

pN using the po(X) curve after the fast adaptation at t = 2.0ms.   The force change in the 

gating spring due to channel opening is estimated by the gating force Fg divided by the 

geometric gain γ.  The evaluated forces are 22.5 pN at peak and 17.4 pN at t = 2.0 ms.  In my 

model, the tip links have a resting tension of 25 pN and the channels open at 25.5 pN.  The 

gating swing is 5 nm.  The tension decrease due to channel opening is 26.5 pN (5.3 pN/nm 

multiplied by 5 nm), which is similar to the theoretic values.  

 

Work required to open a channel 

The difference between the channel opening tension (F0) and the resting tension in the 

tip link will determine the margin before a transduction channel opens. It is like a small 

energy hill for a channel to overcome before changing its states from closed to open (C→O).  

I define the gating threshold force, ∆F, as the additional tension above the resting tension in 

the tip link (gating spring) to open a channel.  The ∆F in my study is 0.5 pN (channel opening 

tension of 25.5 pN subtracted by the resting tension of 25.0 pN).  The tip links (gating 

springs) in my model were elongated by 4.7 nm due to the resting tension.  A gating spring 
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further elongates by 0.094 nm before the channel opens.  With the values used in this study, 

the work required to open a transduction channel is 2.4 pN⋅nm-1, which is 0.6 times the 

thermal energy unit kBT.   For other ∆F’s tested in this study, the work required to open a 

transduction channel is 1.8 kBT and 6.5 kBT when ∆F is 1.5 and 5.5 pN respectively.   

  

Parallel arrangement assumption 

Most mathematical studies assume that all the transduction channels are arranged in 

parallel and have an equal chance of activation (Hudspeth et al., 2000).  In this assumption, 

the applied force at the tip of bundle is evenly distributed to all the channels.  In equation (4-

3) this assumption is materialized by the term NFg(X) (the applied force FHB is equally 

distributed on N channels). 

The present study did not need the parallel arrangement assumption.  In vestibular 

hair cell, the tip link tension is not evenly distributed in the bundle (Pickles, 1993; Cotton & 

Grant 2004b; Silber et al., 2004).  When the force is applied at the tip of bundle, the tip links 

near the excitation point are tensed most (Silber et al., 2004; Nam et al., 2005b).  My 

simulations showed that the channels near the taller edge opened faster and they had higher 

chance to remain open because of uneven tip link tension distribution. 

There are two advantages of being free of the parallel arrangement assumption.  The 

present model can be used to study how different shapes of hair bundle are related to their 

function.  I can also use my model to study how the hair cell responds in the natural (in situ) 

stimulus conditions (Nam et al., 2005).  

 

Hair cell activation depends on how the stimulus is applied 

I tested how the nature of force affects the hair cell sensitivity.  Two different types of 

step force were simulated.  In one case, I assumed that a flexible glass fiber delivers a step 

force to the tip of the bundle.  In the other, I assumed that a fluid-jet applies a wall flow (a 

fluid flow that has a constant velocity field along the entire height of hair bundle) to the hair 

bundle.  These assumptions, however, are approximations of those in vitro forcing conditions.  

As the glass fiber becomes very compliant compared to the hair bundle, the forcing condition 

becomes similar to the step force.  When the glass fiber is much stiffer than the hair bundle, 
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the forcing condition is similar to the step displacement.  If the fluid flow by the fluid-jet 

produces a step velocity, its forcing condition may be a fair approximation of a step force.  

Many experiments used flexible glass fibers (Howard & Ashmore, 1986; Howard & 

Hudspeth, 1988; Russell et al., 1992; Ricci et al., 2002; Kennedy et al., 2005), while others 

used stiff glass fibers (Jaramillo & Hudspeth, 1993; Holt et al., 1997; Vollrath & Eatock, 

2003).  Currently, there is little information telling the difference between the step force 

(flexible glass fiber) and the step displacement (stiff glass fiber) stimuli.  One experiment 

done by Vollrath & Eatock, 2003, compared the step displacement and the step force.  

However, in that comparison the force delivery media were different.  The step force was 

applied by a fluid-jet while the step displacement was delivered by a stiff glass probe.  My 

simulations indicate that the medium of force delivery (distributed pressure by fluid flow or 

concentrated load at the tip of bundle) strongly affects the hair cell response. 

The fluid-jet stimulus makes a broader po(X) curve than the glass fiber stimulus.  

Similar behavior has been observed by Vollrath & Eatock, 2003.  They compared the 10-90% 

operating ranges (OR) of hair cells in mouse utricle using the glass fiber and fluid-jet.   The 

OR was about 1000 nm by the glass fiber and 2000 nm by the fluid-jet.   In other experiment 

by Géléoc et al., 1997, the OR of hair cells in mouse utricle subjected to fluid-jet stimuli was 

330 nm.   My simulated OR of fluid-jet case was 450 nm, which lies between the two 

experiment results.   The shape of fluid velocity field may have increased my OR than the 

experiment.   I assumed a constant fluid velocity distribution from the base to the tip of 

bundle, while in the experiment, due to the boundary layer thickness the fluid velocity may 

develop along the height of bundle.   On the other hand, the force ramping speed of fluid-jet 

in my simulation may have reduced my OR compared to the experiments.  In the simulation 

the fluid velocity was increased from zero to its full velocity within 0.1 ms.   Usually the 

force rising time is greater than 0.1 ms.  

 A faster stimulus makes a steeper po(X) curve.  In experiments, several factors limit 

the speed of force application.  The force rising time is restricted by the drag of glass fiber 

and the resonance frequency of piezoelectric actuator.   Usually, the driving signal fed to 

stimulus probe is low-pass filtered at 0.5~3 KHz.   After this filtering, the 10-90% rising time 

of the step force is 0.1 ~ 2 ms.  The time constant of the fast adaptation (0.1~1 ms) overlaps 

the force rising time.  Then, the step force application time of in vitro experiments is not fast 

enough to ignore the confounding effect due to the fast adaptation.  Moreover, the application 
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speed of the fluid-jet stimulus has not been reported.  It would be dangerous to compare 

results from different experiments when the input (stimulus) conditions are not defined 

clearly. 
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Chapter 5   Conclusions 

 

The conventional way to study hair cell mechanoelectric transduction was to 

experiment with hair cells in vitro and analyze the experiment results with mathematical 

models.  The mathematical models have developed a theory called the gating theory 

(reviewed in Hudspeth, 1997).   Despite increasing knowledge about the molecular structures 

of hair cells, the mechanical model of hair cells in the gating theory has remained simple 

(Corey & Hudspeth, 1983; Howard & Hudspeth, 1987, 1988, see Figure 1-6).  Efforts to 

make the most of the recent findings regarding hair cell structures led to the development of a 

hair cell finite element model (Duncan & Grant, 1998; Cotton & Grant, 2000, 2004a, b).  

In this study, I continued the computational approach (Cotton and Grant, 2000, 2004a, 

b).   I expanded the existing passive static finite element program of the hair bundle into an 

active dynamic hair cell model.  At first, I validated the mechanical model by comparing it 

with recent experiments (Chapter 2).  Since the hair bundle structural dynamics is governed 

by the micro fluid mechanics, I have established equations of motion including the effect of 

fluid drag, and developed a computational program to solve the equations of motion (Chapter 

3).  Without the adaptation and channel kinetics it is still a passive structural analysis.  Based 

on the existing gating theory, I made a single channel gating scenario including channel 

gating and fast adaptation (Chapter 4). 

I estimated the mechanical properties of hair bundle structural elements by comparing 

my FE model of a hair bundle with recent experiment results by Bashtanov et al. (2004).  By 

simulating the same protocol as the experiment, I could identify the mechanical properties of 

hair bundle structural elements.  The following values were found: Young’s modulus of 

stereocilia of 0.74 GPa, stiffness of tip links of 5300 pN/µm, stiffness of shaft links 

combining a couple of stereocilia of 2250 pN/µm, and almost zero stiffness of upper lateral 

links.  With these quantified properties, I could match results of the experiment: intact bundle 

stiffness of 900 pN/µm, and a 43% and 48% of stiffness reduction after the tip and shaft link 

removal, respectively.  The harmonic analysis results also agreed well with the experimental 

results. The stereocilia Young’s modulus agrees with the Young’s modulus of actin bundles 
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(Shin et al., 2004).  The tip link (gating spring) stiffness is within the range of ankyrin repeats, 

which is believed to be the gating spring (Sotomayor & Corey, 2005; Howard & Bechstadt, 

2004).  The mechanical properties of the shaft link and the upper lateral link do not have any 

references to compare with, so my study provides the first estimations.  Interestingly, the 

upper lateral links have almost no stiffness in the undeformed hair bundle.  I suggest that the 

upper lateral links may have a structural role when they have fully stretched or fully 

compressed.  

I developed a dynamic 3-D hair bundle mechanical model including inertia and 

viscous fluid drag effects based on the finite element method in Chapter 3.  Two forcing 

types are simulated: 1) the hair bundle deformed by shear flow of ambient fluid, 2) the hair 

bundle pulled at the tip of kinocilium by a step force.  Two hair bundles are compared: 1) a 

striolar hair cell with round bundle shape and 2) a medial extrastriolar hair cell with elliptic 

bundle shape.  The striolar cell bundle shows a clear difference between fluid-forced and 

point-forced cases.  When fluid forced, it shows more evenly distributed tip link tensions and 

responds like an on/off switch.   The extrastriolar cell does not show noticeable differences 

between the forcing types. For both forcing conditions, the cell responds serially—the 

nearest tip links to the kinocilium are tensed first followed by a propagation of tension to the 

farther tip links.    My results suggest that the fluid-induced force is an important part of the 

natural forcing condition of the striolar hair cells.  

In Chapter 4, I presented a virtual hair cell—a computational model of hair cell 

mechanotransduction.  The virtual hair cell showed features of the hair cell observed 

experimentally.   A fast twitch appeared when the applied force was small and the open 

probability, po was less than 0.5.  The bundle stiffness was nonlinear and minimal when the 

po(X) curve was the steepest.  I investigated how some experimental parameters affect the 

hair cell sensitivity.  Three experimental parameters were examined in this study: the resting 

tension, the forcing type and the forcing speed.  As the resting tension increased, the hair cell 

became more sensitive or the po(X) curve shifted to the left.  Two forcing types (glass fiber vs. 

fluid-jet stimulus) were simulated.   The fluid-jet forcing condition activated fewer channels 

than the glass fiber case and shifted the po(X) curve to the right.  A faster force application 

opened more channels and shifted the po(X) curve to the left.  My results indicate that the hair 

cell response is highly dependent on the force boundary conditions.   
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My developed computational hair cell model has a couple of unique advantages over 

existing mathematical hair cell models.  My model can be used to find the functional 

differences between hair cells of various shapes.  As an example, I compared a striolar and 

medial extrastriolar hair cell in Chapter 3.  Although, I modeled and simulated only a few 

hair cells from the turtle utricle, the theory and methods I presented in this study are not 

confined to specific hair cells.  The same approach can be applied to other hair cells such as 

human auditory hair cells.   My model also can be used to study how in vivo hair cells 

response to real life stimuli.  Most in vitro experiments apply step force/displacement stimuli 

to the hair cells.  As shown in Chapter 4, the different force boundary conditions can vary the 

hair cell response.  After carefully matching my computational model to the experimental 

results and studying the natural force boundary conditions, my model can be used to 

extrapolate in vitro experiments results to predict in vivo hair cell responses in a realistic 

environment.  
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Appendix A. Matrices 

Appendix A  Mass, stiffness and damping matrices 
 
Mass matrix of frame element (stereocilia and kinocilium) 

When { } [ ]222222111111 zyxzyxzyxzyx
T θθθδδδθθθδδδ=u  

[ ] [ ]•×=
105

~ Aa
e

ρm  

 

  1 2 3 4 5 6 7 8 9 10 11 12  

1 70 0 0 0 0 0 35 0 0 0 0 0 δx1

2 0 78 0 0 0 22a 0 27 0 0 0 -13a δy1

3 0 0 78 0 -22a 0 0 0 27 0 13a 0 δz1

4 0 0 0 70rx
2 0 0 0 0 0 35rx

2 0 0 θx1

5 0 0 -22a 0 8a2 0 0 0 -13a 0 -6a2 0 θy1

6 0 22a 0 0 0 8a2 0 13a 0 0 0 -6a2 θz1

7 35 0 0 0 0 0 70 0 0 0 0 0 δx2

8 0 27 0 0 0 -13a 0 78 0 0 0 -22a δy2

9 0 0 27 0 13a 0 0 0 78 0 22a 0 δz2

10 0 0 0 35rx
2 0 0 0 0 0 70rx

2 0 0 θx2

11 0 0 -13a 0 -6a2 0 0 0 22a 0 8a2 0 θy2

[●]  = 

12 0 13a 0 0 0 -6a2 0 -22a 0 0 0 8a2 θz2

  δx1 δy1 δz1 θx1 θy1 θz1 δx2 δy2 δz2 θx2 θy2 θz2  

 
a =  half the length of the element 
rx

2=  Ix/A 
 
Note that x axis lies along longitudinal direction of the frame element 
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Appendix A. Matrices 

Mass matrix of link element (tip link, upper lateral link, shaft link, kinocilial link) 

When { } [ ]222111 zyxzyx
T
e δδδδδδ=u  

 

[ ] [ ]•×=
105

~ Aa
e

ρm  

 
  

1 3 5 6 8 10  

1 78 0 0 27 0 0 δx1

3 0 78 0 0 27 0 δy1

5 0 0 70 0 0 35 δz1

6 27 0 0 78 0 0 δx2

8 0 27 0 0 78 0 δy2

[●]  = 

10 0 0 35 0 0 70 δz2

  δx1 δy1 δz1 δx2 δy2 δz2  

 

[ ] [ ] [ ] [ ]T RmRm ~= eece  

[ ] ⎥
⎦

⎤
⎢
⎣

⎡
=

rO
Or

R e  

[ ]
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( ) ⎥

⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−

−
=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

ydzdxd
zdydxd
zdxdyd

ZzYzXz
ZzYyXy
ZxYxXx

,cos,cos,cos
,cos,cos,cos
,cos,cos,cos

r  

here, 

0

12

l
yyyd −

= ,  
0

12

l
xxxd −

= , 
0

12

l
zzzd −

=  
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Appendix A. Matrices 

Stiffness matrix of frame element  

When { } [ ]222222111111 zyxzyxzyxzyx
T θθθδδδθθθδδδ=u  

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

+−−
+−−

−
−−−

−−−
−

−−+
−−+

−
−

−
−

=

DCBDCB
DCBDCB

FF
BABA

BABA
HH

DCBDCB
DCBDCB

FF
BABA

BABA
HH

00000000
00000000
0000000000
00000000

00000000
0000000000

00000000
00000000
0000000000
00000000

00000000
0000000000

K  

Where,  
L

GAkA = , GAkB
2
1

−= , GAkLC
4
1

= , 
L
EID =  and 

L
EAH =  

(G = shear modulus, A = cross sectional area, k=shear factor, E = Young’s modulus, I=cross sectional 
area moment of inertia, and L = length of the element) 
 

Stiffness matrix of link element 

When { } [ ]222111 zyxzyx
T
e δδδδδδ=u  

TH TTK ⋅⎥
⎦

⎤
⎢
⎣

⎡
−

−
⋅=

11
11

 

Where,  [ ]Tzdydxd 000=T
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Appendix B.  Newmark Method 

Appendix B  Newmark formulation for dynamic analysis 
 
The equation of motion in matrix form is 

)1()()()( −∆+∆+∆+∆+ −=∆++ kttttktktttktt FRUKUCUM &&&     (B-1) 
)()1()( kkttktt UUU ∆+= −∆+∆+        (B-2) 

Using Newmark method, 

( ){ }UUUU &&&&& tttttt t ∆+∆+ +−∆+= γγ1       (B-3) 

( ){ }UUUUU &&&&& ttttttt tt ∆+∆+ +−∆+∆+= ββ2
12      (B-4) 

Solving (B-4) to get  U&&tt ∆+

 ( ) UUUUU &&&&& ttttttt

tt ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−

∆
−−

∆
= ∆+∆+ 1

2
111

2 βββ
    (B-5) 

Plugging (B-5) into (B-3)  

 ( ) UUUUU &&&& ttttttt t
t

∆⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+−

∆
= ∆+∆+

β
γ

β
γ

β
γ

2
11    (B-6) 

Put (5), (6) into (B-1) 

 

( )

( )
)1()(

)()1(

)()1(
2

2
11

1
2
111

−∆+∆+

−∆+

−∆+

−=∆+
⎭
⎬
⎫

⎩
⎨
⎧

∆⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+∆+−

∆
+

⎭
⎬
⎫

⎩
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−

∆
−∆+−

∆

kttttkt

ttktkttt

ttktktt

t
t

tt

FRUK

UUUUUC

UUUUUM

&&&

&&&

β
γ

β
γ

β
γ

βββ

 (B-7) 

Rearranging (B-7) 

 ( )

UCM

UCMUUCM

FRUKCM

&&

&

t

ttktt

kttttkt
t

t

ttt

tt

⎭
⎬
⎫

⎩
⎨
⎧

∆⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+

⎭
⎬
⎫

⎩
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−

∆
+−

⎭
⎬
⎫

⎩
⎨
⎧

∆
+

∆
−

−=∆⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

∆
+

∆

−∆+

−∆+∆+

β
γ

β

β
γ

ββ
γ

β

β
γ

β

2
11

2
1

1)1(
2

)1()(
2

 (B-8) 
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Appendix C.  Computational flow chart 

Appendix C  Computational flow chart 
 

Preprocessing

Apply prestress

Assemble M, C, and K matrices,  
See eqn’s in Appendix A 

t = t + dt

Solve for incremental displacement dU  
using eqn (B-8) 

U = U + dU

Compute ,  U& U&&

 

Get internal force vector from updated 
strain 

Convergence 
No

K = Kstereocilia + update(Klink)

gating MET channel 

Yes

t > tend
No 

Yes

Iterative 
steps 

Time 
steps 

Save and display the results 
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Appendix D.  Code Verification 

Appendix D  Code Verification 
 
Verification of dynamic program (1) 

Natural frequency of cantilever beam 
9100.3 ×=E  

2.0=d  

0.6=L  

Mesh size = 1 

 

Analytic solution 

 4
2

mL
EI

nn αω =  where, L,855.7,694.4,875.11 =α  

 
1ω  2ω  3ω  

analytic 2.674 16.76 43.94 

My program 2.674 16.90 48.23 

Error (%) 0.00 0.84 9.76 

 

 

Verification of dynamic program (2) 

 

Natural frequency of 2-stereocilia structure 
9100.3 ×=stE  

6100.3 ×=tlE ,  6100.3 ×=sbE

12100.3 ×=clE  (booming link for ANSYS) 

100=ρ  (same for all material but booming link has 1.00) 
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Appendix D.  Code Verification 

 
 

 
1ω  2ω  3ω  4ω  5ω  

ANSYS 26.7192 28.5420 38.4732 42.6609 167.3338 

dcode1.0 26.7417 28.5310 38.5000 42.6325 174.9261 

Error (%) 0.084 0.034 0.070 0.067 4.537 

 

 

Verification of dynamic program (3) 

Transient response of 2-stereocilia structure 

 

Other conditions are same as (2) 

Newmark method was used. Consistent mass matrix 

KMC βα += , 05.0,05.0 == βα  
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Appendix D.  Code Verification 

Verification of dynamic program (4) 

Deformation by steady state fluid flow 

 

1. Model 

msec
mV µ0.10max =  

md µ2.0=  

mH µ10=  

msec
m2

310 µν =  

3
310 m

ng
µ

ρ −=  

 

2. Steady state response 

 

Static deflection due to drag 

 

 y
H
ydVVd

max
max ReRe ≡⋅==
νν

  where, 
H
yy

dV
== ,Re max

max ν
 

 ( )yy
CD

maxmax Re/4.7logRe
8π

=  

 ( ) ( ) ( )( )2
max

maxmax 2
1

Re/4.7logRe
8

2
1 yVydHd

yy
VVACydD D ρπρ ==  

For given properties,  

 ( ) ( ) ( ) yHdyyyyHd
y

yydD fittingcurve 32 1044..25311.5834.11
log216.8

566.125
−+⎯⎯⎯⎯ →⎯

−
=  

Drag per unit length 
yHd
ydDyw )()( =  

Equation for static equilibrium is  

 ( ) 32
4

4

1044.25311.5834.11 yyyyw
yd

xdEI −+==⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
 

With B.C.s for cantilever   

  

Solving the equation we get 

 ( )76532
4

002505.001536.009862.02058.14533.2)( yyyyy
EI
Hyx −++−=  

Therefore, ( ) 05768.01 == xtipδ  

Results from NLDFEA 
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Appendix D.  Code Verification 

  

⎪
⎪
⎩

⎪
⎪
⎨

⎧

=
=
=
=

=

0.125meshsizewhen,05759.0
0.250meshsizewhen,05760.0
0.500meshsizewhen,05777.0
1.000meshsizewhen,05799.0

tipδ

Error is 

 %16.0100
05768.0

05759.005768.0Error =×
−

=  

 

Effective damping coefficient  

Denk et el., 1989, estimated the damping coefficient of a hair bundle from frequency analysis 

as 127 nNs/m.  If our hair bundle (cell d2) is subjected to 1 µm/ms velocity, from the same equations 

above the drag force is 90 pN.  Then the effective damping coefficient is 90 nNs/m, which is similar 

to the literature. 

Had we used the width of bundle, 3 µm, instead of stereocilium diameter for the Reynolds 

number, we get 15 nNs/m of effective damping coefficient which increases the difference between my 

computational model and the experiment by Denk et al.
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