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ABSTRACT 

 

Within the vestibular system are otolith organs, both the utricle and saccule.  The primary 

function of these organs is to transduce linear head accelerations and static head tilts into afferent 

signals that are sent to the central nervous system for the utilization of image fixation, muscle 

posture control, and the coordination of musculoskeletal movement in dynamic body motion.  

The utricle of the red ear slider turtle was studied in this dissertation.  The turtle’s utricle is 

composed of several layers.  The base layer contains a set of neural receptor cells, called hair 

cells, and supporting cells.  The three layers above the base layer compose the utricle’s otoconial 

membrane (OM) and are: 1.) a saccharide gelatinous layer, 2.) a column filament layer, and 3.) a 

calcite and aragonite otoconial crystal layer.   

 

The primary goal of this research was to study the dynamic response of the turtle’s OM to a 

variety of natural inertial stimuli in order to characterize its inherent mechanical properties of 

natural frequency (ωn), damping (ζ), and shear modulus (G).  The medial-lateral (ML) and 

anterior-posterior (AP) anatomical axes parameters were measured for the utricle.  The ML axis 

median with 95% confidence intervals was found to be ωn = 374 (353, 396) Hz, ζ = 0.50 (0.47, 

0.53), and G = 9.42 (8.36, 10.49) Pa.  The AP axis median with 95% confidence intervals was 

found to be ωn = 409 (390, 430) Hz, ζ = 0.53 (0.48, 0.57), and G = 11.31 (10.21, 12.41).  

Nonlinearites were not found to occur in the OM for the tested inertial stimuli and no significant 

difference was found between the mechanical properties for the ML and AP axes.  

 

Additionally, this research presents the initial steps to form a novel bio-inspired accelerometer 

based on the morphology of the utricle.  The primary transducer element for this possible otolith 

organ inspired accelerometer design is a droplet interface bilayer (DIB).  A DIB is a lipid bilayer 

that is formed when the interface of two aqueous droplets, that contain free-floating lipids, are 

joined.  The aqueous droplets are suspended in a nonpolar environment (oil) and the oil/water 

interface forms a lipid monolayer.  This research developed and used an experimental test setup 

to characterize the mechanoelectrical characteristics of a micron-sized DIB.  This information, 

along with examples in the text, could be used to further design the aforementioned 

accelerometer. 
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Chapter 1 
 

Introduction 
 

The primary goal of this introduction is to provide anatomical and physiological detail 

pertaining to the vestibular system and its transduction mechanisms.  This information is the 

basis of this research as well as the inspiration for the initial steps for the development of a novel 

bio-inspired accelerometer. 

 

1.1 The Vestibular System 

 

1.1.1 Otolith Organs 

 

The vestibular system is a specialized sensory system for balance and spatial orientation.  The 

vestibular apparatus is located within the inner ear and is encapsulated in a membranous 

labyrinth of the temporal bone.  The primary function of the vestibular system is to transduce 

head movements into spatiotemporal sensory signals that can then be processed by the brain to 

coordinate image fixation, posture control, and to coordinate musculoskeletal movement in 

dynamic body motion. 

 

The head is subjected to rotational acceleration, linear acceleration, and static tilts.  Specialized 

organs witin the vestibular system are responsible for transducing each head motion.  The 

rotational motions are transduced by three semicircular canals (anterior, posterior, and 

horizontal) placed orthogonally to each other.  Otolith organs are linear motion sensors within 

the inner ear.  These organs, the utricle and saccule, measure inertial motion (acceleration) and 

tilting of the skull with respect to gravity [10, 20].  The otolith organs transduce the linear 

motion into afferent signals that are sent to the vestibular nuclei, of the central nervous system, 

which further processes and utilizes the information [17]. 
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The utricle is comprised of several layers, as shown in Fig. 1.11.  The base layer of the utricle 

contains a set of neural receptor cells with cilia bundles protruding from their apical surface.  

These cells are called hair cells (HC) due to their cilia bundles.  The HC receptors transmit the 

deflection of their cilia bundle as modulated nervous signals to the central nervous system.  Each 

HC receptor has an organized structure of mechanosensitive cilia, known as cilia or hair bundles 

(HB), protruding into the 3 layered otoconial membrane (OM).  The 3 layers of the OM are: an 

otoconial layer (OL), a compact gel layer (GL), and a column filament layer (CFL), as shown in 

Fig. 1.1a.  The OL is composed of dense calcium carbonate crystals, called otoconia, embedded 

atop a saccharide gel.  The GL is a continuation of the OL that doesn’t contain otoconia and the 

CFL is composed of thin cross-linking filaments.  The CFL has thin holes that the HBs reside in 

and somewhat extend into the GL. 

 

When the skull is exposed to a linear acceleration the denser OL mass lags behind the sensory 

cells of the neuroepithelium (NE), causing a shearing in the GL and CFL layers, as shown in Fig. 

1.1b.  This shearing deformation creates a physical displacement between the OL and NE and is 

transduced into central nervous signals by the HCs.  Similarly, with static tilting of the head the 

weight of the OL will cause a deformation of the GL and CFL layers. 
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Fig. 1.1:  Cross-sectional views of the utricle’s medial-lateral anatomical axis.  (a) An illustration 

of the several layers comprising the utricle; taken from Davis [9] with permission.  The base 

layer consists of the hair cell (HC) bodies and an epithelium layer (EL). The hair bundles 

protrude from the apical surface of the HC body and into the CFL and possibly GL and OL 

layers.  (b)  Indicates the shearing of the CFL and GL layers when the utricle is exposed to 

acceleration or static head tilt; again this was taken from Davis [9] with permission. (c) Confocal 

image of the cross-section of the medial-lateral transect of the utricle.  The utricle was stained to 

show its various structures.  This photo was taken by J. Xue from E.H. Peterson’s lab. 

 

In Fig. 1.1c a medial-lateral (ML) axis cross section of the turtle utricle, prepared by J. Xue from 

E.H. Peterson’s lab, is shown using confocal microscopy (see Fig. 1.2 for utricular anatomical 

directions).  The utricle was excised from the turtle and prepared using techniques that best 

preserved it’s in vivo dimensions, while still revealing several of its key structures [9].  From this 

transected view (Fig. 1.1c) the HC, NE, OL, and the overlaying falx, what we will term the 

“membranous shelf (MS)”, that overlies the OL is shown.  Note that these layers are somewhat 

spatially invariant along the ML axis.  For example, the CFL layer ranges in thickness from 8 to 

15 μm and the OL is thickest near the center of the utricle at approximately 80 μm [9].  

  

Otolith organs vary in their shape and size both across species and organs [19].  For example, in 

reptiles the utricle is oval shaped and has elongations in the medial ends and in some mammals 

the utricle is kidney-bean shaped [19].  The turtle utricle was used in this dissertation and has a 
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slightly curved surface.  In Fig. 1.2 an illustration indicates several important features of the 

turtle utricle.  One of the first observations about the turtle utricle is that its perimeter is 

scalloped shaped and its total surface area has been measured at roughly 1.0 mm
2
 [9].  

Distributed across the surface of the utricular macula are HB’s that are oriented in a splayed 

fashion, as indicated by the arrows in Fig. 1.2.  Located in the utricle is a line of polarity reversal 

that is found in the striolar region and is shown by the dashed line in Fig. 1.2.  The significance 

of the striolar region and line of polarity reversal are further discussed in section 1.1.2.  All of 

these structural features, along with their mechanical properties, of the utricle are of primary 

importance for transducing static and dynamic head motions into CNS information.   

 

 

Fig. 1.2:  An illustration of the apical surface of the turtle utricle.  The medial (M), lateral (L), 

anterior (A), and posterior (P) anatomical axes are shown.  Arrows indicate the HB axis of 

polarity, maximal sensitivity directions, and how they are splayed across the utricular macula.  

The dashed line represents the general proximity of the striolar region, which contains the line of 

polarity reversal. 

 

1.1.2 Hair Bundle Morphology 

 

HBs, just as the otolith organs, vary between species and across vestibular organs.  For example, 

in the turtle utricle there are at least 4 different types of HB’s, with most spatially located within 

defined zones across the macualar surface [33].  The HB’s morophology and mechanical 

properties vary considerablly across the turtle utricle, as for all otolith organs, because its 
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fundamental to their mechnoreceptive charateristics and providing otolith’s the capability of 

transducing a variety of head motions and static tilts [22, 23, 37, 39].  Regardless of the detailed 

differences between HB’s they all follow a general activation process and do have structural 

commanalitites.  Therefore, a general HB description is presented here and if the reader is 

interested further details can be found in Vertebrate Hair Cells by Eatock, Fay, and Popper [11].  

 

 

Fig. 1.3:  Vestibular hair bundle of turtle (from E.H. Peterson’s Lab) 

 

Fig. 1.3 depicts a turtle vestibular HB (from E.H. Peterson’s Lab) and is given as a general 

illustrational guide for the subsequent HB description.  From the flattened apical surface of a HC 

projects approximately 15-130 stereocilia [33], whose internal structure is comprised of an actin 

cytoskeleton.  The stereocilia are hexagonally packed and arranged in ascending height, a 

“staircase-like” pattern.  Also protruding from the HC body, at the tallest end of the HB, is a 

single kinocilium.  It’s commonly found that the upper tip of the kinocilium extends into the GL 

and OL of the OM.  The bases of the stereocilia are tapered and rigidly attached to the HC body.  

The stereocilia and kinocilium are connected via filamentous linkages at several locations along 

their shafts.  At the upper tip of a stereocilia, extending towards its next tallest neighbor, is a tip 

link assembly that is responsible for the opening and closing of ion channels.  Within this 

assembly is a myosin motor that keeps the ion channel’s pretensioned.  These linkages provide 
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structural integrity to the HB and also help regulate the hair cell transduction mechanisms as 

described in section 1.1.3. 

 

1.1.3 Hair Cell Transduction Mechanism 

 

When a mechanical stimulus is applied to the HB an electrical response is generated by the 

opening and closing of mechanically sensitive transduction channels [15].  The stimulus of the 

HB is directionally sensitive, with a depolarization occurring when the bundle is deflected 

toward the tallest stereocilia or kinocilium and a hyperpolarization occurring in the opposite 

axial direction.  It is to be noted that stimulus at a right angle of the bundles axis produces a 

minimal response.  As previously shown in Fig. 1.2 there is a line of polarity reversal located in 

the striolar region.  At this line the HB’s reorientation themselves so as to flip their polarity.  

Gating springs open and close the ion transduction channels of the HBs because of tip links 

connected between stereocilia.  The gating springs are thin filaments that are connected to 

myosin motors, used to keep them pretensioned for optimal neural response.  It is expected that 

approximately 50% of the stiffness in deflecting a hair bundle is due to the gating springs [31].  

Once a gating spring passes a certain tensional threshold an influx of positively charged 

potassium and calcium ions flow through the transduction channels causing proportional 

depolarization.  The influx of potassium and calcium initiates a sequence of molecular events 

that cause the release of neurotransmitters.  The release of neurotransmitters generates the neural 

coding of motion and static tilt. 

 

1.1.4 Previous Measurements and Studies of the Otoconial Membrane 

 

The first experimental study to report a SL stiffness and natural frequency of an otolithic organ 

was conducted on fish with the majority of the measurements made on the saccule of Ruff fish 

[10]. X-ray photomicrographs were used to measure the displacement of fish OL relative to the 

NE with an error of 5 mm. Stimuli from gravity with head tilt, vibratory motion, and 

centrifugation, were used. The conclusions reached on the saccule in this work were that the 

dynamic system was near critically damped and probably slightly overdamped. The saccule 

stone is a single crystal and its mass is quite large in the fish studied. This large stone mass led to 
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large stimulus deflections in this study that could be measured with X-ray photomicrographs.   

This large mass also gave the saccular system a low natural frequency of 41 Hz. The utricle stone 

is small in these fish, relative to the saccule, resulting in small utricle mass displacements. These 

small displacements were in the range of doubtful measurement accuracy. This lack of 

measurement capability prevented any conclusions regarding the utricle’s dynamic behavior, 

although it was suspected to be near critically damped and slightly overdamped. 

 

In a study of the bullfrog saccule [2], the saccule was chemically treated with subtilisin, so the 

OL could be removed from the saccule’s dorsal surface.  The tip of a flexible glass whisker of 

calibrated stiffness was inserted into the otolithic membrane to induce a shear force.  The probe’s 

base was then displaced and micro-beads placed on the surface of the GL layer were used to 

simultaneously measure the shear displacement on the surface of the otolithic membrane and the 

probe tips flexion.  This provided force versus displacement data.  Subsequently this data was 

used in a finite-element model to determine the Young modulus (E) of the GL and combined 

CFL-HB layers as 6.6 k Pa and 250 Pa, respectively [16]. If the CFL is assumed to be 

incompressible the shear modulus G becomes 1/3 of the Young’s modulus or 83 Pa.  

 

Several models have estimated the elasticity of inner ear materials that are similar to the utricles 

SL.  Experimental data was used with a viscoelastic model of the otolith organ and determined a 

Young’s modulus of order E = 10 Pa (G = 3.3 Pa) [16]. Another computational study on human 

semicircular canals, found the gelatinous material of the cupula to have a Young’s modulus of 

approximately 5.4 Pa [10].  All of these studies exemplify an effective shear modulus for the SL 

on the order of G = 10 Pa.  

 

1.2 Vestibular Research Objectives and Contributions 

 

There are 3 objectives achieved by this research that pertain to the basic science and 

understanding of the vestibular system.  Each of these objectives and their contributions are 

listed in bullet format for the ease of identification: 
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 Chapter 2:  The objective of this experiment was to measure the relative displacement 

between the neuroepithelium and otoconial layer of the red eared slider turtle’s utricle along 

its ML axis by using light microscopy, high-speed video, and controlled excitations.  The 

experimentally measured relative displacement was used to estimate the natural frequency 

(ωn), damping (ζ), and shear modulus (G) of the utricle’s SL, based on data matching to a  2
nd

 

order lumped parameter model.  To our knowledge this experiment is the first time the 

dynamic characteristics and mechanical properties have been measured for the utricle in any 

species. 

 

 Chapter 3:  The primary objective of this experiment described here was to stimulate the 

utricle past its point of resonance (363 Hz) along its ML axis, measured from our previous 

experiment (Chapter 2), in order to make improved estimates of the utricles intrinsic 

mechanical parameters: ωn, ζ, and G. The improved parameter estimates were made using a 

frequency domain system identification technique (FDSI).  The FDSI contains both the 

magnitude and phase information between the otoconial layer and neuroepithelium reference 

motion.  The data is used to fit constant coefficient transfer function models that describe the 

utricles intrinsic dynamics and mechanical properties.  This experiment is an improvement 

over Chapter 2 in the technique for observing the utricle’s dynamics and also for measuring 

its mechanical properties. 

 

 Chapter 4:  The objective of this experiment was to use the experimental techniques 

described in Chapter 3 to estimate the utricle’s intrinsic mechanical parameters: ωn, ζ, and G 

along its AP axis.  Due to the lack of experimental evidence, or to our knowledge any 

experimental evidence, for directional measurements of material properties for the otolith 

organs we feel this information would be advantageous for future computational models and 

the general knowledge of vestibular function.  All past computational models have assumed 

linear homogenous material properties for otoliths and have also placed an emphasis on the 

need for an experimental study of physical parameters.  This is the first time an experimental 

measurement has been made for directional material properties and dynamic response for an 

otolith organ. 
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1.3 A Novel Bio-Inspired Accelerometer 

 

In this section we present the proposal of a novel bio-inspired accelerometer.  The inspiration 

comes from a combination of previously developed lipid bilayer based sensors and utricular 

morphology.  The basics of lipid bilayers and their use as sensors are first covered, then a 

proposal is given that would implement this technology as an otolithic organ inspired 

accelerometer.  Note the accelerometer was not built, but the initial steps needed to implement 

the lipid bilayer as a sensor were researched in this dissertation. 

 

1.3.1 Lipid Molecules and Membranes 

 

Lipids are the basic building blocks for the selective cell membrane barrier encapsulating 

eukaryote and prokaryote cells.  The cell membrane functions as a separator of intracellular and 

extracellular fluid and is commonly described by the Fluid Mosaic model [36].  Small molecules, 

such as water, oxygen, and carbon dioxide can passively diffuse through the membrane.  

Regulation of the osmotic pressure and membrane potential are aided by the incorporation of 

proteins that are either in or attached to the membrane.  The proteins can selectively control the 

passage of ions [36].   

 

Lipids themselves are naturally occurring molecules and in the case of these experiments we 

used phospholipids, which are lipids with a phosphate-based polar head group that is attached to 

a glycerol molecule via a phosphodiester link [4].  The glycerol molecule is attached to two 

hydrocarbon tails.  The phosphate head group is polar and hydrophilic, meaning it is carries a 

slight charge and is water-soluble.  The hydrocarbon tail groups are non-polar and hydrophobic, 

meaning it has no associated charge and is water-insoluble.  Lipids molecules are commonly 

referred to as being amphiphilic because of their hydrophobic and hydrophilic domains.  Due to 

the amphiphilic nature of lipid molecules they have a self-assembling orientation due to the 

Hydrophobic Effect [38] and this is illustrated in Fig. 1.4.  This implies that when lipid 

molecules are placed in a nonpolar environment, such as oil, they orientate themselves into 

micelles (a micelle is an aggregate of lipid molecules) with their hydrocarbon tails pointing 
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outwards toward the nonpolar solvent and their polar head groups turned inward, see Fig. 1.4.  

The opposite effect occurs when lipid molecules are placed in a polar solution, such as water, 

thus forming inverted micelles and lipid bilayers.   

 

 

Fig. 1.4: Illustration of a micelle, inverted micelle and lipid bilayer.  A micelle and inverted 

micelle are both an aggregate of lipid molecules.  In a micelle the hydrophobic hydrocarbon tails 

are pointed outwards towards a non-polar environment and the hydrophilic tail are inwards 

towards a polar solution.  An inverted micelle has the opposite orientation of the lipid molecules 

in reference to a micelle.  

 

A lipid’s chemical composition controls its shape and size and also determines several factors for 

a lipid bilayer such as its thickness, elasticity, and fluidity [5, 7, 8].  The two-tailed 

phospholipids used in our experiment are considered liquid-crystalline membranes.  The lipid 

molecules interact with each other nonspecifically in the membrane through long-range 

electrostatics, van der Waals interactions, and are mostly driven by hydrophobic interactions 

[36].  The hydrophobic interactions allows for the fluidity of the lipid bilayer, thus regulating the 

molecular surface density of the membrane through mobility of lipids into and out of the 

membrane [12]. 

 

One of the first mentions of membranes was the black lipid membrane (BLM).  BLMs were 

mentioned by Isaac Newton as a result of black soap films [28].  They are termed black lipid 

membranes because they appear dark in reflected light due to the thickness of the membrane.  
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Since, the discovery of the lipid bilayers several techniques have been devised to study and 

understand their properties.  Some of the different techniques to form BLMs are the Montal-

Mueller [21], vesicle fusion [18], and lipid painting.  These techniques rely on a supporting 

structure and the self-assembly of lipid molecules for the formation of the bilayer.  For example, 

the Montal-Mueller technique, also called “lipid folding,” is commonly used in constructing a 

planar lipid bilayer across a hydrophobic aperture (usually Teflon or silicon) that is separating 

two aqueous electrolyte solution chambers [21].  The downside to the support structure based 

techniques is they inhibit the movement of molecules and result in fragile bilayers [21].  In our 

studies we have worked with more recent lipid bilayer formation techniques that require a liquid 

support, thus making the lipid bilayer more stable and robust.  In the liquid supported lipid 

bilayer formation technique a lipid monolayer forms at an oil/water interface along the edge of 

the aqueous droplets as shown in Fig. 1.5.  When the droplets are brought into contact they form 

a bilayer as the two opposing lipid monolayer will separate the oil phase and join to form the 

membrane, see Fig. 1.5.  This technique has been termed “droplet interface bilayer (DIB)” and 

was extensively studied by Holden [14].  It was found in this approach that the membrane could 

remain stable for several days and that transmembrane proteins would self-insert themselves into 

the bilayer. 
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Fig. 1.5: Two lipid monolayers are touching to form a droplet interface bilayer (DIB).  Each 

aqueous solution contains a single layer on phospholipids at the oil/water interface.  The 

hydrophobic tails of the lipid molecules are oriented outwards toward the oil environment and 

the hydrophilic heads are pointing inward towards the aqueous solution.  Contact between the 

lipid containing aqueous droplets will form a membrane called the DIB. 

 

With the development of the previously mentioned lipid bilayer formation techniques it allows 

for the characterization of inherent lipid bilayer traits.  The lipid bilayer is a critical asset to cell’s 

because of its ability to regulate ion transport from the extra and intracellular spaces.  The 

regulation of these charged particles allows for an interrogation of the electrical characteristics 

for lipid bilayers.  Electrical measurements of lipid bilayers consist of techniques such as 

voltage-clamp, electrical impedance spectroscopy (EIS), and cyclic voltammetry (CV).  EIS is 

used to estimate the capacitance and resistance of a bilayer [1, 24, 25, 32] and CV is used to 

measure current flow through the bilayer for variable voltage [34].  The most common technique 

used in bilayer characterization is voltage-clamp.  With the voltage-clamp technique the voltage 

across a bilayer is maintained at some constant value while the current is measured.  This 

technique has been extensively used in studying the mechanoelectrical response of membranes 

[13, 27, 29, 30, 35] and is the electrical measurement technique used to conduct all experimental 

measurements of lipid bilayers in this work.  
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1.3.2 Lipid Bilayer Based Devices 

 

The use of biological molecules for the development as bio-inspired materials, devices and 

sensors has recently started to gain momentum in the past decade.   A range of devices have been 

developed such as chemical sensors [6, 26, 32], a bio-transistor [3], and flow sensors [13, 35].  

Note that some of these devices require the incorporation of proteins to function. However, the 

flow sensor work performed by the Leo group at Virginia Tech was done without proteins [13, 

35].   

 

The Leo group flow sensor work was inspired by the structure of the mammalian hair cell.  In 

this work a hydrogel-supported lipid bilayer was formed at the base of a synthetic fiber, all of 

which was encapsulated in a transparent polyurethane substrate.  An illustration of the bio-

inspired mechanotransduction device is shown in Fig. 1.6.  In this experimental design, air flow, 

from a pressurized reservoir, was applied to the synthetic hair fiber and upon its vibration this 

perturbed the lipid bilayer.  With a constant voltage held across the lipid bilayer, in the range of 

0- 200 mV, it would produce pico-amp current responses due to the vibrations transmitted from 

the artificial hair into the mechanoelectrical lipid bilayer.  It was further assessed in this study 

that the frequency of oscillation for the hair and bilayer’s current response correlated and the 

current response was from a time varying change in capacitance of the membrane.  Numerous 

studies have been conducted on the mechanoelectrical response of lipid bilayers and have shown 

that changes in the area of the membrane from stretching, thinning/thickening, or bending can 

produce a current response [27, 30].  More details on the mechanoelectrical response of a lipid 

bilayer are covered in Chapter 5.   
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Fig. 1.6:  Visualization of a bio-inspired mechanotransduction air flow sensor developed by the 

Leo group at Virginia Tech.  A synthetic hair fiber resides in a gel-supported lipid bilayer that is 

housed in a polyurethane substrate and surrounded by an oil environment.  Air flow excites 

motion in the artificial hair fiber and its energy is then mechanically transmitted and perturbs the 

lipid bilayer so that electrical current through the bilayer can be measured and correlated to the 

hairs motion [13, 35].   

 

The size scale of the bio-inspired flow sensor from the Leo group was on the order of millimeters 

and the natural hair cell is on the order of 10 μm.  Therefore, a reduction in the physical size of 

this sensor would allow for more diversity of its applications.  For example, using inspiration 

from the otolith organs of the vestibular system and the bio-inspired flow sensor from the Leo 

group a novel approach for a micron-sized lipid membrane based accelerometer is proposed in 

section 1.3.3. 

 

1.3.3 Motivation for a DIB Bio-Inspired Accelerometer 

 

The application of a reduced size scale bio-inspired hair cell sensor, as previously shown in 

section 1.3.2, would be in the design of an accelerometer based on the vestibular system, in 

particular the otolith organs.  The saccule and utricle are both otolith organs found in mammals.  

Otolith organs respond to inertial acceleration and static tilt because of a dense proof mass that 

rests above the shear deformable gelatinous layers, in which the previously described hair 

bundles reside.  The shear layer deformation is a root cause to cilia deflection that ultimately 

initiates a sequence of events leading to a neural signal generation.   Fig. 1.7 illustrates how the 
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bio-inspired hair cell sensor design from the Leo group at Virginia Tech could be incorporated 

into a novel accelerometer and static tilt sensor that is inspired by the vestibular otolith organs.  

Using a design similar to the encapsulated hair cell inspired sensor [35], the synthetic fiber could 

be placed in a shear layer, which would deform as a result of an inertial stimulus (Fig. 1.7b).  

The synthetic hair deflection would perturb the lipid bilayer thus resulting in a correlated current 

measurement.  Several factors affect the current generated across the lipid bilayer such as 

material properties of the shear layer, the synthetic hair morphology, and the magnitude of the 

proof mass.  Although, these are parameters that must be controlled they are also opportunities to 

develop a biologically micron-sized scale application specific accelerometer. 

 

 

Fig. 1.7:  Design concept for an otolith organ inspired accelerometer.  (a) This illustrates a 3 

layer structure that would act as an accelerometer and static tilt sensor by detecting deflections of 

a synthetic hair fiber that are transduced by a DIB.  The upper most layer is a proof mass that’s 

required for inertial stimulation of the shear layer.  Shearing the middle layer will cause 

deflection of the synthetic fiber.  (b) This illustrates the deflection of the hair due to inertial 

stimulus and how it will cause a deformation in the DIB, thus producing a measureable current 

that could be correlated to acceleration. 

 

One of the first milestones in creating a design shown in Fig. 1.7 is to reduce the size of the DIB 

from the order of millimeters to microns and study its electromechanical properties during 

dynamic oscillations.  No study to our knowledge has created a DIB on a size scale that 

approaches that of the natural hair cell while still retaining the ability to study its 

mechanoelectrical properties.  A large majority of studies on the mechanoelectrical response of 

lipid bilayers have been performed on lipid bilayers that are formed over solid support surfaces 



16 
 

[27, 30] and not on liquid-supported bilayers such as the DIB, especially for DIBs on the micron-

size scale.  Therefore, the aim of this research is to reduce the size of DIBs to by at least 10-fold, 

from the millimeter size, and then observe its dynamic mechanoelectrical response to a variety of 

stimuli.  This information will then be used as a guide to further develop an otolith inspired 

accelerometer as shown in Fig. 1.7. 

 

1.4 DIB  Vestibular Inspired Accelerometer Objectives and Contributions 

 

The first major milestone to overcome is the primary drawbacks to the present bio-inspired hair 

cell mechanotransducers, which is their millimeter physical size scale.  If this design were 

reduced to the micron-size scale it could have numerous applications as a unique biological 

transducer such as a flow sensor, strain gage, or pressure transducer.  Therefore, using nature as 

inspiration to reduce the size of the aforementioned hair cell sensor to the physiological size 

scale of hearing and vestibular hair cells could potentially open many more possibilities to its 

application.  The objective and contributions to this process are listed below in bullet format for 

the ease of identification and are fully explained in Chapter 5: 

 

 A 10-fold reduction in DIB diameter was accomplished via a unique approach that used a 

collection of techniques for DIB formation as described by the Leo lab at Virginia Tech 

and micropipette techniques commonly used in electrophysiology.  This is the first 

experiment to make a DIB on the micron-size scale that is capable of being oscillated.  

The interfacial area could be changed using a desired stimulus all while monitoring 

current flow across the bilayer.    

 

 Electrical interrogation of the micron-sized DIB was conducted for a variety of stimuli. 

These experiments provide an extension over previously studied DIB current 

measurements.  Allowing custom oscillatory stimulation of the DIB in comparison to a 

more broadband excitation as produced by synthetic hair bending due to air flow. 

 

 Additionally, using light microscopy, high-speed video, and image processing 

techniques, we are capable of measuring the dynamic change in DIB area due to 
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controlled piezoelectric actuation of DIB compression and separation.  This experimental 

technique serves as an independent measurement for DIB mechanoelectrical behavior.   

 

1.5 Dissertation Overview 

 

Chapters 2-5 are written as a set of manuscripts for publication.  Chapters 2-4 are all related to 

the basic science and experiments performed in regard to the turtle’s utricle.  Some of the 

material in chapters 2-4 is repeated; mostly the first few paragraphs of the introductions which 

are used to describe the function of the vestibular system.  Chapter 5 deals solely with the 

research of the micron-sized DIB.  Also at the end of each chapter is a set of references that are 

numbered correspondingly for that particular chapter. In chapter 6 the major conclusions from 

each experiment is listed and also future work is described based on the findings of these studies. 
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Chapter 2 

 

Experimental Measurement of 

Utricle Dynamic Response 
 

Dunlap, M.D., Spoon, C.E., Grant, J.W., 2012. Experimental measurement of utricle dynamic 

response. J Vestib Res 22(2-3): 57-68. 

 

 

The utricle of the red-eared turtle was subjected to forced sinusoidal oscillations across various 

frequencies (10-125Hz) and amplitudes (5-9µm) to determine dynamic characteristics of the 

utricle under natural inertial stimulation. The utricle was maintained in physiologic solution 

during the entire experiment. Utricular specimens were prepared so that the Otoconial Layer 

(OL) crystals were exposed yet undisturbed, and the neuroepithelium was secured to a glass 

slide with dental floss strands.  A piezoelectric-actuated platform, fitted to the stage of the 

microscope, created controlled sinusoidal displacement along the utricle’s medial-lateral 

direction.  The OL surface displacement was measured through the microscope with high-speed 

video at 1500 fps.  A sub-pixel image registration algorithm was used to achieve displacement 

resolution ≤ 15 nm.  The Membranous Shelf (MS), that overlies the macula, was recorded with 

high-speed video under identical amplitude and frequency inputs and was used as a reference 

point.  Maximum displacement amplitudes of the OL and MS were used to determine the 

Amplitude Ratio (AR) of the OL relative to the MS.  ARs at various frequencies were fit to a 

single degree of freedom model of the utricle to determine the utricle’s natural frequency of 363 

Hz (95% confidence intervals: 328, 397) with a damping ratio of 0.96 (0.8, 1.12). 
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2.1 Introduction 

 

The utricle is a mechanoreceptive sensory organ of the vestibular system of vertebrates. This 

organ responds to horizontal acceleration and head tilt with respect to gravity.  It is composed of 

four layers. The top layer is composed of otoconial crystals (calcite and argonite) bound together 

with saccharide gel and forms a dense mass called the Otoconial Layer (OL), the proof mass of 

the accelerometer.  The next layer below the OL is the thin Gel Layer (GL) composed of 

saccharide gel.  The layer below the GL is formed of thin fibers of saccharide gel called the 

Column Filament Layer (CFL).  Hair Cell (HC) ciliary bundles add stiffness to the CFL layer.  

The bottom layer is the neuroepithelial layer (NEL) that contains HC bodies and supporting 

cells. A Membranous Shelf (MS) or falx covers the lateral end of the utricle OL (see Fig. 2.1). 

The MS is not attached to the OL and is far enough above the OL that it does not interfere with 

OL motion. The MS forms a rigid three-dimensional curved structure that is utilized as a 

reference point in these experiments.  

 

 

Fig. 2.1:  Confocal image of lateral-medial transect (cross-section) of the utricle.  This figure 

indicates the anatomical locations for recording x and y displacements with high-speed video.  

See Fig. 2.8 for free body diagram definitions of x and y.  The membranous shelf overhangs the 

lateral portion of the otoconial membrane and then enfolds from the dorsal surface under the 

epithelium layer.  (Use with permission; photomicrograph collected by Jingbing Xue in 

Ellengene Peterson’s lab). 
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With head acceleration, the OL tends to remain at rest due to its inertia.  This produces relative 

displacement between the OL and NEL, and shears the GL and CFL. HC ciliary bundles are 

deflected by the relative shear displacement, and the cell depolarizes and releases 

neurotransmitters that initiate neural signals. The whole organ functions similar to an 

accelerometer, where the relative displacement between the OL and NEL is proportional to the 

magnitude of the acceleration. 

 

Only one attempt to measure the combined shear stiffness of the GL and CFL has been reported 

and this was done in the bullfrog saccule by Benser, et al. [2].  In this previous study, the OL was 

removed, a glass whisker was inserted into the GL, and force versus deflection data was 

collected. Kondrachuk [16] then used this study to extract material deformation properties of the 

GL and CFL.  

 

The objective of the work reported here is to experimentally measure the combined shear 

stiffness of the utricle GL and CFL while using a natural stimulus of inertial motion of the NEL 

base.  The relative shear displacement between the OL and NEL is measured using high-speed 

video and image registration. The advantages of this technique are that the entire structure of the 

utricle is maintained in its natural state, in physiologic solution, and the stimulus is the natural 

inertial shear induced by NEL motion.  

 

The overall experiment is outlined below and contains the following steps:  

(1) Sinusoidally oscillate the NEL at various frequencies and amplitudes.  

(2) Record the motion of both the MS and OL using high-speed video.  

(3) Use video image analysis to calculate the Amplitude Ratio (AR) between the MS and OL as a 

function of the stimulus frequency and amplitude. 

(4) Match the AR to a mathematical model and use the model to evaluate the natural frequency 

n and the damping ratio ζ of the otolith system. 

The results are then compared to other experimental and modeling estimated values. 
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2.2 Methods 

 

2.2.1 Specimen Preparation 

 

Utricles from turtles, Trachemys (Pseudemys) scripta elegans, with carapace lengths ranging 

from 4.25 to 5.5 inches were used in this quantitative analysis.  Turtles were euthanized by an 

intraperitoneal injection of 0.5 ml Euthasol following guidelines established by the Virginia Tech 

Institutional Animal Care and Use Committee.  The head was removed and halved at the 

midsagittal plane.  The halved head was immersed in buffered Hanks’ balance salt solution 

(HBSS; 1.25 mmol l
-1

 CaCl2, 0.493 mmol l
-1

 MgCl2, 0.407 mmol l
-1

 MgSO4, 5.33 mmol l
-1

 KCl, 

0.441 mmol l
-1

 KH2PO4, 4.17 mmol l
-1

 NaHCo3, 137.94 mmol l
-1

 NaCl, 0.338 mmol l
-1

 

Na2HPO4, 5.56 mmol l
-1

 D-glucose; pH 7.2, 300 mOsm) with 10 mmol l
-1

 Hepes [4-(2-

hydroxyethel)-1-piperazineethanesulfonic acid].  The tissue was maintained in this solution for 

the entire dissection and experiment which could extend 2.5 to 3 hours from the time the animal 

was euthanized.  The utricle was then separated from the membranous labyrinth (saccule and 

semicircular canals) with approximately 0.25-0.50 mm of utricular nerve and slight protrusions 

of the anterior and lateral ampullae remaining intact.  The dorsal surface of the membranous sac 

encapsulating the utricular macula was removed to expose an unobstructed view of the OL and 

MS. 

 

Following the dissection, the utricles were visually inspected for damage such as dislodged 

otoconial crystals attached to the MS or surrounding tissue, disruption of the OL surface that 

would likely create non-uniform motion throughout the OL, and elongation of the medial apex of 

the utricle.  If any of these defects or other obvious abnormalities were noticed the utricle was 

not used. 

 

A fundamental step in performing this experiment was securely fixing and anatomically leveling 

the utricle on a glass slide that connects to an oscillating piezoelectric stage.  The ventral surface 

of the ampullae and utricular nerve were chosen as attachments points because of their 

physiological role in anchoring the utricle to the bony labyrinth.  Fig. 2.2 illustrates the ampullae 

attachment with the temporal bone and the utricular nerve fixation through the bony passage. 
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Waterproof epoxy was used to secure three (0.20 mm thick metallic pins) to the surface of a 

22x40x0.5 mm glass slide in a triangular pattern.  The utricle was positioned in the center of the 

triangle and tied to the metal pins by stretching single strands of dental floss across the three 

attachment points (both ampullae and utricular nerve, Fig. 2.3).  Two 0.50 mm thick glass pieces 

were previously glued to the base slide so that the OL was approximately parallel to the 

oscillating stage.  Measuring HC function during these experiments was not practical because 

HCs were covered by the OL and not accessible.  Every effort was made to keep the entire tissue 

structure viable throughout the experiment. 

 

 

Fig. 2.2:  An in situ view of the inner ear from the red ear slider turtle taken with micro CT after 

treatment with osmium for contrast.  Labeled in the figure are the utricle, membranous utricular 

roof, semicircular canal (SCC) ampullae, membranous shelf, and the utricular nerve.  The 

membrane that the utricle rests on is connected to the temporal bone and the utricular nerve is 

fixated through a bony passage.  These points of attachment were chosen in the experimental 

setup because of the physiological importance.  (Head contrast preparation in Ellengene 

Peterson’s lab, CT scan done by authors). 

 

2.2.2 Experimental Design 

A fixed stage transmitted light microscope (Zeiss Akioskop 2.0) with a halogen light source 

(STN 12V 100W) was used to observe the utricle.  The microscope was fixed to a vibration 
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isolation table.  Mounted within the microscope’s fixed stage was a piezoelectric actuated stage 

with dual axis displacement capabilities (PI Inc., P-541.2DD).  Displacements of the 

piezoelectric stage were controlled using a custom designed LabView program (National 

Instruments, LabView).    The base slide, along with the rigidly attached utricle, was secured to 

the piezoelectric actuator so that oscillations were induced along the lateral-medial axis of the 

utricle (Fig. 2.3).  The lateral-medial direction has been shown to produce the greatest amount of 

deflection per stimulated acceleration therefore providing the greatest relative displacement [6].  

Magnifications ranging from 100x to 250x were used independently throughout the course of 

experiments to observe relative displacements between the membranous shelf and OL.  This 

variation was done to achieve the best possible lighting conditions for tracking the OL motion.  

Magnification was varied using combinations of an adjustable optivar (Zeiss 12356), optional 2x 

extender for C-mount lenses (Computar EX2C), and either a 63x/0.90w or 100x/1.0w objective.    

 

 

Fig. 2.3:  Utricle secured to glass base slide.  This figure shows the technique used to fasten the 

utricle to a 22x50x0.5 mm glass slide.  The utricle is tied across both ampullae and the utricular 

nerve.  Using the ampullae and cranial nerve as attachment points caused no deformity to the 

OM and were similar to the physiological connection to the bony labyrinth, Fig. 2.2.  The 

macular surface of the utricle was approximately parallel with the glass base because 2 glass 

chips (0.5 mm thick) were placed under the ventral-lateral region of the ampullae.  Metallic rods 

were glued to the glass base.  Single strands of dental floss were tied onto the metallic rods so 

adjustments could easily be made while positioning the utricle.   
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A binocular phototube (Zeiss 452914) with 100% light transmission was used to supply light to a 

high-speed camera (Photron APX-RS).  The Photron APX-RS camera has a 10 bit CMOS sensor 

with excellent light sensitivity that is beneficial for this experiment because the density of the 

utricle, in particular the OL, restricts light passage.  Video was taken at 1500 frames per second 

(fps) with an exposure time of 0.1 ms. The highest frequency of oscillation was 125 Hz, so a 

sampling rate of 1500 fps easily allowed the reconstructions of the displacement waveform based 

on Nyquist-Shannon sampling theory [8]. 

 

To reduce blur in the video images, an exposure time of 0.1 ms was used.  The exposure time 

was determined by using Eq. 2.1 [25]  

 

    
 

          
 Eq. 2.1 

 

where: T is the exposure time, d is the smallest subject detail within the image, k is the image 

quality constant (used upper value of 4), V is the velocity of subject, and Ang is the angle 

between image plane and subject direction.  The smallest subject detail in our video is the edge 

of the MS and the approximate resolvable width within the image is 2.5-3 μm.  The angle of the 

image plane and the subject’s direction is 0°, thus allowing the cosine term to reduce to 1.   

 

Amplitude ratios were calculated as the relative displacement between the OL and MS.  

Traditional light microscopy cannot resolve the NEL from a dorsal view without removal of the 

OL and gelatinous layer, therefore the MS was used as the reference (Fig. 2.1).  The MS acts as a 

rigid body that experiences identical NEL movement and provides an excellent relative 

landmark.  The edge of the MS that overlaps the lateral portion of the macula has a well defined 

contrast change that was used for tracking. The lateral portion of the MS also contains dark cells 

and structural lines of contrast that are advantageous for resolving unique features and 

determining displacements via image registration.  Control studies showed no relative motion of 

the MS with respect to the NEL, and the MS was considered as rigid with respect to the NEL.  

Displacement of the OL was determined by high-speed video recording of the otoconial crystals 

in the center of the macula. 
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2.2.3 Pixel Width Calibration 

 

The pixel width was calculated using a technique similar to the pixel calibration of Fischer [9].  

Pixel widths were determined for each magnification (100X, 200X, and 250X) using a custom 

Matlab program and controlled piezoelectric stage displacements from a custom LabView 

program.  A glass slide was prepared with 6 μm polystyrene micro beads glued under a glass 

cover slip and placed on the piezoelectric stage.  The stage was oscillated sinusoidally at 5 Hz 

using three different amplitudes (5 μm, 8 μm, and 10 μm) with stage displacement recorded into 

our data acquisition system via the stages voltage output.  Simultaneously, the movement of the 

micro beads, fixed to the glass slide, was recorded using high-speed video.  The pixel 

displacements of the microbeads were determined using a custom Matlab image registration code 

(see Image Registration).  The pixel displacements from the video are then converted into a 

physical displacement using the known stage displacements. Several calibrations were completed 

for each magnification of 100X, 200X, and 250X giving pixel widths of (mean±S.D.) 163.2 ± 3 

nm/pixel, 123.0 ± 1nm/pixel and 74.9 ± 1 nm/pixel, respectively. 

 

2.2.4 Data Acquisition 

 

Data was recorded using a custom LabView program installed on a Dell OptiPlex GX270 

desktop outfitted with a National Instruments sequential NI-6060E data acquisition board.  A 

trigger pulse was sent from the data acquisition board that initiated camera recordings and 

illuminated a LED that was installed in the C-mount for time stamping the initially recorded 

image.  The cameras trigger pulse, frame occurrence, piezoelectric stage, and LED voltages were 

all recorded at 10 kHz.  The piezoelectric stage was held stationary for 100 ms before 

oscillations so that still images could be gathered for noise reduction.  Various amplitudes (5, 

7.5, and 9 μm) and frequencies (10, 25, 50, 75, 100, and 125 Hz) were used for experimental 

oscillation of the MS and OL.  All video images were saved to the camera’s internal memory and 

then transferred to an external hard drive for further analysis.  

 

2.3 Theory 
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2.3.1 Model Development 

 

The utricle transmits neural signals describing dynamic motion and static tilt by sensing the 

relative displacement between the OL and its NEL base via hair bundle (HB) structures.  The 

mechanical displacement of this system is described with a single degree of freedom model by 

accounting for the forces acting upon the OL during a linear acceleration stimulus.  A derivation 

of this model can be found in the Appendix.  The model transfer function, in terms of the 

Laplace Transform variable s, are found in the Appendix (Eq. 2.A3) 

 

     

    
 

     

    
      

 

               
 
 

Eq. 2.2 

 

where: X is the displacement amplitude of the OL, Y = displacement amplitude of the NEL, ωn = 

the natural frequency of the system, ζ = the damping coefficient of the system, and Dr = ratio of 

endolymph fluid shear stress damping coefficient divided by the viscous damping coefficient in 

the GL and CFL (this value was fixed at 0.01, see Appendix).  X and Y are measured with respect 

to an inertial reference frame (the microscope stage).  The amplitude ratio (AR) is defined as the 

magnitude of the transfer function X(s)/Y(s), and is dependent upon the excitation frequency. 

This excitation frequency dependence resides in the s variable since Laplace transforms the time 

domain into a frequency domain.  The AR is then matched to our specific data using a least 

squares data fitting routine by adjusting ωn and ζ 

 

Eq. 2.2 assumes the OM behaves as a linear system meaning that the viscous and elastic forces 

have constant proportionality coefficients, resulting in identical AR values for a tested frequency 

regardless of excitation displacement or velocity.  To verify this assumption, the Y(s) input 

parameter was tested at 5, 7.5, and 9 μm displacements, and the ARs were measured at various 

excitation frequencies of: 10, 25, 50, 75, 100, 125 Hz. 

 

When the utricle is exposed to a linear acceleration a shear deformation occurs in the GL+CFL 

that can be modeled using the shear stress-strain relationship , where G is the shear 

modulus.  Shear stress , where F is the applied shear force, and A is the area of sheared 



  G



  F A
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material.  Shear strain       , where   is the deflection and h is the height of the combined 

GL and CFL.  Combining these relationships with   
         and         , yields an 

expression for the shear modulus of the otoconial membrane  

 

   
     

 

 
 Eq. 2.3 

 

The combined shear modulus incorporates stiffness from the CFL, GL, and HBs.  The average 

thickness, h, of the GL+CFL layers (14.16 μm) and the macular surface area A (0.805 mm
2
) was 

computed from the confocal-image analysis of the turtle utricle by Davis et al. and Xue et al. [6, 

26].  The shear modulus has the greatest sensitivity to ωn, because of the squared term and is 

calculated from optimizing parameters (ωn and ζ) of Eq. 2.2 to measured AR data points. 

 

2.3.2 Image Registration 

 

The ability to measure utricular physical parameters (ωn, ζ, and G) ex vivo with minimal 

physiological alternations while supplying a natural inertial stimulus was possible because of 

image registration and high-speed video.  Image registration is the process of spatially 

transforming a reference or template image to the corresponding points of a second or sensing 

image. Over the past few decades multiple techniques have been developed to perform image 

registration [28] that are now widely used in the medical community [14, 18].  Tracking the 

motion of the MS and OL via image registration was performed to subpixel resolution using a 

custom Matlab program that ultimately determined the data points used to fit Eq. 2.2.   

 

Motion of the MS and OL was limited to the lateral-medial axis, therefore the high-speed images 

contained a single dimension of rigid translation in which the images experienced no rotation, 

skewing, or scaling and for this reason a normalized cross-correlation (NCC) registration 

sufficed [4, 23].   Cross-correlation is the fundamental principle of template matching which in 

our case is a sub-region of a reference image located by some translated amount of pixels within 

a sensed image.  Our reference image is the average of multiple stationary images (+50) taken 

before motion of the subject.  The average of multiple images was taken in order to improve the 
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signal-to-noise ratio (SNR) of the reference image, thus reducing white noise generated from the 

CMOS sensor [1].  From the reference image, a sub-region, which was remarkable from other 

locations within the image was selected as our template.  For instance, distinct curves and 

contrasts were the primary template features when viewing either otoconial crystals or MS 

structures.  Oscillations of the subject provided our sensing images in which the template was 

merely shifted in one dimension. 

 

Pre-registration processing of the images was performed to reduce noise and improve contrast.  

Due to high velocities of oscillation a Wiener filter was applied to deblur the region of interest 

contained in the sensing image.  The Wiener filter is a statistical 2-dimensional adaptive noise 

removal filter that tailors itself to local image variance; providing the benefits of edge and high-

frequency preservation [19].  The Wiener filter is one of the best known approaches to linear 

image deblurring [11].  Image contrast was enhanced using a contrast-limited adaptive histogram 

equalization [19, 29].  This histogram equalization enhances the contrast on small regions of the 

image then performs bilinear interpolation between neighboring regions, thus eliminating 

artificial boundaries and avoiding noise amplification. 

 

NCC was first performed on the pre-processed template and sensing images and then registered 

to within one pixel accuracy.  Following the NCC a sub-pixel registration algorithm [13] was 

implemented to determine displacement accuracies ranging from 0.04-0.08 pixels (see Error 

Analysis).  The algorithm performs subpixel registration by a computationally efficient single-

step discrete Fourier transform (DFT).  A typical approach for subpixel resolution in translational 

registration is to upsample the cross correlation and then locate the peak.  This technique is 

computationally taxing as registration accuracy increases, less than 1/10 of a pixel, and is limited 

on most standard desktop computers. The single-step DFT registration takes advantage of matrix 

multiplication by resolving a 1.5 X 1.5 pixel neighborhood around the initial cross-correlation 

peak and then upsampling, without zero-padding, as normally performed by a fast Fourier 

transform.  

 

2.3.3 Calculating Amplitude Ratios 
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Experimental Amplitude Ratio - ARE 

Pixel displacements from the image registration traced the sinusoidal motion of the MS and OL 

and were then converted into physical displacements (units of nm) using pre-determined pixel 

width of the respective magnification.  The approximate upper velocity limit of the piezoelectric 

stage is 6,000 μm/sec and occurs at higher tested frequencies (+100 Hz) and amplitude 

displacements (+7.5 μm).  The higher dynamic operating range of the piezoelectric stage causes 

a distortion or slewing of the harmonic oscillation that requires additional frequency components 

to curve fit the displacements of the MS and OL.  The displacement of the MS and OL was then 

fitted with a 5
th

 order Fourier series, to accurately estimate the maximum MS and OL 

displacement.  ARE of the measured data were then calculated by dividing the maximum 

displacement from the Fourier series fit of MS displacement into the maximum displacement of 

the OL. 

 

Theoretical Amplitude Ratio - ART 

ART is dependent upon MS motion; therefore, a single harmonic cannot be used to accurately 

predict ARE.  The Fourier series fit of the MS was used as a non-harmonic but continuous 

excitation (Y(s)) for the transfer function of Eq. 2.2 to compute the theoretical OL’s 

displacement.  For example, when a utricle was oscillated at 5 μm and 125 Hz the MS Fourier 

series fit would be used as an arbitrary excitation for Eq. 2.2 to determine ART at that given 

amplitude and frequency stimulation.  MATLAB was used to simulate the systems response to 

an arbitrary excitation via the Control Systems Toolbox.  The maximum displacement from this 

simulation was taken to calculate the ART at each tested frequency for a given utricle.   

 

2.3.4 Error Analysis 

 

Image registration accuracy was determined by measuring the SNR of the reference images.  The 

piezoelectric stage was held stationary for 100 ms prior to oscillation while multiple images 

(+100) were taken of the same scene, thus allowing a measure of camera sensor noise.  The SNR 

was calculated for both the MS and OL on each utricle tested.  The range of SNRs is 25.2 db – 

42.1 db.  A test image of known rigid body translation had Gaussian noise added to meet a SNR 

equivalent to the previously measured ranges.  With Gaussian noise added the test image was 
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processed using the image registration code to quantify its ability to measure the known pixel 

offset.  The difference between the pixel displacements from the image registration code and the 

known pixel displacements were taken for an error estimate.  The subpixel registration algorithm 

is theoretically capable of detecting pixel shifts as low as 0.01 pixels, however other practical 

implications, besides noise, limit the resolvability such as bandlimiting and wrap around.  We 

determined the range of error in our image registration process is 0.04 – 0.08 pixels.  

 

2.4 Results 

 

2.4.1 Data Fitting and Statistical Analysis 

 

Table 2.1:  Mathematical model optimization values of ωn and ζ with AR data for each utricle 

tested. 

Utricle 

Piezoelectric Stage Oscillation Amplitude 

5 μm 7.5 μm 9 μm 

   ζ    ζ    ζ 

1 302 2.17 411 0.97 567 0.60 

2 461 0.50 N/A N/A 374 1.30 

3 271 1.49 503 0.51 524 1.06 

4 348 1.24 490 0.52 372 1.44 

5 700 0.59 872 0.51 518 1.50 

6 258 1.16 213 1.66 267 1.02 

7 357 1.03 456 0.31 441 0.48 

8 280 1.07 224 1.35 323 0.79 

9 327 1.01 316 1.08 354 0.74 

10 298 0.87 306 0.67 308 0.66 

11 412 0.59 398 0.88 378 0.68 

 

Matching the theoretical ART for a given experiment to the experimental ARE was done by 

optimization of ωn and ζ from Eq. 2.2.  Optimization of ωn and ζ was based on a least squares 

data fit [5] between experimental and theoretical AR.  Table 1 summarizes, by excitation 
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amplitude, the optimized ωn and ζvalues for each utricle tested (n = 11).  Fig. 2.4 shows the 

overall model curve fit to the mean ARs at each frequency tested in the study. 

 

 

Fig. 2.4:  Utricles amplitude ratio versus excitation frequency of the NEL base.  Optimized 

transfer function parameters (least squares error) fitted to the mean values of amplitude ratios 

taken at their corresponding frequencies (10, 25, 50, 75, 100, 125 Hz). The transfer function 

parameters used were taken from the optimization process of each utricle (excluding utricle 5, 

see Table 2.1) and are the mean values: n = 363 Hz and ζ = 0.96.   

 

The dynamic linearity of the utricle can be verified if ωn and ζ from the tested excitation 

amplitudes (5, 7.5, and 9 μm) are significantly different from one another.  A single-factor 

analysis of variance (ANOVA) test was conducted for both ωn and ζ sample means to determine 

if a difference exists.  A single-factor ANOVA test was used for a comparison of means among 

multiple groups [7].  The results from the ANOVA test indicate the p-values for ωn and ζ are 
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0.66 and 0.50, respectively.  Since these values are much larger than our alpha value of 0.05, we 

concluded that both ωn and ζ are not significantly different across the excitation amplitudes 

tested and thus the utricle acts as a linear system in the tested range.  Fig. 2.5 shows box-plots of 

the data in Table 2.1 for ωn and ζ so the data can easily be viewed.  Because ωn and ζ are not 

significantly different across the excitation amplitudes tested, the data from the excitation groups 

were consolidated.  After merging all data groups, the mean values with corresponding 95% 

confidence intervals for ωn and ζ are 394 (334, 441) Hz and 0.95 (0.71, 1.10), respectively.  An 

underlying assumption of many statistical analyses is that the experimental observations are 

sampled from a normal population.  To verify this assumption a Lilliefors test was applied.  The 

p-value for the normal distribution of ωn and ζ is 0.10 and 0.27, respectively.  The spread of data 

for the ωn is less convincing of a normally distributed sampling due to the nearly extreme 

outliers of 700 Hz and 872 Hz from utricle 5 (see Table 1).  Interestingly, the outliners are from 

the same experimental utricle, suggesting that an unobservable error may have occurred during 

this particular experiment because fitting ωn of this magnitude with its corresponding ζ the ARs 

must be nearly 1 at the tested frequencies.  When the experimental results from utricle 5 are 

discarded, the ωn and ζ mean values with corresponding 95% confidence intervals are 363 (328, 

397) Hz and 0.96 (0.80, 1.12), respectively.  Removing utricle 5 from the data provides a p-value 

for the ωn Lilliefors test of 0.54.   

 

Fig. 2.5:  Box and whisker plot for ζ (subplot a) and n (subplot b).  The box and whisker plot 

allows for a visual comparison of ζ and n data taken from Table 2.1.  Significant differences in 

ζ and n for each excitation group would indicate non-linearity in utricular responses. 
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2.4.2 Rotational Motion 

A detailed finite element analysis of OL motion predicted slight rotational motion of the OL 

during excitation [6].  No rotational motion of the OL was observed during any of the 

experimental motion measurements.  Due to the low stimulus magnitude and resolvability of 

displacement in the experiment, the ability to observe rotational motion was limited.  If rotation 

was present, it was undetectable. 

 

2.5 Disscussion 

 

2.5.1 Damping Coefficient  

 

One surprising result of this work, is the damping ratio value of ζ = 0.96 (0.80, 1.12).  The mean 

and confidence interval values of less than 1.0 indicate that the OL can slightly overshoot its 

desired displacement for a given step change in acceleration. Modeling the utricle as an 

underdamped system (0.80-0.99) indicates the magnitude of overshoot is essentially negligible in 

terms of hair cell transduction.  For example, with the minimal damping ratio confidence interval 

of 0.80 the maximum percent overshoot is 1.51%.  More importantly, is the fact that by making 

this value near or slightly less than 1.0 gives the organ the fastest response time to a change in 

acceleration that can be achieved without discernible overshoot.  This is significant in that the 

animal can potentially control the effective damping in the GL+CFL to minimize or optimize the 

mechanical response time.  It is suggested that this control is manifested by cross-linking of the 

saccharide gel that forms these two layers.  Prior to this study, it was thought that the value for 

damping was much greater than 1.0 [12].  It stands to reason that minimizing the utricular 

response time would be beneficial to all animals. 

 

2.5.2 Shear Modulus  

 

The shear modulus (G) is a contributor that limits the minimum detectable acceleration of the 

utricle.  A decreasing shear modulus permits greater deflection of the GL+CFL and increases HB 

displacement for a given acceleration.  Excluding data from utricle 5 and using a ωn of 363 
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(328,397) Hz the mean shear modulus is 8.86 (7.32, 10.60) Pa.  For comparison with values in 

literature, G can be converted to Young’s modulus E using   

 

           Eq. 2.4 

 

where: υ i  P i   n’  rati .  Thi  equati n applie  f r small strain and assumes the material is 

linearly deformable, homogenous, and isotropic or orthotropic.  Our data supports linear 

behavior with the tested excitations, and therefore homogenous isotropic properties will be 

assumed. 

 

Utilizing a P i   n’  rati   f υ = 0.49 [6, 17], which is a common value used for soft tissue 

in linear approximations, gives a mean Young’s modulus E = 26.4 Pa. This is an order of 

magnitude lower than the bullfrog saccule value of E = 250 Pa [16]. The range in Young’s 

moduli measured for the utricle and saccule GL+CFL suggest that the elastic properties may be 

tailored to a specific organ or species.  Another reason for the observed differences in stiffness 

between the utricle and saccule is that soft tissues nonlinearly stiffen with increasing strains [10].  

During our experiment the utricle was limited to physiological strains, while Benser et al. [2] 

provided larger deformations to the saccule that inherently produced larger stiffness values.  

More recently, a finite-element simulation was developed by Selva [24] that calculated the 

human cupula Young’s modulus at 5.4 Pa.  The gelatinous material of the human cupula is 

assumed to be similar to the CFL of the utricle and provides another comparison of Young’s 

modulus. 

 

2.5.3 Utricular Gain 

 

Utricular mechanical gain is the dimensional ratio of OL displacement to NEL acceleration.  The 

mean values of ωn and ζ and their 95% confidence levels, define the utricles gain and dynamic 

range, and the frequency response is shown in Fig. 2.6.  For example, decreasing ωn from 363 Hz 

to 328 Hz (the lower 95% confidence level) causes an increased gain of 22.5%, but does not 

practically alter the frequency range of utricle acceleration responses. The mechanical gain 

deviates from the flat response starting around 30 Hz and begins significant roll-off at around 
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100 Hz for the full 95% confidence range of ζ.  The roll-off in mechanical gain indicates the 

utricle’s inability to accurately perform as an accelerometer above 100 Hz in this animal.  A 

behavioral study of the red-ear slider turtle [3] found a significant amount of head accelerations 

occur at frequencies near 50 Hz, but no accelerations occur over 100 Hz.  This indicates that our 

measured values of ωn and ζ produce the amount of bandwidth needed to measure the 

frequencies of head motion for natural behavior. 

 

 

Fig. 2.6:  Utricular model mechanical gain as the dimensional ratio of OL displacement to NEL 

acceleration.  The mean values of ωn and ζ and their 95% confidence levels, define the utricles 

gain and dynamic range, and the frequency response.  The magnitude plotted on the y-axis is 

found from the displacement of OL with respect to the NEL (OL/NE) divided by the acceleration 

of the NEL with respect to an inertial reference (aNE/I). 
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2.5.4 Hair Cell Saturation 

 

The rate of HB displacement is controlled by the OM’s dynamic system response.  The response 

rate of the utricle, modeled as a 2
nd

 order system, was evaluated using step input changes in 

acceleration.  The time course of OL displacement for various acceleration steps is shown in Fig. 

2.7, for ωn = 363 Hz and for the mean and 95% confidence bounds for ζ. 

 

 

Fig. 2.7:  Utricular model time response to a unit step change in acceleration. The time course of 

OL displacement for various acceleration steps, for ωn = 363 Hz and for the mean and 95% 

confidence bounds for ζ.  A damping ratio of 0.8 provides an overshoot of 1.51%. 

 

As the OL is displaced, tensioning of the tip links opens the transduction channels and initiates a 

cascade of events leading to a neural signal [15]. In a previous study by Nam et al. [21], a 
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computer model of the turtle striolar hair bundle predicted nearly 100% transduction channel 

activation with a OL displacement of 100 nm.  Our model calculates that saturation of the striolar 

bundle will occur with a 0.1 g acceleration, as shown in Fig. 2.7.  The lower threshold of striolar 

bundle activation could occur at 10 nm based on the sensitivity of HCs for the turtle auditory 

papilla [22].  Assuming an OL displacement of 10 nm generates a striolar bundle afferent, then 

the threshold of detectable acceleration for the turtle utricle could be considered 0.006 g.  Work 

performed by Young and Meiry [27] on human utricles, found a minimal detectable acceleration 

of 0.005 g.  The medial extrastriolar bundles transduce larger displacements of the OL than 

striolar bundles and have an operating range of 4 μm [21] for one bundle model.  The OL 

displaces 1.89 μm with 1.0 g acceleration and requires a 2.12 g acceleration to fully utilize an 

operating range of 4 μm in a medial extrastriolar bundle.  From the experimental results and 

modeling information, the utricle has excellent sensitivity for detecting low accelerations, while 

maintaining a large dynamic operating range through its wide variety of hair bundle structural 

morphology. 
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2.7 List of Symbols and Abbreviations 

 

A  surface area of otoconial layer 

Ang  angle between image plane and subject direction 

ARE  experimental amplitude ratio 

ART  theoretical amplitude ratio 

ax  acceleration of the OL with respect to the absolute inertial reference frame 

Cf  endolymph coefficient of viscosity 

CFL  column filament layer 

Cg  gelatinous layer effective coefficient of viscosity 

d  smallest subject detail within an image 

Dr  ratio of endolymph to gelatinous viscous coefficients 
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Eg  gelatinous layer elastic force 

F  applied shear force at otoconial membrane 

G  shear modulus 

GL  gelatinous layer 

h  height of gelatinous layer 

HB  hair bundles 

HC  hair cells 

k  image quality constant 

Kg  gelatinous layer spring constant 

mo  otoconial mass 

MS  membranous shelf 

NEL  neuroepithelium 

OL  otoconial layer 

T  exposure time 

V  velocity of the object within the image 

Vf  viscous force of the endolymph 

Vg  viscous force of the gelatinous layer 

X   displacement of otoconial layer 

Y  displacement of sensory base 

ω  excitation frequency 

ωn  natural frequency 

ζ  viscous damping coefficient 

   shear strain of otoconial membrane 

  shear stress of gelatinous layer 

υ  P i   n’  rati  

  deflection of otoconial membrane caused by shear force 
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2.9 Appendix 

 

A free body diagram of the OL and the forces exerted on it during an experiment are shown in 

Fig. 2.8.  The displacement of the OL and NEL are represented by the variables x and y, 

respectively.  The x and y measurements are made relative to an absolute inertial reference frame 

which is the supporting stage of the microscope. Note that this is different than relative 

displacement between OL and NEL that stimulate HBs. 

 

 

Fig. 2.8:  Free body diagram of the forces exerted on the otoconial layer during linear 

acceleration.  In the diagram, x = the displacement of the otoconial layer measured with respect 

to an absolute reference, y = the displacement of the neuroepithelium measured with respect to 

an absolute reference, Vf = viscous force of the endolymph, Vg = viscous force of the gelatinous 

layer, Eg = elastic force from the gelatinous layer.  The combined column filament and gel layers 

are represented as the gelatinous layer.   

 

A description of the forces in Fig. 2.8 are listed below, a more in-depth derivation can be found 

by Grant and Best [12]:  
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a) The viscous force Vf from contact between the otoconial membrane surface and 

endolymph is linearly proportional to the velocity,    of the OL, and the constant of 

proportionality is the fluid coefficient of viscosity Cf 

          

 

b) A viscous force generated from the gelatinous layer Vg is linearly proportional to the rate 

of relative velocity        , where    is the velocity of the NEL, and the constant of 

proportionality is the combined gel and column filament layer (GL+CFL) effective 

coefficient of viscosity Cg   

             

 

c) The GL+CFL elastic force Eg is linearly proportional to the relative displacement    

  , where x and y are the displacements of the OL and NEL, respectively, and are 

measured with respect to an inertial reference frame.  The constant of proportionality is a 

spring constant Kg 

           

 

d) Note that for our experimental setup a buoyant force is not present. This is a result of the 

OL not being encapsulated in a closed volume by the otic capsule of the skull and 

membranous sac during the experiment.   

 

Incorporating these forces in Newton’s Second Law of Motion provides the governing equation 

for the OL dynamics 

                 Eq. 2.A1 

 

where: mo is the mass of the OL and       is the acceleration of the OL measured with respect 

to the absolute inertial reference frame. Substituting the force expressions, expanding, and 

rearranging leads to an accelerometer format [20], Eq. 2.A1 becomes 
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   Eq. 2.A2 

 

where:            is the undamped natural frequency,          is the viscous damping 

coefficient, Vc is the critical damping coefficient (damping value that just prevents displacement 

overshoot), and           is the ratio of the viscous coefficients of endolymph to gel.  The 

parameters of measureable interest within this experiment are ωn and ζ.  The numerical value of 

Dr is relatively low (Dr ≤ 0.01), meaning that the viscous force is dominated by the gelatinous 

material [17].  A value of 0.01 was used for Dr.  The volume of the OL (0.04034 mm
3
) was 

calculated by Davis et al. [6] using a series of confocal microscope cross-sectional images of the 

turtle utricle taken by Xue et al. [26] to outline the perimeter of the OL.  The density of the OL 

was determined to be 2400 kg/m
3
 [6] based on the 4:1 crystal to gel ratio found in the utricle .  

The OL mass used was 0.097 mg. 

 

Applying Laplace transforms           to Eq. 2.A2, where s is the Laplace transform variable 

and              and             , and solving for the displacement gain 

 

     

    
 

      

    
      

 

                
 
 

Eq. 2.A3 

 

The amplitude ratio X(s)/Y(s) is dependent on the excitation frequency. This excitation frequency 

dependence resides in the s variable since Laplace transforms the time domain into a frequency 

domain. The s term is a complex quantity defined as , where:  and  is the 

excitation frequency.  The magnitude of this transfer function (Eq. 2.A3) is then matched to our 

specific data using a least squares data fit by adjusting ωn and ζ 

 

  



s  j



j  1
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Chapter 3 
 

Experimental Measurement 

of Utricle Dynamics: I. 

Medial-Lateral System 

Properties 
 

The utricle membranous sac was removed from the skull and the sac opened exposing the dorsal 

surface of the utricular macula.  The membranous utricle sac was then attached to a glass slide 

with strands of dental floss.  Using a special fixture, the glass slide was mounted in a 

piezoelectric actuated platform, located in a fixed stage light microscope.  The piezoelectric 

actuator oscillated the neuroepithelium of the utricle with a controlled linear sinusoidal-sweep 

signal starting at 0 and increasing to 500 Hz over 5 seconds. This motion produced a natural 

inertial acceleration stimulus in the plane of the utricle, causing a measurable shear 

displacement of the gelatinous and column filament layers. The displacements of a reference 

point on the neuroepithelium and a point on the otoconial layer dorsal surface were filmed at 

2000 frames/sec with a high-speed video camera during the oscillations.  Image registration was 

performed on the video to track both point displacements to better than 15 nm.  The 

displacement waveforms were converted into frequency response function data that was used in 

a frequency domain system identification technique to determine the effective mechanical 

properties of the combined gelatinous and column filament layers.  Mechanical properties were 

measured for 20 utricles with a median and 95% confidence intervals in parenthesis: natural 

frequency ωn = 374 (353, 396) Hz, damping ratio ζ = 0.50 (0.47, 0.53), and shear modulus G = 

9.42 (8.36, 10.49) Pa.   
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3.1. Introduction 

 

3.1.1 Vestibular System 

 

Otolith organs are linear motion sensors of the vestibular system.  These organs, the utricle and 

saccule, respond to inertial acceleration motion and tilting of the skull with respect to gravity.  

The otolith organs transduce the linear motion or tilt into afferent signals that are sent to the 

vestibular nuclei of the central nervous system (CNS) that further processes and utilizes the 

information. This work measures the dynamic mechanical response of the utricle to inertial 

stimuli.  

 

The utricle is comprised of several layers.  The base layer of the utricle contains a set of neural 

receptors called hair cells (HC), due to their cilia bundles.  The HC receptors transmit the 

deflection of their cilia bundle as modulated nervous signals to the CNS.  Each HC receptor has 

an organized structure of mechanosensitive cilia, known as a hair bundle (HB), protruding into 

the 3 layered otoconial membrane (OM).  The 3 layers of the OM are: an otoconial layer (OL), a 

compact gel layer (GL), and a column filament layer (CFL).  Overlying the lateral surface of the 

utricle is a falx shaped rigid structure referred to as the membranous shelf (MS), see Fig. 3.1 [6]. 

The MS will be used as a reference point for neuroepithelium (NE) motion because it is easily 

viewable and arises directly from NE layer 
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Fig. 3.1:  Confocal image of medial-lateral transect (cross-section) of the utricle.  Overlying the 

lateral surface of the utricle is a falx shaped rigid structure referred to as the membranous shelf.  

The column filament and gelatinous layers are located between otoconial and epithelial layers.  

Notice how the membranous shelf is an ideal reference for the epithelial layer because of the 

direct contact made between base of the membranous shelf and the epithelium layer.  The image 

was taken by Jingbing Xue from Ellengene Peterson’s lab. 

 

When the head is exposed to a linear acceleration, the denser OL mass lags behind the NE, 

causing a shearing in the GL and CFL layers. This combined set of layers, GL and CFL, will be 

termed the shear layer (SL).  This shearing deformation creates a physical displacement between 

the OL and NE that is converted into CNS signals by the HBs of the HCs.  Similarly, with static 

tilting of the head, the weight of the OL will cause a deformation of the SL. 

 

3.1.2 Previous Measurements and Studies 

 

The first experimental study to report a SL stiffness and natural frequency of an otolithic organ 

was conducted on fish with the majority of the measurements made on the saccule of Ruff fish 

[4]. X-ray photomicrographs were used to measure the displacement of fish OL relative to the 

NE with error of 5 m. Stimuli from gravity with head tile, vibratory motion, and centrifugation, 

were used. The conclusions reached on the saccule in this work were that the dynamic system 

was near critically damped and probably slightly overdamped. The saccule stone is a single 

crystal and its mass is quite large in the fish studied. This large stone mass lead to large stimulus 

deflections in this study that could be measured with X-ray photomicrographs.   This large mass 
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also gave the saccular system a low natural frequency of 41 Hz. The utricle stone is small in 

these fish, relative to the saccule, resulting in small utricle mass displacements. These small 

displacements were in the range of doubtful measurement accuracy. This lack of measurement 

capability prevented any conclusions regarding the utricle’s dynamic behavior, although it was 

suspected to be near critically damped and slightly overdamped. 

 

In a study of the bullfrog saccule [2], the saccule was chemically treated with subtilisin, so the 

OL could be removed from the saccule’s dorsal surface.  The tip of a flexible glass whisker of 

calibrated stiffness was inserted into the otolithic membrane to induce a shear force.  The probe’s 

base was then displaced and micro-beads placed on the surface of the GL layer were used to 

simultaneously measure the shear displacement on the surface of the otolithic membrane and the 

probe tips flexion.  This provided force versus displacement data.  Subsequently this data was 

used in a finite-element model to determine the Young modulus (E) of the GL and combined 

CFL-HB layers as 6.6 k Pa and 250 Pa, respectively [13]. If the CFL is assumed to be 

incompressible the shear modulus G becomes 1/3 of the Young’s modulus or 83 Pa. This value is 

at the upper end of the range of shear modulus values for the SL. 

 

Several models have estimated the elasticity of inner ear materials that are similar to the utricles 

SL.  Experimental data was used with a viscoelastic model of the otolith organ and determined a 

Young’s modulus of order E = 10 Pa (G = 3.3 Pa) [14]. Another computational study on human 

semicircular canals, found the gelatinous material of the cupula to have a Young’s modulus of 

approximately 5.4 Pa [19]. All of these studies exemplify an effective shear modulus for the SL 

on the order of G = 10 Pa.  

 

The authors completed a previous experimental study of SL stiffness on the turtle utricle [6]. In 

this study, the relative displacement between the OL and MS was measured using high-speed 

video with a natural inertial stimulus.  The membranous utricle sac was removed from the skull, 

maintained in a physiological solution, secured to a piezoelectric stage that induced controlled 

vibrations in the plane of the utricle along the medial-lateral (ML) utricular axis. The advantage 

of using controlled piezoelectric vibrations is that the stimulus shear force is a natural inertial 

stimulus. In this experiment the utricle was excited using 6 independent single frequencies (10, 
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25, 50, 75, 100, and 125 Hz) all held constant over a time period of seconds. Using the amplitude 

ratio of OL to MS at these various frequencies, the data could be matched to a second order 

dynamic system model of the otolith.  The mean natural frequency ωn and damping ratio ζ, were 

determined from the model match to be: ωn = 363 Hz (95% confidence interval 328, 397) and ζ = 

0.96 (0.80 1.12).  The mean shear modulus (G) was calculated from the measured mean ωn to be 

G = 8.96 Pa (E = 26.9 Pa). 

 

3.1.3 Experimental Goal 

 

The primary goal of this experiment described here was to stimulate the utricle past the point of 

resonance (363 Hz) measured from our previous experiment, in order to make improved 

estimates of the utricles intrinsic mechanical parameters: ωn, ζ, and G.  The improved parameter 

estimates were made using a frequency domain system identification technique (FDSI).  The 

FDSI takes the MS and OL displacement waveforms and forms frequency response function 

(FRF) data. This contains both the magnitude and phase information between the OL to MS 

reference motion.  The FRF data is used to fit constant coefficient transfer function models that 

describe the utricles intrinsic dynamics. 

 

The previous experiment only matched a single TF model to the magnitude of the relative 

displacement between the MS and OL and didn’t take into account phase information.  The FDSI 

technique applies a linear sine-sweep signal, commonly referred to as a chirp signal.  The chirp 

signal ranges from 0 up to 500 Hz and is a continuous applied stimulus, ramped linearly in 

frequency across an approximately 5 second time interval, as opposed to the previous experiment 

which excited the utricle using 6 independent single frequencies, all held constant over a time 

period of seconds.   

 

We chose an upper frequency stimulus of 500 Hz for this experiment because this guaranteed 

passing the previously measured utricles resonance frequency. Application of the chirp signal 

technique, where stimulus frequency passes through the suspected natural frequency, provides a 

much better estimate of the inherent mechanics of the utricle. In addition, magnitude and phase 

data were matched to the model. Phase data was not matched in the previous experiment. The 
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combination of chirp stimulus, where the frequency was varied from zero to above the natural 

frequency, and matching both magnitude and phase data, resulted in a superior evaluation of the 

utricle system dynamic parameters. In addition, nonlinearity could be evaluated. 

 

3.2 Methods 

 

The methods from our previous work are very similar to these experiments and should be 

referred to for a full description [6]; however a brief overview is presented. 

 

3.2.1 Specimen Preparation 

 

Utricles from red-eared turtles (Trachemys (Pseudemys) scripta elegans), were used for all the 

experiments.  An intraperitoneal injection of 0.5 ml Euthasol was administered to the turtles and 

followed the guidelines established by the Virginia Tech Institutional Animal Care and Use 

Committee.  The utricle was then removed from the skull and maintained for the duration of the 

experiment in a Hanks’ balance salt solution with the addition of 10 mmol l
-1

 Hepes buffer 

(Sigma-Aldrich) (HBSS+Hepes; pH 7.2, 300 mOsm). The utricle membranous sac was removed, 

the sac was opened exposing the dorsal utricular surface. The utricle was then fastened to a glass 

slide using 3 single strands of dental floss, with two strands passing across each ampullae bulge 

and the final strand passing over the purposefully remaining portion of utricular nerve.  The glass 

slide was placed in a holder and then into the piezoelectric stage.  Note that each utricle was 

examined under magnification (at least 40x) and if obvious defects from the dissection or other 

apparent artifacts were present it was not used for experimentation. 

 

3.2.2 Experimental Design Overview 

 

The utricle was transferred to a fixed stage microscope set in a micromanipulator platform that 

houses a piezoelectric actuated dual-axis displacement stage (PI Inc., P-541.2DD).  The 

microscope and platform were mounted on a vibration isolation table.  The utricle was oriented 

on the piezoelectric stage so that displacements would occur along the ML axis, as this was the 

direction previously shown with modeling to produce the greatest amount of deflection [3]. 
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While the piezoelectric stage was oscillated to induce a natural inertial stimulus upon the OL, a 

high-speed video camera (Photron APX-RS) connected to the microscope binocular phototube 

was recording the translation of the MS reference and OL.  Video could not be taken of both the 

MS and OL simultaneously; therefore video was first taken of the OL using the chirp stimulus 

and then immediately repeated for the MS reference using identical oscillations.  The recorded 

video was transferred from the cameras internal memory onto an external hard drive for further 

processing. 

 

3.2.3 Changed and Adapted Methods from the Previous Experiment 

 

There are 3 primary adaptations made to this experimental design in comparison to our previous 

experimental design, and are described as follows:  

 

1.) The natural inertial stimulus used to cause the shearing displacement between the MS and 

OL was a linear sine-sweep signal from the piezoelectric actuated stage. The signal 

utilized a chirp format that increased in frequency from 0 to 500 Hz over a period of 5 

seconds. Fig. 3.2 depicts the chirp signal and acceleration of the NE for both a low and 

high amplitude stimuli that were used. These two amplitudes stimuli were used to 

evaluate the linearity of the utricle dynamics. (See Utricle Linearity Verification for an 

explanation of the two stimuli.)  Notice that the displacement amplitude rolls off at the 

higher frequencies because the upper velocity (slew rate) is limited to 6000 μm/sec for 

the piezoelectric actuator and that value is reached at the higher frequencies limiting 

amplitude response.  The roll off in the displacement amplitude of the piezoelectric stage 

at higher frequencies does not impact the use of this as an excitation stimulus because the 

piezoelectric stage translation does not differ between the OL and MS video recordings. 

This duplication of stimulus between the two recordings was verified using the same 

view of a contrast area on a control slide.  
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Fig. 3.2:  The low and high tested stimuli used for the piezoelectric actuated stage.  The 

displacement and accelerations of a low and high test stimulus are in the left and right column, 

respectively.  Each stimulus is a linear-sine sweep ranging from 0-500 Hz for approximately 5 

seconds.  The displacement of the piezoelectric stage decreases in displacement as the frequency 

increases because the maximum velocity of the stage is 6000 µm/sec.  The low and high stimuli 

provide different accelerations to verify the linearity of the utricles mechanics. 

 

2.) The high-speed video camera recorded at a rate of 2000 frames per second (fps) as 

opposed to the previous 1500 fps.  A frame rate of 2000 fps was chosen based on the 

Nyquist-Shannon sampling theory to prevent aliasing of the displacement waveforms, 

whose upper frequency is 500 Hz [5]. In practice to ensure prevention of aliasing, 

sampling rates are often higher than the suggested Nyquist-Shannon value.  In our case 

the upper limit of 2000 fps was chosen because this allowed optimal use of the sampling 

rate and the video cameras internal memory for the 5-second duration stimulus. 

 

3.) A Zeiss AxioExaminer A1 microscope equipped with an epi-illuminated mercury vapor 

short arc bulb (X-Cite series 120Q) performed the majority of experiments.  The epi-

illumination provides a more ample light source in comparison to our trans-illuminated 
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Zeiss Axioskop 2.0 microscope that is outfitted with 100-watt halogen bulb.  The 

abundant light from the epi-illumination created more image contrast, thus enhancing 

feature recognition and aiding the image registration algorithm.  

 

3.2.4 Data Acquisition 

 

Data was gathered using a National Instruments sequential NI-6060E data acquisition board with 

a custom LabView program.  A trigger pulse was initiated from the data acquisition board that 

initiated high-speed video recording and also illuminated an LED that was mounted within the 

C-mount adapter of the binocular phototube. The LED illumination time stamped the initial 

image by saturation of the cameras CMOS sensor.  The occurrence of each video frame and the 

piezoelectric stage voltage were recorded in the data acquisition program at 10 kHz.  The 

piezoelectric stage was held motionless for 100 ms before the chirp signal was initiated. This was 

done so fixed images could be taken for creating a noise reduced reference image.  The low noise 

reference image was later used in the image registration process.  The chirp signal was then sent 

to the piezoelectric stage, while video was taken for the 5-second chirp signal period.  The video 

recordings of the chirp driven displacement formed the images of motion that were used to track 

the MS reference and OL displacements. 

 

3.2.5 Image Registration 

 

The primary tools for measuring the utricle’s displacement from a natural inertial stimulus are 

high-speed video and image registration. Image registration is the process of spatially 

transforming a reference image to a corresponding location on a second image of translation [7]. 

The frame-by-frame translation of the OL and MS reference was measured using a custom 

MATLAB program that implemented a sub-pixel image registration program [11]. The sub-pixel 

image registration program was capable of better than a 15 nm translational detection.  The MS 

reference and OL images were 2-dimensional rigid translations that had no rotation, skewing, or 

scaling.  The displacements of the MS and OL, from each respective video set, ultimately formed 

the FRF data that was used to determine the utricular mechanical properties of ωn, ζ, and G. 
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To improve the image registration process, the images were treated with a Wiener filter and 

adaptive histogram equalization.  A Wiener filter was used to preserves edge and high frequency 

content by using a 2-dimensional adaptive noise removal filter.  Histogram equalization was used 

to enhance the images contrast, thus making the distinct features of the image more apparent for 

the image registration algorithm.  The signal-to-noise ratio of the reference image was increased 

by averaging 50+ motionless images captured during the time period the piezoelectric stage was 

held stationary.   

 

3.3 Theory 

 

3.3.1 Utricle Model Development 

 

The dynamic equations used to model the utricle originate from Newton’s 2
nd

 Law of Motion.  

The utricle is a single-input single-output (SISO) dynamic transducer system, a feed-forward 

system, where the input u(t), and output y(t) signals are the measured image registration 

displacements of the MS and OL, respectively.  The noise, n(t), is assumed to occur on the input 

of the system and is summed with the true system input,   (t). The dynamic transducer model, H, 

contains the mechanical properties, ωn and ζ, that govern the physics of motion for this 

biological accelerometer.  A block diagram of the system is shown in Fig. 3.3. 

 

 

Fig. 3.3:  Block diagram of OM dynamics.  The utricle is represented as a single-input single-

output dynamic plant, whose input is the MS displacement (  (t)) with an assumed input noise 

(n(t)), and output is the OL displacement (y(t)).  The measured input is represented as u(t).The 

plants dynamics (H) consists of the OL utricle mass and SL viscoelastic properties. 
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The Laplace transform  is used to analyze the SISO utricle as a lumped parameter 

linear time-invariant (LTI) system.  The SISO LTI utricle system is described by a constant 

coefficient differential equation, and can be transformed into the frequency domain or complex 

s-plane using the Laplace transform [17].  The nonlinear behavior of the utricle was investigated 

and is explained in section 3.3.4. 

 

The utricle is an accelerometer that reports static and dynamic head motion to the CNS and it has 

been well established in literature that the utricle behaves as a second order system [4, 8, 9, 10]. 

The utricles dynamics come from the intrinsic stiffness and viscous shearing forces of the SL 

acting upon the OL, as well as the extrinsic forces of fluid shear and buoyancy from the 

surrounding endolymph (see Appendix).  The intrinsic forces acting upon the OL determine the 

second order dynamics of the utricle and are of primary interest in this experiment, they are ωn 

and ζ, and characterize the utricles dynamics and shear modulus.  The endolymph fluid shear 

stress and buoyant forces are of less importance for this experiment because they are unique to 

the environmental setup. Quantifying their magnitude in this experimental setup proved difficult 

and they were both included and ignored in the experimental model.  

 

When applying Newton’s law of motion to the utricle, arranging terms, and taking the Laplace 

transform with zero initial conditions, the resulting transfer function (TF) becomes  

     

    
  

 
  

   
     

    

    
     

 

             
 

 
Eq. 3.1 

 

see the Appendix for equation derivation and variable definitions, and see the Variable List for 

variable names.  

 

When matching the FRF data to this TF we used three variations of Eq. 3.1 with the numerator 

having three versions with increasing powers of s, and the denominator representing the 

characteristic equation. These three transfer functions are  

 

 [ f (t )]  F (s )
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Eq. 3.2 

 

where: , and . The constant coefficients (ai and bi; where: i = 0, 1, 2) will be 

varied to match the FRF data in a fitting routine to be described later. These three equations 

represent several key features that describe the utricles dynamics. The TFs characteristic 

equation (CE) is the denominator that contains the two system dynamic parameters of interest, 

n and . Setting the CE equal to zero and solving for the roots, provides the poles of the TF.  

The poles are used to fully describe ωn and ζ of an accelerometer [16]. The roots of the TFs 

numerator polynomial equation are referred to as a system’s zeros. These zeros are unique to our 

experimental setup and may or may not completely represent the physiological forces acting on 

the utricle in vivo. For this reason we decided to match the FRF data with three different TFs, 

where each TF assumed a different amount of numerator coefficients.  It is imperative that each 

TF represent a proper system, meaning that degree of the numerator is equal to or less than the 

degree of the denominator. A full description of each TF is described in the Appendix.  Fig. 3.4 is 

a representation of FRF data matched to a H2 model.  Notice that only a single resonance is 

present in the magnitude response of the utricle, thus indicating the utricle is a second order 

dynamic system [15]. 

 

a
1
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n
a
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n
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Fig. 3.4:  FRF data fitted with an exemplary H2 model.  The image registration waveforms of the 

MS and OL data are used to form the FRF data, both magnitude [abs(H2)] and phase [tan
-

1
(imag(H2)/real(H2))], that’s plotted against the logarithmic frequency.  The magnitude begins to 

increase from nearly unity close to 100 Hz, as the phase begins to lag.  Only a single resonance is 

present in the FRF data and is indicated by the crest of the magnitude data near 370 Hz.  The 

exemplary model used in this has a relative degree of zero (H2).  The ωn and ζ are then estimated 

from the H2 model coefficients that are determined from the data fit. 

 

The ωn and ζ values from each TF were similar because they are unique to the utricles 

mechanics, the CE, and assuming the degree of the TF numerator would only degrade the ability 

for the TFs to fit the FRF data. The bi coefficients are not used for any experimentally measured 

quantity.  
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3.3.2 Frequency Domain System Identification (FDSI) 

 

In this experimental approach FDSI was used to characterize the intrinsic dynamics of the 

utricle.  This provides a better estimate for the parameters of interest because of the increased 

excitation frequency range and also the TF models are fitted to both the magnitude and phase 

data derived from the image registration translational waveforms. 

 

The MS u(t) and OL y(t) displacement waveforms are derived from Fig. 3.3 and are represented 

in the time domain by 

 

            Eq. 3.3 

 

where, k is the time sampled data point, y is the OL motion, h is the OM inherent dynamics, u is 

the MS reference motion, and n is the input noise.  The noise is assumed to occur on the input 

and is essentially negligible.  A spectral density estimate of the MS and OL displacement 

waveforms from the time domain, is done using a Welch’s periodogram [20]. The Welch’s 

periodogram is used for estimating the power of a signal at various frequencies.  By applying this 

spectral density estimate to the data taken from the high-speed video recordings, and treating the 

utricle as a SISO dynamic system, a frequency domain representation becomes  

 

                        Eq. 3.4 

 

where: m is the converted frequency domain sample at frequency increment .  Assuming the 

input noise is insignificant and rearranging the terms of Eq. 3.4 it can then be rewritten as 

follows  

 

               
       

       
 Eq. 3.5 
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where, H is the output to input relative displacement or frequency response function (FRF), Syy is 

the auto-spectral density of the system’s output, and Syu is the cross-spectral density of the 

system’s output and input, subscript y is the dynamic system output, and subscript u is the 

dynamic system input [12, 20].  Note in signal processing this is commonly referred to as an “H2 

estimator.” Using the FRF data and MATLAB’s system identification toolbox, an estimation of 

the coefficients for a desired number of poles and zeros in a TF can be predicted.  The 

coefficients of the CE are then used to calculate the ωn and ζ. 

 

3.3.3 MS and OL Displacement Waveform Time Alignment 

 

Accurate estimation of the utricles mechanical parameters is dependent upon the time alignment 

of the MS and OL displacement waveforms.  The correct alignment of these waveforms dictates 

the FRF data that will be used to determine the coefficients for a given TF.  A time alignment 

technique was created to align the MS and OL displacement waveforms and is described in this 

section.  This time alignment technique was used because of the variability in software and 

hardware delays between each set of video recordings.  The ability to measure both the MS 

reference and OL displacement during a single video recording was not possible because the 

microscope objective required movement to each respective filming location between video 

recordings.  Ultimately, this is a phase alignment issue for the input and output of a SISO plant 

and is not commonly encountered in system identification because most often these dynamics are 

recorded simultaneously.   

 

The primary contributor of this time alignment variability was due to inconsistencies in the 

amount of time the piezoelectric stage was held stationary before receiving the voltage chirp 

signal.  The piezoelectric stage was held stationary for 100ms before the chirp signal was applied 

(see Method and Materials) with minute variations in this stationary time noticed between video 

recordings.  This inconsistency, in initial piezoelectric motion, caused divergence in estimating 

the TFs coefficients from the FRF data.  

 

The original displacement waveforms were sampled with a frequency of 2000 fps, providing a 

period between samples of 500 μs.  Improving the estimation of ωn and ζ required finer time 
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increments or phase shifts of the MS and OL motion relative to one another. Each displacement 

waveform from the image registration technique was up-sampled to 20 kHz using a cubic spline 

function.  Up-sampling provided 10 additional time alignment shifts between each data collected 

point and reduced the sampling period to 50 μs. 

 

Fig. 3.5:  OL displacement waveform time shifted relative to the MS displacement waveform.  

The MS displacement waveform was held stationary and the OL displacement waveform was 

time shifted by 35 time increments of 50 μs intervals to the left and right of the suggested data 

acquisition time alignment point.  At each time interval a set of FRF data was generated for latter 

use in data fitting. 

 

Fig. 3.5 is an example of the time alignment technique.  The OL motion was shifted by 35 time 

intervals, with each interval being 50 μs, to the left and right of the data acquisition time 

alignment point.  The initial data acquisition time alignment point was determined from the 

trigger pulse sent from the video camera that initiated recording and the time period till shaker 

motion occurred, all of which was recorded with our sequential data acquisition board.  At each 

time-shifted interval a set of FRF data was generated, thus producing 71 sets of FRF data.  A set 

of poles for the three TFs were then calculated for each of the 71 FRF data sets using the 

technique described in section 3.3.1. 
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Fig. 3.6:  Pole plot of the three TFs in the complex s-plane.  The poles, zeros excluded, of the 

three TFs (H0, H1, and H2) for a set of FRF data is plotted in the complex s-plane.  The horizontal 

and vertical axes are the real and imaginary components of the poles, respectively.  The poles 

from each TF are complex conjugates of the form ( m, βm), where m = 0, 1, and 2 and denotes 

the TF.  The distance between each TF pole was found in the positive portion of the complex s-

plane by using the distance equation and is easily viewable in the “Zoom In” portion.  The total 

distance (d) between each pole was found by summing the distances (d1, d2, and d3).  The 

imaginary and real parts of each pole was averaged and is shown by point Xavg.. 

 

A graphical pole plot of the three TFs, with the three different numerator coefficient 

configurations, was used to more closely match the zero starting points of the OL and MS 

reference data sets. A pole-zero plot graphically represents the complex s-plane whose axes are 

the real and imaginary parts of the complex variable s [15]. Fig. 3.6 illustrates a plot of the poles, 

zeros excluded, of the three TFs for a single set of FRF data set.  A zoomed in portion of the 

positive imaginary poles is also shown in Fig. 3.6.  Note that each pole shown in Fig. 3.6 was 

determined from each of the three TFs for the same set of FRF data.  The location of the poles 

for each TF was found from the roots of its CE, providing a pair of complex conjugate poles, in 

the form of , where: , and the subscript m denotes the TF model (m = 0, 1, or 
m
 j

m
j  1
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2).  The distance between the TF poles was found using only the positive imaginary poles (the 

poles are simply complex conjugates).  The total algebraic sum of the distance (d) between the 

three single complex poles was determined using 

           Eq. 3.5 

This sum of the total distance between poles (d) was then examined to decide which set of time 

shifted FRF data gave the best congruence amongst the poles of the three TFs. The set of time 

shifted FRF data that minimized d was utilized to fit the agreement in the TFs prediction of ωn 

and ζ for the utricle. 

 

Fig. 3.7:  Total distance of the three TF poles for the 50 μs time shifted intervals.  Each time 

shifted interval produced a set of FRF data that was used to calculate the poles for each TF.  

Convergence of the three TF poles was measured by observing a minimization of the total 

distance (d), y-axis, between the poles near the data acquisition based time alignment point, 

which is at interval zero on the horizontal axis.  Notice that d minimizes near the zero time 

interval shift point.  This indicates the data acquisition based time alignment point provides a 

good initial set of FRF data for estimating the utricles ωn and ζ and only slight time shifts are 

needed to fine tune the FRF data so more consistence results are obtained in measuring the 

utricles ωn and ζ. 

 

d  d
1
 d

2
 d

3
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Fig. 3.7 shows the magnitude of d for each time interval shift of the OL motion relative to the 

MS motion as previously illustrated in Fig. 3.5.  Note the indices value of zero is the initial time 

alignment point found with the data acquisition system.  The poles begin to converge near this 

location (see Fig. 3.7) and indicate that the initial data acquisition time alignment point is in 

agreement with this proposed time alignment technique.  The minimum value of d, occurring 

near the initial data alignment point, was used to select the optimal set of FRF data.  The TF 

poles used for calculating ωn and ζ were the average of the real and imaginary parts of the three 

TF poles.  This averaged pole location is shown in the zoomed portion of Fig. 3.6 as variable 

XAvg.  The location of XAvg, determined the reported ωn and ζ values of each utricle experiment.  

 

This technique of small time alignment movements of the two data sets (MS and OL 

displacement waveforms) resulted in a decreased spread of the reported mechanical parameters. 

The largest shift utilized was 5 of the 50 s periods from the initial time alignment point, or 250 

s or half an original frame. Most shifts were one or two 50 s shifts. These shifts did not 

change the overall outcome or conclusions drawn from the data, but it helped in reducing the 

variation of our data due to data acquisition artifacts. 

 

3.3.4 Utricle Linearity Verification 

 

Linearity was verified using two evaluation techniques. First, the principle of superposition was 

used where the stimulus frequency chirp signal direction was first applied from 0 to 500 Hz and 

then from 500 to 0 Hz.  Reversing the chirp stimulus frequency starting point verifies the utricle 

linear system behavior for a given stimulus acceleration magnitude if the frequency response is 

identical for each direction [16]. This was evaluated for each of the signal directions by checking 

for a statistical difference between ωn and ζ between the two directions.  

 

The second linearity test utilized acceleration magnitude change. An ideal accelerometer will 

respond to different applied acceleration magnitude stimuli with proportional proof mass 

displacement [1]. The stimulus magnitude was administered using amplitudes of both low and 

high acceleration (see Fig. 3.2). Since the acceleration stimuli were not constant over the entire 
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frequency range of the chirp signal, the relative high and low descriptions are used here. The 

high acceleration stimulus was the largest that could be achieved with the piezoelectric 

displacement stage, and the low stimulus was the minimum acceleration stimulus that could be 

used and remain in a good data collection range without significant noise. Non-proportional 

displacements to stimulus magnitudes would indicate nonlinearity. Again, significant statistical 

differences were used for evaluation. 

 

3.4 Results 

 

3.4.1 ML Axis Results  

 

Results are shown in Table 3.1 from 20 utricles. The data in column one (High Acceleration 0-

500 Hz) exhibited a normal distribution and a Grubbs test was used to remove any outliers. One 

utricular experiment was not shown or reported in the analysis, based on a Grubbs test, because it 

contained a significantly high ωn (559 Hz). The median value of n and  for each utricle 

evaluation is given in the last column. The overall median and 95% confidence levels are given 

in the last line of the table. The median is presented instead of the average because of the lower 

sample size and it’s insensitivity to extreme values.  The effective median shear modulus with 

95% confidence levels was calculated from the natural frequency using Eq. 3.A.5 in the 

appendix along with the geometric values listed there, and was G = 9.42 (8.36, 10.49) Pa. The 

various columns in Table 3.1 were used to evaluate the linearity of the system. Linearity was not 

checked initially and only begun after the first ten specimens were evaluated. After the 10
th

 

utricle, linearity checking was initiated and in not all cases was a complete data set collected due 

to experimental difficulties and limitations.  
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Table 3.1:  Utricular ωn and ζ measurements for ML axis stimuli.  The ωn and ζ are reported as 

ωn, ζ for 20 utricles, all stimulated along the ML axis for various testing stimuli.  The Final 

Values column was formed by taking the median value of the ωn and ζ for each row because no 

nonlinearities were found under these experimental test conditions (see section 3.4.2). The 

median with its corresponding 95% confidence intervals for the ωn and ζ were calculated from 

the Final Values column and are reported in the bottom row.   

 High Acc. Low Acc. Final 

Values Utricle 0-500 Hz 500–0 Hz 0-500 Hz 500–0 Hz 

1 (341, 0.44) N/A N/A N/A (341, 0.44) 

2 (279, 0.47) N/A N/A N/A (279, 0.47) 

3 (366, 0.49) N/A N/A N/A (366, 0.49) 

4 (326, 0.41) N/A N/A N/A (326, 0.41) 

5 (342, 0.57) N/A N/A N/A (342, 0.57) 

6 (376, 0.60) N/A N/A N/A (376, 0.60) 

7 (340, 0.47) N/A N/A N/A (340, 0.47) 

8 (334, 0.59) N/A N/A N/A (334, 0.59) 

9 (445, 0.55) N/A N/A N/A (445, 0.55) 

10 (445, 0.47) N/A N/A N/A (445, 0.47) 

11 (380, 0.53) N/A (415, 0.49) N/A (397, 0.51) 

12 (361, 0.49) (399, 0.57) N/A N/A (380, 0.53) 

13 (473, 0.62) N/A (489, 0.63) N/A (481, 0.62) 

14 (302, 0.42) (362, 0.45) N/A N/A (332, 0.44) 

15 (382, 0.50) (388, 0.51) N/A N/A (384, 0.50) 

16 (349, 0.47) (399, 0.51) (361, 0.40) (386, 0.47) (373, 0.47) 

17 (408, 0.51) (485, 0.54) (409, 0.50) (386, 0.52) (409, 0.51) 

18 (392, 0.49) (406, 0.53) N/A N/A (399, 0.51) 

19 (295, 0.40) (328, 0.43) (315, 0.38) (321, 0.34) (318, 0.39) 

20 (386, 0.45) (383, 0.45) (366, 0.42) (395, 0.45) (385, 0.45) 

 Median (95% C.I.):  ωn =374 (353, 396) and ζ = 0.50 (0.47, 0.53) 
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3.4.2 Linearity 

 

A nonparametric statistical group comparison test (Wilcoxon rank sum) was utilized to check 

linearity comparing frequency reversal and amplitude changes. The Wilcoxon rank sum test was 

used because of the uneven and lower sample size between groups and its relaxed assumptions 

on sample normality and variance.  These nonparametric comparisons included for frequency 

sweep directions: (1) High Acc., 0-500 Hz versus 500-0 Hz, and (2) Low Acc., 0-500 Hz versus 

500-0 Hz. The amplitude acceleration nonparametric comparisons included: (3) High Acc. from 

0-500 Hz versus Low Acc. from 0-500 Hz, and (4) High Acc. from 500-0 Hz versus Low Acc. 

from 500-0 Hz. A single case of linearity was evaluated in each Wilcoxon rank sum test, and the 

results for each in terms of p-value for both n and  are shown in Table 3.2. 

Table 3.2:  Wilcoxon rank sum tests were performed to determine if nonlinearities were present 

in the utricle based on a variety of tested stimuli.  The p-values for each performed statistical test 

are shown.  Note that no significant differences (p < 0.05) were found for ωn and ζ for any of the 

tested stimuli. 

 Freq. Sweep Direction Acceleration Magnitude 

 High Acc. 0-500 Hz vs. 

High Acc. 500-0 Hz 

Low Acc. 0-500 Hz vs. 

Low Acc. 500-0 Hz 

High Acc. 0-500 Hz vs. 

Low Acc. 0-500 Hz 

High Acc. 500-0 Hz vs. 

Low Acc. 500-0 Hz 

ωn  0.121 0.762 0.287 0.368 

ζ 0.819 0.914 0.346 0.461 

 

As can be seen in Table 3.2, the p-values are all well above 0.05 indicating that there is no 

statistical difference between comparisons, and showing that the response is linear. Thus 

nonlinearity can be ruled out in the range of stimulus studied.  Note a nonparametric paired 

sample test (Wilcoxon signed rank sum) was also performed (results not shown) and again no 

statistical difference was found between stimulus groups using this analysis.  

 

The coherence (not shown) was greater than 0.95 between the MS and OL motion waveforms.  

This is an indication of the ability to predict the OL motion given the MS translation and is 

inherent to the linearity of dynamic systems. 
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3.4.3 Control Experiments 

 

The following controls were utilized to verify the results:  1.) Small beads were adhesively 

bonded to a glass slide of the specimen holder so we could ensure no relative motion between the 

specimen holder and piezoelectric stage was occurring during the chirp oscillations.  The 

displacements checked exactly over the range of amplitudes and frequencies used 

experimentally.  This was used to ensure MS was moving in conjunction with the piezoelectric 

oscillations and that obscure motions were present due to the experimental setup.  2.)  The MS 

was utilized as our reference motion point for the NE and was checked against points near the 

apex of the utricle macula on the NE layer. In this case the MS tracked exactly, matching the 

amplitude of all points checked on the NE layer. 

 

3.5. Discussion 

 

3.5.1 Mechanical Parameter Values and Linearity 

 

The results of this experiment indicated the median ωn = 374 (353, 396) Hz is similar to our 

previous experimental work of 363 (328, 397) Hz. However, the ζ was considerably lower at 

0.50 (0.47, 0.53) versus the previous 0.96 (0.80, 1.12) [6]. We hypothesize that the increased 

amount of FRF data, data past the utricles resonance frequency, and FDSI technique used for 

data curve fitting, improved the estimate of ωn and ζ.  In the previous experiment we collected 

data up to only 125 Hz, not past the utricles resonant frequency. This data was then fit to a TF 

using only amplitude ratio data and no phase data. The work reported here incorporates a much 

larger data set over a much broader frequency range, with a better data analysis technique and TF 

curve matching routine.  

 

The surprising results from this and our previous work [6] are: (1) the utricle is underdamped and 

by a significant amount, and (2) the natural frequency is much higher than anticipated. Due to a 

similar ωn for this work and our previous experiment, the shear modulus values are in good 

agreement, of G = 9.52 Pa in this study, versus the previous of 8.86 Pa. These values are in 
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agreement with all previous published data placing this value in the order of 10 Pa. The effective 

shear modulus from this work is one of the few ways of comparing these results to other 

measurements and predicted values.  

 

3.5.2 Otolith Mechanical Dynamic Response 

 

 

Fig. 3.8:  OL response to acceleration steps of the NE.   A step (left column) and cycloidal (right 

column) skull acceleration were applied and modeled the displacements of the NE and OL.  A 

step change was chosen as this is commonly used to observe the response dynamics of a second 

order system and the cycloidal shape was chosen because it’s more physiologically similar to 

accelerations experienced.  The cycloidal step evolves over a 12 ms period, which is near the 

upper acceleration limits of the turtles head.  The displacements of both the OL with ζ = 0 

(dashed line) and OL with several ζ values (solid lines), are plotted.  The ζ = 0.50 reaches the 

steady state displacement quicker than all other ζ values, but for ζ = 0.50 overshoot is nearly 

20% for a step acceleration and practically irrelevant for the physiological acceleration.  

Oscillation about the steady-state value is generally associated with low damping systems but 

when considering physiological accelerations, as shown in this figure, the oscillations are nearly 

nonexistent. 
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The rise time and maximum overshoot of a second order dynamic system, like the otolith 

mechanical system, are generally referred to by its transient-response characteristics, and step 

changes in the stimulus are generally used to evaluate this response. In most systems with mass, 

as in an animal’s head that is moved by muscle activation, it is impossible to achieve a step 

change in stimulus. Most animal behavior head accelerations are not true step changes, are more 

sigmoidal in shape, and follow a cycloid dynamic stimulus [18]. Fig. 3.8 illustrates the 

displacement of the OL for several ζ values when the NE is stimulated with a step change in Fig. 

3.8a, and a cycloidal acceleration in Fig. 3.8b. The natural frequency in these simulations was ωn 

= 373 Hz as measured in this work.  The wide dark lines in Fig. 3.8 indicate the ideal 

instantaneous displacement response of the OL for the two accelerations. The response is plotted 

as mechanical gain or displacement per unit acceleration (m/(m/s
2
) vs. time (msec). 

 

The step change of acceleration, Fig. 3.8a, shows that for values of ζ between 0.50 and 1.0, the 

steady state displacement is reached most quickly and in about 4 msec. For  = 0.50 there is a 

nearly 20% overshoot and short oscillation about the steady state displacement.  The 

experimentally measured behavioral head acceleration shown in Fig. 3.8b, represents a rapid 

acceleration profile of a turtle’s head as measured in an actual feeding strike for a turtle [18]. The 

the period for the actual measured acceleration is 12 msec, and the acceleration ranges from a 

negative 28.9 m/s
2
 to a positive 11.8 m/sec

2
. This acceleration profile was simulated as a 

cycloidal curve that matched the actual profile. The actual acceleration time profile used for this 

simulation was 

 

   
  

 
         

 

  
   Eq. 3.6 

 

where: AM = acceleration amplitude, and td = time duration. This profile was an excellent 

representation of an actual acceleration in a feeding strike. Notice in Fig. 3.8b that for each ζ 

value shown there is minimal to no overshoot of the relative displacement of OL. This lack of 

significant overshoot is a result of natural head motions that are not as abrupt as the step change 

shown in Fig. 3.8a. This stimulus acceleration can be considered as an extremely rapid head 

movement.  
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With ζ > 1.0, the system obviously responds much slower to acceleration stimuli. The overall 

feed forward system including: utricle deflection, HC transduction, and neural transmission, can 

only respond as fast as the primary transducer, utricle displacement. With an overdamped 

response the generation of a neural signal would be somewhat compromised.  For second order 

systems a tradeoff between rise time and maximum overshoot exists, meaning only one of the 

two can be reduced simultaneously.  Therefore, it is desirable for ζ to be between 0.40 and 0.80  

[16]. Commercial accelerometers also utilize damping ratio values in this same range, with 0.7 

being an optimal desired value [15]. The implications of 0.5 < ζ < 1, as shown in Fig. 3.8b, 

reveal that the compromise between rise time and maximum overshoot is excellent for the 

utricle, and that ζ > 1.0 will produce delayed transient-responses. 

  

3.5.3 OL Displacement to Unit Acceleration 

 

 

Fig. 3.9:  OL displacement to unit acceleration for the utricle with several ζ values.  This figure 

plots the magnitude response of the OL displacement relative to the NE acceleration using a ωn = 

373 Hz and several ζ values.  The dynamic bandwidth of the utricle is decreased drastically by 
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having a highly overdamped system (ζ >1.0) as is shown by the roll-off of the magnitude. For ζ 

<1.0 the magnitude of OL displacement to acceleration inputs will begin to rise near the utricles 

resonance and cause inaccurate reports of skull accelerations.  At 100 Hz, the upper frequency 

range for turtle head accelerations, with a ζ = 0.50 there is a 3.1 percent error. 

 

In Fig. 3.9 the OL displacement per unit acceleration is plotted for the utricle using the measured 

ωn of 373 Hz and the same range of ζ values used in Fig. 3.8.  The information portrayed by Fig. 

3.9 provides insight into the utricle’s dynamics across its frequency range and compares the 

effects of damping (ζ) on the utricle’s dynamic response. In a motion study performed on the 

turtle during rapid motion feeding strikes, a power spectral plot indicated that frequency content 

of this motion had significant power between 1 and 100 Hz [18]. The operating range for the 

utricle can be defined as the flat response region (DC up to 100 Hz) in Fig. 3.9.  The dynamic 

operating range of the utricle reports a 1% error at a frequency of 150 Hz for a ζ of 0.70.  When 

the ζ is lowered to 0.50 the OL displacement becomes overestimated by 3.5% at 100Hz and with 

a ζ of 1.0 it is underestimated by 5.8% at 100 Hz.  Notice that for all ζ > 1.0 the dynamic 

bandwidth of the utricle is greatly reduced, thus limiting higher frequency information reported 

to the CNS. 

 

3.6 Conclusion 

 

Based on the measurements in this work, the utricle mechanical system is an underdamped 

system. This is different from all the assumptions about the utricle mechanical system dynamics, 

where all previous analysis has assumed a near critically damped or overdamped system. The 

reason for an underdamped system appears to be increased bandwidth to accommodate rapid 

accelerations in natural behavioral motion. In addition, the higher than expected natural 

frequency of the system contributes to this increased bandwidth.  

 

Any small deviations from an ideal transducer at higher frequencies could be handled further 

downstream, either with passively or actively filtering by the HC bodies, neural encoding, and/or 

by the CNS. This data filtering is utilized in commercial accelerometer applications today to 

achieve high bandwidth. An animal’s ability to accommodate small deviations from ideal 
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reporting of skull accelerations at high frequencies could easily be handled further downstream 

in this manner.   
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3.9 List of Acronyms and Symbols 

 

CE  characteristic equation 

CFL  column filament layer 

CNS  central nervous system 

FDSI  frequency domain system identification  

HB  hair bundles 

HC  hair cells 

GL  gelatinous layer 

LTI  linear time-invariant system 

MS  membranous shelf 

NEL  neuroepithelium layer 
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OL  otoconial layer 

SISO  single input-single output dynamic system (feed-forward system) 

SL  shear layer (combined the GL+CFL) 

TF  transfer function 

 

3.10 List of Variables  

 

ax  acceleration of the OL with respect to the absolute inertial reference frame 

A  ventral area of the OL where shear stress is applied 

AM  acceleration amplitude for the cycloidal stimulus 

Bf  buoyant force acting on the OL 

Cf  coefficient relating viscous force acting on dorsal surface of OL to the  

  velocity of the OL measured with respect to an inertial reference frame 

  coefficient relating viscous force acting on ventral surface of OL to the relative 

   velocity between OL and NEL 

Dr  ratio of endolymph to gelatinous viscous coefficients 

Eg  shear layer elastic force acting on the ventral surface of the OL 

G  shear modulus 

hSL  height or thickness of SL 

h  displacement ratio transfer function in the time domain 

H(s)  displacement ratio transfer function in the frequency domain 

j  imaginary number,  

k  image quality constant 

   coefficient relating elastic force acting on ventral surface of OL to relative 

   displacement between OL and NEL 

  OL mass 

  mass of fluid displaced by the volume of the OL 

C
g

j  1

K
g

m
OL

m
DF
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t  time for the experiment stimulus and for the cycloidal stimulus 

td  time duration for the cycloidal stimulus 

T  exposure time 

u(t)  displacement of sensory base (NEL) measured with respect to a  

  fixed inertial reference frame – input displacement in the time domain 

 

U(s)  Laplace transform of u(t) = displacement of the NEL in the frequency domain  

V  velocity of the object within the image 

  viscous damping coefficient for critical damping 

Vf  viscous force acting on dorsal surface of the OL  

Vg  viscous force action on the ventral surface of the OL 

  volume of the OL 

 y(t)  displacement of otoconial layer measured with respect to a  

  fixed inertial reference frame – output displacement in the time domain 

 

Y(s)  Laplace transform of y(t) = displacement of the OL in the frequency domain 

  density of the endolymph 

  density of the OL 

ω  excitation frequency 

ωn  undamped natural circular frequency 

ζ  viscous damping factor or damping ratio   

  effective shear strain of the SL 

  shear stress of the SL acting on the ventral surface of the OL 

  deflection of otoconial membrane caused by shear force 

  

V
CR

V
OL


e


OL
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3.A  Appendix – Model Development 

 

3.A.1 Forces Acting on the Otoconial Layer 

 

Forces acting on the OL are shown in the free body diagram in Figure 3.10 and are listed with 

explanation below.  

 

 

Fig. 3.10:  Free body diagram of the forces acting upon the OL during linear acceleration.  The 

OL is exposed to the intrinsic forces from the viscoelastic property of the gelatinous layer and 

the extrinsic forces from the surrounding environment.  The displacement of the MS (u) and OL 

(y) were both measured with respect an absolute reference. 

 

The displacement of the OL and NEL are represented by the variables y and u respectively.  The 

y and u measurements are made relative to an absolute inertial reference frame that is the 

supporting stage of the microscope. The relative displacement between OL and NEL (y-u) is 

responsible for HC bundle displacement [10]. This HC stimulus displacement is the variable 

usually used to describe otolith dynamic behavior. The measured variables y and u are the 

variables of interest in this formulation and are used here as they are those directly measured in 

the experiment. 
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Forces in the free body diagram:  

a. The viscous force Vf from contact between the dorsal otoconial membrane surface and 

endolymph. This force is linearly proportional to    = velocity of the OL, and the constant 

coefficient relating velocity to force is Cf  

         

 

b. A viscous force generated from the shear layer is linearly proportional to the rate of 

relative velocity        , where    = velocity of the NEL, and the constant coefficient 

relating force to relative velocity is Cg   

              

 

c. An elastic force Eg generated from the shear layer that is linearly proportional to the 

relative displacement (y-u), y and u are the displacements of the OL and NEL 

respectively, measured with respect to an inertial reference frame, and the constant 

coefficient relating force to the relative displacement is Kg 

            

 

d. Buoyant force         , where mDF = mass of displaced fluid (endolymph), and    = 

acceleration of the NEL. The mDF = ρeVOL, where: ρe = density of the endolymph, VOL = 

the volume of the OL, and the mass of the OL mOL = ρOLVOL, where: ρOL = the density of 

the OL. When these relationships are combined the buoyant force becomes

 

 

    
  

   
      

 

Note that for our experimental setup a buoyant force may or may not be present. For buoyancy to 

hold, the OL should be encapsulated in a closed volume by the otic capsule of the skull and 

V
g
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membranous utricle. The enclosure for the experiment may produce some or all of the buoyancy 

force. 

e. Weight is usually included in this analysis. Here, weight is omitted because it is not an 

active force as the utricle is specifically leveled during the experiment to eliminate any 

weight stimulation. 

 

3.A.2 Equation of OL Motion 

 

Incorporating these forces in Newton’s Second Law of Motion provides the governing equation 

for the OL dynamics 

                    Eq. 3.A.1 

 

Substituting the force expressions, expanding, and rearranging, Eq. 3.A.1 becomes 

     
  

   
 

  

   
      

  

   
     

  

   
     

  

   
     

  

   
   Eq. 3.A.2 

 

Standard mechanical system parameters for second order dynamic systems are utilized here. 

These parameters are:           

 

the undamped natural circular frequency, and ζ = Cg/CCR 

= Cg/2mOLωn the viscous damping factor or damping ratio, where CCR is the critical damping 

coefficient defined as the damping value that just prevents displacement overshoot in oscillatory 

motion with zero initial conditions. These standard parameters were established because of their 

physical significance to the system’s dynamic behavior. The natural frequency n represents the 

undamped natural frequency of vibration. The damping coefficient ζ is a measure of the severity 

of the damping in a second order mechanical system, where: 0 ≤ ζ <1 defines the range of 

oscillatory behavior, ζ = 1 is critical damping where the system responds as fast as possible to a 

stimulus without overshoot, and ζ > 1 is the overdamped range where system oscillations are 

completely damped out. Converting Eq. 3.A.2 using these standard parameters it becomes  
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 u Eq. 3.A.3 

 

where:           is the ratio of the viscous coefficients of endolymph to SL.  The utricle 

experimental dynamic response is measured in terms of ζ and ωn; these are evaluated for a given 

utricle by applying Eq. 3.A.3 to the experimentally measured displacements.  The numerical 

value of Dr is relatively low with Dr < 0.01, implying the gelatinous SL dominates the viscous 

damping forces.  A value of 0.01 was used for Dr.  

 

Applying Laplace transforms (F(s) =  [f(t)]) to Eq. 3.A.3, where s is the Laplace transform 

variable, and where Y(s) =  [y(t)], U(s) =  [u(t)], and solving for the displacement gain transfer 

function results in 

     

    
  

 
  

   
     

    

    
     

 

             
 

 
Eq. 3.A.4 

 

This transfer function (TF) was used for the frequency curve fitting to the displacement data. 

Three separate TFs were developed to accommodate the three potential terms in the numerator of 

the TF in Eq. 3.A.4 (see text for an explanation). These three TFs are shown in Eq. 3.2 in the 

text. The denominator in this expression represents the characteristic equation of utricle 

dynamics and represents its fundamental behavior in responding to an acceleration stimulus.  

 

3.A.3 Shear Layer Stiffness 

 

Linear acceleration of the utricle induces a shear deformation of the gelatinous and column 

filament layers.  The shear deformation can be modeled using the shear stress-shear strain 

relationship  = G , where: G is the effective shear modulus of the SL (combined gelatinous and 

column filament layers),  = shear stress, ( = F/A, where F is an applied shear force to the OL 

and A is the sheared area), and  = effective shear strain ( ; sin  =  /hSL, where the 

approximation for small    is used;   is the linear deflection of the OL relative to the NE, and hSL 
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is the height or thickness of SL).  Using the relation between a 2
nd

 order systems natural 

frequency and stiffness   
        , where Kg = F/ , and combining with the shear stress-

shear strain relationships yields an expression for the effective shear modulus of the utricle SL 

 

    
        

 

 
 Eq. 3.A.5 

 

The effective shear modulus was calculated from Eq. 3.A.5 using the measured experimental 

value   
  along with the other parameter values of: mOL

 
= 0.097 mg, hSL = 14.16 μm, and A = 

0.805 mm
2
. The three parameters, mOL, hSL, and A were calculated from previous work using 

confocal images of the turtle utricle [3].  
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Chapter 4 
 

Experimental Measurement of 

Utricle Dynamics: II. Anterior-

Posterior System Properties 
 

This section expands upon our previous measurements of otoconial membrane mechanical 

properties by quantifying their value in the anterior-posterior (AP) axis, thus providing the first 

experimental measurement of directional mechanical properties for an otolith organ.  Using the 

same measurement and data analysis techniques as described in chapter 3 the utricle was 

exposed to a set of natural inertial stimuli along the AP axis causing a measureable shear 

displacement in the otoconial membrane.  Mechanical properties were measured for 10 utricles, 

along the AP axis, with a median and 95% confidence interval in parenthesis:  natural frequency 

ωn =409 (390, 430) Hz, damping ratio ζ = 0.53 (0.48, 0.57), and shear modulus G = 11.31 

(10.21, 12.41) Pa.  Nonlinearities were not found in the mechanical properties along the AP 

axis.  The mechanical properties of the medial-lateral (ML) and AP axes are compared in this 

section and we found that we were not capable of determining anisotropic mechanical 

properties.  It was found that if an anisotropic mechanical property was to exist it would most 

likely be an increased stiffness along the AP axis versus the ML axis and that damping was more 

evenly distributed between these anatomical axes. 
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4.1 Introduction 

 

4.1.1 Vestibular System 

 

The vestibular system is a highly specialized biomechanical apparatus that transduces head 

motions and static tilts into neural responses for the control of eye movement, muscle 

coordination, and for balance and posture. For instance the otolith organs, utricle and saccule, 

detect linear acceleration and head tilt parallel to their macular surface [3] via shear displacement 

of its column filament and gelatinous layers, which we will term the “shear layer (SL),” and 

coupling hair bundles (HB).  The compositional layers and their functional significance of the 

utricle have been described previously and should be referred to for a review [2] (see Chapters 1, 

2, or 3).   

 

The utricular measurement of head acceleration and static tilt leaves several questions as to the 

exact nature of how the utricle transduces these stimuli and how utricular mechanical properties 

influence these measurements.  The conversion of inertial stimuli into neural signals is a 

multifaceted process with each taking place in a well orchestrated manner.  The general chain of 

events that lead to the neural generation are as follows:  1.) acceleration of the otoconial 

membrane (OM), 2.) shear deformation of the SL, and 3.) deflection of HBs, thus causing a 

opening of tips links that initiate the depolarization process of temporal neural encoding.  The 

foremost event of SL deformation is governed by the effective material properties of the utricle 

and is one of the least experimentally understood processes in the utricle, but its importance is 

paramount for central nervous system (CNS) signaling.  Therefore, we have studied not only a 

ML axis of shear deformation (Chapter 2 & 3), but have also observed the inertial dynamic 

response of the utricle along its AP axis. 

 

When observing the anatomy of the utricle it’s questionable as to whether an isotropic 

distribution of material properties would exist because of the orientation of HBs [19], varying 

HB stiffness [22], and micrograph studies of the SL [9]. 
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Fig. 4.1:  An illustration of the macular surface of the turtle utricle.  The medial (M), lateral (L), 

anterior (A), and posterior (P) anatomical directions are shown.  Arrows indicate the HB axis of 

polarity, maximal sensitivity directions, and how they are splayed across the utricular macula.  

The dashed line represents the line of polarity reversal, contained in the striolar region. 

 

Utricle HBs are organized in radial transects that spread across the macular surface [12].  Fig. 4.1 

shows the general stimulus axis for HBs as they are oriented along the striolar band for the turtle 

utricle.  Across the utricle the HBs are further classified into zones based on their morphology 

and the type of hair cell they innervate [19].  Each zone of the utricle is responsible for encoding 

various information about the inertial stimulus force from the OL.  For example, the striolar 

region is a 50-60 μm wide band that spans along the lateral portion of the utricle and contains 

bigger (meaning larger, more stereocilia, wider, and stiffer) HBs, in relation to extrastriolar 

regions, and have been shown to signal higher-frequency head movements [14, 19].  It has been 

shown in several studies that the directional stiffness changes for HBs [7, 15, 23], which further 

adds to the likelihood of anisotropic material properties in the SL.   

 

Scanning electron microscopy studies of otolith organs have shown that the SL is composed of 

two sections: the gel layer (GL) and column filament layer (CFL) [6, 9, 18].  The GL has a 

highly cross-linked isotropic texture and is assumed to function as a rigid plate that distributes 

inertial forces, from the OL, equally to the HBs [9].  The CFL layer is composed of 20 nm 

diameter fibers, with a bead like appearance, that are cross-linked together at different angles by 
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12 nm thin filaments.  The CFL secures the GL and OL to the surface of the epithelium.  From 

the previously mentioned micrograph studies, the CFL appears anisotropic, with a presumed 

higher stiffness perpendicular to the macular surface and a lower stiffness in directions parallel to 

the epithelium surface.  The directional stiffness is assumed to result from the columnar 

filaments being composed in a vertical manner.  These observational studies indicate the need for 

experimental evidence of directional dependency of material properties for the utricle. 

 

4.1.2 Experimental Goals and Significance 

 

Using the experimental techniques previously described in the first portion of this publication 

(section 3.2) we choose to measure the natural frequency, damping, and calculate the shear 

modulus for the turtle utricle along its AP axis.  Due to the lack of experimental evidence, or to 

our knowledge any experimental evidence, for directional measurements of material properties 

for the utricle we feel this information would be advantageous for future computational models 

and the general knowledge of vestibular function.  All past computational models have assumed 

linear homogenous material properties for the otolith’s SL [1, 5, 8, 10] and have also placed an 

emphasis on the need for an experimental study of physical parameters. 

 

4.2 Methods 

 

The experimental methods for the AP axis dynamic inertial stimulus measurements are identical 

to the first portion of this publication (section 3.2) and should be referred to for a complete 

description.  Inducing the AP axis natural inertial stimulus was done by using a piezoelectric 

actuated dual-axis displacement stage (PI Inc., P-541.2DD).  Once a utricle was stimulated along 

the ML axis the same sets of oscillations were applied orthogonally to the AP axis. The 

membranous shelf (MS) and OL filming locations were not changed between the ML and AP 

axial video recordings.  The image registration code is capable of measuring subpixel 

displacements in both the ML and AP axis.  The image registration code was used to generate a 

set of translational waveform data for the MS and OL when exposed to a natural inertial stimulus 

along the AP axis.  
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4.3 Theory 

 

The theories used to identify the mechanical properties of interest along the AP axis of the utricle 

are fully explained in the first portion of this publication (section 3.3) and should be referred to 

for a complete description. 

 

4.4 Results 

 

4.4.1 Anterior-Posterior Mechanical Properties 

 

The n and  values for each experimental stimulus are provided for 10 utricles and are shown in 

Table 4.1.  Note that utricles 11 thru 20 of Table 4.1 correspond to utricles 11 thru 20 from Table 

3.1 of section 3.4.1.  The “Final Values” column was found by taking the median value of the n 

and  values for each tested stimulus in Table 4.1.  The median value of n and  for each utricle 

was taken from all tested stimulus results because no significant difference was determined from 

the applied stimuli (see section 4.4.2).  The median is presented instead of the average because of 

the lower sample size (≤ 10).  The overall AP axis median and 95% confidence intervals for n 

and  are reported in the bottom row of Table 4.1 and were calculated from the “Final Values” 

column.  The effective median shear modulus, G, and 95% confidence interval for the SL AP 

axis was found using Eq. A-5 from section 3.A.0, and was G = 11.31 (10.21, 12.41) Pa.  Note all 

medians and 95% confidence intervals were found using:            .          , where 

IQR is the sample group’s interquartile range and n is the sample size [13].  A complete set of 

data was not gathered for each utricle due to experimental difficulties and limitations.   
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Table 4.1:  Utricular ωn and ζ measurements for AP axis stimuli.  The ωn and ζ are reported as 

ωn, ζ for 10 utricles, all stimulated along the AP axis for various testing stimuli.  The Final 

Values column was formed by taking the median value of ωn and ζ for each row because no 

nonlinearities were found under these experimental test conditions (see section 4.4.2). The 

median with approximate 95% confidence intervals for ωn and ζ were calculated from the Final 

Values column and are reported in the bottom row. 

 High Acc. Low Acc. Final 

Values Utricle 0-500 Hz 500–0 Hz 0-500 Hz 500–0 Hz 

11 444, 0.53 --, -- 428, 0.54 --, -- 436, 0.54 

12 407, 0.52 407, 0.47 --, -- --, -- 407, 0.50 

13 431, 0.60 --, -- 420, 0.57 --, -- 426, 0.58 

14 385, 0.49 353, 0.53 --, -- --, -- 369, 0.51 

15 331, 0.59 350, 0.59 --, -- --, -- 341, 0.59 

16 460, 0.50 441, 0.51 425, 0.44 444, 0.49 443, 0.50 

17 360, 0.51 433, 0.62 386, 0.57 392, 0.61 389, 0.59 

18 433, 0.59 395, 0.55 430, 0.54 396, 0.50 413, 0.54 

19 --, -- --, -- 394, 0.34 --, -- 394, 0.34 

20 425, 0.41 434, 0.42 423, 0.35 439, 0.40 429, 0.41 

Median (95% C.I.):  ωn =409 (390, 430) and ζ = 0.53 (0.48, 0.57) 

 

4.4.2 Anterior-Posterior Linearity 

 

Linearity for all AP axis stimuli was verified by determining if a significant difference was found 

between each stimulus group through the use of a Wilcoxon rank sum test.  Recall from section. 

3.3 that linearity was determined by testing the principal of superposition (frequency reversal: 0-

500 Hz and 500-0 Hz) and by changing the acceleration magnitude (High Acc. and Low Acc.).  

The statistical tests for linearity were performed identically to that of section 3.4.2, with the AP 

axis p-values for n and  shown in Table 4.2.  

 

Table 4.2:  Wilcoxon rank sum tests were performed to determine if nonlinearities were present 

in the utricle based on a variety of tested stimuli.  The p-values for each performed statistical test 

are shown.  Note that no significant differences were found for ωn and ζ for any of the tested 

stimuli. 

 Freq. Sweep Direction Acceleration Magnitude 

 High Acc. 0-500 Hz vs. 

High Acc. 500-0 Hz 

Low Acc. 0-500 Hz vs. 

Low Acc. 500-0 Hz 

High Acc. 0-500 Hz vs. 

Low Acc. 0-500 Hz 

High Acc. 500-0 Hz vs. 

Low Acc. 500-0 Hz 

ωn  0.758 0.648 0.757 0.527 

ζ 0.900 0.927 0.536 0.526 

 



89 
 

No significant difference (p < 0.05) was found for n or  based on the tested stimuli along the 

AP axis.  These results indicate that nonlinearities in SL mechanical properties could not be 

found from our measurements.  Note a nonparametric paired sample (Wilcoxon signed rank) test 

was also performed to compare linearity (results not shown) and no significant difference was 

found between groups using this analysis technique. 

 

4.4.3 Statistical Comparison of SL Mechanical Properties 

 

A comparison of n and  for the AP and ML axes were conducted to determine if anisotropic 

material properties exist for the utricle.  Anisotropy, for the SL, is a directionally dependent 

value of the mechanical properties of n and .  The ML axis mechanical parameters of n and  

were taken from the “Final Values” column of Table 3.2 (see section 3.4.1) (n = 20).  The AP 

axis mechanical parameters were taken from the “Final Values” column of Table 4.2 (n = 10).  

Note that the p-values for this statistical analysis of the AP and ML axes will be reported as (p-

valueωn, p-valueζ), where p-valueωn and p-valueζ are the respective p-values of the n and  

comparisons.  In order to reduce some of the assumptions associated with t-tests, a 

nonparametric Wilcoxon rank sum test was performed because this analysis requires less 

stringent assumptions on sample normality and variance [16].  This analysis provided p-values of 

(0.055, 0.495), suggesting no significant difference was present in our directional measurements 

of n and .  However, the difference in n for the AP and ML axes is significantly different at 

the 90% confidence level in this statistical analysis and could be an indication of anisotropic 

behavior in SL stiffness across the utricle.  The median shear modulus for the AP and ML axes 

are 9.42 Pa and 11.31 Pa, respectively and could signify an increased stiffness for the utricle in 

the AP axis in comparison to the ML axis.   

 

Although no significant difference between the directionally tested mechanical properties could 

be concluded with a high level of confidence, it did suggest the most influential difference would 

be in SL stiffness and not the damping.  A larger sample size would provide more insight into 

statistically significant anisotropic utricular material properties; however these experiments 

require an extensive amount of time and resources, thus making large data sets at times 
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impractical.  Despite the statistical analysis, another analysis technique was conducted in an 

effort to reveal asymmetries in the utricle’s SL and is expanded upon in section 4.4.4. 

 

4.4.4 Dynamic Analysis of SL Mechanical Properties 

 

4.4.4a  Dynamic Model Development and Qualitative Analysis 

 

In an attempt to examine anisotropic SL behavior from a single utricle high-speed video data set 

a 2 degree-of-freedom (2DOF) lumped parameter model was devised to qualitatively examine 

the utricle’s dynamics.  Fig. 4.2 will be used to explain the recorded MS and OL displacements 

and also to form a qualitative explanation of anisotropic material properties.  In Fig. 4.2 the OL 

mass is represented by mol and the directional AP and ML axes stiffness and damping of the SL 

is represented by elements kAP, cAP, kML, and cML, respectively.  The AP and ML axial 

displacements of the MS are represented by variables uAP and uML.  These displacements were 

taken during the filming of the MS during an oscillation stimuli.   The AP and ML axial 

displacement of the OL are shown by variables yAP and yML and were taken when filming the OL 

during oscillation.  Note that all displacements are made relative to an inertial reference frame, 

which is the fixed stage microscope platform. 
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Fig. 4.2:  2DOF model of the utricle.  The directionally sensitive mechanical properties of AP 

and ML axes are represented by elements kAP, cAP, kML, and cML, respectively.  The displacements 

of the MS and OL are made relative to the inertial reference point of the fixed microscope stage 

and are shown by variables uAP, yAP, uML, and yML.   

 

When video recording the MS or OL during stimulation, along either the AP or ML axis, there 

was displacement measured not only in uML or yML, but also in uAP or yAP (see Fig. 4.2).  For 

example, when stimulating the OL along its ML axis (yML) the image registration code would 

also detect orthogonal AP displacement of the OL (yAP).  Orthogonal displacement was found in 

all video recordings, granted the displacement along the primary axis of situational was 100-fold 

larger than the orthogonal axis (see Fig. 4.4a & b).  This orthogonal displacement of the MS and 

OL provided both an AP and ML axis displacement waveform for each tested stimulus.   

 

In effort to explain the orthogonal displacement, qualitative interpretations of the utricle’s 

dynamics were generated by varying the magnitude of the AP and ML axial mechanical 

properties in Fig. 4.2, thus being able to study isotropic and anisotropic SL properties.  This 

qualitative assessment of SL mechanical properties will be limited to only a ML axis stimulation, 
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for the sake of simplicity, meaning the primary stimulus (uML) will be provided along the ML 

axis and only a fractional magnitude of the stimulus will provided on the AP axis (uAP). 

 

If the utricle were to have anisotropic material properties the relative displacement (RD) between 

the MS and OL displacement waveforms, for both the AP and ML axes, could be used to 

understand the SL mechanical properties.  RD will be defined axially as RDML = yML-uML and 

RDAP = yAP-uAP.  Plotting RDML and RDAP in an x and y-axis format, respectively, the general 

shape will become dependent upon SL mechanical properties, with an example shown in Fig. 

4.3.  The RD trend in Fig. 4.3 was formed by plotting RDML and RDAP on the horizontal and 

vertical-axes, respectively.  Note that in Fig. 4.3 each RD was normalized because this is a linear 

model and the physical RD displacement is irrelevant for this qualitative concept.  Therefore, the 

horizontal and vertical axially RDs were calculated as RDMLnorm = RDML/maximum(yML) and 

RDAPnorm = RDAP/maximum(yML), respectively.     

 

Fig. 4.3:  RD trend from a 2DOF utricle model for a chirp oscillation.  Plotted on the horizontal 

axis is the normalized RD for the ML axis = RDMLnorm = RDML/maximum(yML) and plotted on the 

vertical axis is the normalized RD for the AP axis = RDAPnorm = RDAP/maximum(yML).   
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In Fig. 4.3 a chirp displacement was applied to the primary ML axis (uML) and also orthogonally 

in the AP axis (uAP), with a much reduced magnitude.  The magnitudes of oscillations provided 

to uML and uAP were chosen to be representative of the experimental excitations and equates to a 

10˚ ML axis offset stimulus.  Note this is a lumped parameter model and it is necessary to apply 

an AP axis base oscillation even for a ML axis stimulation because it is needed to generate a RD 

in the AP axis and this would likely not be the case for a real utricle because the properties are 

distributed.   

 

Assuming the utricle were to have isotropic material properties (kML = kAP and cML = cAP) the RD 

trend would be a straight line as shown in Fig. 4.3.  Now, if the utricle were to have anisotropic 

material properties (kML ≠ kAP or cML ≠ cAP ) an amplitude and phase mismatch takes place 

between the RD of the ML and AP axes causing the RD to take on an elliptical shape as seen by 

the dashed lines and arrows in Fig. 4.3.  The axial mechanical properties for the dashed line 

simulations in Fig. 4.3 were the n and   values measured for utricle #20 (nML = 383 Hz, nAP 

= 430 Hz, ML = 0.44, and AP = 0.40 Hz).  Since, a chirp signal was applied to the model only a 

portion of the RD is shown.  The frequency of oscillation shown is near 250 Hz.   This model 

shows that if anisotropic SL material properties are present, then the experimental data, when 

plotted in the RD trend as shown by Fig. 4.3, will reveal anisotropic properties if the RD trend is 

not a straight line projection.  It’s this concept that will be used assess if anisotropic SL material 

properties can be found in a single set of high-speed video data from a utricular experiment and 

is covered in section 4.4.4b. 

 

4.4.4b  Dynamic Analysis of RD for Experimental Data 

 

The RD trend plot of Fig. 4.3 provides the qualitative foundation for the ability to analyze a 

single high-speed video data set for a utricular oscillation and determining if anisotropic 

properties were present in our experimental data.  If an elliptical shape is present when plotting 

experimental data in the form shown in Fig. 4.3 then this could be an indication of anisotropic 

SL properties.  A portion of the displacement data from utricle #20 in Table 4.1 for a High Acc. 

0-500 Hz stimulus is shown in Fig. 4.4 and was used to develop the exemplary experimental RD 

trend plot of Fig. 4.5.  In Fig. 4.4a & c the chirp oscillation is limited to approximately 75 Hz 
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because the coherence between the MS and OL displacements along the AP axis becomes very 

poor past this frequency (< 0.3) and this does not allow the elliptical RD concept to be applicable 

to unrelated waveforms.  Note, the coherence for the MS and OL displacment in the ML axis is 

much better (> 0.95) over the stimulated frequency range.  For elliptical shaped RD trends to be 

an indication of anisotropic SL properties it is necessary for the MS displacements in both axes 

to be components of one another.  The data shown in Fig. 4.4b & d was taken between the 

vertical black lines of Fig. 4.4a & c and used to form the RD plot of Fig. 4.5.  The oscillation 

cycle in Fig. 4.4b & d was taken near 50 Hz. 

 

 

Fig. 4.4:  MS and OL displacement waveforms in the AP and ML axis for a High Acc. 0-500 Hz 

oscillation along the ML-axis.  Subplots a) and c) are the ML and AP axes displacements, 

respectively, of the MS (blue) and OL (red) during the ML axis chirp oscillation.  Subplots b) 

and d) show the portion of the ML and AP axes displacements taking place between the vertical 

black lines in subplots a) and c), respectively. 

 

Notice that in Fig. 4.4c noise appears to corrupt both the MS (blue) and OL (red) displacement 

waveforms.  The noise could be contributed to a couple of factors such as the image 
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registration’s inability to resolve the translation of the template within each image and also 

because of minute obscure motions between the base of the utricle and glass slide causing 

inconsistencies between the motion of the utricle when filming the MS and OL. 

 

 

Fig. 4.5: Experimental RD trend taken near 50 Hz for a High Acc. 0-500 Hz oscillation along the 

ML axis. 

 

Even though the experimental RD trend shown in Fig. 4.5 may be attributed to noise it does not 

fully rule out that a portion of the elliptical shape is not being contributed to by a small 

anisotropic stiffness (< 1.5 Pa) in the SL.  This concept could be used in future experiments as 

opposed to a statistical approach of numerous measurements, as these are sometimes difficult 

and not always achievable.  In order to approve the RD trend approach it would behoove future 

experiments to reduce the noise that is associated in Fig. 4c. 

 

For the simple 2DOF model presented here several factors such as utricle morphology, OL mass 

distribution, and lumped parameter analysis of SL material properties limit this model to fully 

describing the OL dynamics from experimental data.  The experimental RD trend data would 

best be used in conjunction with a distributed parameter model, custom to the utricle’s 
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morphology, in order to best predict the distribution of the utricle’s mechanical properties.  For 

example, finite element analyses have been conducted on the otolith organs to better understand 

the static and dynamic effects of various forces acting on the OL [1, 8, 10], however the most 

relevant study was conducted previously in our lab by Davis et. al. [1].  This computational study 

is most relevant because it revealed a directional sensitivity to mechanical gain (OL static 

displacement to acceleration) for the red-ear slider turtle utricle.  The directional mechanical gain 

in his model showed an upper difference of approximately 15 nm/gravitational unit in the ML 

versus AP axis.  This directional mechanical gain may have been influencing the reported 

stiffness measurements of the ML and AP axis during our experiments, thus causing the ML axis 

to be slightly less stiff than the AP axis.   

 

4.5 Discussion 

 

4.5.1 Mechanical Parameters and Linearity  

 

The experimental results indicated the median and 95% confidence intervals for ωn = 409 (390, 

430) Hz, ζ = 0.53 (0.48, 0.57), and G = 11.31 (10.21, 12.41) Pa are on the same order of 

magnitude as our previous finding (chapters 2 and 3) and with other published literature [11, 20].  

Probably the most interesting finding in this experiment was that the AP axis had an 18% 

increase in median shear modulus at 11.31 Pa versus the ML axis at 9.42 Pa.  Even though there 

was no statistical relevance for anisotropic behavior in the SL it does disclose the first measured 

experimental findings of a directional material measurement in the SL for an otolith organ.  This 

type of isotropic material behavior is interesting when considering the complex structural 

distribution of the OM.  It has been shown in other tissues in the body, such as the arterial walls 

that circumferential versus longitudinal extension deformation are directionally sensitive [24]. 

The damping in the utricle appears to be evenly distributed between both the ML and AP axes 

with the median value for each axis being 0.50 and 0.53, respectively.   

 

As found for the previously tested ML axis, the AP axis also exhibited a linear response to the 

tested stimuli, see Table 4.2.  The stimuli tested the theory of superposition by reversing the 

linear frequency sweep from 0-500 Hz to 500-0 Hz and also tested the proportional proof mass 
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displacement to acceleration magnitude by using a natural inertial stimulus at both a low and 

high acceleration magnitude.  This indicates the utricle will behave as a linear accelerometer in 

its natural physiological range of head accelerations of 0-100 Hz [17]. 

 

4.5.2 HB Directional Stimulation 

 

The cascade of events leading to HC signal generation is preceded by SL deformation and the 

coupling of HBs to this motion.  Experimental data revealed that anisotropic material properties 

are present at the 90% confidence level, and therefore might exist, and could have an effect on 

neural encoding of inertial stimulus forces.  This indicates that during natural head accelerations 

the SL deflection and ultimately HB deflection may not necessarily happen along the line of 

inertial stimulus. 

 

As seen in the turtle’s utricle, the HB directional specificity is widely tuned for a single afferent, 

with the maximal sensitivity axis oriented 45-50˚ from the afferent’s population average and it 

even reached values of 60˚ in some single afferent samples [19].  Three possible mechanisms 

have been described that would contribute to an orthogonal afferent neural response [3]: 1.) a 

single afferent contacts several hair cells which have different polarization vectors [4], 2.) 

otolithic membrane deformation to an orthogonal-shear force would result in hair cell deflection 

along its polarization axis, and 3.) HBs produce an excitatory response to orthogonal deflections.  

It has been shown that mechanism 1 is the most probable contributor to orthogonal-shear force 

afferent response [19] and that mechanism 3 is likely not influential because often orthogonal 

bundle deflections do not produce much response [21].  Mechanism 2 is however, one of the 

least understood mechanisms because of the lack of experimental evidence, but anisotropic SL 

material properties resulting in off-axis stimulus deflections of HBs could also be a significant 

contributor to upper frequency physiological dynamic neural signaling.  As shown in Fig. 4.3 

and Fig. 4.5 it could be possible that unevenly distributed SL stiffness’s would result in the RD 

of the OL not being directed simply along the line of inertial stimulus, thus causing an 

orthogonal deflection of HBs and neural response. 
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Commercially available accelerometers try to reduce the effect of cross-axis sensitivity by 

passively inducing only single-axis stimulus translation of the proof mass and by using 

calibrations and post-signal processing algorithms.  This problem could be overcome by neural 

population coding, which is basically a vector summation of afferent responses that predict the 

magnitude and direction of the acceleration stimulus.   

 

4.6 Conclusion 

 

Dynamic measurements of the AP axis indicated that from our experimental results the utricle 

does appear to have isotropic mechanical properties in the SL.  A statistical analysis revealed that 

if an anisotropic difference was to exist it would likely be in SL stiffness, with a slightly higher 

stiffness in the AP axis versus the ML axis.  The SL damping was found to be very similar 

throughout the SL.  Also presented, was a qualitative concept to determine if anisotropic SL 

properties could be found from a single set of high-speed video data, but the experimental 

dynamics seen were mostly corrupted with noise, leaving little confidence in concluding 

anisotropic SL properties.  With a larger sample size of dynamic measurements or reduced error 

in measurement technique this possible and subtle difference in directional SL mechanical 

properties may be measurable. 

 

 

 

 

  



99 
 

4.7 References 

 

[1] J.L. Davis, J. Xue, E.H. Peterson and J.W. Grant, Layer thickness and curvature effects 

on otoconial membrane deformation in the utricle of the red-ear slider turtle: static and modal 

analysis, J Vestib Res 17 (2007), 145-162. 

[2] M.D. Dunlap, C.E. Spoon and J.W. Grant, Experimental measurement of utricle dynamic 

response, J Vestib Res 22 (2012), 57-68. 

[3] C. Fernandez and J.M. Goldberg, Physiology of peripheral neurons innervating otolith 

organs of the squirrel monkey. II. Directional selectivity and force-response relations, J 

Neurophysiol 39 (1976), 985-995. 

[4] A. Flock, Structure of the Macula Utriculi with Special Reference to Directional Interplay 

of Sensory Responses as Revealed by Morphological Polarization, J Cell Biol 22 (1964), 413-

431. 

[5] W. Grant and W. Best, Otolith-organ mechanics: lumped parameter model and dynamic 

response, Aviat Space Environ Med 58 (1987), 970-976. 

[6] D.E. Hillman and E.R. Lewis, Morphological basis for a mechanical linkage in otolithic 

receptor transduction in the frog, Science 174 (1971), 416-419. 

[7] J. Howard and A.J. Hudspeth, Compliance of the hair bundle associated with gating of 

mechanoelectrical transduction channels in the bullfrog's saccular hair cell, Neuron 1 (1988), 

189-199. 

[8] R. Jaeger and T. Haslwanter, Otolith responses to dynamical stimuli: results of a 

numerical investigation, Biol Cybern 90 (2004), 165-175. 

[9] B. Kachar, M. Parakkal and J. Fex, Structural basis for mechanical transduction in the 

frog vestibular sensory apparatus: I. The otolithic membrane, Hear Res 45 (1990), 179-190. 

[10] A.V. Kondrachuk, Finite element modeling of the 3D otolith structure, J Vestib Res 11 

(2001), 13-32. 

[11] A.V. Kondrachuk, Models of the dynamics of otolithic membrane and hair cell bundle 

mechanics, J Vestib Res 11 (2001), 33-42. 

[12] H.H. Lindeman, Regional differences in structure of the vestibular sensory regions, J 

Laryngol Otol 83 (1969), 1-17. 



100 
 

[13] R. Mcgill, J.W. Tukey and W.A. Larsen, Variations of Box Plots, American Statistician 

32 (1978), 12-16. 

[14] J.H. Nam, J.R. Cotton and J.W. Grant, Effect of fluid forcing on vestibular hair bundles, J 

Vestib Res 15 (2005), 263-278. 

[15] J.H. Nam, J.R. Cotton and W. Grant, A virtual hair cell, I: addition of gating spring 

theory into a 3-D bundle mechanical model, Biophys J 92 (2007), 1918-1928. 

[16] L. Ott and M. Longnecker, An introduction to statistical methods and data analysis, 

Duxbury, Australia ; Pacific Grove, CA, 2001. 

[17] A.R. Rivera, J. Davis, W. Grant, R.W. Blob, E. Peterson, A.B. Neiman and M. Rowe, 

Quantifying utricular stimulation during natural behavior, J Exp Zool A Ecol Genet Physiol 317 

(2012), 467-480. 

[18] M.D. Ross, T.E. Komorowski, K.M. Donovan and K.G. Pote, The suprastructure of the 

saccular macula, Acta Otolaryngol 103 (1987), 56-63. 

[19] M.H. Rowe and E.H. Peterson, Autocorrelation analysis of hair bundle structure in the 

utricle, J Neurophysiol 96 (2006), 2653-2669. 

[20] P. Selva, C.M. Oman and H.A. Stone, Mechanical properties and motion of the cupula of 

the human semicircular canal, J Vestib Res 19 (2009), 95-110. 

[21] S.L. Shotwell, R. Jacobs and A.J. Hudspeth, Directional sensitivity of individual 

vertebrate hair cells to controlled deflection of their hair bundles, Ann N Y Acad Sci 374 (1981), 

1-10. 

[22] C. Spoon, W.J. Moravec, M.H. Rowe, J.W. Grant and E.H. Peterson, Steady-state 

stiffness of utricular hair cells depends on macular location and hair bundle structure, J 

Neurophysiol 106 (2011), 2950-2963. 

[23] D. Strelioff and A. Flock, Stiffness of sensory-cell hair bundles in the isolated guinea pig 

cochlea, Hear Res 15 (1984), 19-28. 

[24] T.T. Tanaka and Y.C. Fung, Elastic and inelastic properties of the canine aorta and their 

variation along the aortic tree, J Biomech 7 (1974), 357-370. 

 

 

  



101 
 

Chapter 5 

 

The Dynamic 

Mechanoelectrical Response of 

a Micron-Sized Droplet 

Interface Bilayer 
 

 

Bio-inspired sensors have been built from lipid bilayers and used to transduce a variety of 

stimuli.  A major drawback of these sensors is their large physical size (order of millimeters).  In 

this paper we describe the techniques needed to develop a micron-sized droplet interface bilayer 

(DIB), while still retaining the ability to study its mechanoelectrical response from dynamic 

stimulations.  These techniques could be used as an initial step to further develop the DIB as a 

novel sensor.  DIB’s with areas of approximately 5000 μm
2
 (30 pF) were formed at the tip of 

glass micropipettes and subjected to dynamic oscillations using a piezoelectric actuator.  The 

dynamic stimuli used was a linear sine-sweep from 400-0 Hz, a low frequency sinusoidal 

oscillation (≤ 0.5 Hz), a high frequency sinusoidal oscillation (≥ 75 Hz), and a step change in the 

compression and separation of the DIB.  A constant voltage was applied to the DIB and pico-

amp currents were recorded during the previously mentioned DIB stimulations.  A current model 

was used to quantify the rate of capacitance change occurring in the DIB during the low and 

high frequency oscillations.  These measurements were then compared to an independent 

measurement of the maximum rate of capacitance change in the DIB, termed “DIB slew rate,” 

occurring from monolayer “zipping.”  The DIB slew rate was measured using high-speed video 

and image processing techniques.  Current harmonics were also noticed during the high 

frequency oscillation and their root cause is hypothesized. 
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5.1 Introduction 

 

Lipid bilayers have the potential to act as unique soft material sensors because of their inherent 

mechanoelectrical properties, small size scale, and ability to transduce stimuli when incorporated 

with proteins.  The Leo group at Virginia Tech has shown the potential use of lipid bilayers as 

motion sensors using their bio-inspired designs of the hair cell [8, 25].  For instance, in one study 

an artificial hair cell, on the order of millimeters, was built to convert air flow induced motion of 

a synthetic hair into measureable currents across a gel-supported lipid bilayer [25].  This study 

found that the pico-amp currents were correlated to the synthetic hairs motion, thereby indicating 

the potential use of this bio-inspired sensor for diverse mechanical measurements.  

 

The basic design of the aforementioned sensor is to encapsulate independent droplets of aqueous 

ionic solutions, which contains free floating miscelles (aggregates of lipids), in a nonpolar 

environment.  The lipids will then migrate towards the oil/water interface and spontaneously 

orient themselves into an arranged monolayer around each aqueous droplet.  When the lipid 

monolayers are joined their interface forms a lipid bilayer.  This interface will be referred to in 

the remainder of the text as a droplet interface bilayer (DIB).  The DIB transduces physical 

stimuli, from the surrounding environment, by a mechanical linkage (e.g. synthetic hair) that is 

placed near the membrane.  When the mechanical linkage is perturbed it creates a deformation or 

area increase or decrease of the bilayer resulting in a measurable current.  The DIB’s current 

response is a result of several interesting properties that are inherent to cell membranes, such as 

capacitance change due to varying area [1, 20], their phenomenological flexoelectric effect that 

is unique to liquid crystals [19], and their recently studied piezoelectric effect [14].  

 

One of the primary drawbacks to the present bio-inspired hair cell mechanotransducers is their 

physical size scale, which is on a range of millimeters [8, 25].  If this design were reduced to the 

micron-size scale it could have numerous applications as a unique biological transducer for 

microelectromechanical systems.  The mammalian vestibular and hearing systems are primary 

examples of remarkable mechanotransduction sensors that are of the micron-size scale [7].  The 

morphology of hairs cells found in the mammalian cochlea and vestibular system vary based on 

the unique role they serve for each sensory system, but the size of a hair cell body is of the order 
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10 μm for all sensory systems.  Protruding from the apical surface of the hair cell are stereocilia, 

that form the hair bundle, which are commonly arranged in a packed tapered pattern and 

connected by thin filament links at or near their tips [10].  Stereocilia vary across species and 

organs, but generally they are in the range of 2-100 μm in length with a diameter of 0.1-1 μm 

[11].  Certain hair cells have shown a sensitivity of measuring deflection of approximately 10 nm 

[22] and in the vestibular organ of the frog they can detect accelerations as low as 1 x 10
-6

 

gravitational units [16].  Using nature as inspiration to reduce the size of the bio-inspired 

artificial hair cell sensor to the physiological size scale of hearing and vestibular hair cells could 

potentially open many more possibilities to its application. 

 

In efforts to reduce the size scale of the bio-inspired artificial hair cell, we have developed a 

unique approach using a conglomeration of techniques from previous experiments.  Our 

experimental setup does not fully develop an artificial hair cell, but it does offer the first steps to 

creating a future design while providing insight into studying the fundamental current response 

of a micron-size DIB to a multitude of physical stimuli.  This study is based on a collection of 

techniques of DIB formation as described by the Leo lab at Virginia Tech [8, 25, 32] and 

micropipette techniques commonly used in electrophysiology.  The DIB is formed on hydrogels 

that are cured in and extrude from glass micropipettes containing silver silver-cholride 

electrodes.  Regulation of the diameter of micropipette’s tip offered control of the DIB size.  For 

these experiments the DIB area was generally on the size of 5000 μm
2
 (0.005 mm

2
).   

 

Additionally, using light microscopy, high-speed video, and image processing techniques, we are 

capable of measuring the dynamic change in DIB area (and therefore capacitance) due to 

controlled piezoelectric actuation of DIB compression and separation.  A variety of stimuli and 

measuring techniques were used that allowed us to determine the maximum rate at which 

monolayers can “zip” together during compression to form an increased DIB area.  This rate was 

termed the DIB slew rate and provides insight into mechanotransduction properties of the DIB.  

We also oscillated the DIB using the piezoelectric actuator with a linear sinusoidal-sweep from 

400-0 Hz and observed its current response during these oscillations.  Finally, the DIB was 

oscillated, sinusoidally, at a low frequency (0.5 Hz) and high frequency (75 Hz) while recording 

the current response so that fundamental bilayer current mechanisms could be hypothesized 
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using models based on previous black lipid membrane work [17-19].  A black lipid membrane 

refers to some of the earliest work on lipid bilayers and is a technique used to form a lipid bilayer 

over a small aperture that separates a two chamber aqueous solution.  These experiments provide 

an extension over previously studied DIB current measurements because it allows custom 

oscillatory stimulation of the DIB in comparison to a more broadband excitation as produced by 

synthetic hair bending due to air flow [25].   

 

5.2 Theory 

 

5.2.1 Lipid Bilayer Current  

 

The lipid bilayer has been modeled on several occasions as a resistor and capacitor in parallel  [6, 

12, 25].  A schematic of the DIB and its equivalent electrical circuit is shown in Fig. 5.1.  In Fig. 

5.1a, the two lipid monolayers are suspended in an oil environment with the lipid heads oriented 

toward the aqueous solution and their hydrocarbon tails toward the non-polar oil.  As the lipid 

monolayers are compressed together the oil between them will extrude, causing the monolayers 

to “zip” together, thus forming a 5-7 nm thick DIB [9].  Fig. 5.1b shows the reduced electrical 

equivalent circuit for the lipid bilayer and aqueous solution.  The electrical circuit was reduced 

by summing the aqueous resistances for each droplet into a single resistor shown as RS in Fig. 

5.1b and also the associated micropipette capacitances are ignored because they are removed 

prior to an experiment by using a pipette compensation feature unique to the AxoPatch 200B.  

The resistance of the aqueous solution, Rs, has been shown to have a resistance around 9 kΩ [8, 

25, 32].  The nominal value for a lipid bilayer’s resistance (>10 MΩ cm
2
) and capacitance (0.1-

1.0 μF cm
2
) is determined by its area [24, 28].  In previous experiments the DIB capacitance has 

been on the range of a few hundred pF [8, 25], but in our experiments the DIB capacitance was 

of the magnitude 30 pF. 
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Fig. 5.1:  Droplet interface bilayer and equivalent electrical circuit. (a)  Illustration of two lipid 

monolayers touching each other to form a DIB in an oil environment. (b) The equivalent 

electrical circuit of a DIB. 

 

Accurately modeling the current flow across a lipid bilayer, during dynamic oscillation, is 

dependent upon treating it as a single capacitor.   Previous experiments have used a 10 Hz 

triangle-waveform voltage across the DIB to ensure they are operating in the capacitive region of 

the DIB’s impedance.  The capacitive region is considered as the frequency range, for either AC-

voltage stimulation or physical DIB oscillation, in which the DIB’s equivalent impedance is 

described completely by its capacitive nature and has been shown to be between 1 Hz – 10 kHz 

[8, 24, 25].  Since the sizes of the DIB’s used in this experiment are an order of magnitude lower 

than previous experiments [8, 25], an impedance plot was simulated for a 30 pF DIB with several 

different resistances.  The simulated DIB impedance plot is shown in Fig. 5.2.  The vertical dash 

lines for Fig. 5.2 represent the oscillation frequencies of 0.5 and 75 Hz used for the current 

response analysis.  Note that for DIBs with resistances greater than 15 GΩ the oscillation 

frequencies used (0.5 and 75 Hz) are within the purely capacitive range of operation.  Therefore, 

it should be a fair assumption that current flow through the DIB is predominantly represented as 

a single capacitor at the tested oscillation frequencies.  For future experiments, verification of the 

DIB’s electrical impedance would be insightful for this assumption.  
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Fig. 5.2:  Simulated Bode diagram for a 30 pF lipid bilayer with several different resistances.  

Note the vertical dashed lines are placed at the low (0.5 Hz) and high (75 Hz) frequencies used to 

oscillate the DIB. 

 

The charge across a capacitor is the product of the applied potential, V, and the capacitance, C.  

The time rate of change of charge is current flow, therefore the current flowing through a 

capacitor is 

 

       
     

  
     

     

  
    . Eq. 5.5 

 

Eq. 5.1 shows that capacitor current flow is dependent upon a time varying potential or a time-

varying capacitance.  In our case the potential was held constant for all experiments, therefore 

the dV(t)/dt of Eq. 5.1 is zero.  The time rate of change of capacitance (dC(t)/dt) in our 

experiments will be altered by the piezoelectric actuator thus perturbing the DIB and causing a 

capacitance change by either one or a combination of the several lipid bilayer current generation 
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mechanisms previously mentioned.  Solvent-containing lipid membranes have shown that under 

a constant potential their area will increase or decrease depending on the magnitude of the 

potential.  This phenomenon, which is referred to as electrowetting [21, 30], will contribute to 

the capacitance of the bilayer and can be quantitatively written as 

 

                      Eq. 5.2 

 

where, t is the variable time due to DIB oscillation, Co(t) is the lipid bilayer’s capacitance at zero 

volts, and   is the lipid bilayer’s voltage dependence [1].  Substituting the time derivate of Eq. 

5.2 into Eq. 5.1 will result in an expression of the current generated through a lipid bilayer due to 

an applied potential and change in capacitance, as shown by Eq. 5.3 [25]. 

 

          
      

  
     

      

  
   Eq. 5.3 

 

Eq. 5.3 indicates that the current response for a DIB subjected to a sinusoidal vibration will not 

produce a simple linear current to voltage response, but instead current will increase to the third 

power of applied voltage.   

 

This model does not take into account the physical restraints associated to the rate of DIB 

oscillation such as the rate of monolayer zipping and unzipping.  Studies on black lipid 

membranes have shown that their conformation to physical distribution is frequency dependent 

[19, 27, 31].  A low frequency oscillation (< 1 Hz) of a black lipid membrane allows for the 

exchange of free lipids into the bilayer and also creates fluctuations of the bilayer area [19].  

During a medium to high frequency oscillation (>> 1 Hz) the exchange of free lipids or zipping 

of the monolayers does not occur, thus resulting in either a stretching or bending of the bilayer 

[19].  Also, when a bilayer is stimulated at a high frequency a frequency doubling in the current 

response has been shown and attributed to the bilayer stretching during the peaks of oscillatory 

motion [17, 19].  
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In our experiments we wanted to understand how the DIB current, with constant applied voltage, 

would respond to a low and high frequency oscillatory stimulus for a micron-size DIB and using 

insights from previous works on black lipid membranes to help explain the physical mechanisms 

of the DIB current generation.  To quantitatively evaluate the current response during the 

different oscillations the coefficient values of Eq. 5.3 were used as an indicator.  The technique 

used to determine the coefficient values is fully explained in sections 5.3.2 and 5.3.3.  

 

5.2.2 Bilayer Slew Rate  

 

When characterizing dynamic systems it’s common to observe how a system responds to an 

abrupt stimulation, as in our case a step change in DIB area.  The maximum rate of change in 

DIB area due to the zipping of the lipid monolayers has not been previously found or described 

in literature to our knowledge.  We will refer to the maximum rate of monolayer zipping to form 

an increased DIB area as the “DIB slew rate.”  In electrical circuits and mechanical systems the 

slew rate is commonly measured as the maximum rate of a systems output to a step change in the 

systems input [4].  Therefore, when the lipid monolayers are compressed due to a step change in 

displacement from the piezoelectric actuator (system input) the zipping of the monolayers will 

increase the DIB area and thus capacitance (system output).  The slew rate provides an 

independent estimate of the dC/dt term in Eq. 5.3.  Accurately measuring the DIB slew rate will 

provide comprehension of how the DIB would act as a transducer of physical stimuli at a 

micron-size scale and aid in the further development of these biological materials as sensors.  It’s 

also important to note that in previous studies the rate at which lipid bilayers can have free lipid 

exchange or form a bilayer area change due to zipping monolayers has only been frequency 

dependent, but in fact this analysis should be based on the amplitude of stimulus as well.  This is 

evident in the fact that a slew rate limitation exists and can be written as [4] 

 

                     Eq. 5.4 

 

where, SRLimitation is the maximum rate at which a system can respond before a slew rate 

limitation becomes present, Apk is the peak amplitude of stimulus, and f is the frequency of 
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oscillation.  This signifies that the upper rate of DIB formation is not fully described by the 

oscillation frequency, but also by the magnitude of monolayer compression. 

 

The DIB area was measured from a side view because direct observation was not possible for 

this experimental setup.  Even though the DIB area was not directly viewable the area was 

inferred from the chord length of two intersecting circles as shown by the green line in Fig. 5.3a.  

In Fig. 5.3b, a view is shown of the DIB when one droplet is suspended under the other.  Notice 

that from this image that the DIB appears circular, therefore we assumed the chord in Fig. 5.3a 

will be a good measurement of the diameter of the circular DIB.  From basic geometry the area 

of the DIB can then be calculated from the chord length measured in the images (see section for 

5.3.2 for details of how the image processing code measured the chord length).   

 

 

Fig. 5.3:  Image taken from high-speed video camera of two aqueous lipid droplets suspended in 

an oil environment.  (a)  Shows the chord length of the two intersecting aqueous droplets (green 

line), which was assumed to be the diameter of the circular DIB.  (b) Shows the view of the DIB 

when one droplet is suspended under another.  This view confirms that assuming a circular 

interface is a good assumption for the geometry of the DIB. 

 

The normalized capacitance for the lipids used in our experiments has been measured at 0.6 

μF/cm
2
 [2, 9].  The capacitance for the DIB was estimated for a frame-by-frame analysis by 
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simply multiplying the calculated DIB area by the normalized capacitance proportionality factor 

of 0.6 μF/cm
2
.   

 

5.3 Methods 

 

5.3.1 Experimental Setup  

 

The experimental design and formation of micron-size DIBs is inspired by previous work from 

our group and also techniques from the formation of glass micropipettes and electrodes.  The 

basic design was to fill glass micropipettes with a photocurable hydrogel that would act as the 

anchor for aqueous droplets placed on the tips of the micropipettes.  The micropipettes could 

then be positioned to form a DIB and a single micropipette was connected to a piezoelectric 

actuator that was used to induce a desired oscillation stimulus.  An animation of the experimental 

setup is shown in Fig. 5.4.    

 

 

 

Fig. 5.4:  Diagram of the experimental setup for the dynamic oscillation of a micron size DIB.   

 

All experiments were performed on top of a vibration isolation table and the DIBs were viewed 

with a fixed stage transmitted light microscope (Zeiss Akioskop 2.0) using a halogen light 
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source.  Mounted on the microscope’s fixed stage were 3 micromanimpulators: 2 

micromanipulators (Burleigh PCS-5000, Burleigh) were used to hold the micropipettes that 

formed the DIBs and the final manipulator was used to hold an aqueous lipid solution 

micropipette for dispensing onto the other micropipettes.  Housed on the fixed-stage microscope 

was a beveled container with a glass slide attached to the bottom so that an approximately 10 

mm deep hexadecane (Sigma) and transparent environment could be sustained for the immersion 

of the micropipettes.  Attached to the phototube of the transmitted light microscope was a high-

speed camera (Zeiss Axiocam) that was used capture the dynamic motion of the DIBs.  A more 

detailed description of the image analysis and collection can be found in section 3.3.  Electrical 

current and applied potential was recorded and controlled with an AxoPatch 200B and DigiData 

1440A system (Molecular Devices).  A more detailed description of the data collection and 

current analysis is found in section 3.2.  Note that the headstage unit for the AxoPatch 200B was 

conveniently mounted on one of the Burleigh micromanipulators.  Using a piezoelectric actuator 

(Burleigh) a custom mounting fixture for a glass micropipette was attached so that controlled 

single-axis oscillations could be used to stimulate the DIB.  The piezoelectric actuator was 

mounted on the 2
nd

 Burleigh micromanipulator.  All experiments were performed inside a 

custom Faraday cage. 

 

The micropipettes were formed from borosilicate glass pipettes (0.5 mm inner diameter) that had 

an inner filament to help reduce the capillary force required for filling.  The glass pipettes were 

pulled to a fine tip using a Flaming/Brown micropipette puller (P-97, Sutter Instrument Inc.) and 

further modified to a more desirable tip diameter of 40-50 μm using a microforge (MF-900, 

Narishige).  An electrical connection was establish using a 125 μm diameter silver-silver 

choloride (Ag/AgCl) wire-type electrode [15] that was placed in the shaft of the micropipettes.  

In order to reduced noise generated from long electrical wires [5] the micropipette that was 

connected to the positive lead of the AxoPatch 200B head stage amplifier was held in 

micropipette holder (QSW-T10, Warner Instruments).  The micropipette holder provides the 

benefit of a rigid support, easy connection to the AxoPatch 200B head stage, and also noise 

reduction in patch clamp applications due to gold plated connectors and its polycarbonate body. 
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The micropipettes were filled with a 40% (w/v) polyethylene glycol dimethacrylate (PEG-DMA, 

MW = 1000 g/mole, PolySciences, Inc.) and 0.25% (w/v) Igracure 2959 (Ciba) photointiator in 

500 mM potassium chloride (KCl, Sigma Aldrich), 10 mM 4-morpholinepropanesulfonic acid 

(MOPS, Sigma Aldrich), and pH 7 buffer solution.  Ensuring a proper electrical connection 

between the tip of the micropipette and Ag/AgCl electrode required removal of air bubbles from 

the shaft of the electrode.  Therefore, the hydrogel was filled in the micropipettes using a 34 

gauge microfill (MF34G-5, World Precision Instruments) and then visually examined under high 

magnification to ensure no air gaps were present.  The hydrogel micropipettes, with Ag/AgCl 

electrodes inserted, were cured using a handheld ultraviolet light.  The micropipette electrodes 

were immediately placed in the micromanipulators with their tips submerged in the hexadecaine 

environment.  A 3
rd

 micropipette containing 2 mg mL
-1

 diphytanoyl phosphocholine (DPhPC) 

phospholipid vesicles (lyophilized powder, Avanti Polar Lipids, Inc.) suspended in 500 mM KCl 

(Sigma), 10 mM MOPS (Sigma), pH 7 buffer solution was also placed near the hydrogel 

micropipettes in the hexadecaine environment.  Small amounts of the aqueous lipid solution 

would be secreted at the tips of the hydrogel micropipettes to hydrate the hydrogel and provide 

the phospholipid monolayers for DIB formation.   

 

5.3.2 Current Data Analysis 

 

Using the hydrogel micropipettes, as the electrodes and support anchors for the DIB the current 

could be measured using a combination of the AxoPatch 200B and DigiData 1440A (Molecular 

Devices).  All DIB current measurements were sampled at 5 kHz with a 1 kHz Bessel anti-

aliasing filter.  For the low frequency oscillations (0.5 Hz) the data was filtered with a 10 Hz 4
th

 

order low pass Butterworth filter.  The Butterworth filter was used because it provides minimal 

ripple in the passband region [13], thereby reducing artifacts in current amplification due to 

filtering affects.   

 

Once current data was collected the post-processing of DIB current was done by measuring the 

root-mean square (RMS) value in the frequency domain.  RMS current was measured in the 

frequency domain because this allowed RMS components to be calculated across specified 

frequency ranges.  Instead of calculating the RMS current from the time domain signal [25], 
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which contains all frequency content, the RMS technique used in our analysis allowed us to fit 

the individual RMS current components to the current model from Eq. 5.3. 

 

When converting a sampled, finite length, time domain signal into the frequency domain certain 

pitfalls (spectral leakage, spectral smearing, and scalloping loss [13]) are associated with this 

process and can lead to erroneous interpretations.  To better aid the time to frequency domain 

conversion the data would be sampled for at least 2 minutes in each case to reduce random noise 

through the benefits of averaging.  The data was broken into 8 segments with a Hanning window 

applied to each segment.  Again, instead of calculating the amplitude of the RMS current at a 

given frequency, we integrated across a frequency range.  This spectral integration can be written 

as [13, 26]  

 

                       

    

      

 Eq. 5.5 

 

where, ind1 and ind2 are the frequency indices of the starting and ending frequencies of interest,  

PII is the auto-power spectral density of the current data, and fbin is the width of a frequency bin. 

Calculating the RMS current across specified frequency intervals, using Eq. 5.5, is a superior 

approach to simply taking the amplitude at a single frequency bin. 

 

5.3.3 Curve Fitting the DIB Current 

 

The DIB’s current for each experiment was calculated as a RMS and would then need to be fitted 

to Eq. 5.3 to determine its coefficient values, but since RMS current was calculated from the 

experimental data it will not fit the negative voltages because of the cubic voltage term in Eq. 

5.3.  In order to account for this the RMS of Eq. 5.3 was taken as follows  
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Eq. 5.6 

where, T = 2π/ω is the time interval for one cycle period and ω is the piezoelectric actuator’s 

driving frequency in radians/second.  The variables   and V are simply constants and can be 

pulled outside the integration operator as shown in Eq. 5.6.  Realizing that the excitation of the 

piezoelectric actuator controls the DIB capacitance and is represented as Co(t) = Cosin(ωt), the 

RMS value of its derivative can be taken as  

 

  
      

  
 
   

   

 
  

      

  
 
 

  
 

 
. Eq. 5.7 

 

Substituting Eq. 5.7 into Eq. 5.8 leads to a final version of the model RMS current through a DIB 

as shown by Eq. 5.8 

 

 

                    
      

  
 
   

 

 

                
      

  
 
   

      
      

  
 
   

   

 

 

                                 

Eq. 5.8 
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where a =   dCo/dt (RMS), b = dCo/dt (RMS), and c = a DC offset.  A DC offset was added to 

Eq. 5.8 to account for factors associated with the experiments such as noise that contributes to 

the RMS value and also the bilayer’s “leaky currents” which pertains to the resistive ability of 

the bilayer.  The DIB’s leaky currents could be considered as the lipid-to-lipid spacing in the 

bilayer, where a larger spacing produces a greater constant current flow and vice versa.  The 

coefficient values for Eq. 5.8 were determined by using a least-squares curve fit of the DIB RMS 

current to applied potential which were measured using Eq. 5.5. 

 

5.3.4 Image Collection & Processing 

 

During the step change in displacement of the DIB, the monolayer zipping and unzipping was 

measured by high-speed video and image processing techniques.  The high-speed camera used in 

all experiments was an Axiocam (Zeiss).  Images were taken at a rate of 50 fps with a binning of 

1x1 and saved to an external hard drive for future analysis.  The DIB was filmed at a 

magnification ranging from 20 to 32x.  Using a glass slide reticle the pixel width for each 

magnification was found to be 670 to 267 nm/pixel.   

 

Measuring the dynamic change in the DIB chord length, and ultimately capacitance, was 

dependent on the ability for the image processing code to find and quantify the chord length (see 

Fig. 5.3) of the two monolayers.  The images were first converted from their original gray scale 

to binary (black and white) images using the Matlab function “im2bw.”  For each experiment the 

threshold magnitude used in the “im2bw” function was altered, manually, to best show the 

outline or outer edge of each droplet.  When correctly set this made the end points of the chord 

length very obvious.  The row of each image was then searched for the 1
st
 and last pixel, of value 

1, because these points indicated the outer edges of each monolayer.  The convergence of the 

row and column position of the outer edges of the monolayers was found because this determines 

the end points of the DIB chord length.  The calibrated pixel width was used to convert the chord 

length from pixels into micrometers.  The DIB chord length was assumed to be a good estimate 

of the diameter for a circular DIB and was shown to be a safe assumption based on imaging of 

other DIBs (see Fig. 5.3).  The DIB area was converted to a capacitance measurement using the 

normalized capacitance for DPhPC lipids (0.6 μF/cm
2
). 
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5.4 Results 

 

5.4.1 Bilayer Current Response to Chirp Oscillation 

 

The DIB mechanoelectrical response was observed at a variety of frequencies by the use of a 

linear sinusoidal-sweep (chirp signal) from the piezoelectric actuator.  The chirp oscillation was 

a 400-0 Hz chirp signal, swept over a 30 second interval and repeated a total of 5 times.  The 

amplitude of the piezoelectric actuator does not stay consistent over the entire oscillation 

frequency range because of the slew rate limitation of this device, but still high frequency current 

responses from the bilayer were created by small displacements that were produced. 

 

The auto-power spectrum of the DIB current during the chirp signal is plotted in Fig. 5.5 for the 

several applied potentials.  Notice that from 0.1-1.5 Hz and 10-60 Hz an increase in current 

appears to be determined by the applied voltage and at higher frequencies (> 100 Hz) the 

maximum current is still generated by the largest applied potential of 160 mV.  Another 

important observation is that current spikes exist well past 100 Hz.  This is critical to the ability 

of the DIB’s function as a transducer of head movements because it must be capable of 

generating a current response up to the maximum physiological frequency that the utricle 

experiences (≈ 80-100 Hz [23]).   
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Fig. 5.5:  Auto-power spectrum of DIB current, with several applied voltage potentials, for a 

400-0 Hz chirp oscillation from the piezoelectric actuator. (a) Auto-power spectrum of DIB 

current plotted against a frequency log scale and (b) also plotted against a linear frequency scale.  

Both plots are provided to better highlight the low and high frequency regions current response. 

 

During the chirp oscillation the piezoelectric actuators displacement was also measured via its 

capacitive sensors.  Using the piezoelectric actuators displacement a transfer function (TF) 

between DIB current to piezoelectric actuator displacement can be developed by 

 

        
      

      
 Eq. 5.9 

 

where, f = frequency, PIP = the cross-power spectral density of the DIB current and piezoelectric 

actuator displacement, and PPP = auto-power spectral density of the piezoelectric actuator 

displacement.  The TF function contains both magnitude and phase information that are shown in 

Fig. 5.6a and Fig. 5.6b, respectively.  The colored lines in Fig. 5.6 are representative of the 

applied voltages across the DIB and have the same legend as Fig. 5.5.  Fig. 5.6c is a plot of the 
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coherence between the DIB current and piezoelectric actuator displacement.  A good coherence 

(> 0.95) from 10-60 Hz indicates that the DIB current can be predicted from the pipette motion.  

Therefore, the mechanism of current generation (bilayer bending or stretching) appears to behave 

as a linear system because of the proportional system output to input.  This is also seen in the 

magnitude response (Fig. 5.6a) throughout this frequency range because the increase in current 

flow is governed by the applied voltage.  For instance, the applied voltages of 0 and 20 mV 

produce a magnitude of response of nearly 0 dB, indicating a minimal amount of current to 

piezoelectric actuator displacment, but with an applied potential of 160 mV an approximately 12 

dB current response to piezoelectric actuator displacement is measured across this frequency 

range. 

 

 

Fig. 5.6:  Transfer function of DIB current to piezoelectric actuator displacement for a 400-0 Hz 

chirp oscillation with several applied voltage potentials.  (a) HIP magnitude response, (b) HIP 

phase response, and (c) coherence of the HIP transfer function.  Refer to the legend in Fig. 5.5 for 

applied voltage potentials. 
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The coherence between the current and piezoelectric actuator displacement fluctuates after 60 Hz 

and can be attributed to several factors.  Recall that coherence is a measure of causality from 

ergodic signals in a linear system [13] and that a low value indicates nonlinearities.  Therefore, 

the poor coherence in the high frequency ranges could be attributed to any of the several 

different possible mechanisms of current generation across the bilayer, the mechanical coupling 

of the droplets with each other, the connection of the droplets to the pipettes, and also the 

questionable rigidity of the pipette to the piezoelectric actuator.  The most optimal analysis to 

understanding the mechanoelectrical response of the DIB would be to film the DIB interface 

across the chirp signal, using the images to measure DIB area and also trying to observe bending 

of the bilayer, as these are the most susceptible mechanisms for current generation.  This data 

could then be used to generate a superior TF of DIB current to DIB interface area, therefore 

providing a more robust analysis of the bilayers mechanoelectrical characteristics. 

 

The DIB current response for a linear chirp oscillation with varying applied potential as shown in 

Figs. 5.5 and 5.6 can also be shown as a RMS current.  Using the chirp oscillations and taking 

the RMS current at 10 Hz and 250 Hz a better understanding of the DIB’s current response can 

be shown.  This is illustrated in Fig. 5.7, where the RMS current at 10 Hz and 250 Hz is shown 

in Fig. 5.7a and 5.7b, respectively. 
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Fig. 5.7:  DIB RMS current response versus applied voltage from a chirp oscillation.  The DIB 

RMS current at (a) 10 Hz and (b) 250 Hz  for the applied voltages.  Note this is the same DIB 

current data that is presented in Figs. 5.5 and 5.6.  

 

The DIB current response is both voltage and oscillation frequency dependent as shown by Fig. 

5.7, where the lower oscillation frequency (10 Hz) produces an increased current to applied 

voltage relationship.  The higher oscillation frequency (250 Hz) seems to produce less of a 

current to voltage differentiation as shown by Fig. 5.7b as seen by the relatively constant current 

for the 0-160 mV applied voltages.  Since the current does not respond substantially to applied 

voltage for higher frequency oscillations, it raises the question “does the DIB operate as a 

variable resistor as opposed to variable capacitor past a certain rate of stimulation?”    

 

5.4.2 Bilayer Current Response for a Single Oscillation Frequency 

 

As previously described in the section 5.2.1 the DIB current for a constant applied voltage 

should be predicted by the varying capacitance change of the DIB and quantitatively described 

by Eq. 5.3.  To better understand the mechanism of current generation and the rate at which the 

capacitance changes, the DIB was oscillated at both a low (0≤ 0.5 Hz) and a high (≥ 75 Hz) 

frequency for several constant voltage potentials.  A low frequency was chosen because it has 
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been speculated that below 1 Hz an exchange of free lateral lipids is possible for the bilayer [19].  

In this frequency range the zipping and unzipping of the monolayers should reflect a change in 

DIB area and be presented by the dC/dt coefficient of Eq. 5.8.  The high frequency oscillation is 

used because this is above the suggested free lateral lipid exchange frequency and the 

monolayers will not be capable of zipping and unzipping due to rate of this oscillation.  At the 

high frequency tested other mechanisms for capacitance change in the DIB would occur such as 

bending or in-plane stretching.  For example, the capacitance change due to lipid bilayer bending 

would present itself as a 2
nd

 harmonic of the piezoelectric actuator driving frequency in the 

current response [19].  It’s important to note that for each experiment performed a similar 

response was shown and the figures used are exemplary data sets. 

 

5.4.2a DIB Low Frequency Oscillation 

 

Fig. 5.8 shows the auto-power spectrum of the DIB current when oscillated with a 0.5 Hz 

sinusoidal stimulus from the piezoelectric actuator and with constant voltages ranging from -150 

to 150 mV in increments of 25 mV.  Notice there is no DC component (current at 0 Hz) because 

the mean was first removed from the current to avoid spectral leakage of the DC component into 

in the 0.5 Hz range.  In the case of calculating the total RMS (shown later in section 5.4.2c) the 

currents mean was not removed.   
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Fig. 5.8:  DIB current auto-power spectrum for a 0.5 Hz sinusoidal oscillation.  The trend from 

the current data was removed prior to the frequency domain conversion. 

 

Two important observations are made from Fig. 5.8:  First, the magnitude of the current for an 

applied voltage does increase proportionally.  For example, the RMS value of the current for a 

150 mV potential was measured to be 1.41 pA, while at 0 mV the currents RMS was measured at 

0 mV.  Recall that for this analysis when calculating the RMS current it was integrated as 

opposed to reading a single magnitude value (see section 5.3.2).  For the case of a 0.5 Hz 

stimulus the current was integrated from 0.05 to 0.95 Hz for each applied potential.  Second, the 

magnitude of the current is similar for both the negative and positive applied voltages.  For 

example, the RMS current is similar for a -150 mv and 150 mV potential at 1.42 pA and 1.41 

pA, respectively.   

 

5.4.2b DIB High Frequency Oscillation 

 

Fig. 5.9 presents the auto-power spectrum of the DIB current when oscillated with a 75Hz 

sinusoidal stimulus with constant voltages ranging from -150 mV to 150 mV in increments of 25 

mV.  Just as previously mentioned in section 5.4.2a the currents mean was removed prior to the 



123 
 

formation of Fig. 5.9, however when calculating the currents total RMS value (later used in 

section 5.4.2c) the mean was not removed.   

 

Several important observations can be drawn from Fig. 5.9, with the most prevalent being the 

150 Hz waveform component in the DIB current (Fig. 5.9a).  When the DIB is stimulated by a 

75 Hz oscillation the current measured through the bilayer contained frequency components of 

the fundamental frequency (fo) at 75 Hz, the 2
nd

 harmonic at 150 Hz, and a 3
rd

 harmonic at 225 

Hz.  A zoomed in view for the fundamental frequency and 2
nd

 harmonic DIB current response 

are shown in Fig. 5.9b and Fig. 5.9c, respectively.  We contribute the 3
rd

 harmonic at 225 Hz to a 

distortion from the pipette and droplets motion.  For the high frequency oscillation the RMS 

current is calculated by integrating ± 5 Hz from the frequency of interest. 

 

 

Fig. 5.9:  Auto-power spectrum of the DIB current response for a 75 Hz oscillation. (a) The DIB 

current response from 0-400 Hz.  Notice the current spikes at 75, 150, and 225 Hz. (b) DIB 

current response zoomed in at 75 Hz. (c) DIB current response zoomed in at 150Hz. The mean 

from the current was removed prior to the frequency domain conversion. 

 

At the fundamental frequency (Fig. 5.9b) the expected rise in current to applied potential does 

not increase much at lower magnitude voltages (≤ absolute value of 100 mV).  This produces a 
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noisy and abrupt change in the current with respect to voltage.  The 2
nd

 harmonic also follows an 

expected rise in current magnitude with increasing applied voltage; however it transitions much 

more smoothly at the lower magnitude voltages (≤ absolute value of 100 mV).  The RMS current 

versus applied voltage is expanded fully in section 5.4.2c.  The magnitude of the currents power 

for the 2
nd

 harmonic is about 33% that of the fundamental frequency, while the 3
rd

 harmonics is 

approximately 7%.  A hypothesis of the DIB mechanisms responsible for the harmonics from 

high frequency oscillations will not be described in this section, but are hypothesized fully in 

section 5.4.5. 

 

 

Fig. 5.10:  Auto-spectrum of the current response for a 75 Hz sinusoidal oscillation when the 

lipid monolayer droplets are completely separated. 

 

A control experiment was performed, with the results shown in Fig. 5.10, to verify that the 

current responses observed in Fig. 5.9 were not an erroneous measurement from the 

experimental setup.  In this control the droplets were separated to create an open circuit, and the 

75 Hz oscillation was then activated.  Notice the obvious spikes in current at 75 and 225 Hz, 

however the power is substantial less (<1%) at both frequencies in comparison to the DIB 

current response for the same oscillation.  The other and most important observation is the lack 
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of a current spike generated at 150 Hz.  This indicates that the DIB current response at 150 Hz 

(Fig. 5.9c) is not an error associated with the measurement technique and is a due to the 

deformation of the DIB.   

 

5.4.2c DIB Current Response and Curve-Fit 

 

Using the DIB RMS currents from Fig. 5.8 and Fig. 5.9 the current response versus voltage is 

plotted in Fig. 5.11 with Eq. 5.8 fitted to each corresponding data set.  Notice in Fig. 5.11 the 

current is positive for negative voltages because positive values of current were produced when 

calculating RMS.  Therefore, modeling the DIB current response for an applied voltage was done 

by using Eq. 5.8, as explained in section 5.3.3.  

 

In Fig. 5.11a the DIB RMS currents during a low frequency DIB oscillation (fo = 0.5 Hz) are 

plotted versus applied voltage.  The two trend lines presented are: 1.) the total RMS current 

(RMSLow), without the mean removed from the time domain set, and 2.) the RMS current at fo 

(RMSLowfo).  The RMSLow has more of a parabolic shape because this includes the DC 

component of the current, thus placing more of an emphasis on the cubic portion of the fit.  This 

is explained by Eq. 5.2 because as the applied voltage is increased the lipid bilayer capacitance 

will change as the square of the applied voltage [29].  The RMSLowfo has a very linear response in 

current to applied voltage, producing a consistent dC/dt term in the curve fitting routine with a 

mean value and 95% confidence interval measured at 6.3 (3.5, 9.0) pF/sec (n = 13), see Table 

5.1.  Table 5.1 summarizes the coefficient terms for all current data fits to Eq. 5.8.  Notice in Fig. 

5.11a at 0 mV RMSLow is approximately 2.45 pA.  This implies that the DIB does have current 

flow at 0 mV, which can be contributed to noise from stray capacitance and is accounted for by 

the DC offset term (coefficient c) in Eq. 5.8. 
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Fig. 5.11:  RMS DIB current versus applied constant voltage for both a low and high frequency 

sinusoidal oscillation.  (a)  Plotted is the total RMS current (RMSLow) and RMS current 

integrated from 0.5-0.95 Hz (RMSLowfo) for a 0.5 Hz oscillation with a constant voltage from -

150 to 150 mV.  (b) Plotted is the total RMS current (RMSHigh), the RMS current integrated from 

70-80 Hz (RMSHighfo), and the RMS current integrated from 145-155 Hz (RMSHigh2fo) for a 75 Hz 

oscillation with a constant voltage from -150 to 150 mV. 

 

In Fig. 5.11b the DIB RMS currents during a high frequency DIB oscillation are plotted versus 

applied voltage.  The three trend lines presented are: 1.) the total RMS current (RMSHigh) without 

the mean removed from the time domain set, 2.) the RMS current at fo (RMSHighfo), and 3.) the 

2
nd

 RMS current harmonic (RMSHigh2fo).  Notice that between the -100 to 100 mV there is not 

much rise in RMSHigh and it does not begin to increase sustainably until a potential greater than 

100 mV is applied.  Note that this same type of insensitivity for DIB current response versus 

applied voltage is shown in Fig. 5.7b.  The RMSHigh and RMSHighfo have a similar trend because 

RMSHigh is the sum of all RMS current components that compose it [13].  Therefore, due to the 

majority of the RMSHigh being composed of RMSHighfo this will explain their similar current to 

voltage trend.  The coefficient of the cubic voltage term for RMSHigh is an order of magnitude 
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higher than a RMSLow at 1.49 (0.90, 2.08) x 10
-6 

nF s
-1

 mV
-2

 versus 0.11 (0.17, 0.21) x 10
-6 

nF s
-1

 

mV
-2

.  This increase in the cubic voltage coefficient could be contributed to a larger   term (Eq. 

5.2), which is the voltage-dependent capacitance coefficient.  For RMSHigh2fo there is a more 

gradual transition in magnitude as voltage increases.  Notice for RMSHigh2fo at 0 mV there is no 

current, just as the case for RMSLowfo, thus indicating that the mechanism for current generation 

is not a contributor to the RMSHigh when no potential is applied. 

 

Table 5.1:  Summary of RMS current data model fits to Eqn. 5.3.  Values are presented as mean 

with 95% confidence intervals. 

RMS Current at 

Specific Stimulus 

(α dCo/dt x 10
-6

) 

(nF s
-1

 mV
-2

 ) 

(dCo/dt)  

(pF/sec) 

RMSLow (n=13) 0.11 (0.17, 0.21) 0.6 (-0.4, 1.6) 

RMSLowfo (n=13) 0.10 (0.05, 0.15) 6.3 (3.5, 9.0) 

RMSHigh (n=11) 1.49 (0.90, 2.08) -6.5 (-15.0, 1.9) 

RMSHighfo (n=11) 1.10 (0.54, 1.66) -6.0 (-12.6, 0.5) 

RMSHigh2fo (n=11) 0.67 (0.20, 1.14) 5.5 (-5.3, 16.2) 

 

A comparison of the effect that the DC offset has on the curve-fitting coefficients was performed 

by examining the total RMS current versus applied voltage for both the low and high frequency 

oscillations.  Fig. 5.12 plots the total RMS current with and without a DC offset versus applied 

voltage for both the low frequency (0.5 Hz) and high frequency (75 Hz) oscillations.  Note that 

this is the same data used in Fig. 5.11. 

 

In Fig. 5.12a when the DC offset is removed (RMSLow No DC) the RMS current beings to take 

on the same shape profile as RMSLowfo of Fig. 5.11a because the 0.5 Hz current oscillation is the 

only other significant current component occurring in the low frequency oscillation.  With the 

DC current removed more of an emphasis is placed on the linear voltage portion of Eq. 5.8 

(coefficient b).  This is reflected in Table 5.1 when comparing the dCo/dt terms of RMSLow = 0.6 

(-0.4, 1.6) pF/sec and RMSLowfo = 6.3 (3.5, 9.0) pF/sec.   
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Fig. 5.12:  Total RMS DIB current with and without a DC offset versus applied constant voltage 

for both a low and high frequency sinusoidal oscillation.  (a)  Plotted is the total RMS current 

with DC offset (RMSLow DC) and total RMS current without a DC offset (RMSLow No DC) for a 

0.5 Hz oscillation with a constant voltage from -150 to 150 mV.  (b) Plotted is the total RMS 

current with a DC offset (RMSHigh DC) the total RMS current without a DC offset (RMSHigh No 

DC) for a 75 Hz oscillation with a constant voltage from -150 to 150 mV.  Note this is same data 

used in Fig. 5.11. 

 

In Fig. 5.12b it’s quickly noticed that the DIB current response has a nearly identical shape with 

or without the DC offset.  The reason is because the majority of the DIB current is composed of 

the 75 Hz current oscillation (RMSHighfo of Fig. 5.11b) in comparison to the 150 Hz (RMSHigh2fo 

of Fig. 5.11b) and DC offset components.  The general shape of the current response for the high 

frequency oscillations does not appear smooth between -75 to 75 mV because of the shape of the 

curve-fit from Eq. 5.8.  It’s likely that the actually current response is more flat in this voltage 

range, but due to the poorer signal-to-noise ratio it is jagged.  Due to the non-smooth current 

response in this voltage range the curve-fit produces a wide spread and mean negative valued 

dCo/dt terms, as shown in Table 5.1 for the RMSHigh and RMSHighfo fits.  We haven’t concluded 
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much, if any, physical relevance for a -dCo/dt term and contribute this to a by-product of the 

curve-fit.  

 

5.4.3 DIB Slew Rate from Image Analysis 

 

Using high-speed video and image analysis techniques during a piezoelectric actuator step 

change of displacement the DIB slew rate of monolayer zipping was measured, as previously 

described in section 5.3.4.  During high-speed video the zipping of the monolayers was easily 

noticeable and also capable of being quantified by our image analysis code.  Fig. 5.13 shows an 

example of the DIB capacitance measured from image analysis during several step changes in 

displacement.  In Fig. 5.13a a total of 5 step changes in displacement are shown, with a zoomed 

in portion of the 1st step change presented in Fig. 5.13b. 

 

Several large spikes in the measured capacitance are present during the compression of the 

monolayer droplets and are highlighted in Fig. 5.13b.  These large spikes are erroneous 

measurements from blurred images, due to the duration of the high-speed cameras exposure 

time, and the image analysis code’s inability to accurately identify the DIB chord length from 

those images.  A solution for this error would be the implementation of a faster high-speed 

camera that has the ability to operate with exposure times in the microsecond range.  As shown 

in Fig. 5.13b, there is a short time period that a constant zipping of the monolayers occurred and 

this period will be considered as the DIB slew rate.  The DIB slew rate will determine the 

maximum rate at which the DIB is capable of changing its capacitance or the magnitude of dC/dt 

due to monolayer zipping.  A period of hesitation is present between the time the images were 

blurred and when the DIB slew rate was measured.  During this time period, approximately 0.4 

seconds, the images indicated a minimal rate of zipping between the monolayers and were not 

considered in the calculation of the slew rate.     
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Fig. 5.13:  DIB capacitance measured using high-speed video and image analysis during a step 

change in displacment between the monolayer droplets.  (a) Contains the measurement of 5 total 

step changes. (b) A zoomed in view of the 1
st
 step change and illustrations of the portions 

containing blurred images and the capacitance used to calculate the DIB slew rate. 

 

DIB slew rate was measured for 4 independent droplets with a total of 13 slopes measured.  The 

slew rate with its mean value and 95% confidence intervals was measured to be 5.26 (2.93, 

27.59) pF/sec.  This also means that on average, the maximum rate at which the DIB chord 

length can increase is 33 μm/sec.  Application of this knowledge could prove to be very 

beneficial in future studies of a DIB transducer because it’s becoming common place to 

incorporate proteins and peptides into the bilayer that act as transducers to stimuli such as light, 

voltage-thresholds, and even mechanosensitive activation [3].  It seems rational to imagine that 

once a DIB oscillation exceeds this slew rate then a tension driven response would be induced 

within the DIB.  If mechanosensitive peptides were incorporated into the DIB this slew rate 

could act as a threshold for tension driven activation of the peptides, thus leading to a 

fundamental understanding of the current response.  
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5.4.4 Rate of Change of DIB Capacitance 

 

The set of single frequency oscillations (0.5 and 75 Hz) and DIB slew rate experiments give 

independent measurement techniques to find the rate of change in capacitance (dC/dt) for the 

DIB’s.  Therefore, a correlation should exist between the DIB slew rate, measured using image 

analyses, and also between the 1
st
 order voltage coefficient of Eq. 5.8.  In Fig. 5.14 a box-plot is 

shown for each measurement technique of dC/dt.  Note that for a sinusoidal waveform the 

amplitude is equal to the    times the RMS amplitude.  Therefore, to better compare the dC/dt 

terms of the image slew rate and the coefficients of Eq. 5.8, the dC/dt (RMS) terms of Eq. 5.8 

were multiplied by     the for this comparison.  A visual comparison can quickly be made 

between the DIB slew rate, low frequency fo (Lowfo), high frequency fo (Highfo), and high 

frequency 2
nd

 harmonic (High2fo).  Notice that the dC/dt term from the high frequency 

oscillations fluctuate from negative to positive values and has a much larger spread in their 

magnitudes than the other measurement techniques.  This variability in the high frequency dC/dt 

does not provide much confidence in its ability to accurately measure a change in capacitance 

that is occurring from an interfacial area change of monolayer zipping and unzipping.   

 

 

Fig. 5.14:  Box-plot of the DIB dC/dt terms calculated using several independent measurement 

techniques. 
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In Fig. 5.14 the magnitude of dC/dt for the DIB slew rate and the Lowfo appear to be in good 

agreement.  A t-test was performed between these two techniques to determine if a difference 

was present between the population means and the results (p = 0.09) indicated no significant 

difference was present.  This implies that the capacitive DIB slew rate is in good agreement with 

the dC/dt term of Eq. 5.8 for the fundamental frequency’s RMS current during a low frequency 

oscillation.  

 

These results are significant in the fact that it reveals that the change in capacitance determined 

from a high frequency oscillation model fit of Eq. 5.8 is not a measure of the rate at which 

monolayers are zipping and unzipping to together to form a larger or smaller DIB, but instead are 

a measure of the dC/dt from another mechanism causing the RMS current response.  This is 

because the DIB dC/dt for monolayer zipping and unzipping cannot exceed the rate measured by 

the DIB slew rate.  Another important finding from this analysis is that the dC/dt for the Lowfo 

and DIB slew rate are in agreement meaning that during a low frequency oscillation the rate of 

capacitance can be measured from current because the DIB area is changing primarily from the 

zipping and unzipping of the bilayer.  This also indicates that the rate of low frequency 

oscillation (0.5 Hz), and the applied amplitude, used in this experiment is in the vicinity of the 

maximum rate at which the DIB can change its area due to monolayer zipping.   

 

5.4.5 Explanation of Current Harmonics 

 

As previously shown during a high frequency oscillation (≥ 75Hz) the current measured across 

the DIB, with a constant potential, would produced harmonics of the fundamental oscillation 

frequency (see Fig. 5.9).  This section will provide a hypothesis to the potential mechanisms that 

are contributing to the fundamental frequency or 1
st
 harmonic and also the 2

nd
 harmonic by using 

a simple model that is fitted to the time domain data for this exemplary 100 Hz oscillation data 

set.  Probably the most influential question asked in this section is does the 2
nd

 harmonic present 

itself as the square of the driving stimulation frequency, Bsin
2
(ωt), as predicted by Petrov [18, 

19] for a DIB?   
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Several studies have shown that current harmonics can be generated across a bilayer and that a 

variety of mechanisms are responsible for the current generation [17, 19].  For instance, the 1
st
 

harmonics have been contributed to a distended lipid bilayer (pre-curved interface) oscillation 

[17] and the membrane polarization created by the strain gradient during curvature (flexoelectric 

effect) [19].  The 2
nd

 harmonic is associated with lipid bilayer area change during transverse 

bending [17, 19].  Since changing DIB area is analogous to capacitance it was shown that the 

dynamic change in capacitance can be written as  

 

                  Eq. 5.10 

 

where, Co is the initial membrane capacitance, ΔC is the magnitude of membrane capacitance 

change, and ω is the driving frequency in rad/sec [19].  Eq. 5.10 implies that for a single 

oscillation cycle of curvature the bilayer area will reach its maximum twice.   

 

A simple current response model was developed to describe the measured current generated 

through the bilayer.  This simple model combined the driving frequency of 100 Hz with Eq. 5.10 

to determine if the trend of the model and recorded data matched.  The model is as follows  

 

                               Eq. 5.11 

 

where, A is the magnitude of the 1
st
 harmonic, B is the magnitude of the 2

nd
 harmonic, C is a DC 

current offset, and   is the DIB currents phase.  The magnitude of A and B were not verified 

through independent measurements due to the fact that this is out of reach for these experiments 

because it would require quantification of the bilayer current generation mechanisms responsible 

for the 1
st
 and 2

nd
 harmonic, respectively.  Notice there is no phase difference associated with the 

1
st
 and 2

nd
 harmonic in Eq. 5.11.  The   value was manually found and its magnitude has no 

physical relevance in this data fit because it simply depends on the data sampling time point and 

time shifts the current model to align with the experimental data.  A plot of a portion of the time 

domain current measurement with the fitted model and its harmonics are shown in Fig. 5.15.  A 

least-squares optimization was used to determine the A, B, and C coefficients of Eq. 5.11.  
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During the optimization ω was held constant at 2π(100Hz) because this was the DIB oscillation 

frequency from the piezoelectric actuator. 

 

Fig. 5.15:  A time domain current response from a DIB oscillated by a 100 Hz sinusoidal 

stimulus.  A model, as described by Eq. 5.11, is fitted to the current data to determine the 

coefficients of the 1
st
 and 2

nd
 harmonics that contribute to the response. 

 

The data was low-pass filtered at 300 Hz with a 4
th

 order Butterworth filter in order to reduce 

noise and because no correlation for current harmonics above the 2
nd

 has been shown to be 

physically relevant.  Upon inspection of the current data in Fig. 5.15, it’s obviously noticeable 

that the current response is not a 100 Hz sinusoidal waveform and that it contains another 

frequency component.   Interestingly, the current response model appears to sufficiently fit the 

current data in Fig. 5.15.  This observation gleans insight into the fact that the 2
nd

 harmonic does 

appear to follow the Bsin
2
(ωt) form as shown by Petrov and his work on black lipid membranes 

[19].  

 



135 
 

The current response model as described by Eq. 5.11 describes the physical mechanisms of DIB 

deformation that is occurring during a high frequency oscillation.  The 1
st
 harmonic is likely the 

most difficult to hypothesize because the mechanics of our membrane are fundamentally 

different than previous experiments, therefore making their conclusion of membrane deformation 

less applicable to our interoperations.  The fundamental difference between previous studies on 

the dynamic mechanoelectrical properties is that black lipid membranes were formed over some 

form of an aperture and a pressure wave was used to produce transverse bending in the lipid 

bilayer.  In our experimental setup an interfacial tension could easily be created during the 

dynamic separation and compression of the monolayers, thereby changing their contact angle 

and the interfacial tension in the bilayer.  We speculate that this dynamic change in interfacial 

tension would cause an alteration in the size of the DIB’s area due to an in-plane stretching and 

compression, which could be a principal driver of the 1
st
 harmonic current response.   

 

Another possible contributor for the 1
st
 harmonic is the oscillation of the DIB about a distended 

interface [17].  The final and least probable contributor to the 1
st
 harmonic is a strain induced 

polarization of the membrane (flexoelectric effect) [18, 19].  The phospholipids used in this 

experiment are zwitterionic, meaning of neutral charge, and for the relatively small voltages 

applied they will likely not produce a polarization of appreciable magnitude.  The 2
nd

 harmonic 

is likely due to an in-plane bending that caused an area increase in the membrane at the peaks of 

its oscillation cycle [17, 19].  The in-plane bending can be contributed to a fluid waveform from 

motion of the pipette and hydrogel anchor. 

 

5.5 Conclusion  

 

The first major step in this experiment was a 10-fold reduction in the size of the DIB through the 

use of glass micropipettes and a photo-curable hydrogel.  Although the approaches used in this 

paper do not provide a final design for the DIB as the use of a bio-inspired accelerometer, it does 

however provide several key insights into the initial steps needed for such an implementation.  

Several features of DIBs were drawn from these experiments and are listed in a bullet point 

format for the ease of overview: 
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 DIB was reduced in size by 10-fold to a size scale more comparable to the physiological 

hair cell. 

 A linear sinusoidal sweep of the DIB indicated the current generated can respond to 

frequencies above the utricles physiological range indicating it’s not limited as a 

transducer based on high freq. response. 

 Fundamental mechanisms of DIB current response to area changes and other 

phenomenon were observed: 

o Developed a technique using high-speed video and image processing to measure 

the rate of monolayer zipping during a stepped compression of the DIB. 

o Observed current harmonics during a single high frequency sinusoidal oscillation 

(≥ 75 Hz) :   

 RMS current was calculated at the driving frequency (fo) and the 2
nd

 

harmonic (2fo) using a frequency domain technique (Eq. 5.5). 

 Hypothesized that the RMS current of the 1st harmonic can be contributed 

to in-plane stretching from a changing interfacial DIB tension and distend 

bilayer oscillation. 

 Hypothesized that the 2
nd

 harmonic appeared to be the square of the 

driving stimulus frequency and is due to a capacitance change occurring 

from bilayer stretching at the peaks of bilayer curvature during oscillation. 

 The change in capacitance (dC/dt) for a low frequency DIB oscillation (< 0.5 Hz) and the 

DIB slew rate were independently measured and found to correlate, indicating two 

methods capable of detecting a capacitance change in the DIB due to monolayer zipping. 
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Chapter 6 

 

Conclusions and Future Work 

 

6.1 Vestibular System 

 

6.1.1 Vestibular System Conclusions 

 

The research goal for the vestibular system was to experimentally measure specific 

biomechanical properties of an otolith organ, in particularly the utricle, that had previously not 

been established and then draw brief physiological relevance’s to these experimental 

measurements.  These measurements are valuable because they enhance physiological 

mathematical models of the utricle by experimentally measuring material properties for this 

particular organ.  Until this point there were no experimental measurements of utricular material 

properties.  Previous otolith models used material properties measurements from other vestibular 

organs, such as the saccule, and modelers would therefore assume similar utricular properties as 

the saccule.  Through our experimental analysis of the utricle we have measured utricular 

biomechanical parameters that will aid in physiological modeling and general understanding of 

the utricle. 

 

The biomechanical properties of interest were the natural frequency (ωn), damping (ζ), and shear 

modulus (G) for this biological accelerometer and static tilt sensor.  These mechanical properties 

were the effective contribution of the shear deformable gelatinous and column filament layers as 

well as the hair bundles that are distributed across the macular surface.  The unique approaches 

to measure these biomechanical properties were high-speed video, image registration, and a 

natural inertial stimulus.  The advantages to our experimental technique was that a piezoelectric 

actuator was used to induce a natural inertial stimulus across a wide range of frequencies, no 

chemical treatment of the utricle was needed to obtain these measurements, and this approach 
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required minimal obstructions to the organ.  This experimental approach allowed for the most 

physiologically relevant dynamic measurements for the utricle. 

 

The aforementioned mechanical properties were measured along both the medical-lateral (ML) 

and anterior-posterior (AP) axes.  This was done to determine if anisotropic material properties 

could be measured.  The experimental analysis was conflicting in definitively determining 

anisotropic shear layer properties.  However, it did indicate that if anisotropy were to exist the 

AP axis would most likely have an increased stiffness in comparison to the ML axis and that 

damping appeared to be evenly distributed between these two axes. Another interesting 

conclusion of this work was the utricle appears to behave as a linear accelerometer for all stimuli 

applied during our experiments.  A variety of stimuli were used to verify linearity in the utricle 

by testing the principle of superposition and proportional proof mass displacement to magnitude 

of acceleration.  From our data we concluded that the utricle would be an effective accelerometer 

up to nearly 100 Hz, and this closely coincides with its physiological head acceleration range of 

approximately 0-100 Hz.   

 

A bullet point list of the conclusions from each chapter is provided for convince: 

 

 Chapter 2:  the objective of the work reported here is to experimentally measure the 

combined shear stiffness of the utricle GL and CFL while using a natural stimulus of 

inertial motion of the NEL base.  The relative shear displacement between the otoconial 

layer (OL) and membranous shelf (MS) is measured using high-speed video and image 

registration. The advantages of this technique are that the entire structure of the utricle is 

maintained in its natural state, in physiologic solution, and the stimulus is the natural 

inertial shear induced by neuroepithelium motion.  The mean and 95% confidence 

intervals, in parenthesis, for the utricle were measured along the ML axis and found to be 

ωn = 363 (328, 397) Hz, ζ = 0.96 (0.80, 1.12), G = 8.86 (7.32, 10.60).  

 

 Chapter 3:  the primary goal of this experiment was to stimulate the utricle past the point 

of resonance (363 Hz) measured from our previous experiment (chapter2), in order to 

make improved estimates of the utricles intrinsic mechanical parameters: ωn, ζ, and G.  
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The improved parameter estimates were made using a frequency domain system 

identification technique (FDSI).  The FDSI takes the MS and OL displacement 

waveforms and forms frequency response function (FRF) data. This contains both the 

magnitude and phase information between the OL to MS reference motion.  The FRF 

data is used to fit constant coefficient transfer function models that describe the utricles 

intrinsic dynamics.  The median and 95% confidence intervals, in parenthesis, for the 

utricle along the ML axis were found to be ωn = 374 (353, 396) Hz, ζ = 0.50 (0.47, 0.53), 

G = 9.42 (8.36, 10.49) Pa.  

 

 Chapter 4:  using the same experimental techniques as chapter 3 we choose to measure 

the ωn, ζ, and estimate the G for the turtle utricle along its AP axis.  Due to the lack of 

experimental evidence, or to our knowledge any experimental evidence, for directional 

measurements of material properties for the otolith organs we feel this information would 

be advantageous for future computational models and the general knowledge of 

vestibular function.  The mean and 95% confidence intervals, in parenthesis, for the 

utricle along the AP axis were found to be ωn = 409 (390, 430) Hz, ζ = 0.53 (0.48, 0.57), 

G = 11.31 (10.21, 12.41) Pa.  

 

6.1.2 Vestibular System Future Work 

 

The research conducted on the utricle for this dissertation revealed improvements to our 

experimental techniques as well as ideas for future work studying this otolith organ.  Listed 

below, in bullet point format, are a few ideas for future utricular research: 

 

 After the utricle had been removed from the turtle’s skull it was maintained in an 

artificial perilymph solution throughout the remainder of the experiments.  This was done 

to ensure the preservation of tissue life.  When in vivo the utricle’s apical surface is 

exposed to endolymph and the dorsal membranous surface is coated in perilymph.   If a 

two-chamber device were constructed and used to house the utricle during experimental 

analysis, this would replicate the dual physiological aqueous solutions within and outside 

the membranous labyrinth.  This would require a complete redesign of the attachment of 
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the utricle to a fixture that’s then connected to the piezoelectric actuator.  Properly 

securing the utricle to this fixture would be a critical step. 

 

 As mentioned in chapter 4 a larger sample size of utricular dynamic response 

measurements, as well as stimulation along more anatomical axes would help concluding 

anisotropic shear layer properties. 

 

 Efforts exerted on improvement of the image registration algorithm we feel would be of 

minimal value because as shown earlier the images were two-dimensional translations 

and we could measure displacements ≤ 15 nm. 

 

 The most influential and likely worthwhile experiment would be to use the utricle 

dynamic response measurement techniques described within this work and conduct 

similar experiments on a mammal’s utricle while its connected to the temporal bone.  

This experiment would answer questions such as “do effective shear layer biomechanical 

properties for the utricle vary between species?” and “does the utricle move relative to 

the membranous skull and if so how does this impact its dynamic response?”  For 

example, two transfer functions (TF) could be developed for this type of experiment: 1.) 

otoconial layer displacement/membranous shelf displacement and 2.) membranous shelf 

displacement/skull displacement.  The 1
st
 TF would answer if biomechanical properties 

are similar across species and the 2
nd

 TF would reveal how the neuroepithelium moves 

relative to the skull.  The 2
nd

 TF could have clinical impact on how to isolate neural 

response from otolith organs via a bone conduction stimulus.  This preparation would 

serve to study the utricle motion normal to its anatomical plane.  This type of study 

would aid in the understanding of stimulus by bone and sound conduction. 

 

  



144 
 

6.2 Biomolecular Membrane as a Bio-inspired Accelerometer 

 

6.2.1 Micron-Sized DIB Conclusions 

 

As shown in chapter 5 the primary goal of this research was to develop a micron-sized droplet 

interface bilayer (DIB) and then observe its dynamic mechanoelectrical characteristics.  This 

information could then be used as a guide for the future development of a novel otolith inspired 

accelerometer. In efforts to reduce the size scale of the bio-inspired artificial hair cell a unique 

approach was developed using a conglomeration of techniques from previous experiments.  Even 

though a bio-inspired accelerometer was not fully developed in this research, the conclusions did 

help enlighten our basic understanding of the mechanoelectrical response for a micron-sized 

DIB.  For these experiments the DIB area was generally on the size of 5000 μm
2
.   

 

Prior to the micron-sized DIB experiment several basic questions were unanswered such as “is 

the lipid bilayer stable and not prone to rupture on this size scale?”, “will a measureable current 

change occur due to a vibration stimulus of the DIB and if so how does it relate to the vibration 

stimulus?”, and “what is a good approach for forming a DIB on this scale size while still 

retaining the ability to record its current response?”  The DIB experiments performed have 

answered that a DIB can be formed on a micron-size scale using hydrogels and micropipette 

techniques, the DIB is very stable, it will produce a measurable current change when subjected to 

a vibration stimulus, and its current to physical excitation relationship depends greatly on the 

magnitude and frequency of excitation.  A piezoelectric actuator was used to provide a wide 

range of DIB vibrations that lead to the relationship for specific dynamic mechanoelectrical 

responses.  Another unique approach was the ability to capture the dynamic change in DIB area 

(thus capacitance) through the use of light, microscopy, high-speed video, and image processing 

techniques.  When combining the results from this variety of measurement techniques we were 

capable of inferring the fundamental mechanisms of DIB current generation. A more specific list 

of conclusions from the micron-sized DIB experiments is provided below in a listed format: 

 

 DIB was reduced in size by 10-fold over previous designs to a size scale more 

comparable to the physiological hair cell. 



145 
 

 

 A linear sinusoidal sweep of the DIB indicated the current generated, with constant 

applied potential, can respond to frequencies above the utricles physiological range (100 

Hz).  This indicates the DIB is not limited as a transducer based on our high frequency 

stimulation. 

 

 Fundamental mechanisms of DIB current response to area changes and other 

phenomenon were observed: 

o Developed a technique using high-speed video and image processing to measure 

the rate of monolayer zipping during a stepped compression of the DIB.  This was 

termed the “DIB slew rate” and the mean value was found to be 5.26 pF/sec (n = 

13). 

o Observed current harmonics during a single high frequency sinusoidal oscillation 

(≥ 75 Hz) :   

 Root mean squared (RMS) current was calculated at the driving frequency 

(fo) and the 2
nd

 harmonic (2fo) using a frequency domain technique. 

 Hypothesized that the RMS current of the 1st harmonic can be contributed 

to in-plane stretching from a changing interfacial DIB tension and distend 

bilayer oscillation. 

 Hypothesized that the 2
nd

 harmonic appeared to be the sine square of the 

driving stimulus frequency and is due to a capacitance change occurring 

from bilayer stretching at the peaks of bilayer curvature during oscillation. 

o Simply finding the total RMS current could lead to erroneous conclusions of 

correlation between physical stimuli and DIB current. 

 

 The rate of change in capacitance (dC/dt) for a low frequency DIB oscillation (< 0.5 Hz) 

and the DIB slew rate were independently measured and found to correlate, indicating 

two methods capable of detecting a capacitance change in the DIB due to monolayer 

zipping. 
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6.2.2 Bio-inspired Accelerometer Future Work 

 

The micron-sized DIB experimental conclusions have indicated the possibility of developing a 

novel bio-inspired accelerometer in which the primary mechanoelectrical transducer is a 

biomolecular membrane.  The major benefit of this DIB transducer is the ability to incorporate it 

into a hair cell inspired transducer, as previously discussed in section 1.3.3, at a small micron-

sized scale and oriented so it becomes directionally sensitive to stimulation.  The directional 

sensitivity of the hair cell inspired DIB would be the direction in which the deflection of the 

synthetic hair fiber is in-line with the lipid bilayer, thus causing a maximum change in the 

bilayers area.  Fig. 6.1 illustrates how a micron-sized DIB could be used to develop a utricle 

inspired accelerometer that is directionally sensitive to inertial stimulus. 

 

 

Fig. 6.1:  An illustration of a micron-sized DIB design as a directionally sensitive accelerometer.  

(a) A cross-sectional view of a bio-inspired otolith organ accelerometer and hair cell.  Multiple 

layers such as a proof mass, shear layer, and supporting substrate for the DIB are needed to cause 

a deflection of a synthetic hair fiber that perturbs the DIB causing a correlated acceleration to 

current response.  (b)  An apical view of an accelerometer designed to have directional 

sensitivity similar to that of the splayed hair cell orientation of the turtle’s utricular macula 

surface. 

 

As shown in Fig. 6.1b micron-sized DIBs could be oriented in several directions so their 

sensitive axis aligns with the natural splay of the hair cells of the utricular macula.  The 
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orientation of the hair cell inspired DIB transducers could be aligned in any desired direction, 

thereby creating multiple arrangements for measuring acceleration.  It’s important to note the 

human’s utricular macula surface has an area of approximately 4.1mm
2
, making the benefits of 

such a small transducer evident if it were to be used as a bioprosthetic vestibular apparatus. 

 

The future development of an implantable novel sensor would not be a trivial task, as several 

milestones remain to be overcome.  A list of these milestones and the associated future work are 

listed below: 

 

 An improvement on the current experimental setup would be devising a technique that 

continuously produces an even and flush tip for the micropipettes because this would 

allow for a more stable and firm hold of the DIBs.   

 

 The next major hurdle would contain numerous milestones all of which pertain to the 

overall design and ability in producing a multi-layered structure as shown in Fig. 6.1a.  

The majority of these milestones could be run in parallel. 

   

o Development of a base layer that will support a micron-sized DIB with artificial 

hair:  this approach would likely be handled using lithography techniques. 

o A shear layer material would need to be assessed and analyzed for its material 

properties, as this layer is imperative for determining the operational range of the 

accelerometer. 

o A proof mass would need to be assessed and analyzed as this too is imperative for 

determining the operational range of the accelerometer. 

o An application specific integrated circuit (ASIC) would need to be developed that 

connects to each DIB element.  The ASIC would need to provide a desired voltage 

to the DIB and also record the pico-amp currents through the bilayer. 

o If this were to be used as a bioprosthetic vestibular implant we envision that it 

could be placed atop the vestibular macula and used to spatially stimulate the 

vestibular nerve using either a deliverable current or optogentic stimulus similar to 

other neuromodulation devices, such as the cochlear implant.  


