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ABSTRACT

In the biomedical field the need for intra organ pressure measurement can only be
facilitated by adapting existing pressure sensing technology to théispesues under
test. The customization of these sensors has only driven up cost and the need to explore
new technologies has become increasingly more important. For this dissevta
explore the use of a new technology, particularly electrochemicalupeessnsing to
provide a low-cost pressure sensor to fill this need. Preliminary testingdhbat
electrically conductive polymers exhibited a change in voltage whesupia=d if
bubbles were first electrolyzed in the gel creating an aerogel, arthithaffect was
virtually undetectable without the bubbles present. Using electrochemicalangee
spectroscopy (EIS) and model fitting, it was shown that this effect occilms efectrode
interface. Theoretical derivation supported by potentiostatic voltage regasits
indicated that a change in the electrode surface area in contact wWithidiveas
responsible for the effect. Optical micrographs were taken as a bubblglsong
electrode was pressurized. Using image analysis, the relationship batigean
surface area of the bubble correlated to the relationship of the change innogetithe
electrochemical cell (ECC). The results further demonstrated thaleitieochemical
response to pressure of a gelatin aerogel electrode was linear fioeskare range of 0
t01034 mmHg. This finding lends itself well for use in medical devices. A new device

was invented along with a manufacturing process for an electrochemicalngres



transducer (EPT). The EPT was subjecnhtatro testing using simulated gastric fluid to
create a baseline efficacy of the device for use in the gastrointestatalNtaltiple
design specific techniques were developed to improve sensor performance during

physiological conditions.
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1 Introduction

Medical diagnostic equipment has evolved to the point where noninvasive
techniques can image tissue and determine both composition and the spatial organization
of the material. However, science has not evolved to the point where direct ifderaal
or pressure measurements can be taken in living subjects. To provide this information,
sensors must be placed directly in the path of the exerted force inside the tilesire
To achieve this end, special considerations must be taken into account to minimize
extraneous effects that the sensor may have on the tissue. Safety isgu®s mus
addressed, for example the sensor should be biocompatible and the risk of electrical
shock should be minimized. Additionally, the footprint of the sensor should be
adequately sized for the tissue to be measured. It must be small enough né¢to crea
additional stress on neighboring tissue, have a similar modulus to redusesbkiedding
and thereby reducing stress concentrations, and be flexible enough to uncowpieepres

from applied bending moments.

1.1 Existing Technology

The current trend in medical pressure sensors and pressure sensors in general is
miniaturization. By taking the principals used in their macro counterpartsupees
sensors have been miniaturized down to the microscale, and in some cases down to the

nanoscale. While miniaturization has allowed these sensors to overcome some of the



drawbacks with invasive pressure sensing, some of the properties are inkgaietiess
of the size.

Pressure is simply the flux of force over a given area, and the premisd behi
pressure measurement is that this force will cause a displacement on tre 3bes
discovery of the piezoresistive effect in 1954 led to the commercialization of the
piezoresistive sensor [1]. A piezoresistor composed of silicon and germanium is
mounted on a deformable diaphragm. As the diaphragm deforms due to a pressure
differential, the total length of the piezoresistor lengthens or shorteims direction of
the electrical potential causing a subsequent change in the electrisi@nesi In order
to take advantage of the change in resistance, a voltage must be constaitlyzapps
the piezoresistor. Although in the early 1970s silicon etching technologies élloiwe
microscopic designs, the sensors were limited to rigid 2-dimensional subf2rdie
These sensors can sense pressure well when the applied force is normalrfatbens
in a fluid with constant pressure. However, when the sensors are located in atellaps
organ, forces are not equal and the sensor will not capture all pressures surrdinding t
sensor.

Capacitive based pressure sensors operate on the principal of having tveb parall
conductive plates separated by an elastic dielectric material. Assupgés applied, the
plates move closer to each other and increase the capacitance [5]. Stmilasigtive
pressure sensors an electric field must be applied to measure thearagadtitus suffers
from the same issues as the piezoresistive sensors.

Optical pressure sensors operate on the principal of interferometry [6, 7]. It
comprises a light source a reflector on a deformable diaphragm and a detistibre
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diaphragm deforms, the light that is reflected back becomes out of phase. Byimgeas
this angle, the pressure can be calculated. One of the largest obstaitiesstéchnology
is providing the light source to the sensor and a spectrum analyzer to measure the

response; as a result this technique is not cost effective.

1.2 Electrochemomechanical Pressure Transducers

Electrically conductive polymers have several attributes over theriadatused in
traditional pressure sensors which make them attractive for use in bioleggtains.
Electrochemical pressure transducers (EPT) are passive and havdittheoajgnerate a
voltage potential in response to pressure. From an electrical safety paew othis
means that the sensors do not require low impedance power supply lines routed inside the
body to the sensor. With exception to the electrodes, EPTs are comprised of soft
deformable materials. This allows the sensor to interface to soft tisseletbatt the
rigid silicon based sensors. Also by lacking a rigid substrate, the EPTs do restaniége
have a preferential sensing direction and can be designed for omni-directional
measurements.

The measurable elctrochemomechanical (ECM) response is alvkvprecess
in which changes in electrical current result from a change in chemicabsdion as a
response to mechanical stimulation. In the early 1990’s researchers begagatings
the use of electrically conductive polymers for pressure sensing applid&i®js
When an electrically conductive polymer such as polypyrrole undergoes nethani
deformation, the volume will change accordingly. An expansion in the film saaudt
dilution in the surface concentration of mobile ions, while a contraction results in an

3



increase in the surface concentration of mobile ions [10]. By correlatirapémge in

current through the system to mechanical force, the film can act as a@is=ss0r.

1.3 Gelatin Based Electrochemical Cell
Modern ECM literature on voltage response density from using polypyrrole and

similar synthetic electrically conductive polymers report values in¢ighborhood of 6
V/m? while straining the polymer 20% [9]. For these measurements voltage dersity wa
taken as the peak voltage change divided by the total surface area of both electrode
Using a Young’'s Modulus of 180 MPa for wet polypyrrole [11] and assuming that the
response is linear would yield 0.012 \¥/for a 517 mmHg input (e.g., a physiologically
relevant pressure condition). Thus the modern materials of ECM must be improved
substantially to make these classes of sensors commercially viable fedmam
applications. Specifically improvement in the voltage to pressure responseas. cri

In stark contrast we have repeatedly measured ECM voltage response de2vty of
V/m? while providing a 517 mmHg stimulus using electrolyzed gelatin. The ratio of the
248 V/nt response to the 0.012 \mives an improvement of over 4-orders of
magnitude. One reason gelatin dissolved in water makes an excellent hjoirogel as
the bulk solution in an electrochemical cell (ECC) is due to its charge conducting
properties. The charge on the gelatin molecule is primarily due to the sideahzoxyl
amino groups [12]. Once dissolved in water, any cation bound to the gelatin molecule
dissociates into the water providing a supply of positive charges in addition to the

negative charged carboxyl groups throughout the gel. However, the more than dforder



magnitude improvement in response cannot solely be accounted for by the improved
charge conducting properties of the gelatin system.

The reversible electrode charge transfer kinetics of gelatin has beesdgtrdbver
a half century [13] with little investigation of the use of gelatin forémensing despite
its low-cost and wide-spread availability. Only recently have some taaljentiated
investigations been reported where gelatin is being evaluated as a condaator i

ECC [14].

1.4 Summary of Research Goals

The aim of this research project is to investigate an ECC pressure tramgsing
gelatin hydrogels. Preliminary measurements of enhanced voltage outpgtven a
pressure actuation are exciting, but irregularities in performancd bag@ocessing
methods suggested that the source of the enhancement stems from impuritiesionincl
bodies within the material. Based on our material processing methods we Bigeuthe
that small gaseous bubbles at the electrode are responsible. While the use of a& EPT ha
been investigated for the past 20 years [8,9], no work has been done to examine the effect
of bubbles at the electrode. We further hypothesize that this response is $oittide
backbone of sensing element (i.e., linear behavior over a specific rangssine).

This research will not be building upon the efforts of others, except for the scientif
methodology. Instead this research will be ground breaking, starting aryhe ve
beginning to provide the foundation for more in-depth studies to follow. The research
will be broken down in the following three chapters, with each chapter presented as a
standalone paper with the intent to publish each in separate journals. The first of which

5



will explain the ECM response in the gelatin hydrogel from an electrochlemica
perspective. The next chapter will correlate the ECM response to the matbhaitges
occurring in the gel, building upon the results from the previous chapter. Finally a
chapter will present the outcomes fromianitro study intended to demonstrate the

efficacy of the EPT for biological use.



2 Electrochemical Analysis of the Gelatin Hydrogel-Aerogel | nterface

2.1 Introduction

Interest in developing electrochemical pressure transducers (EPTS) f
commercial applications has steadily been increasing over the past twosdd€ade].
EPTs offer several advantages over tradition integrated circuit-typgupeesensors
because the system (1) creates its own voltage without excitation from agoounes,
(2) is composed almost entirely of deformable “soft” materials, and (edesigned
to sense pressure in all directions. With this in mind some of the obstacles that ineed t
overcome in order to make this class of sensor feasible include improving uporathe sm
signal response to pressure, increasing the sensitivity to small psgsswteeducing or
compensating for baseline voltage drift.

An EPT is comprised of a hydrated electrically conductive polymer dedsit
two electrodes. The premise behind the electrochmomechanical (ECM) respibrade i
as the polymer is stressed, the number of charge carriers in the solutigaschad the
charge on the polymer becomes polarized which results in a measurable voltagalpote
[10, 15]. Results in the literature tend to model the polymer as a beam and measure t
ECM response as a force deflects the beam [10,15]. Taking some of the sdtsyaned
applying mechanical properties to the gel, the magnitude of the ECM response c
approximated. Preliminary tests from our research demonstrate a 4-ondgrafude

improvement in response compared to published values. Irregularities in performance
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based on processing methods suggested that the source of the enhancementiesimpurit
or inclusion bodies within the material. Based on our material processihgdseate
hypothesized that small gaseous bubbles at the electrode are responsible. More
significantly, when the number of bubbles is not at a minimum in the gel we findhi¢hat t
inherent noise of the electrochemical cell (ECC) masks all ECM response.

Two fundamental questions that need to be answered are: first, how are the
bubbles influencing the response? Secondly, why haven't other researcheeslrépert
effect? The first question will be addressed in this chapter. As for the secotidrquies
is quite difficult to prove a negative result. Reuvisiting our hypothesis; we will
demonstrate using analytical experimentation and systematideadtoubble number
density that the ECM response due to electrolyzed gelatin is directly pon@abto the

change in surface area of wet dry interface surrounding the generatedsbubble

2.2 Materials

Type A gelatin from porcine skin with 300 bloom strength and 37% formaldehyde
in water were obtained from Sigma-Aldrich (St. Louis, MO).

Platinum electrodes were obtained from Gamry Instruments (Warmin&jer, P

6061 Aluminum rods were obtained from McMaster-Carr (EImhurst, IL) and the
exposed surfaces were polished with P1200 diamond sandpaper with an averdge partic

size of 15.3 um.



2.3 Methods
Preparation of Gelatin Hydrogels

Gelatin hydrogel (gel) samples were prepared at 5% and 17.5% conaceriiyat
weight in deionized water and were 100% crosslinked based on the theoretical number of
crosslinking sites on each gelatin molecule. Concentrations were sétetteestigate a
more liquid and more rubber like state. Experiments evaluating the viscosity or
consistency for the aerogel as a function of dissolved gelatin lead us to selecttb&o f
less viscous state and 17.5% for the rubbery state. The gel was heated ¥p whitth
was above the 5{C gel-sol transition temperature for 17.5% gelatin [16]. The gel was
constantly stirred by a magnetic stirrer until the gelatin was fullpted. Through the
process of stirring, bubbles were formed from cavitation. Two subsets of saropld
then be created: those with a significant bubble number density and thosetheit hio
bubbles at all. To prepare the samples with bubbles formaldehyde was addediagd stirr
continued for 10 additional minutes at a slower rate. The gel was then poured into its
desired container at which point it was allowed to cool down to the test temperature. The
gel then remained at this temperature for a period of 24 hours. For the sartipyes wi
bubbles, the gel was exposed to a vacuum which was constantly adjusted to prevent boill
over for a period of ten minutes. Formaldehyde was then added and the gel was
continually stirred at a slower rate. The gel was then poured into its desireid&onta
and a vacuum was then applied for ten minutes, again constantly adjusted to prevent boil
over. The vacuum was then removed and the gel was allowed to cool to its test

temperature. The gel then remained at this temperature for a period of 24 hours.



Light Transmission through Gel Cured at Atmospheric Pressure and Vacuum
Light transmission measurements were used to validate that exposure to a vacuum

reduces the amount of bubbles in the gel. In this process an excess of bubbles were
created using cavitation to quantify the effectiveness of this technique.cédan@ptics
USB2000 spectrometer (Dunedin, FL) was used to measure a 580 nm wavelength light
transmission through samples of 5% gel prepared at atmospheric pressure and under
vacuum. The amount of light transmission through deionized water was subtracted from
the amount of light transmission through the gel. There was a 23% increase in the
amount of light transmission through gel exposed to a vacuum than gel not exposed to a

vacuum with a confidence level of 0.94.

Determination of Effective Gelatin Diameter
The effective diameter of the gelatin molecules in the 5% concentratioragel
measured using a Coulter N4Plus particle sizer. Measurements werattakegies of
90, 62.2, 30.2, and 22.8for a sample time of 600 seconds. The polydispersion index
(PDI) was measured between 0.8 and 1.0 for all samples. A PDI greater than 0.1
indicates that there is a large aspect ratio in the dimension, therefore tlheamssds at

all 4 angles were averaged.

Viscosity Measurement
The viscosity of the 5% concentration gel was measure @ 8%ing a Bohlin
Instruments CVO cone and plate rheometer. The viscosity was measured ateah appl
shear rate of 0.1 1/s on a 20 mm parallel plate.
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Electrolysis

During the preparation of the gelatin hydrogels used to characterized ECM
response due to pressure gel containing, bubbles were generated by the process of
hydrolysis. These bubbles, unlike those formed by cavitation, have a preferential
distribution at the electrode surface. Although response curves from nsatengining
bubble generated by cavitation were measured, we have chosen not to present the data
within the current discussion. Aluminum electrodes were used for each test tha
electrolysis was performed. The Pourbaix diagram of aluminunaf?g°C in Figure
2.1 illustrates the potential reactions that can occur at a given applied \putagéal
and pH. With the aluminum electrodes, two parallel reactions occur; one for the
aluminum and one for the aluminum oxide layer given by Equation 2.1 which
corresponds to line 2 in Figure 2.1. Two additional reactions occur involving the water,
which result in the generation of hydrogen at the cathode and oxygen at the annde give
by Equations 2.2 and 2.3 which correspond to lines a and b respectively in Figure 2.1.

Electrolysis was performed on the ECC at 5.0 V for 60 seconds’@t 25

11



-

it

(hil-' P LA e '
L — Bl e b s LY _e A _a n
1 L T N ' "
+ il ke
= ais I T —
P i i [
3.5 i | .
- i =l
— TAal 0..3H,0 ":
el [p=, i £ O s
B e I hwdraraillite I
= e ! AlD
0.2 M i AlAs
— - [ ]
= i Ias S
w -0 F ' i B
‘_' = ! -“—"-_ —
1 T
-1 Al+7? ' n
i
=i.9 - (3) ! B
L el | 1 —
o Dl i1 _
“L.sr L1 1 TRy T
L O=F-d-f IoWE— ] -
5 i = '
BEECH B H -
= [ het-or
-2 £ I N N I N I I I T R R R R =
-2 o 2 = [ 8 10 12 14 15

Figure 0.1 — Pourbaix diagram of Aluminum at %5 in water reproduced from [17].
The reversible reactions are indicated by a letter or nuermosed by a circle. The line
associated with each of the reactions designates the boundémg fmynditions in terms
of voltage and pH at which the reaction will occur.

2Al + 3H,0 © Al 05 + 6H* + 6~ 2.1
2H* + 2e~ & H, 2.2
0, + 4H* + 4e~ & 2H,0 2.3

In order to determine the effect of pressurization on the ECC, the galvanic
potential must be moved away from equilibrium such that the exchange current gensity
not zero. This is the sum of the anodic and cathodic current flow. The potential of the
ECC will be governed by the Nernst equation [18] given as Equation 2.4, where E is the
electric potential, Eis the standard electrode potential, n is the number of electrons

involved in a half cell reaction, angrepresents the concentration of a species

R-T
E=E°+ — CoxIng —Yreqlng) 2.4
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If we return to the Pourbaix diagram shown in Figure 2.1 and Equation 2.4, we can
see that this potential will be affected by the concentration ‘Gfahid ALO; in the
solution. This is an oversimplified example, because the potential will be the sammat
of all reductants and oxidants in the solution. Further, the Nernst equation will also
govern the membrane or boundary layer effects in the ECC. This is the conmemtfati
a species in the bulk solution compared to the concentration of the same species at the
electrode surface. This indicates that if an electric potential is d@aress the
electrode to the bulk solution; a concentration gradient for species j willaexisrding

to Equation 2.4.

Electrochemical Impedance Spectroscopy

An electrochemical cell consists of two solid conducting electrodes wachar a
liquid medium containing an electrolyte or charge carriers. Two distigicime exist;
the bulk solution containing the electrolytes and the electric double layer (BBich is
the interface between the electrolytes and the electrodes charachgridelmholtz,
Gouy, and Chapman [19]. The impedance of the double layer is derived from Fick’s
second law of diffusion [20] and can account for a significant portion of the total
impedance of the cell.

Impedance spectroscopy is a technique used to help gain insight into thea¢lectric
properties of an ECC. In the simplest terms, it involves applying a voltagerentat
multiple frequencies and then calculating the impedance at each freqWithythe
impedance versus frequency (Bode) and imaginary impedance versospedhnce

(Nyquist) plots, electrical analytical methods can be used to model the ERC wit
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electrical components. Once the model has been determined, optimization techniques
can then be used to fit the data and determine the values of the electrical components
The accepted model for an ECC using only ideal electrical components is thesRandle
Circuit [21]. The complete equivalent circuit with the addition of non-linear Warburg

impedance is provided by MacDonald [22] and shown in Figure 2.2.

T |

Carr \ h h Cai-w
Y \ ! Roulk Y \ !

Rct-r Winf—r Rct-w Winf—w

Figure 0.2 — Randles Circuit diagram: pufe represents the bulk capacitancey C
represents the double layer capacitanggy Represents the bulk resistance,@presents
the charge transfer resistance ang;Wepresents the non-linear Warburg impedance.
The hyphenated subscript r represents the reference electhedeaw the w represents
the working electrode.

Impedance spectroscopy has been used to interpret the electrical pgagertie
electrochemical cells containing polypyrrole in terms of an equivalenticdomprising
ideal electrical components and nonlinear impedance terms [23-25]. The reversible
electrode charge transfer kinetics of gelatin, has been studied for over anhaly §26]
with little published documentation of the use of gelatin for force sensingel@sgaw-
cost and wide-spread availability. However, recent impedance spectréssopgen

used to evaluate the use of gelatin in an ECC as a conductor for industrial applications

[14].
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The experimental setup for the EIS test comprised a Fisher Sciendifexhe
water bath with the stainless tub making contact with a tin upper enclosurevelject
producing a Faraday cage. A glass cell located inside the water bath hougelchtik
provided airtight openings for multiple electrodes and a pressurized nitrogemegas |
The electrodes were insulated with Teflon® on all surfaces except for thkitip w
included 4 mm diameter platinum and 0.125 inch diameter aluminum electrodes. The
electrodes were connected to a Gamry Instruments Series G300 potentiatitegraf
of the test setup is provided in Figure 2.3. Impedance measurements were made at a
frequency range from 0.2 Hz to 100 kHz with 30 points taken per decade at a 10 mV AC
potential. It has been shown that the basic differential equations that govezsphese
of the system are linear as long as the stimulus is below the thermal voltagengi
Equation 2.4 [27] in which R is the universal gas constant, T is temperature in Kelvin,
and F is Faraday's constant. At both 25 an8Gthe thermal voltage is approximate 25

mV.

Vp = % 2.5
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Figure 0.3 — Diagram of EIS test setup. A glass cedhmwn in the center of a heated
water bath. Two insulated electrodes make contact with théngklairogel inside the
glass cell. A port in the glass cell allows a nitrogen gas supply to presherigel.

EIS was performed on samples at atmospheric pressure. Each test would take
approximately fifteen minutes to complete. Next the sample was pressorized t
mmHg and EIS was then repeated. After these measurements were takesgsines pr

was released and EIS was performed again at atmospheric pressure.

Modeling the Equivalent Circuit
The data taken from the EIS experiments was analyzed using Gamuynests
300EIS software. The impedance at each data point consists of a real component, the
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resistance and an imaginary component, the reactance along with #spoading
frequency at which it was measured. Referring back to Figure 2.2, the impedaack of e
of the components in the circuit can be represented by Equations 2.6 — 2.10 where Z is
the impedance and the subscript indentifies the companénthe frequency is the

Warburg coefficient, and j is the square root of negative 1.

Zrpuik = Rpulk 2.6

ZRCt = Rct 27
1

Zepulk = o — 2.8

1

Lear = P 2.9
1

Zwinf = 0+ 2+ (1—j) 2.10

The total impedance at any given frequency is the series parallel ctiorbioia
the impedance of each of the individual components. For example, for the circuit given

in Figure 2.2, the total impedance is given in equation 2.11.

(ZRet—r*Zwinf-r) Zcdl-r ZRbulk (ZRct—w+Zwinf—w)'ZCd1—w),Zcb Ik
7 — ZRct—r*+*Zwinf-r+%cdl-r v ZRct—w+Zwinf-wtZcdl-w u 211
Total (ZRrct-r*Zwinf-r)"Zcdl-r , 5 , ZRet-w+2winf-w)Zcdl-w | » ’
Zret—r+Zwinf-r+Zcdl—r  RPUKTZR Wt Zwinf—wtZedl—w | CPUIK

This equation is the total impedance at each frequency, therefore to detirenine
individual resistances, capacitances, and Warburg coefficients, this equatidmemus
optimized at each frequency. Fortunately the EIS300 software has thditafmbse
Simplex based optimization on the dataset, however in order for it to converge on an
optimal solution; a reasonable accurate initial guess is required for lal patameters

[28].
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Methods for Establishing the Initial Guess

To determine the initial guesses for each of the parameters, the pasameser
be calculated based on their basic governing equations. The fundamental equations bulk
resistance, bulk capacitance and double layer capacitance are given in&sgRat? —
2.14, where | is the spacing between electrodgss, fhe electric mobility of gelatingas
the concentration of carboxyl groups in the gelatin [12], this value reprelsemtegative
charge conductors, A is the surface area of the electrodes, cf is friages effrrection
factor, g, IS the permittivity of free space, ands the dielectric constant with a value of
87 [29]. The equation for the electric mobility of gelatin is derived from the thffus
coefficient of gelatin (l; both Equations are given as 2.15 and 2.16 respectively, where
qq is the charge per molecule, k is Boltzmann’s constgris, the viscosity of gelatin, and

dy is the effective diameter of a gelatin molecule.

1

Rpuik = Frgcg At 2.12
Cou = == 2.13
Cq = (%)%-A-cf 2.14
by = ot 2.15
D KT 2.16

g 3.1T.ng.dg

The fringe effect is the electric field that is outside the cylintlspace occupied
by two parallel separated conductive disks. Typically the electlitifeneglected if the
ratio of diameter to distance apart is large. For the current setup this i@tithe order

of ¥4, so these effects cannot be neglected. Figure 2.4 shows a graphical isjppeseEnt
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the fringe effect. The equation for the correction factor is provided in Equation 2]17 [30

where r is the radius of the electrode and e is base of the natural log.

21, 8mr 1 %
of = 1+ [;m 4 (—-In—) ] 2.17

Finge Held Effects

Can neglect Cannot neglect

Figure 0.4 — Graphical representation of the fringe effect. Tle igmitangles represent
electric conductors and the lines between the conductors represent the feddatitLix.

After calculating the initial parameters, a sample of 5% concentrgegiatin
hydrogel is tested using EIS, with two platinum electrodes. This will allowdfteare
to calculate all the parameters in the model. The values of these baselmetpes are
close enough in magnitude for the software to obtain an optimum solution for the 17.5%

gelatin hydrogel using aluminum electrodes before and after hydrolysis.

Open Circuit Voltage
The simplest potentiostatic test is to measure the open circuit voltdgeBCC.
This test involves measuring the voltage across the electrodes at vargsisgseaising a

Gamry Instruments Series G300 potentiostat. After electrolyzing thelesthe
19



samples were left alone for a period of 16 hours for the ECC to reach equilibrium. The
samples were then pressurized for ten seconds and then relaxed (ambiarg)pi@s$0
seconds. This cycle was repeated at increasing pressures of 51.7 mneRgiris up to
517 mmHg and then repeated for another complete cycle up to 517 mmHg. Then the

samples were cycled from 0 to 517 mmHg 6 more times.

2.4 Results

A 20 hour test was conducted to evaluate the stability of the OCV after
electrolyzing the ECC. This test was performed to determine the periodechtier
electrolysis that the ECC would reach equilibrium. A plot of the OCV over a period of

20 hours is shown in Figure 2.5.
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Figure 0.5 — Plot of OCV versus time of an ECC with 17.5% gelatiht&o aluminum

electrodes at 2%C. The x-axis along the bottom of the plot is linear with aeasf to

20 hours. The y-axis along the left-hand side of the plot is alsarliwith a range of
-0.01 to 0.07 volts. The raw data for voltage is represented by a blue line.
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EIS was performed on a sample to evaluate the model fit for the electrical
equivalent circuit of both the Randle’s circuit with and without non-linear Warburg
terms. The plot of the impedance and phase angle for an ECC with 17.5% gelatin, two
aluminum electrodes, pressurized to 517 mmHg €25 shown in Figure 2.6. The

values for each of the associated circuit elements is given in Table 2.1
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Figure 0.6 — Plot of impedance and phase angle versus frequent¥QGiCGwith 17.5%
gelatin, two aluminum electrodes, pressurized to 517 mmHg .25 he x-axis along
the bottom of the plot is logarithmic with a range of 100 mHz to 108 k#Fhe y-axis
along the left-hand side of the plot is logarithmic with a rang&.0® k ohm to 10 M
ohm. The y-axis on the right-hand side of the plot is linear wittnge of -80to 20.
The raw data for impedance is represented by open blue cidide the raw data for
phase angle is represented by open red squares. The Ramales mmodel fit is
represented by a red dashed-line and a blue dashed-line for thdamopeand phase
angle respectively. The Randle’s circuit with Warburg terrodehfit is represented by
a red line and a blue line for the impedance and phase angle respectively.
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Table 0.1 — Circuit component values with their associate error from Randlag &mnd
Randle’s Circuit with Warburg terms Model fit.

Randle's Circuit

Randle's Circuit with Warburg Terms

Parameter Value Error % Error Value Error % Error
Rbulk (Q) 2.00E+03 7.678 0.38% 1.85E+03 28.01 1.51%
Cbulk (F) 9.82E-12 9.00E-12  91.69% 7.79E-12 1.44E-11 184.88%
Rct-w (Q) 1.15E+04 226.8 1.98% 10.16  5.52E+03 54320.87%
Ret-r (Q) 5.41E+05 4.54E+03 0.84% 2.32E+05 8.15E+03 3.52%
Cdl-w (F) 3.89E-07 4.60E-09 1.18% 7.92E-08 5.38E-07 679.00%
Cdl-r (F) 5.31E-07 3.15E-09 0.59% 5.06E-07 8.49E-09 1.68%
Wdif-w [S*s”(1/2)] 9.90E-06 3.45E-07 3.49%
Widif-r [S*s”(1/2)] 2.40E-06 8.89E-08 3.71%
Goodness of Fit 2.14E-02 6.03E-04

EIS was performed on a 17.5% gelatin sample with two aluminum electrodes at

25°C; electrolysis was performed on the sample prior while still in a lighiéde and

then the ECC was subject to a vacuum to remove any bubbles that formed on the

electrodes. EIS was first performed at 0 mmHg, and then it was repeatezisamie

sample at 517 mmHg. The plot in Figure 2.7 shows the results from the test. At each

frequency there is a pair of samples for both impedance and phase angle, i.ea one dat

point from 0 mmHg test and one data point from the 517 mmHg test. There is enough

overlap at each frequency such that it is difficult to see both sets of thpalats. At

frequencies less than 3.0 Hz the vertical separation of the data is momenappar
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Figure 0.7 — Plot of impedance and phase angle versus frequent{EGiGwith 17.5%
gelatin, two aluminum electrodes, at 5. The x-axis along the bottom of the plot is
logarithmic with a range of 100 mHz to 100 kHz. The y-axis albeddft-hand side of
the plot is logarithmic with a range of 1 k ohm to 10 M ohm. The g-awithe right-
hand side of the plot is linear with a range of 21@02(°. The raw data for impedance is
represented by open blue circles and solid blue circles, at pressud mmHg and 517
mmHg respectively. The raw data for phase angle is remiex$ by open red squares and
solid red diamonds, at pressure of 0 mmHg and 517 mmHg respectively.

EIS was performed on a 17.5% gelatin sample with two aluminum electrodes at
25°C; electrolysis was performed on the sample prior to testing. EIS ispdiformed
at 0 mmHg, then it was repeated on the same sample at 517 mmHg, and finadly it w
repeated at 0 mmHg. The plot in Figure 2.8 shows the results from the test. At the
frequency range of 1.0 Hz to 100 Hz it can be seen that was phase angle incrbéases in t

negative direction after applying a 517 mmHg stimulus, and approaches thel origina

values when the stimulus is removed. For the impedance it can been seen over the entire
23



bandwidth that the impedance decreases after receiving a 517 mmHg stndihesurns
to an intermediate value between the original 0 mmHg impedance and 31 mm
impedance after the 517 mmHg stimulus is removed. The data shown in Table 2.2,
shows the value of the Randle’s circuit parameters for each set of data: 0 BiAHg,

mmHg, and then 0 mmHg.
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Figure 0.8 — Plot of impedance and phase angle versus frequent{GiGwith 17.5%
gelatin, two aluminum electrodes, at 5. The x-axis along the bottom of the plot is
logarithmic with a range of 100.0 mHz to 100 kHz. The y-axis atbedeft-hand side
of the plot is logarithmic with a range of 1 k ohm to 10 M ohm. yHa&is on the tight-
hand side of the plot is linear with a range of°-8020. The raw data for impedance is
represented by open dark blue circles, solid blue circles and gerblue circles, at
pressure of 0 mmHg, 517 mmHg, and then 0 mmHg respectively. Wigata for phase
angle is represented by open red squares, solid red diamonds, andamgensguares, at
pressure of 0 mmHg, 517 mmHg, and 0 mmHg respectively.
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Table 0.2 — Circuit component values with their associate error from the Ra@di&lit
model fit for each set of data plotted in Figure 2.8.

Pressure
(mmHg)

R bulk (Q)
R ct-w (Q)
R ct-r (Q)

C bulk (F)

Cdl-w (F)

Cdl-r(F)

A0-

A% 0-

error error error 517mmHg 517mmHg
0 517 517

2.13E+03 8.258  2.00E+03 7.678  2.06E+03 7.933 1.31E+02 6.16%
1.30E+04  2.27E+02 1.15E+04  2.27E+02  1.25E+04  2.31E+02 1.48E+03 11.42%
5.51E+05 4.57E+03 5.41E+05 4.54E+03 5.47E+05 4.60E+03  9.60E+03 1.74%
9.51E-12 8.41E-12 9.82E-12 9.00E-12 9.50E-12 8.68E-12 3.10E-13 3.26%
3.07E-07 3.37E-09 3.89E-07 4.60E-09 3.45E-07 3.87E-09 8.17E-08 26.61%
5.01E-07 2.98E-09 5.31E-07 3.15E-09 5.23E-07 3.12E-09 2.99E-08 5.97%

The open circuit voltage (OCV) was measured on a 17.5% gelatin sample with two

aluminum electrodes at 25 C; electrolysis was performed on the sample pestirtg.t

The sample was pressurized at approximately 57.1 mmHg, held for 10 seconds and then

released. This process was repeated with increasing pressures of appetpXiing

mmHg for a total of ten times, and then the entire pressurization cyclepested

again. Finally the ECC was pressurized to approximately 517 mmHg severnese t

While the target pressure was applied at 51.7 mmHg intervals, the presssare

measured to the nearest 0.5 mmHg was recorded separately. The plot i2Rigure

shows the OCV results as a function of time. While the plot in Figure 2.10 shows the

change in voltage as a function of the change in pressure.
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Figure 0.9 — Plot of OCV versus time of an ECC with 17.5% gelatia, aluminum
electrodes, at 2%C. The x-axis at the bottom of the plot has a range of 0 seconds to 1000
seconds. The y-axis on the right-hand side of the plot has a odrg&7 mV to -213

mV, the value of the pressure impulse is not shown in this plot.
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Figure 0.10 — Plot of the change in OCV versus the change in&ppéssure in an ECC
with 17.5% gelatin, two aluminum electrodes, at’5 The x-axis at the bottom of the
plot has a range of 0 to 600 mmHg. The y-axis on the left-handkitdhe plot has a

range of 0 mV to 4 mV. Each solid blue circle represents thelada. A least squared
linear regression line is plotted through the data and isfi@ted on the plot along with
the coefficient of determination denoted R

26



2.5 Discussion

Several interesting findings became apparent in the results. UsingdHerdae
model fit shown in Figure 2.6, it can be seen that the Randle’s circuit plus Warbusg term
provides an excellent fit with the impedance curve going through every datagral
the phase angle curve closely following the data with small deviatitwede 3 and 11
Hz and frequencies less than .5 Hz. The Randle’s circuit without Warburg terms
provides a reasonable fit for the impedance curve with slight deviations alotgyviee
The phase angle curve did capture the general shape of the data, but had laigasleviat
from the actual values. This does show that the Randle’s circuit plus Warbusgitmem
model the ECC better than the Randle’s circuit alone with a goodness of fit of 0.0006
compared to 0.021 respectively, however a closer look at the values in Table 2.1 will
demonstrate that the Randle’s circuit without Warburg terms provides a mbrktoske
for analysis.

The error that is reported is a range that describes the parametigrigensghis is
the range of values that the circuit parameter can take on to achieve the sanesgobdn
fit, another way to put it is that the larger the error, the more optimal seutam fit the
data. So even though the goodness of fit for the Randle’s circuit with Warburg terms is
two orders of magnitude smaller than the Randle’s circuit without Warburg,tdrere
is more variability in some of the parameters. Looking at the Randle’st@lcaf the
errors are less than 2% except for the bulk capacitance at 92%. The value df the bul
capacitance can fall between approximately 5 and 15 pF. With a capacitarsreathis
has very little effect on the impedance of the circuit except at high freqagacen then
the effect is negligible. Now turning to the Randle’s circuit with Warburggethe
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amount or variability at the working electrode is large. The charge traasfstance has

an error of 54,320% and the double layer capacitance has an error of 679%. The aim of
this study is to investigate the effects at the electrode interfaceradetsehe use of the
Randle’s circuit plus Warburg terms of little value. Therefore, the asdlysi follows

in this discussion will use the Randle’s circuit parameters.

Comparing the plots in Figures 2.11 and 2.12, it is obvious from visual inspection
that that the impedance of an ECC is affected by pressurization when bubblesant p
after electrolysis. This is the only variable that differed from the tais.teA closer
analysis is needed to show that this occurs at the electrode interface and not ik the bul

solution of the ECC.
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Figure 0.12 — Plot of impedance and phase angle from Figure 2.8 with a frequency range
of 10 to 100 Hz.

Looking at Table 2.2, the far right two columns show the change in the parameters as
the ECC is pressurized from 0 to 517 mmHg, and the percent change that occurs. Using
Equation 2.18 the change in resistive elements at the both electrode interiaces as
percentage of the change in total resistance can be computed to be 98.33%. Using
Equation 2.19 the change in capacitive elements at the both electrode intertaces as
percentage of the change in total capacitance is computed to be 100%. Thus more than
98% of the change in resistance and capacitance of the entire system exicayptine
small region at the electrode interface, confirming that the ECM respopsessure is

an interfacial effect.
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Rct—w, A0—10 psi + Rct—r, A0—10 psi ~ 98 83% 2 18
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Cdl—w, A0—-10 psi+Cdl—r, A0—10 psi ~ 100% 2 19
Cdi-w, ao—10psi T Cdi-r, ro-10psit Cbuik, Ao-10 psi '

Further we can show that the interfacial response is due to a change in surface
area of the electrode. By examining the dominate electrochemisty iatérface.
Referring back to Equation 2.14, the double layer capacitagcaiCbe rewritten in
terms of the of the thickness of the double layer which is denoted by the Debyedengt
given in Equation 2.20. The charge transfer resistance is given by Equation 2.21, in

which i represents the exchange current.

Car = 532" 2.20
R-T-A
Ree = 2.21

Derivation of the capacitive double layer equation reveals three potent&dilear
that could change to increase capacitance as pressure increasesieklistecttric
constant of the watercould increase. This scenario is unlikely because the dielectric
constant for water at 2& is approximately 82, and inside the EDL it was found to be
approximately 4.5 due to the alignment of the molecules [31]. In order for the v@lues t
change, the electric field would have to be removed, and the electric fieldnsnnhe
inside an EDL. Secondly, the Debye length, which is the thickness of the ERL coul
decrease, but this is a function of the ionic concentration [32]. It is true that the ioni

concentration does change due to the polarization of the electrodes referring back to the
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Nernst equation in Equation 2.4, but as will be shown by revisiting Figure 2.9, thisis a
much slower process. Finally, the surface area of the interface couldseyomach is
plausible due to the changes in geometry of the air bubbles as they compress.

By investigating the charge transfer resistance, only the currentrgectansity is a
variable. In order for this to change, either the exchange current, whisb @rialen by
the ionic concentration, would have to change or the area would have to increase. As
with the reasoning for the change in Debye length, this occurs at a much skewedua
hypothesis is that the surface area increases due to the pressurizatibulobles at the
interface. Figure 2.13 is close-up of the plot given in Figure 2.9 with one cyclic
pressurization enlarged for illustration. Each time the ECC is pressutiege is a
noticeable change in voltage, illustrated by dE/dA in Figure 2.13. Following the
pressurization, there is noticeable drift denoted by dE/d[c] in Figure 2.18rriRgfback
to the Nernst equation given by Equation 2.4, if there is a change in voltage, the only
variables that can change to allow the equation to maintain equality are theateneper
and the concentrations of oxidants and reductants. The temperature is held constant, so
this means that the concentrations in the solution are changing to establish a new
equilibrium in the solution. This is also why the drift continues after the pizsson,
the change in voltage is much smaller compared to the initial change, and from visual

inspection appears to take the form of logarithmic decay behavior.
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Figure 0.13 — Plot of OCV versus time of an ECC with 17.5% gelatm,aluminum
electrodes, at 2%C. The x-axis at the bottom of the plot has a range of 18fhds to
2300 seconds. The y-axis on the right-hand side of the plot has a ras&# ohV to
-216.0 mV the value of the pressure impulse is not shown in this plot.
2.6 Concluson

A new material system was established raising the voltage resporssty fiar
ECM systems by 4-orders of magnitude. Additionally, this investigation deélhiti
shows that an ECM response occurs in an ECC only when bubbles are present. This
response has been shown through EIS to occur at the electrode interface, and not in the
bulk solution. Through derivation of the governing electrochemical equations of the
EDL, it was shown that this response is due to a change in the surface area of the
electrode.

Further studies will be needed to show the mechanical relationship of a d&forme

bubble correlates to the ECM measured. The results show a linear relationsiegnbet

the ECM and pressurization for the range of 0 to 517 mmHg. To prove that the surface
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area is responsible for this effect and to help support our hypothesis, a change in

electrode surface area must also be linear for that range under theosaiiens.
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3 Mechanical Analysis of the Gelatin Hydrogel-Aerogel | nterface

3.1 Introduction

The previous work outlined in Chapter 2 predicted that the change in electrode
surface area as a result of pressurization was the dominate mechanisnmgdhe
ECM response for pressures in the range of 0 to 517 mmHg. Further, the workegresent
experimental data that showed a linear relationship between ECM response aine press
within the same range. As a consequence of these experimental andanalytic
observations there must be a linear relationship between in the electrfade snea and
applied pressure for the aforementioned pressure range. Moreover, the bubbles
generating the enhanced ECM response must participate in this surkachange
directly.

For an ECC with bubbles at the electrode, two potential scenarios could produce a
change in surface area with pressurization. The first scenario showniia BifjlA,
would include having a solid electrode partially in contact with a bubble and Iyartial
contact with a liquid or gel. As the ECC is pressurized, the single phase gas bubble
compresses, effectively reducing its radius; thereby increasingriaees area of liquid
or gel in contact with the solid. The second scenario shown in Figure 3.1 B, assumes
that the bubble surface area in contact with the solid is fixed, and that pressuiotati
the ECC would decrease the surface area of the bubble in contact with the liquid or gel

In order for this scenario to be valid, the bubble would have to modeled as an aerogel
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instead of a single gas phase, because a conductive matrix would be needed to move

charge from the electrode to the liquid interface.
A B
Gelatin

«—  Network ——

o - Solid . ~_®
Electrode

Bubble

Figure 3.1 — lllustrative representation of a bubble on the electnadiace in a gelatin
hydrogel. The first scenario depicted in 3.1 A, shows the bubbleadisglthe volume
of liquid between the gelatin network, whereas 3.1 B, shows the bubbleculigpiae
volume in and around the gelatin network forming an aerogel.

Gas bubble deformation studies have been particularly important for cavitation
erosion near ship propellers [33], radioactive waste storage [34], and protein foam
production [35]. From these efforts it is well accepted that single phaseilglales in a
stagnant fluid can be modeled as spheres before and after deformation in a uniform
pressure field [35-36]. The Young-Laplace equation [37] describes the presaure i

bubble surrounded by a fluid (Equation 3.1) wheyesRhe gas pressure of the bubble, P

is the applied pressurgjs the surface tension, ang R the bubble radius.

p,=P+2% 3.1

From equation 3.1 some insight can be gained on how the radius of the bubble

changes with pressure. This suggests an inverse but linear relationship vattiuke r
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However it is difficult to extrapolate this relationship to the change in sudgigea of the
electrode for the case where the bubble contact area is not fixed beeads@ot know
what the position of the bubble changes in relation to the electrode. It also assume
change in shape as a result of interacting with the electrode suanfigicihat the bubble
acts purely as a gas thus does not contain any liquid or solid structure nor doegdt cha
phase during pressurization.

However, the bubbles generated in the process described in chapter 2 may not
only consist of a gas, but of a porous solid structure from the crosslinked network. In
aerogels the liquid phase of the gel is replaced with a gaseous phase leavirgirtake ori
porous network. The first aerogels were created using supercriiceéftraction for
thermal insulation and the porous network frequently collapsed [38], because the porous
material had weak compressive strength. This is collapse does not ngcessariin
more modern materials especially those possessing suitable independgttt ken
those established by crosslinked polymer networks.

While there are limited studies that have been performed on protein aerogels [39],
investigation on the electrical properties of protein aerogels are dtusarthe literature.
The closest relevant work is on electrochemical applications of aerogglsgecifically
for use as batteries and capacitors [40]. For batteries, the most common aerogel
electrodes are the oxides of vanadium [41], manganese [42], and molybdenuifid#d 3]
capacitors, carbon has often been studied due to its high conductivity [44-47]. Gelatin
aerogels share similar characteristic of the previously mentionetdoele materials in
that it consists of a highly connected conductive matrix, with large speoife volumes.
Based on these characteristics, gelatin aerogels are a vialbteddauoaterial. It is
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important to note that in this case the electrode surface will no longer be tieaphys
metal surface but extended to the surface at the gas liquid interface whaseoiipe
ends and the traditional gel system begins.

We can gain insight into how the aerogel surface varies as function of pregsure
understanding the relationship between pressure and volume. Previous investigators hav
shown that the Young’s modulus of an aerogel obeys a power law relationship as a
function of its density given by Equation 3.2, whegasEhe Young’s modulus of the
aerogelyp is the density andeand m are constants [48,49]. Subsequently a power law
model for pressure and volume has been derived based on the bulk modulus of the
aerogel given in Equation 3.3, whergi$the initial pressure, s the initial bulk
modulus, \ is the initial volume, and V is the final volume [50]. The non-dimensional
constant m approximates length to the third power and typical values for aerogels are
between 3.0 and 3.5 [50], surface area is the derivative of the volume term and would be
described by m-1.

E,=E,-p™ 3.2

Neither of the scenarios can be conclusively linked the linear behavior in surface
area suggested by chapter 2. Further it is clear that too many unknowns éwst in t
analytical models of this system to definitively determine the mechanisbubble
interaction with the electrode causing the observed EMC response. Thus the work in this
chapter will experimentally explore the effect of pressure on the bubble imgelat

hydrogel in an effort to determine whether the change in surface area is dimatge c
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in surface area of the liquid-solid interface, or a change in surfacefatreaaerogel-
liquid interface. This chapter will also build upon the conclusions of the previous chapter
to show that for a pressure range of 0 to 517 mmHg the change in surfacdinezalys

related to the change in applied pressure.

3.2 Materials

Type A gelatin from porcine skin with 300 bloom strength and 37% formaldehyde
in water were obtained from Sigma-Aldrich (St. Louis, MO).

6061 Aluminum rods and Loctite® 401 cyanoacrylate adhesive were obtained
from McMaster-Carr (EImhurst, IL).

3-1765 Silicon conformal coating was obtained from Dow Corning Corporation

(Midland, MI).

3.3 Methods
Experimental Setup

The test setup consisted of a modified cuvette that allowed microscopiagmagi
to be performed concomitantly with pressurization. The cuvette was modifiedlimgdri
two holes at the bottom to allow the insertion of two aluminum rods. Part of the rods
extends inward inside the cuvette and a portion of the rods extends outside the cuvette
through the bottom to make electrical contact with measuring equipment. The upper
portion of each rod was first coated with cyanoacrylate and then with tlesilic
conformal coating after drying to prevent the sides of the aluminum rod fré&imgna

contact with the gel. The flat surface at the top of the rod was polished down to remove
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the protective coating before insertion into the cuvette. A gelatin hydnageddded to
the cuvette to create the ECC. Silicon tubing was glued to the top of the cuvette and

attached to a Welch Allen inflatable bulb and aneroid gauge.

Preparation of Gelatin Hydrogels

Gelatin hydrogel (gel) samples were prepared at 17.5% concentratiomesgby w
in deionized water and were 100% crosslinked based on the theoretical number of
crosslinking sites on each gelatin molecule. The gel was heated upGonfile being
constantly stirred by a magnetic stirrer until the gelatin was fullpied. Through the
process of stirring, bubbles were formed from cavitation. Two subsets of saoples
then be created: those with a high number density of bubbles and those near negligible
number density. To prepare the samples with bubbles formaldehyde was added and
stirring continued for 10 additional minutes at a slower rate. The gel was then poured
into its desired container at which point it was allowed to cool down to the test
temperature. The gel then remained at this temperature for a period of 24 houne For t
samples without bubbles, the gel was exposed to a vacuum which was constantly adjusted
to prevent boil over for a period of ten minutes. Formaldehyde was then added and the
gel was continually stirred at a slower rate. The gel was then poured intari¢gsl des
container and a vacuum was then applied for ten minutes, again constantly adjusted to
prevent boil over. The vacuum was then removed and the gel was allowed to cool to its
test temperature. The gel then remained at this temperature foo@ @24 hours. For
the bubble stability test, two samples were used; gel with bubbles generatadttyon

and gel with bubbles created by electrolyzing the cell with 5.0 V for 1 minute. For
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microscopic imaging electrolysis was performed on the ECC at 5.0 V untilrgiee la

bubble covered each of the electrodes.

Bubble Stability
Gel was poured into a flat-bottomed 5 mL glass beaker. The beaker was equipped
with a rubber stopper having two parallel aluminum electrodes and a purge hole. The
bottom surface of each electrode was flush with the bottom surface of the rubber. stoppe
The rubber stopper was pressed into the gel before curing such that all the air was
evacuated through the purge hole. Imagines were then taken of the surface of the
electrodes for each of the samples using a DuncanTech DT1100 camera pirimgkca

5 days.

Imagery
An Olympus BX51M microscope was used to take digital photographs of the
cuvette during pressurization. The cuvette was mounted to the stage of the microscope to
prevent moving and a 5x objective lenses was used in conjunction with a 10x ocular lens.
The cuvette was pressurized at increasing intervals of 20 mmHg from 0 to 300 mmHg
and at each pressure an 8-bit color micrograph was taken. Single frequeedamnce
measurements were taken of the same sample while in the current setup at 500 Hz. The

pressurization was repeated from 0 to 300 mmHg.
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Image Analysis

The image analysis was conducted using MathWorks™ (Natick, MA) Matlab
image processing toolbox. The brightness and contrast of each image wasdnha
based on an algorithm that calculates the distribution of luminosity interfsitieach
pixel and shifts the curve such that the average luminosity intensity of the sunoved
to the median intensity value of 128. Figure 3.2 A and B show the original and enhanced
micrographs taken of the bubble at 0 mmHg. Next the images were converted to black
and white using an algorithm that replaces all intensities under a predhetcatoff
value with 0 and intensities over that value to 255. The cutoff value was chosen to
capture the outer edge of the bubble and was applied to each of the images. Following
the black and white conversion, the images were manually touched up to reducegditherin
artifacts that appear away from the edge of the bubble interfacee A C shows the
touched up black and white micrograph or the bubble at 0 mmHg. Finally an algorithm
was applied to create matrix of the coordinates of the edge between the bladktand w
pixels. Figure 3.2 D shows the highlighted edge, superimposed on the enhanced image.

The images captured are a quarter circle of the front view projection of the
hemispherical bubble. In order to calculate the area and volume for each bubble, an
assumption was made that the bubble had radial symmetry. The matrix of coordinates f
the bubble edge in each image was not 1:1; some of the boundaries had vertical edges
that resulted in multiple y-values at a particular x-value; these vakresaveraged to
allow for area and volume calculations. The area of each bublasAcalculated by
summing the external area of concentric cylinders, with the height of gauthec
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defined by the hypotenuse of adjacent points as given in Equation 3.4, wiseteexx-
coordinate, %axis the x-coordinate at the axis, andsythe y-coordinate. The volume

was of each bubble, V, was calculated by summing the volume of concentric cylindrica
rings above the electrode surface as given in Equation 3.5, where the vertical

position of the top of the electrode.

1
2

Ag=2-m- Z(xmax - xi) : [(yi+1 - yi)z + 1] 3.4
V=m-X (% + % - ymin) : [(xmax - xi)z - (xmax - xi+1)] 3.5
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C D

Figure 3.2 — Front view micrographs of a bubble on top of an anode irfC@&n &l
images were taken at 26 and 0 mmHg. Image A is the original micrograph, Image B
is an enhanced image of the original micrograph, Image C is tlo& bBlad white
conversion of the enhanced image, and Image D is the originalgrapiowith the edge
boundary superimposed on it.

3.4 Reaults

Figure 3.3 shows the degeneration of the oxygen bubbles on the anode over a period
of 4 days. Figure 3.4 shows the hydrogen bubbles on the cathode over a period of 4
hours. Air bubbles generated by cavitation are shown in Figure 3.5 over a period of 5

days.
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Figure 3.3 — Top view photographs of oxygen bubbles on the anode sakaneotver a
period of 4 days.
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2 Hours

Figure 3.4 — Top view photographs of hydrogen bubbles on the cathode takiexe
over a period of 4 hours.

Figure 3.5 — Top view photographs of air bubbles in the bulk solution takema peziod
of 5 days.
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As can be seen in Figure 3.3 the oxygen bubbles, which appears as a film from the
perspective, slowly fade away and only a small portion is visible after a perdodays.
Alternatively, the hydrogen bubble in Figure 3.4, which is more discernable due to the
shadowing along the edges, rapidly decreases in volume over a period of 4 hours.
Although not shown, the oxygen bubble is not visibly present after a day. In Figure 3.5
there appears to be no change in the size of quantity of the bubbles after 5 days.

The enhanced black and white micrographs of the bubble on theod&estirface at

pressures of 0 to 300 mmHg taken at 20 mmHg intervals are shown Figure 3.6.
..y ..
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Figure 3.6 — Front view enhanced black and white micrographs of a baublbde of an
anode in an ECC, all images were taken &f@239mages A — N were taken at increasing
pressurization from 0 to 280 mmHg at 20 mmHg increments. [dotémage was not
taken at 160 mmHg.
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In Figure 3.6 from 0 to 120 mmHg there appears to be no visually perceivable
change in the shape of the bubble, whereas, from 120 to 220 mmHg there is noticeable
compression of the bubble. From 220 to 400 mmHg the bubble again appears to exhibit
little visual change in the shape, specifically characterized by antiafigmint near the
right (axial) edge. Figure 3.7 is a plot of the change in volume due to pressurization,
while Figure 3.8 is a plot of the change in surface area as a function of pressLriz
The change in the real component of the impedance for the same sample that was used i

the image analysis is plotted in Figure 3.9 for the same pressure range of 0 to 300 mmHg
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Figure 3.7 — Plot of the change in volume versus the change irdppessure in an
ECC with 17.5% gelatin, two aluminum electrodes, al@5 The x-axis at the bottom of
the plot has a range of 0 mmHg to 300 mmHg. The y-axis onghehand side of the
plot has a range of 3 uL to 5 pL. Each solid blue circle represents the raw data.
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Figure 3.8 — Plot of the change in surface area versus the chasgaied pressure in an
ECC with 17.5% gelatin, two aluminum electrodes, at@5 The x-axis at the bottom of
the plot has a range of 0 to 300 mmHg. The y-axis on thedeft-side of the plot has a
range of 7.8 mfMto 9.4 mmM. Each solid blue circle represents the raw data. A least
squared linear regression line is plotted through the data and riepitvéed on the plot
along with the coefficient of determination denotéd R
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Figure 3.9 — Plot of the change in impedance versus the change in applied pressure in an
ECC with 17.5% gelatin, two aluminum electrodes, at@5 The x-axis at the bottom of
the plot has a range of 0 to 300 mmHg. The y-axis on the left-hand side of the plot has a
range of 0 to 800 ohms. Each solid blue circle represents the raw data. A le&st squar
linear regression line is plotted through the data and is the reported on the plot along with
the coefficient of determination denotedl R
3.5 Discussion

The bubble stability test was conducted to understand both how the stability of
bubbles formed by electrolysis differ from those formed from cavitation asas/él
determine which gas bubble would most likely only be affected by pressurerfadt ti
thereby be best suited for imaging surface and volume behavior as a functioneftambi
pressure. While the images of the air bubbles (Figure 3.2 K and L) show that that it does
not decompose over a period of five days, thus more suitable for stable sensor design, the
images of bubbles on the electrode are compromised (distorted) by bubbles and are
distributed in the bulk solution. The errors associated with bulk bubble formation deemed

it necessary to use bubble formed by electrolysis at the electrodesesianfad the

mechanical deformation studies.
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The question becomes, are the bubbles formed by cavitation similar to the bubbles
formed during electrolysis? Both of these dispersed gas systems are &ftend¢he
majority of the crosslinked network is formed. Both form on the same nucleation sites
either in the bulk material or at the electrode surface. At the electrodebéethe
surface imperfections or roughness that are the site of nucleation whertbadulk it
will be regions on the amphiphilic macromolecule [51]. The observation that the air
bubbles are stable and the oxygen and hydrogen bubble redissolve has little to do with the
bubble physical geometry or structure and everything to do with the need to obtain a
chemical equilibrium. Two potential reasons for the decay of the oxygen and hydrogen
bubbles are: (1) The partial pressure of oxygen and hydrogen in the solution is around
21% and 0% (e.g., that of air), yet the bubble is either 100% oxygen or hydrogen. The
resulting concentration gradient will drive both oxygen and hydrogen to dissolve back
into the solution. This is also supported by the Figure 3.2 A-J; since there is a larger
partial pressure gradient between the hydrogen gas and dissolved hydragetian s
than the oxygen gas and dissolved oxygen in solution, it would be expected that the rate
of diffusion would occur more quickly for the hydrogen gas. (2) As the open circuit
voltage in the ECC drops below 1.6 Volts, the dissolved hydrogen in the bulk solution in
contact with the oxygen at the anode will combine to generate water. Likewise, the
dissolved oxygen will combine with the hydrogen gas at the cathode. We aferiner
confident that the physical and geometric characteristics of elgrttbbubbles are the
same as cavitation bubbles.

Due to the longer stability of the oxygen gas and the preferential localitg to t
electrode surface, it was selected for the mechanical deformatign Sthd
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pressurization study was conducted immediately after electrolysisndoelactrolysis a
large bubble was created to span the entire electrode surface to famiitatee imaging
and image analysis, but also to determine if the ECM response resulted frong@ichan
the surface area of the electrode/bulk solution interface or a change in sugacé the
bubble/bulk solution interface.

Even though in this experiment the bubble completely covered the entire
electrode surface eliminating any possibility for the electrode t@cbtite bulk solution,
electric charge was able to conduct through the ECC. In fact the resporngeren39 is
linear like the response observed in chapter 2 (Figure 2.10). Gasses arelgxmeme
electrical conductors, therefore the only way charge transfer could occthasbifibble
was actually an aerogel containing solid, conductive gelatin network.

From the plot of volume versus pressurization in Figure 3.7; it shows that the
volume increases from 0 to 120 mmHg at a constant rate. This could be due to water
vapor or other dissolved gaseous nearby being forced into the bubble. From 120 to 220
mmHg, the volume decreases at a sharp rate which is visible in Figure 3.6 G-K. From
220 to 280 mmHg, the volume continues to decrease but at a shallower slope, which is
also visible in Figure 3.6 K-N. The fact that the volume versus pressure caote is
linear for the range of 0 to 280 mmHg eliminates the possibility that a volume dtydensi
effect is driving the change in ECM response.

Finally, the surface area versus pressurization plot in Figure 3.8 and the ahang
impedance versus pressure in Figure 3.9 provides the definitive evidence in support of the

hypothesis that the surface area is linearly related to pressure fongleeofeD to 280
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mmHg and that the ECM response is due to a change in surface area of the aeroge

electrode.

3.6 Conclusions

Two conclusions can be draw from this effort. First, the electrolysis itaarge
hydrogel generates an aerogel rather than single phase gas bubbles. Beatashge
in surface area of the aerogel in contact with the bulk solution is linetatgdédo the
applied pressure. These findings are necessary to support the overall hypothétss tha
ECM response to pressure is due to a change in the surface area of the amtogeés!
The response was found to be linear for the range of 0 to 280 mmHg, which is in the
useful range for medical device applications [52]. Moreover, we have deatedghat
the area change is linear regardless of the bubble size thus the total chaegdronaa
distribution of bubble sizes or a single large bubble remains linear with changes in
pressure yielding a linear voltage response. This is ideal for manufgotdrare tight
control over bubble size and distribution would be difficult to control and/or measure.
However, further studies will need to be conducted to determine the feasibilitygf usi

an ECC for pressure measurement in the gastro intestinal tract.
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4 Efficacy of an Electrochemomechanical Pressure Transducer for use
in the Gastrointestinal Tract

4.1 Introduction

Dysphagia is the medical term used to describe the sensation in the difficulty
swallowing [52]. This symptom has a high incidence in the elderly with a reported 7-
10% of adults over 50 seeking medical attention [53,54]. Additionally 25% of all
hospitalized patients experience swallowing disorders [55]. The dishaseause
dysphagia are generally categorized into two stage of deglutition (tbe @wallowing),
oropharyngeal and esophageal.

The oropharyngeal stage of deglutition begins with the coordinated efforts of the
tongue and the muscles of mastication to chew, mix food and saliva together, and push
the bolus into the oropharynyx, where the involuntary swallowing reflex is tagdsy
the cerebellum. The soft palate elevates to close the nasopharynx, and ties pulkcl
the larynx up and forward. The epiglottis moves downward to cover the airway while
striated pharyngeal muscles contract to move the food bolus past the upper esophageal
sphincter (UES) and into the proximal esophagus [56]. See Figure 4.1 for anatomical
diagram of swallowing process.

The causes of orapharyngeal swallowing disorders are numerous and include
neuromuscular disease such as cerebrovacular accidents, multiple sdkendsmson’s
disease, brainstem tumors, pseudobulbar palsy, peripheral neuropathy, and muscular

diseases (myasthenia gravis, poliomyelitis, dermatomyositis). Oraygealyswallowing
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disorders are also caused by mechanical obstrgcsioch as thyromegaly, cervic
lymphadenopathy, oropharyngeal carcinomas, corajetimormalities, inflammatoi

disorders, and hyperstosis of the cervical s[52].

Pharynx

Bolus of food
Tongue
Epiglotts (open)
Larynx

Trachea

Upper esophagus
(closed)

Epiglottis 1 | '
(closed) )

Figure 4.1 -Anatomical diagram of the swallowing proc{52].

The esophageal stage of deglutition begins asi®ptbpelled from the pharyr
into the esophagus. The medulla oblongata ingimteoluntary contractions of ti
skeletal muscles of the upper esophagus to forcbdius through the mid a distal
esophagus. The lower esophageal sphincter (LEEXa®and the food bolus is propel
into the stomach [56].

The causes of orapharyngeal swallowing disorders not been completel

defined but include the absence of inhibitory n&narcsmitters, degeneratice change

55



the vagus nerve, erosive esophatigitis, stricture, Barrett’'s esophagaspaation
pneumonia [52].

The many causes of dysphagia have led to the differential diagnosis of the upper
Gl tract which includes the following conditions: Achalasia, which is the conditi
characterized by inability of the LES to completely relax, preventingdaksage of food
into the stomach [57]. Zenker’s diverticulum, which is a hernia located at the border of
the pharynx and the esophagus [58]. Gastroesophageal reflux disease (GERD), which is
the retrograde movement of gastric content through the LES into the esophagus [59].
Scleroderma, which is the fibrosis or hardening of internal organs [60]. Neopltagia
is the abnormal growth of tissue including both benign and malignant cells [61].

Endoscopy is a procedure that allows practitioners the ability to look inside the
hollow organ to visualize obstruction in the esophagus and identify inflammation or
neoplasm of the tissue. This technique can provide information at a specific siglsbut f
to capture information of the interactions of the entire system or organs.
Videoradiography is the technique of taking sequential x-ray frames of ardunalivi
swallowing a barium bolus. This allows practitioners the ability to study thenkitnes
involved during a swallow. Missing from both of these procedures is the pressure or
force information along the esophagus. This information is useful for when gnagin
procedures are inconclusive, particularly when the pathology is characteyriekxvated
pressures. Intra esophageal pressure measurement, also called masamatnymally
invasive diagnostic procedure used to investigate pressure profiles in the upeet.Gl

Manometry recordings correlates spatial, temporal and pressure measisrem
during a procedure. It defines the dimensions of the organs under study by sweeping a
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pressure sensor through the upper Gl tract and correlating the pressures to known
physiological ranges. The location and lengths of the LES, esophagus, amday b8
determined, along with the location of the stomach. Swallowing contractions or
peristalsis can be monitored by having an array of pressure sensors al@suaptiagas.
In addition to peristalsis, the relaxation and closure of the UES and LES can be
investigated. Gl abnormalities can be identified by regions of abnormal pressure
incomplete or biphasic peristalsis, and prolonged or shortened contractions in the
esophagus.

The characteristics of each disease are a little different in needs dratisas
such we will review the ranges to provide a complete landscape for presaaieg
needs/specifications. For symptoms such as nutcracker esophagus, presserxesatay
300 mmHg; therefore it is important for the pressure sensors to be able to nti@asure
For many manometric procedures a baseline pressure is calculateddnyraydre
pressure along the esophagus. The analysis of the studies comparedd@asstges
to the baseline pressure, which means it is critical that there is litile dnift in the
sensing element, but that the absolute pressure is not required instead onlyitiee relat
pressure difference. Also, it is normal for physiological pressures in theahdEBES to
drift, so this drift must be distinguishable from sensor drift.

For non-manometeric studies of the esophagus, such as GERD, pressure sensing
is used to position the pH and impedance sensors located in a catheter properly above the
LES for 24 hour measurement. The stomach rests beneath the diaphragm while the
esophagus sits in the thoracic cavity. During breathing the esophagus expaience
decrease in pressure with each inspiration on the order of 2-5 mmHg, while thelstom
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will experience an increase in pressure of roughly the same magnitude.e$terer
sensor must be sensitive enough to measure these small signals for therplatémee
catheter.

GERD studies will take pressure measurements at the beginning of the procedure
until the catheter is properly placed, while manometry procedures can takenupotar a
to perform. Cough studies can take up to 24 hours to perform. This involves combining
a GERD study with pressure measurement in both the esophagus and stomach. The
premise being that cough can be detected as a high pressure spike thahaalrs
zone simultaneously. In cough studies, the identification of the cough temporarposit
relative to a reflux episode is important and not the actual pressure of traerecough.

The current technology used to perform manometry can be classified as eithe
solid state pressure sensors or fluid infused catheters. Solid state presssueement
includes piezoresistive and capacitive based sensors located in the catikttérhtse
sensors are considered accurate and easy to calibrate. These sensor yrave man
drawbacks, they are expensive, require sterilization for reuse, and typicialisectional
although the trend is moving towards omni-directional sensors. Fluid infused catheters
require a separate lumen for each pressure channel, in which the presansmgted
through a column of fluid to an external pressure sensor. These sensors also have many
drawbacks, for example there is a physical limit to the number of lumensthat c
physically fit in the catheter and the entire column of fluid is subject to pegs®trjust
the opening of the channel.

The use of an EPT will be evaluated performance under Gl pressure measurement
conditions and develop techniques to overcome specific issues that could hinder proper
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diagnosis. The studies conducted in Chapters 2 and 3 have shown drift in an ECC due to
pressurization. Thus one focus of the current investigation is to develop techniques to
reduce, mitigate, or eliminate the drift in an ECC. We will also exploreytiancic

range of the EPT to ensure suitability for the entire range of Gl igagistns.

4.2 Materials

Type A gelatin from porcine skin with 175 bloom strength and 37% formaldehyde
in water were obtained from Sigma-Aldrich (St. Louis, MO).

6061 Aluminum rods, 26-gauge copper magnet wire, and Loctite® 401
cyanoacrylate adhesive were obtained from McMaster-Carr (EImHurst,

Simulated gastric fluid standardized for 0.2 NaCl (w/v) and 0.7 HCI (v/v) was

obtained from Cole-Parmer (Vernon Hills, IL).

4.3 Methods
Preparation of Gelatin Hydrogels

Gelatin hydrogel (gel) samples were prepared at 17.5% concentrationghy we
in deionized water and were 100% crosslinked based on the theoretical number of
crosslinking sites on each gelatin molecule. The gel was heated upGavFile being
constantly stirred by a magnetic stirrer until the gelatin was fullplied. The gel was
exposed to a vacuum which was constantly adjusted to prevent boil over for a period of
ten minutes. Formaldehyde was then added and the gel was continually stirred at a
slower rate. The gel was then poured into its desired container and a vacuuranvas t
applied for ten minutes, again constantly adjusted to prevent boil over. The vacuum was
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then removed and the gel was allowed to cool to its test temperature. The gel then

remained at this temperature for a period of 24 hours.

Current Measurement

The constant voltage test was performed to determine how applying a fixed
voltage would affect the ECM response. By applying a constant voltage,tbéher
impedance or the current could be measured. The current was selected to bedneasur
due to the setup of the potentiostat. If an equal but opposite voltage to the OCV is
applied, there will be 0 resultant current flowing through the system. ltutheo&the
applied voltage and OCV is greater than 1.23 Volts, then the electrolysis of water w
occur [16]. Since electrolysis is unwanted for this test, and the goal isdo see
measurable change in the current through the ECC, a minimum and maximum value for
the applied voltage was determined. The measured OCV of the ECC was at -110 mV,
this meant that the applied voltage would be bound between -1.12 V and 1.34 V,
excluding 110 mV. The applied voltage was selected to be -250 mV giving a net polarity
across the ECC of 360 mV. An ECC with two aluminum electrodes was electrolyzed 24
hours prior to testing to stabilize the OCV. The OCV was measured and a DC voltage

was applied. The current was measured as 517 mmHg square waves were applied.

| mpedance Measurement
When measuring the change OCYV or current to pressure, there has always been an
observed drift in current or voltage immediately following the pressurizatibis i§ due
to the ECC reestablishing a new equilibrium to the newly change in voltage ofithe ce
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The idea behind applying an AC signal and measuring the impedance is that the signa
can be applied with respect to the ever changing OCV. Also since the applid¢dssiggna
sine wave, any polarization due to the positive crest of the wave will thedyeltieal
canceled out by the negative trough. The purpose of the impedance test is to iBvestigat
the effect of frequency on the response, drift, and noise in the sample. From th&EIS da
in Figure 2.8, it can be seen that the impedance changes across the entire bandwidth,
however it does not provide any information on the drift or noise at each frequency. An
ECC with two aluminum electrodes was electrolyzed 24 hours prior to testinpitzsta
the OCV. A 10 mV AC signal was applied to the test sample repeatedly vgtiefreies
of 10 Hz, 50 Hz, 100 Hz, 500 Hz, 1 kHz, 5 kHz, 10 kHz, 50 kHz, and 100 kHz for 90
seconds at each frequency. From a period of 30 — 60 seconds a 517 mmHg pressure was
applied to the samples. The total impedance and the real component of the impedance
were recorded.

A second test in which the impedance of the sample was measured at a frequency
of 500 Hz was conducted. The gel was exposed to a pressure which was ramped up from
0 to 3100 mmHg. At each 517 mmHg interval the pressure was held constant for 10

seconds.

Gastric Smulation
The purpose of the gastric simulation test was to emulate the effectsrm havi
sensor in both the esophagus and the stomach for a period of 24 hours. Two EPT were
created by filling 0.5 inch pieces of Teflon™ tubing containing two copper magnest wire
The enamel on the ends of the magnet wires were stripped batkri¢h@o expose the
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copper to the gel. The exposed ends of the wires were spalddctiFip to tip see

Figure 4.2.

\z e

\J

Figure 4.2 — lllustration of EPT

After the gel cured the EPTs were inserted into a glass cell with one sétiser
bottom surface (i.e., in stomach sensor) and the other sensor suspended 1 inch above the
bottom surface (i.e., in esophagus sensor). After the EPTs were positionedhiaside t
glass cell, the EPTs were then electrolyzed. Simulated gastric fluedanp 37°C was
then added to the glass cell in sufficient quantity to submerse the EPT at ¢ime dbtt
the cell, but not enough to make contact with the suspended EPT. The electrodes inside
the EPTs were located ¥4 inch from the surface, surround by either a solutioningntai
NaCl and HCI or air. The glass cell was pressurized to 517 mmHg periodicatiya
period of 24 hours while maintaining a temperature di3&tarting immediately after
contact with the simulated gastric fluid. The impedance of the EPTs wadeéauahnile

a 10 mV, 500 Hz AC signal was applied during the pressurization cycles.

4.4 Reaults

The constant voltage test was conducted to determine the effect of drift as a
constant voltage is applied. The external voltage was applied at 250 mV and the ECC
was pressurized to 517 mmHg, held at this pressure for approximately 10 or 20 seconds

and then the pressure was removed. The pressure impulse was cycled for a total of 4

62



times. Figure 4.3 shows the results of this test. On the third cycle of the massuR

slight ripple can be seen, this is due to an accidental drop and restoration of the pressur

s, 0A 380.1 s, 1.111pA

1.6

{"‘"‘M-
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\M % . . \

s, 0V 380.1 5, 249.7mY

1.0
256
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244

Time (s) ' 400

o bbb b

Figure 4.3 — Plot of current versus time with an applied potenti2b@fmV. The ECC
was pressurized 4 times at 517 mmHg at 10 and 20 second intervals.

The raw data from the 100 and 500 Hz is shown in Figures 4.4 as plots containing
both the total impedance and the real component of the impedance. The response for the
total and real component of the impedance are summarized in Figure 4.5 for each
frequency in which the response is calculated from Equation 4.1, WRgig nénHg)is the
measured real component of the impedance immediately before pressuriadtifay a
(517 mmHg)IS the measured real component of the impedance immediately after
pressurization. The drift for the total and real component of the impedance are
summarized in Figure 4.6 for each frequency in which the drift is calculated from
Equation 4.2, where\ (30 secyS the measured real component of the impedance

immediately after pressurization, anda4so secjS the measured real component of the
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impedance immediately prior to removing the applied pressure. The sigrae ratio
(SNR) for the total and real component of the impedance are summarized in Figure 4.
for each frequency in which the SNR is calculated from Equation 4.3, wherginn&

noise is based on the noise from a least squared regression fit of the drift.

Response — Zreal(o mmHg)_Zreal (517 mmhg) . 100% 41
Zreal (0 mmhg)
B} Z -Z
DTlft — real (30 sec) " 4real (60 sec) . 100% 42
Zreal (30 sec)
SNR — 20 . lOg (Zreal(o mmhg)_Zreal ('517 mmHg)) 43
Zyreql TMS Noise
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& 9485 - 4335 &
o 9465 - 4315 3
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S 9445 - 4295 ¢
§ 9425 - 4275 B
£ 9405 - 4255 §  ——Ztotal
T 9385 - 4235 7 real
2 9365 - 4215
9345 - 4195
9325 4175
0 20 40 60 80 100
Time (s)
B 500 Hz
3360 - 2275
3350 - 2265
& 3340 - 2255 @
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§ 3310 - 2225 9
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% 3290 - 2205 7 real
2 3280 - 2195 &
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3260 2175
0 20 40 60 80 100
Time (s)

Figure 4.4 — Plots of impedance versus time. Plot A refeaslfa0 Hz test signal, while

plot B refers to a 500 Hz test signal. In each plot the blue ahlthess are the measured

total and real components of the impedance respectively. Thaxlsfis in ohms and
corresponds to the total impedance; the right is also in ohms ardmands to the real
component of impedance. In each plot the ECC was pressurized to 517 mmHg during the
time frame between 30 and 60 seconds.
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Figure 4.5 — Bar graph of the percent change in impedance duglibramHg pressure
impulse. The blue bars represent the real component of the impedance, wieittlihesr
represent the total impedance. Each set of bars are graphetb rteeir associated
frequency.

1.00% - .
. 900/" Drift (30 sec)
. 0
0.80% -
0.70% -
0.60% -
0.50% -
0.40% - M Z Real
0.30% - HZ Total
0.20% -
0.10% -
0.00% -
~ n A A ~ ~ n n A
F g g gy
N Y '$ "? N L) S ) 'S

Figure 4.6 — Bar graph of the percent change in drift due to a 517 nprédgure
impulse. The blue bars represent the real component of the impedance, wieteldhesr
represent the total impedance. Each set of bars are graphetb ribeir associated
frequency.
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Figure 4.7 — Bar graph of the signal to noise ratio of the firifeach frequency. The
blue bars represent the real component of the impedance, whilel tharserepresent the
total impedance. The SNR is reported in decibels.

A pressure range test was conducted to investigate the behavior of tha gel at
pressure range of 0 to 3100 mmHg. The pressure in the gel was ramped up at 5§17 mmH
intervals, at which point it was held constant for 10 seconds. During the range of 2586 to
3100 mmHg the glass cell containing the gel shattered due to the high pressunegresul
in the pressure returning back to atmospheric pressure. The impedance sagdhea

while a 10 mV, 500 Hz signal was applied to the gel. The raw data from the testis show

in Table 4.1.
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Table 4.1 — Pressure and impedance of ECC for pressure rangéhesmpedance was
measured 10 seconds after the pressure was obtained. The dlabattaled between
pressures of 2586 and 3100 and the impedance was measured afterstive pedsrned
to atmospheric.

Pressure (mmHg) Impedance (Q)
0 2325
517 2318
1034 2311
1550 2307
2070 7.91E+05
2586 6.90E+07
0 5.40E+07

The impedance was measure periodically before and during a 517 mmHg pressure
was applied to the EPTs. Figure 4.8 plots the 0 mmHg impedance as a functioa of ti
during the test while Figure 4.9 plots the pressure response defined by Equation 4.1, also
as a function of time. Figures 4.10 and 4.11 show the pressurization cycle taken at 4

hours into the test for both the gastric and air response to the pressurization.
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Figure 4.8 — Plot of total impedance versus time, the gastricdemge was measured
from an EPT submersed in simulated gastric fluid, while therggedance was measured
from an EPT suspended above and not touching the simulated gasttic Tlime is
plotted on a log (base 2) scale.
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Figure 4.9 — Plot of change in impedance versus time, the gastridamyee was
measured from an EPT submersed in simulated gastric fluid, Wbilkeitimpedance was

measured from an EPT suspended above and not touching the simulatedflgakt
Time is plotted on a log (base 2) scale.
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Figure 4.10 — Plot of impedance versus time, the impedance was atkasmn an EPT
that was submersed in simulated gastric fluid while the glebsvas pressurized three
times to 517 mmHg.

1885
1880
1875
1870
1865
1860
1855

Impedance (Q)

1850
1845

1840

0 20 40 60 80 100

Time (s)

Figure 4.11 — Plot of impedance versus time, the gastric impedasxeeasured from
an EPT that was suspended above simulated gastric fluid whilgldse cell was
pressurized three times to 517 mmHg.
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4.5 Discussion

From visual inspection of the data in can be seen that there is a slight drift
between each of the pressurizations, and that this drift continues as a fundtioa of t
whether the pressure is held high (517 mmHg) or low (0 mmHg). The baseling curre
also varies with pressurization starting at 1.14 pA and varying to a low of 1.10 pA
Regardless of the initial current, the magnitude of the change in current due to a 517
mmHg pressure increase or decrease was always 0.40 pA. The bagehvesdr0% of
the response, which is significant improvement over measuring the OCV redpomse;
Chapter 2 the baseline drift as large as 50% of the response.

The frequency test was performed to look at the effects of pressure on both the
total and real components of the impedance. The ideal response is to seeragmatchi
square wave output in impedance for the square wave input in pressure. By invgstigatin
just the real component of the impedance, any capacitive charging and discharging
effects will be negated. Also the impedance profile of the real impedarcehies the
applied square wave pressure more so than the total impedance at frequenciéd®@bove
Hz, that is to say that the there is less drift following the applied pressdress drift
upon removing the pressure. The reason that is more evident in the real impedance is that
the total impedance has capacitive components, and there is a stored changesttbat
slowly dissipated as the OCV changes. The signal to noise ratio isflargfee real
component of the impedance than the total impedance for all frequencies tesptd exce
for 1 kHz. The SNR improves as frequency increases up 500 Hz then it tends to level off
at around 38 db with exception to the 1 kHz signal. This could be due to either
electromagnetic interference or resonance in the sample. The mechesoocalrce is
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coupled to electrical resonance by the ECM response. If an AC signal edappine
sample, the ECM response will cause mechanical oscillations at that frequiethe
applied signal is close to the mechanical resonant frequency of the systemagthiaude
of the oscillation will increase and induce changes in voltage potential.

During all tests the temperature was held constant’&t 8d the effect of
temperature was not investigated. The temperature in the body is relatioddyfer
short periods of time; however, the temperature of a bolus during swallowing doesn’t
necessarily reach body temperature and can cause small changes intteenpera
Equations 4.4 — 4.7 show the equivalent circuit elements of Randle’s circuit for bulk
resistance (Ruk), bulk capacitance ), capacitive double layer { and charge
transfer resistance {fR where | is the spacing between electrodes, F is Faraday’s
constant, yis the electric mobility, £is the concentration of charge carriers, A is the
surface area of the electrodes, cf is fringe effects correctior facts the permittivity of
free spaceg; is the dielectric constant, R is the universal gas constant, T is temperature, n
is the number of electrons transferred in a half cell reaction, and | is gecbament.
The equation for the electric mobility is derived from the diffusion coeffigiggt both
Equations are given as 4.8 and 4.9 respectively, whesetoe charge per molecule, k is
Boltzmann’s constantyg is viscosity, and glis the effective diameter of the charge
carrier. The Nernst equation is given as Equation 4.10, where E is the voltagefotenti

E° is the standard electrode potential, ayid the concentration of species

1
= — 4.4
RBulk Fepg-cg-A-cf

g Er-A-cf

Cpuk = —7— 4.5
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Ca = (BETY p o 4.6

R-T
RT-A
Ree =--2 4.7
dg-D
g =~ 4.8
KT
D, = Ey— 4.9
0, RT
E=E"+—- (XoxIng — Yyeqlng) 4.10

It can be seen that temperature (T) is present in hgtmB G;. Even though
temperature (T) in the electric mobilitygficancels out in Equations 4.8 and 4.8,Rs
a function of the viscosityy which is temperature dependant. If the electric potential of
the ECC is held constant and the temperature changes, then the ratio of théagatdral
the concentration must change from the Nernst equation. BgihaRd G are functions
of the concentration of charge carriers and the ion exchange current {i)sraRo a
function of the concentration. Physiological swallow simulations with an enesgsul
sensor will be needed to determine the effect of a change in temperatltregdéom a
bolus swallow; however, the effect can be reduced by eliminating the thapaci
components out of the circuit. This is accomplished by investigating the real component
of the impedance.

Figure 4.5 summarizes the pressure response, Figure 4.6 summarizefs anel dri
Figure 4.7 summarizes the SNR. To be useful as an EPT the change in regmsirse m
large enough for the equipment to register, the drift should be minimized and there

should be little noise. Based on these criteria along with the temperatureidiscires
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sampling frequency of 500 Hz was selected to carry out additional experimgéntsey
current setup and the real component of the frequency was investigated.

Previous experiments have shown that the ECM response has been linear from the
range of 0 to 517 mmHg. A total pressure range experiment was conducted tigatees
whether the gel behaves linearly over the entire range or subranges, and &lso wha
happens once a threshold is exceeded. Experiments have shown that when a gel is
exposed to cyclic pressures up to 517 mmHg, the response is linear whether voltage,
current or impedance is measured. In Table 4.1, it was shown that the linear response
continues to 1034 mmHg, and at some pressure between 1034 and 1550 mmHg the
response starts to behave non-linearly. The total change in impedance from 0 to 1550
mmHg was 18 ohms with an initial impedance of 2035At 2070 mmHg the
impedance jumps up to 790lkand at 2586 mmHg the impedance continues to 89 M
The glass cell housing the gel and electrodes shattered between 2586 and 3100 mmHg,
however impedance data was still recorded. With the pressure returningnél@, the
impedance stayed high at 540M The jump from 203%2 to 791 K2 demonstrated that
the conductive gelatin fibers in the aerogel electrode became physliaaihged by the
higher pressure reducing the amount of charge that could conduct from the aluminum to
the bulk solution. As the pressure increased, more damage was reflected in the furthe
increase in impedance up to 69AM As the pressure was relieved, the impedance
dropped down to 54 B at 0 mmHg instead of the initial 208bindicating that the
damage to the gelatin fibers was permanent.

The last test that was performed compared the effects of pressure to an EPT
submerged in simulated gastric fluid to an EPT suspended above the fluid. This test was
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designed to emulate the placement of the EPTs in two regions of the gasinaihtiest;

the esophagus and the stomach. The EPTs had exposed surfaces of the gelatin to either
air or simulated gastric fluid. Figure 4.8 shows the impedance of the ERTaragion

of time after being electrolyzed. The impedance of the EPT submergetuiated

gastric fluid drops by 86% after 24 hours, while the impedance of the EPT suspended in
air decreases by 35%. It has already previously been shown that the OCYtaita ci

will drop immediately after electrolysis due to the concentration diftes®g on the

electrode surface and in the bulk solution without the presence of an appliad electr

field. However, the impedance of the EPT in the gastric fluid drops much quicker. This
is due to ionic migration in the both the hydrogel and the aerogel of the ECC. With more
charge conductors from the ionic migration in the ECC the impedance will decreas
Hydrogen ions theoretical have an opposing effect. During the processingtiof gela
molecules the hydrogen ions are responsible for attacking and breaking treatoval

bonds. Breaking these bonds in the aerogel has been shown in the high pressure test to
increase the impedance of the system, therefore if any of the covalenwmredsoken

in the ECC, it had a negligible effect that was dominated by the increasege cha
conduction. In Figure 4.9 the pressure response in both the air EPT and the gastric EPT
started to level off after 4 hours, however, in the gastric EPT the resporesesattr

during the first 4 hours suggesting that a larger response can be obtainedhfyhais
concentration of charge carriers in the bulk solution above the native amount. Another
notable difference in between the impedance of the EPT in the gastric fluid dféTthe

in air is the drift. Figures 4.10 and 4.11 show the pressure response to three square wave
pressure inputs. The drift in the EPT is much shallower that that of the air. This
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demonstrates that the saturating the ECC with charge carriers will hawe stable

response.

4.6 Conclusons

This investigation demonstrated several important parameters ngdessglize
an EPT for Gl pressure sensing. The useful range of pressure that the YEB& usaful
was determined. The ECM response has been shown to be linear for the range of O to
1034 mmHg which exceeds the physiological range of 0 to 300 mmHg in the Gl tract.
Next, this investigation demonstrated several principals that can be combneedide
pressurization drift. These items are: (1) using the EPT at least fagrfotowing
electrolysis; (2) applying a constant voltage; (3) applying an AC siglaéiveeto the
OCV; (4) carefully selecting a frequency that minimizes drift; (5asneing the real
component of the impedance; and (6) increasing the concentration of chargs carrier
the ECC. The precise values for each of these items will vary from systgstamsand

will depend on the constraints of the system for which the EPT is designed for.
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5 Concluson

The purpose of this study to was to examine EPTs and their potential use in
biomedical applications. Each of these chapters built upon one another filling the void of
information in this area. It was determined that the ECM response to presuedas
the change in surface area of the electrode. Electrolysis in a hydrogejdb€fates an
aerogel rather than a single phase gas bubble at the electrodes. Teeiclsamface
area of the aerogel/hydrogel interface is linearly related toyeesand thus the ECM
response is also linearly related to applied pressure. The EPT was investigdated
emulating the physiologic conditions of the Gl tract. Several techniques efésted
to control the sensitivity and accuracy of the response.

A new material system was established raising the voltage resporssty fiar
ECM systems by 4-orders of magnitude. Additionally, this investigation deélyiti
shows that an ECM response occurs in an ECC only when bubbles are present. This
response has been shown through EIS to occur at the electrode interface, and not in the
bulk solution. Through derivation of the governing electrochemical equations of the
EDL, it was shown that this response is due to a change in the surface area of the
electrode.

Investigation of the surface area of an electrolyzed ECC put forth two
conclusions. First, the electrolysis in a gelatin hydrogel generates aelaatbgr than

single phase gas bubbles. Second, the change in surface area of the aerogetin conta
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with the bulk solution is linearly related to the applied pressure. These findings ar
necessary to support the overall hypothesis that the ECM response to pressure & due t
change in the surface area of the aerogel electrodes. The responsendds fmilinear

for the range of 0 to 280 mmHg, which is in the useful range for medical device
applications [52].

This investigation demonstrated several important parameters nedesstliyge
an EPT for Gl pressure sensing. The useful range of pressure that the EBT usaful
was determined. The ECM response has been shown to be linear for the range of O to
1034 mmHg which exceeds the physiological range of 0 to 300 mmHg in the Gl tract.
Next, this investigation demonstrated several principals that can be contbneedde
pressurization drift. These items are: (1) using the EPT at least fasrfotowing
electrolysis; (2) applying a constant voltage; (3) applying an AC siglaéivesto the
OCV; (4) carefully selecting a frequency that minimizes drift; (5asneing the real
component of the impedance; and (6) increasing the concentration of chargs carrier
the ECC. The precise values for each of these items will vary from systgstemsand
will depend on the constraints of the system for which the EPT is designed for.

Future studies will be needed to investigate the mechanical properties of gelatin
aerogels. In order to be used as an EPT, hysteresis and long term degradh@srase
necessary. More studies are also needed in the preparation of the gelatinlydrtige
concentration needs to be investigated as well as preparation of aerolgels, wéather

than elemental oxygen and hydrogen.

78



References

[1] C. S. Smith, "Piezoresistance effect in germanium and siliétysical Review
vol. 94, pp. 42—-49, 1954.

[2] D. L. Kendall, "On etching very narrow grooves in siliconpphed Physics
Lettersvol. 26, pp. 195-198, 1975.

[3] K. E. Bean, "Anisotropic etching of silicon,EEE Transactions on Electron
Devicesvol. 25 pp. 1185-1193, 1978.

[4] E. Bassous, "Fabrications of novel three-dimensional microstructures by th
anisotropic etching of (100) and (110) silicolEEE Transactions on Electron
Devicesvol. 25 pp. 1178-1185, 1978.

[5] W. P. Eaton and J. H. Smith , "Micromachined pressure sensors: Review and
recent developmentsSmart Materials and Structures vol. 6, pp. 530-539, 1997.

[6] D. Wagner, J. Frankenberger and P. Deimel, "Optical pressure sensor using tw
Mach—Zehnder interferometers for the TE and TM polarizaticlosy'hal of
Micromechanics and Microengineering vol. 4, pp. 35-39, 1994.

[7] J. A. Dzuiban, A. Gorecka-Drzazga and U. Lipowics, "Silicon optical pressure
sensor,"Sensors Actuators A vol. 32, pp. 628—-631, 1992.

[8] Y. Osada, J. P. Gong, and K. Sawahata, "Synthesis, mechanism, and application
of an electro-driven chemomechanical system using polymer gelsyial of
Macromolecular Science vol. A28, pp. 1189-1205, 1991.

[9] Y. Osada and J. Gong, "Soft and wet materials: Polymer delsal of
Advanced Materials vol. 10, pp. 827-837, 1998.

[10] W. Takashima, K. Hayasi and K. Kaneto, "Force detection with Donnan
equilibrium in polypyrrole film,"Journal of Electrochemical Communications
vol. 9, pp. 2056-2061, 2007.

[11] T.F. Otero, J. J. L. Cascales, and G. V. Arenas, "Mechanical charaoberiaf
free-standing polypyrrole film Materials Seince and Engineering C-Biometric
and Supramolecular Systems vol. 27, pp. 18-22, 2007.

[12] "Standard Methods for the Sampling and Testing of GelatBadtin
Manufacturers Institute of America, Inc., 501 fifth Ave., Room 1015, New York,
NY.

[13] J. E. Strassner and P. Delahay, "Polarographic study of the eftggtth on the
kinetics of irreversible electrode proceskurnal of the American Chemical
Society vol. 74, pp. 6232-6235, 1952.

[14] D. F. Vieira, C. O. Avellaneda and A. Pawlicka, "Conductivity studygélatin-
based polymer electrolyteElectrochimaica Acta vol. 53, pp. 1404-1408, 2007.

[15] S.W. John, G. Alici, and G. M. Spinks, "Towards fully optimized conducting
polymer bending sensors: the effect of geometydrt Materials and Sructures
vol. 18 2009.

[16] H. B. Bohidar, and S. S. Jena, "Kinetics of sol-gel transition in thermoreeersi
gelation of gelatin,Journal of Chemical Physicsvol. 98, pp. 8970-8977, 1993.

[17] A. J. Bard, "Encyclopedia of Electrochemistry of the Elements,” k&g New
York, pp. 71, 1973.

[18] W. Z. NernstPhysical Chemistry vol. 4, pp. 129, 18609.

79



[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]
[29]
[30]
[31]
[32]
[33]

[34]

[35]

F. Scholz, "Electroanalytical Methods," Springer, VerladiBéleidelberg New
York, pp. 5, 2002.

E. Barsoukov and J. R. MacDonald, "Impedance Spectroscopy,” Wiley, Hoboken,
New Jersey, pp. 98, 2005.

J. Randles, "Kinetics of rapid electrode reactioBsstussions of the Faraday
Society vol. 1, pp. 11-19, 1947.

J. R. MacDonald, "Discrimination between equations of staberhal of

Resear ch of the National Bureau of Sandard Section A-Physics and Chemistry

vol. 5, pp. 441 1971.

M. Sabouri, T. Shahrabi, H. R. Farid, and M. G. Hosseini, "Polypyrrole and
polypyrrole-tungstate electropolymerization coatings on carbon steel and
evaluating their corrosion protection performance via electrochemipadance
spectroscopy,Progressin Organic Coatings vol. 64, pp. 429-434 2009.

A. Aghaei, M. R. M. Hosseini, M. Najafi, " A novel capacitive biosensor for
cholesterol assay that uses an electropolymerized molecularly imprinted
polymer,”Electrochimica Acta vol. 55, pp. 1503-1508, 2010.

C. Deslouis, T. EI Moustafid, M. M. Musiani, " Mixed ionic-electronic
conduction of a conducting polymer film. Ac impedance study of polypyrrole,”
Electrochimica Acta vol. 41, pp. 1343-1349, 1996.

J. E. Strassner and P. Delahay, "Polarographic study of the eftggath on the
kinetics of irreversible electrode proces&trnal of the American Chemical
Society vol. 74, pp. 6232-6235, 1952.

E. Barsoukov and J. R. MacDonald, "Impedance Spectroscopy,” Wiley, Hoboken,
New Jersey, pp. 6, 2005.

R. b. Darst, "Introduction to Linear Programming," Marcel Dekker,, INew
York, pp. 6, 1991.

S. lwamoto, H. Kumagai, "Analysis of the dielectric relaxation célatm
solution,"Bioscience Biotechnology and Biochemistry vol. 62, pp. 1381-1387,
1998.

G. J. Sloggett, N. G. Barton, S. J. Spencer, "Fringing fields in disk cagdcito
Journal of Physics A - Mathematical and General vol. 19, pp. 2725-2736, 1986.
H. Von Helmholtz, Annulef Physics vol. 89, pp. 221, 1853.

P. Debye, E. Huckel, "The theory of electrolytdzys. Z. vol. 47, pp. 206, 305,
1923.

E. Klaseboer, C. K. Turangan, and B. C. Khoo, "Dynamic behavior of a bubble
near an elastic infinite interfacdyiternational Journal of Multiphase Flow vol.

32, pp. 1110-1112, 2006.

G. Terrones and P. A. Gauglitz, "Deformation of a spherical bubble in st sol
media under external pressur@;larterly Journal of Mechanics and Applied
Mathematics vol. 56, pp. 513-525, 2003.

H. Wang, J. Ma, and W. Zhang, "Effect of film viscoelasticity on the finite
deformation of a spherical bubbldgurnal of Applied Physics vol. 102, pp.

Article 074919-1, 2007.

80



[36]

[37]
[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]

[46]
[47]

[48]

[49]
[50]

[51]

[52]

[53]

S. Goldman, "Generalizations of the Young-Laplace equation for the pressure
mechanically stable gas bubble in a soft elastic matedmirhal of Chemical
Physicsvol. 131, pp. Article 184502, 2009.

E. A. Guggenheim, "Thermodynamics. An Advanced Treatment for Chemists
and Physicists," North-Holland, Amsterdam, Chapter 1, 1967.

S. Kistler, "Coherent expanded aerogels and jellNattire vol. 127, pp. 741,
1931.

L. Baia, M. Baia, V. Danciu, " Type | collagen-TiO2 aerogel based
biocomposites,Journal of Optoel ectronics and Advanced Materials vol. 10, pp.
933-936, 2008.

A.C. Pierce and G.M. Pajonk, "Chemistry of aerogels and their appligations
Chemical Reviews vol. 102, pp. 4243-4265, 2002.

M. Giorgetti, S. Passerini, W. H. Smyrl, and M. Berettoni, "ldentificatiomof a
unconventional zinc coordination site in anhydrous ZnxV205 aerogels from X-
ray absorption spectroscopyghemistry of Materials vol. 11, pp. 2257, 1999.

S. Passerini, F. Coustier, M. Giorgetti, and W. H. Smyrl, " Li-Mn-O aésgge
Electrochemical and Solid Sate Lettersvol. 2, pp. 483, 1999.

W. Dong, and B. Dunn, " Sol-gel synthesis and characterization of molybdenum
oxide gels,'Journal of Non-crystalline Solids vol. 225, pp. 135, 1998.

S. T. Mayer, R.W. Pekala, and J.L. Kaschmitter, "The aerocapacitor - an
electrochemical double-layer energy-storage devilmey'nal of the
Electrochemistry Society vol. 140, pp. 446, 1993.

R. W. Pekala, J. C. Farmer, C. T. Alviso, T. D. Tran, S. T. Mayer, J. M. Miller,
and B. Dunn, "Carbon aerogels for electrochemical applicatidogr;hal of Non-
crystalline Solids vol. 225, pp. 74, 1998.

R. Saliger, U. Fischer, C. Herta, and J. Fricke, " High surface at@ancaerogels
for supercapacitors,Journal of Non-crystalline Solids vol. 225, pp. 81, 1998.

R. W. Pekala, and C. T. Alviso, "Carbon aerogels and xeroddeg! Forms of
Carbon vol. 270, pp. 3, 1992.

R. W. Pekala, L. W. Hrubesh, T. M. Tillotson, C. T. Alviso, J. F. Poco, and J. D.
LeMay, " A comparison of mechanical-properties and scaling lawaedtips

for silica aerogels and their organic counterpaNtethanical properties of

porous and cellular materials vol. 207, pp. 197, 1991.

T. Woignier, and J. PhalippoApplied Physics Review vol. 24, pp. 179, 1989.

G. W. Scherer, D. M. Smith, X. M. Qui, J. M. Anderson, "Compression of
aerogels,'Journal of Non-crystalline Solids vol. 186, pp. 316-320, 1995.

Y. Lentz, L. Worden, T. Anchordoquy, and C. S. Lengsfeld, "DNA acts as
nucleation site for transient cavitation in the ultrasonic nebulideurhal of
Pharmaceutical Science vol. 95, pp. 607-619, 2006.

C. Stendal, "Practical Guide to Gastrointestinal Function Testigckwell
Science Ltd., Malden, 1997.

B. Lindgren, and L. Janzon, "Prevalence of swallowing complaints amckt!
findings among 50-79-year-- old men and women in an urban population,”
Dysphagia vol. 6, pp. 187-192, 1991.

81



[54]
[55]
[56]

[57]

[58]

[59]

[60]

[61]

L. Tibbling, and B. Gustafsson, "Dysphagia and its consequences in the elderly,"
Dysphagia vol. 6, pp. 200-202, 1991.

M. F. Brin, and D. Younger, "Neurologic disorders and aspiratiotgtaryngol

Clin North Amvol. 21 pp. 691-699, 1988.

M. R. Spieker, "Evaluating dysphagi&fherican Family Physician vol. 61 pp.
3639, 2000.

J. E. Pandolfino, M. A. Kwiatek, T. Nealis, W. Bulsiewicz, J. Post J,add P.
Kahrilas , "Achalasia: A new clinically relevant classifioatiby high-resolution
manometry,'Gastroenterology vol. 135 pp. 1526-1535, 2008.

F. M. S. McConnel, D. Hood, K. Jackson, and A. O'Conner, "Analysis of
intrabolus forces in patients with Zenkers diverticulubatyngoscope vol. 104

pp. 571-581, 1994.

J. Brun, L. Bengtsson, and H. Sorngard, "Diagnostic test and treatrasd of
related GERD in a general practice populati@i)T vol. 41 pp. A63-A64, 1997.
A. Aubert, A. Ferre A, F. Bloch, J. N. Fiessinger, M. Vayssairat,Ja P. Pettite,
"Which manometric criteria are useful in defining scleroderma esophagus,”
Gastroenterologie Clinique et Biologique vol. 13 pp. A66, 1989.

J. A. Almario, E. Gorospe, P. Rajan, C. Winter, A. Kage, T. Wittenberg, C.
Munzenmayer, G. Hager, and M. Canto "Accuracy and interobserver agreement
among experts and non-experts for the diagnosis of barrett's esophagasdBE)
related neoplasia (BERN) using high resolution white light endoscopy with
limited magnification,’American Journal of Gastroenterology vol. 104 pp. S532,
2009.

82



	Influence of Compressible Aerogel Electrodes on the Properties of an Electrochemical Cell
	Recommended Citation

	Microsoft Word - $ASQ52964_supp_14963262-6827-11DF-A302-43663012225A.docx

