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Abstract: This paper describes a new technique to measure wlume in patients with
urinary bladder dysfunction. Polypyrrole — an dlecically conducting polymer - is
chemically deposited on a highly elastic fabricisTabric, when placed around a phantom
bladder, produced a reproducible change in elettrgsistance on stretching. The resistance
response to stretching is linear in 20%-40% stvanation. This change in resistance is
influenced by chemical fabrication conditions. Wésoa demonstrate the dynamic
mechanical testing of the patterned polypyrroldadric in order to show the feasibility of
passive interrogation of the strain sensor for l@dival sensing applications.

Keywords. Strain sensor, urinary bladder volume, polypyrrabepedance spectroscopy,
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1. Introduction

Urinary bladder dysfunction continues to afflictlimns worldwide. Often the result of devastating
medical conditions is such as spinal cord injutypke and Parkinson’s disease. Urinary bladder
dysfunction not only leads to loss of voluntary wohover the bladder muscles, but also cuts off
sensorial feedback to the central nervous systénT[ils leaves patients incapable of sensing bladde
fullness and gauging the right moment to triggexdder voiding. Neural stimulation has been used to
restore voluntary control of the bladder [2, 3].tlé various techniques, stimulation of the sawal at
the base of the spine is considered the most eéffidechnique to produce micturition and has been
prevalent in clinical practice over the last twaades, primarily for persons with spinal cord igjur

Direct sacral nerve stimulation has proved to beiadlly viable through the work of several
researchers. Among such devices is a dual implengimulator implemented by our research group
[4]. This device is designed to permanently stirteuithe pelvic floor in order to reduce (or elimimgthe
bladder overactivity and to maintain the bladderction. The external controller of this system odfe
the option of choosing between two types of stirmoie(permanent or selective) and customizing the
stimuli parameters and for carrying out the stirtiata This neurostimulator is capable of producing
selective stimulation and continuous low amplitwdth a low frequency current for neuro-modulation
of the bladder function and inhibiting detrusor @aativity. However, programmable neural stimulation
is only one half of the solution in the rehabiiibat of dysfunctional bladders. In particular, peopl
afflicted with spinal cord injury are also deprivetl sensorial feedback that could alert them to the
fullness of the bladder and direct them to mictikahen required. A truly functional urinary stimialia
would have to possess the ability to trigger enmgfyof the bladder in response to maximal bladder
volume.

Traditionally, catheterization has been a commaislgd method for bladder volume assessment, but
it is highly invasive and has the risk of infectitng urinary bladder. The advent of miniaturizedices
and microelectronics has led to the developmeatrahge of both non-invasive and implantable device
to measure the bladder capacity. In this papepnpose a new method for bladder volume assessment
using a conductive polymer as the sensing devibe.cbnducting polymer — polypyrrole (PPY) — is
coated on a flexible fabric and inserted over thgeun portion of the bladder as shown in FigureThas
concept is similar to ACORN — a simple stockingcpldiover a weak heart to support and restore normal
contractility (see Figure 1b). An implantable ifiéexe circuit is required to readout the changes in
resistance. A high precision resistance measuret@emique is a conventional Wheatsone bridgesor it
modified version [5]. However, due to required loedtion procedure with off-chip resistors using
Wheatstone method, a resistor-less technique suttteane shown in Figure 1c is more suitablelfg].
this technique the sensing current proportionasdnsing resistor is extracted through the clocking
system (Sw1l, Sw2) which is amplified in the curnemtror block and then integrated using a capacitor
(Cin). The output of Schmitt Trigger block drivéetdigital counter which outputs a value propowion
to input resistance value. A similar methodologg baeady been used to measure the capacitance for
biosensing applications [7]. This digital value aather be transmitted to other implanted unitber
used for stimulation purposes. In this paper, oau$ is on the PPY-based strain sensor.
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Figure 1. The strain sensor method: (a) illustration of bidcovered by stock with strip
lines of PPY and (b) illustration of similar stoc@mmercialized for heart failure problems,
(c) an implantable circuit for reading out the seggarameter.
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Conducting polymers such as polypyrrole have a loistpry of use in BIoOMEMS€gg., Polymer
Actuators [8]) and biomedicine, most notably asrakinterfaces and scaffolds for neural tissue gnow
They have also been considered as candidates &arable” sensors and interfaces for biosensors and
DNA chips. Polypyrrole is a positively-charged agggted polymer. The attractiveness of this polymer
for biomedical applications lies in its biocompditlp, ease of preparation, stability in air, atsl ability
to incorporate a wide variety of dopant ions.

Apart from its electron-conducting properties, thidymer also possesses the so-called intercalation
property whereby entrapped counterions can berelalty released and incorporated when electrically
activated. This is accompanied by a change in ve|uhus making polypyrrole an attractive candidate
for artificial muscles and drug delivery substratésimple method of polymerization of pyrolle on a
flexible fabric is to first impregnate with an irahloride solution. Thereafter, the fabric is digated in
a solution of pyrrole in acetonitrile and allowedpolymerize till a black film appears over theriab
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Alternatively, the polymerization can be carriedt @u the vapour phase. In this case, the fabric
impregnated with iron chloride is suspended inranegically sealed jar containing the pyrrole sauti
The jar is gently heated to € and placed in a thermostat overnight. This teaiallows formation of

a thinner and more uniform layer of conducting pudy.

This paper is organised as follows: in Sectionvk, provide a brief review of other related works. |
Section Ill, the details of our proposed methodpesented. In section I, we describe the prilecqd
proposed measurement technique. The experimestelssare presented in Section IV and followed by
a discussion in Section V. Finally, a conclusionho$ work is put forward in Section VI.

2. Techniquesto Measure Bladder Volume
2.1. Pressure Sensors

Results presented by Koldewah al. [9] demonstrate the possibility of using convenéibstrain
gauges to measure pressamgong the various placements of strain sensorspseithat were placed
between the peritoneum and muscular layer gavbeabkeresults. However, sensors placed between the
mucosal and muscular layers were eroded quickbutyin bladder movement. During demonstration of
the technique, the authors showed the pressuratelawcaused by the accumulation of urine to be low
and not reliable while considering the artefactssea by a patient's movemersnore recent paper by
Korkmaz and Rogg [10] on bladder mechanics showasttie urinary bladder has the ability to keep
pressure virtually constant through stress relaratthus casting doubt on the efficacy of pressure
measurements to determine volume.

2.2. Ultrasound Measurements

Acoustic measurements are integral to clinical oéynamics and are widely used in measuring
bladder volume. The underlying principle of thisheique is the non-linear wave distortion between
water and tissues. Among the various devices peiposs a portable miniaturized ultrasonic monitor
by Petrican and Sawan [11] which allowed for estiamaof the urine volume with an accuracy of 75%.
The principle of this ultrasound system involveck thetection of a certain threshold volume
corresponding to 80% of the maximum daily capaafy the bladder. While in-vivo studies
demonstrated the reliability of this device to deta certain threshold volume in eneuretic patients
within a reasonable margin of error, this systes inat yet been demonstrated to measure intermediate
volumes.

More recently, Merclet al. [12] described a multilayer transducer to asséssder volume. In their
efforts to optimize bandwidth and sensitivity oé ttlevice, a multilayer element consisting of a lafe
polyvinylidene fluoride (PVDF) was glued onto a P#Zansducer. The PVDF and PZT played the role
of the broadband receiver and transmitter, resgagtiBy mechanically moving the transducer along
the walls of a phantom bladder, this device recoalsmes of 133 ml and 500 ml. However, from this
paper, it is less clear whether this device couddsnre a range of bladder volumes between these two
thresholds
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2.3. Bioelectric Impedance Measurement

A handful of research papers point to the measumnerok bladder volume through bioelectric
impedance both from inside and outside the bodyhéncase of implantable devices, this technique
involves injecting an excitation current into thiadder and measuring the voltage induced between
several electrodes fixed on the bladder wall. Havethis approach has been shown to irritate the
bladder muscle as it requires the placement ofraketectrodes on the detrusor muscle [13]. Alse, t
excitation current and direct placement of ele@sodn the bladder might inadvertently lead to béadd
muscle stimulation.

2.4. Electroneurogram Measurements

The monitoring of sensory nerve signals to conaissistive devices was suggested by Séead.
[10]. Since then, several researchers have repeegheral sensory nerve signals recording from
different applications [12-13]. The work of Steshal. [14] showed that it is possible to record the
electroneurogram (ENG) from cuff electrodes plaamexind the sacral roots which innervate the bladder
during bladder filling, thus causing passive bladdistensions and reflex bladder contractions @ver
long period. The bladder wall tension depends enditrusor pressure and the bladder volume. In rats
and cats, it was observed that bladder afferenteseincrease their firing frequency during passive
bladder distensions and during active bladder estions. Recently, Intraoperative ENG monitoring of
bladder fullness has been reported in humans wusifigelectrodes. However, these observations have
not yet resulted in a working device that wouldoswitically reveal bladder volumes based on ENG
recordings. Such a device would require compleraigxtraction, processing and pattern recognition.

Based on the above discussion, it is clear thaeterists a range of techniques to measure bladder
volume, each with its advantages and drawbacksalso evident that none of these techniquesifacto
in the elasticity of the bladder wall. Bladder vgadire highly viscoelastic structures producingistra
ratios of up to 70%, thus correlating well with tredume of the bladder. As a simple and sturdy weth
to measure volume change by exploiting the inherisebelasticity of the bladder, we have designed a
volume sensor based on an electroconductive asticefpouch that could be easily slipped around the
urinary bladder, as shown in Figure la. The nexti@e examines the underlying theoretical
considerations that lead to such a design.

3.Mathematical Methodology of Proposed Strain Sensors
A. Strain Sensor Basics

Strain sensors are designed to convert a mechateéalmation to an electronic signal. The strain
experienced by the sensor generally manifestd @sel change in capacitance, inductance or rasista
however, the dominant factor is resistive for pglyple coating layer exposed to humid environment
around the bladder in the body. Let us assumeeawhich is stretched within its elastic limit bgmall
amountAl, such that its new length becomealli+as shown in Figure 2a. Thus, given that thetetsd
resistance is related to the length of the setisen, the resistance of the stretched wire is gen
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| + Al

Rstretched: p A
stretched (1)

wherep and Agetched@r€ the resistively constant and cross sectioa @freesistor Rretched The iNncrease
in the resistance of the stretched wife is

|
AR = F\)stretched - IOF (2)

Figure 2. lllustration of different models for Strain Sens(@) simple strip-line, (b) and (c)
spherical shape sensor with two different probiter@s (For simplicity, the bladder is
assumed to be perfectly spherical).

(c)
The fractional change in resistance divided byftaetional change in length is called the gauge
factor G and is an indication of the sensitivitytloé strain sensor.
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G =ARR (3)
Al

Now, let us assume a half spherical shape straisose(see Figure 2b) and calculate the total
resistance standing between node A andB @R a function of volume change. For this, bydiiwy this
three dimensional resistance to tiny and diffeadntesistancesdRy,p) the total resistance can be
calculated through serial or parallel configurasiaf these resistances. Figures 2a and 2b show two
different models. As seen in these figures, thimgbhce only is in the position of nodes A andrBfact,
as seen in Figure 2b, R* is the equivalent reststafi a segment of sphere ( all segments are alyden
the same).

In other words, the total resistanceiRequal to the parallel of all R* values as shamveaquation (4).

Ry=_1 (4)

~e=n 1

*
6=0 R

R* can be divided into small elements &R* volume which only depends ap (for 0<6<n) or
OR*=8R¢. Here, R*can also calculated as the serie8Ryf. 6R, can be obtained from equation (5).

R, = p% ()
where,dl, 6x and h are the differential length and width, &mel thickness of differential segment as
shown in Figure 2b. The minimum valued#i, is obtained wher&x=5xo for 9=0. Also,x for different
values ofp are expressed by equation. 6 (see Appendix A).

X = X, [$3In(90—-¢) (6)
Therefore, by assuming r as the radius of sphesttagbe resistor, sidf)~d¢ , sin © 0)=56, 5l anddxg
are expressed by equations (7)-(8).

&, = 30 (7)
A=0pr 8
Therefore,
_ riog
R = P R DO BINE0-9)
~Pog ? R e 9)
h sin©0-¢)

It is worth to mention that the connection of witesstrain sensor at nodes A and B are not only two
dimensionless points. On other words, the cylirdrshape conductors with a diameter equalto D
result in a/2+po<ep<n/2-po (see Figure 2b). By applying the integration opmrain both sides of
equation (9):
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4=3-00 (10)
Po | S _=s6[eR,
h o S|n(90 ¢)
=5t
Therefore,
#=0-0o (11)
A )
h I, cos@) h

wherego# 0 and;(opo) is obtained from equation (12).

&(,) = 1-¢°

A _¢’0
=1+ 2~ 1-(C -4, (12)
cosg—d)o) 2

Thereforel(pg) is valid forn/2>pp>n/2-1, and it reflects a constant value for ayn this range.
Also, by substituting equation (12) in equation )(1R* can be obtained as a function @f and
consequently the total resistance of strain sessastained from equation 4 as follows.

_2p
iy [&(9,)

(13)

Through these calculations, it is obvious thatttital measured resistance cannot be a function of
radius (or the volume) of spherical shape sendoe. seme calculation can be performed on the model
shown in Figure 2c that results in a similar cosma. In fact, these calculations show the impareaof
the patterning of PPY on fabric for this applicatas shown in Figure 3.

On other words, the expansion in both width amdytle of each finite element do not allow a change
in the summation of these elements. Based on atiegassion, the only solution is to form the lomgl a
narrow strips of PPY on fabric so that the expamsibwidth can be ignored in comparing with length
expansion (G=1). The patterning of PPY on fabraypla critical role on the functionality of thisash
sensor.

B. Biomechanics of the Urinary Bladder

Like most soft tissues in the body, the urinarydidier wall is non-linear, viscoelastic and anisatrop
The collagen fibres are kinked and coiled wherblladder is relaxed and begin to stretch durinmdll
Correspondingly, the collagen fibres allow for higfinain, which means that the urinary bladder can
cater for a volume of up to 11 times its restinguute. While extensive urodynamic studies involving
pressure changes during filling and voiding havenbeidely reported in the literature, less attemtias
been paid to the stress-strain relationships otitivary bladder. To fill this void, Korkmaz and @p
[10] used previous data in urodynamics to derivesststrain relationships of the urinary bladdetesn
various conditions. In all the results reportee, tlon-linear character of soft biological tissuesifests
itself. During filling, the stress first increasglgghtly, and then rises extremely towards the enhthe
filling process. This behaviour of the urinary dad is caused by the stiff collagen fibres whicé ar
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increasingly stretched as the strain is increaded.to the higher pressure difference during fijlthe
stress is always larger for the first case tharifersecond case. Based on the above conditionsetwe
forth the following design requirements for the pweed strain sensor:

Figure 3. lllustration of different models for Strain Sensath strip-line model.

C. Minimum Design Requirements for Bladder Volume Sensor

1. A non-linear viscoelastic fabric with a Young®dulus equal or greater than that of bladderéissu
(as seen in result section)

2. High gauge factor and low threshold volumeseaiédtion (G1)

3. Biocompatible and non-cytotoxic. ( PPY is biogatible)

4. Easily implanted surgically with minimal sutu@ased on explanation in Fabrication section).

The ensuing sections detail the fabrication ofsmirsor that meets the above requirements, assvell a
its mechanical and electrical characterizationiandtro results on phantom bladders.

4. Fabrication and Characterization of Sensor
In this section, the experimental procedures asdlt®are described and demonstrated in the support
of discussed issues throughout the paper.

4.1. Polypyrrole deposition

Two methods of fabrication were carried out. Infir& method, a semi-circular pouch was cut out of
commercially-available nylon hosiery. The fabricsnsnaked overnight in ethanol to remove residual
dyes and other impurities. The dried fabric wastfiest soaked in a solution of 0.1 M lithium
percholarate which serves as oxidising agent aeduater-ion. The fabric was then exposed to a
solution of pyrrole monomer in deionised water &ftl for an hour to polymerize and permeate the
fabric. In a second method, the polypyrrole wasodépd through vapour phase polymerization: The
polymer fabric (strips and pouches) was first sdakea solution of ferric chloride and air-driedaibow
for impregnation. Thereafter, a solution of pyrralas placed in a closer vessel to which this falvaes
suspended and placed in a thermostat ¥ @dd left overnight to allow the pyrrole vapoup&rmeate
the fabric and react with the impregnated oxidizaggnts to form polypyrrole. For this paper, we use
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vapour-phase polymerization as it produced a marumly coated polypyrrole fabric that remains
stable over many stress- strain cycles (Figurélg.patterning of ppy on fabric can be easily pratd
through digital dispensing system or direct-wréehnique [15]. For this purpose, the pre-prepamd p
is extruded from a micronozzle in the desired ttajey using a robot (R&J Inc.) to carry the syriragel
nozzle.

4.2. Tensile Properties of Strain Sensor

The uniaxial strain properties of the fabric weestéd as described below. A 10x2 cm strip of
Ppy-coated fabric was cut with the ends rolled mgjdivo nails and suspended into the sample holder.
Bionix X Mechanical Analyzer was used to measueestinain properties of the polymer as a function of
stress. The fabric was analyzed in the strain metda strain rate of 100 mm/min. The resulting
stress-strain curve of the fabric is shown in Fegbir From this Figure, we notice the same non-tinea
curve characteristic of the bladder walls as indhge of the fabric. The calculated value of thangs
modulus is 25, comparable to that of the bladddk. wa

4.3. In-Vitro Testing of Srain Sensor on Bladder VVolume

To measure the electrical properties of strain @sna rubber balloon was transfixed on to a stand
leaving the aperture free for water intake. Strgpspolypyrrole-coated fabric were glued onto an
insulating layer of the same fabric, which was di>xato the balloon wall. The ends of the fabricaver
attached to a Fluke 189 Multimeter for recordingddured volumes of water were gradually added to
the balloon and a change in resistance of the dalds noted as the balloon walls stiffened and
expanded. The measurement approximately showsearliesistance response was produced in the
40-100 ml range (see Figure 6). Since the urindagdder walls are highly elastic structures with an
elastic modulus, it is appropriate that a straimsse to measure bladder volume be at least agoedest
was demonstrated in the case of the PPY-coatecdh fighoic.

Specifically, the strain sensor produced a linemponse and sensitivity in at 100-300 ml which
corresponds to the range at which the normal niiciorreflex takes place. Different fabrication
techniques and chemical modifications of the semse carried out to optimise the strain sensor for
stability, sensitivity, conductivity and reversibfl The thin bladder strips produce an equivalent
response regardless of their location for as Iathair fibres are aligned vertically along the lwahe
use of a conductive pouch resolves the conundruptacing the sensor at the right place. The pouch
design is such that it fits snugly over the bladdi&h minimal or no surgical sutures.
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Figure 4. SEM images of (a) plain nylon fabric vs. same, (bdifpolypyrrole-coated.
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Figure 6. Resistance vs. Strain in Polypyrrole-Coated Stsansor.
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5. Discussion and Future Work

In this section, the practical considerations rduoay the sensor and further in-vivo issues are
discussed.

5.1. In-vivo consecrations

The urinary bladder is a highly sophisticated orgigth an intricate control and feedback mechanism
through an extensive network of efferent and affeqgathways modulating the movement of the
bladder. While urinary implants have effectivelyatlewith the stimulation aspect, little attentioash
been drawn to devices that can substitute sensedbfick and alert the patient to the appropriate to
micturate. Measurements of volume are criticakstare voluntary control of the bladder. The method
proposed in this paper exploits the unique visdelasoperties of the bladder walls. The urinargdaer
is a highly elastic structure able to accommodatdaueleven times its rest volume. So, while the
pressure of the bladder walls changes very litlle,strain response of the bladder walls would be a
reliable indicator of urine volume. This is the enlging reason for designing a sensor that would be
both elastic and responsive to volume change.

As already mentioned, the Interrogation or reading of the sensor can be carried out in two
different ways. In the first instance, an implamatircuit can provide continuous resistance oot
a given input voltage. This resistance readingtban be transmitted wirelessly to a wearable displa
positioned just outside the body. Alternativelythé resistance of the strain sensor can be suiasian
decreased through chemical modificatior, tbsistance of the strain sensor could then beragated
passively through a resonance circuit located detshe body. This would obviate the need for
implanted circuits and batteries.

5.2. Strain sensor practical issues

Conducting polymers widely used as sensors, actaiod super-capacitors are inherently rigid.
Only recently, with the advent of so-called weagaénsors and electronic textiles has the notion of
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conductive fabric come to light. While PPY-coatatiric been studied for wearable strain gauges, the
implantable applications have yet to be studieds Work represents, to the best of our knowledge, a
innovation in implantable devices for this partanutlinical need. The mechanical properties in Fedu
show that a non-linear profile stress-strain witbdmus of elasticity up to comparable to that & th
bladder wall. The fabrication technique is key comgnt to optimizing the properties of the strain
sensor. Strain sensors rely on conductivity, setsit stability and reproducibility. We used astiard
solution phase polymerization and vapour phasenpedization. The differential behaviour of these two
is shown in Figure 5. The images of the fabric (Sgere 4) show a clear impregnation within indivadi
fibres, thus attesting to the stability of the &blet another advantage of this technique isrtherent
nature of a dysfunctional bladder. Unlike healthgdders that become nearly spherical when full,
dysfunctional bladders are irregularly-shaped. ristsensor that accommodates the shape of the
bladder, such as the polypyrrole sensor, offelea @dvantage over traditional rigid sensors.

As would be expected, the solution-phase polymiozgroduced a thick and non-uniform layer as
compared to that obtained through vapour-phasenparigation. While still wet, both fabric strain
showed resistance values of 6-X0. HHowever, when dry, the resistance of the sammuleeased 5-fold
and after a few days did not produce any changesistance on stretching. The explanation coulasbe
follows: water acts as a percolating medium betweenpolypyrrole-coated fabrics and enhances the
conductivity between them. When dried, the fabright create disconnected domains without any
percolating medium between them. On the other haolgpyrrole vapour has a higher permeability in
the fabric and produces thinner and more stablecantinuous films.

In designing the optimal shape of the strain sengeffirst used thin strip of 10 cm x 3 cm. However
the strain response remained the same as longvas vertically placed and the fibre alignment glon
the walls of the phantom bladder. Thus, we pro@opeuch configuration. There exists an opening on
top of the bladder between the urethral tubes wivotld allow for easy slipping of the semi-circular
pouch with minimal or no surgical sutures. As aifatwork, to develop a fully functioning system, we
propose to fabricate an interface chip as shoviigare 1c, followed by in-vivo testing of the intaged
system.

6. Conclusions

This paper demonstrated the viability of using Btteoconductive polymer fabric to measure the
volume of a phantom bladder. The polypyrrole-coatgldn fabric is both electrically conductive and
highly elastic, akin to bladder tissues. A revidwpevious techniques points to their limitatioGrtain
parameters are either insensitive to bladder volusneh as pressure, too invasive and subject to
movement such as electrochemical impedance andreésguechanical displacement of an external
acoustic transducer to obtain the range of interatedolumes.

Appendix A

Based on Figure 7, the following equations candyevdd.
% = % = Sin(g'@)
r o
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"r—o = sin(@0- ¢)

By combining both equations, the following equateam be expressed.
X = 0X, [3in(90—¢)

Figure 7: An lllustration for supporting the calatibns.
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