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RESUME

L'objectif de ce memoire est de comprendre Ie concept de la stimulation neurale

ainsi que de concevoir et fabriquer une prothese urinaire anti-incontinence. L'Amerique du

Nord compte a elle seule 2 millions de gens qui souffrent d'incontinence et chaque annee

50'QOO personnes s'ajoutent a ce nombre. II existe differentes raisons qui font que quelqu'un

developpe 1'incontinence, entre autres: les anormalites congenitales et les tumeurs dans la

colonne vertebrale ou dans Ie systeme nerveux.

Ce memoire est divisee en trois parties. La premiere partie constitue un survol de

1'anatomie et de la fonction du systeme nerveux, ainsi qu'une explication de la stimulation

electrique et particulierement la stimulation de la vessie. Les formes d'ondes des impulsions,

la theorie de 1'injection de charge et la selection des cites de stimulation sont traitees dans la

stimulation electrique. Le contenu de cette partie est un pas essentiel vers la conception de la

prothese.

La deuxieme partie decrit la prothese urinaire au complet ainsi que Ie

microprocesseur dedie qui a ete con?u, ICBSHURI. La prothese complete est formee de trois

elements: deux modules externes et un module implante chirurgicalement. Une des deux unites

externes sera utilisee par Ie medecin traitant et 1'autre par Ie patient. Le medecin aura la

possibilite de programmer les parametres de stimulation (frequence, duree, amplitude et

selection de 1'electrode actif) dans la memoire principale de 1'implant; il peut creer des

impulsions aleatoires, autour d'une frequence centrale, ou periodique. En plus, il a la

possibilite de lire Ie contenu de la memoire principale, pour verifler les parametres deja

programmes et Ie niveau de tension de la pile d'alimentation de 1'implant. Le patient quant a

lui avec son unite peut seulement faire cesser les stimulations, ce qui fait relaxer la vessie et

permet de vider celle-ci pour ensuite redemarrer leur envoie.

La derniere partie montre Ie fonctionnement du circuit hybride sur lequel est place

Ie microprocesseur ICBSHURI et explique les differents circuits utilises.



ABSTRACT

The aim of this thesis is to understand the physiological explanations behind the

neural stimulation as well as the design and fabrication of a urinary incoatinence prosthesis.

There are about 2 million people only in north America, who are suffering from incontinence

and every year about 50000 people are added to that number. There are different causes to the

incontinence problem, such as: congenital abnormalities of the spine and tumors in the spine

or in the central nervous system.

This research work is divided into three main components. The first part explains

the anatomy and functions of the nervous system as well as the electrical stimulation in

general and in particular the stimulation of the bladder, spanning from the form of the stimuli

waveforms over to the charge injection theory throughout the choice of stimulation sites. The

content of this part is an essential step to take out the design of the prosthesis.

The second part explains the whole system of the urinary incontinence prosthesis

as well as the full custom ICBSHURI microprocessor chip. The whole prosthesis is composed

of three main parts: two external control devices and a surgically implanted part. One of the

external units is for the treating physician and the other for the patient. The physician has the

possibilities to program the stimulating parameters (frequency, duration, amplitude and choice

of active electrode) into the main memory, he can choose between random pulses around a

central frequency and a periodic stimuli. He also has the possibility to read out the main

memory content, to check the stored parameters and the implanted lithium cell level. The

patient, with his unit, has only the possibility to stop the stimulation which results in the

relaxation of the bladder thus emptying it and then to resume sending pulses.

The last part explains the hybrid circuit, which is carrying the microprocessor chip

and different circuits needed for the functioning of the prosthesis.
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CHAPTER 1

1. INTRODUCTION

The aim of this research is to develop a urinary incontinence stimulator, which

will be implanted in the human body. The technique of the implementation of this prosthesis is

called Applied Neural Control (ANC). ANC is a technology based on the electrical excitability

of neural tissues.

The bladder is a hollow muscular sac, shaped like a balloon. The urine is flowing

into the bladder through the ureters and is leaving it through the urethra. The urethra's duty

is to store and evacuate the urine at socially convenient intervals. During urination, the

bladder is decreasing its volume equally on all sides, so that it is emptying itself completely.

The bladder can store on average about 300 to 500ml urine. Intentional it is even possible to

store up to 750ml urine.

Now there are people whose urinary system does not function correctly anymore

because of one of the following diseases: diabetes, Parkinson, congenital abnormalities of the

spine, tumors of the spine or the central nervous system, multiple sclerosis, stroke, etc. ...[!].

There are about one million people suffering from urinary dysfunction in the United States.

About half of them have spinal cord injuries and an estimated 50000 additional patients per

year will sustain injury to the spinal cord [2]. Urinary incontinence, one of the bladder

dysfunction, can be divided into three categories; urge incontinence, stress incontinence and

mixed stress and urge incontinence. Urge incontinence can be defined as loss of urine with an

abrupt and strong desire to empty the bladder. Stress incontinence is caused because the
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urethral sphincter fails to close correctly the bladder. Mixed stress and urge incontinence

means that both problems are present.

There are different possible solutions for people having bladder dysfunction.

There is the behavioral treatment, which consists to retrain the bladder and sphincter muscle

to get them back under control. Another treating category is the medication. In some cases

incontinence can be treated by prescribing medicine. Surgery is used only when the problem of

incontinence is persisting even after trying other treating procedures.

Neural stimulation, the target of this study, has been studied since the nineteenth

century. Today the field of neurostimulator application is growing fast. The most commonly

known stimulator is the pacemaker, implanted already in thousands of people all over the

world. Other stimulators are: cochlear prosthesis, prothesis for the blind people, artificial

respiration prosthesis, functional neuromuscular stimulator, prosthesis to neutralize chronic

pain, the prosthesis for the treatment of people having urinary incontinence and so on.

Electrical stimulation for the correction of urinary incontinence in humans was

first introduced by Caldwel in 1963. After that a lot of research was done by different

researchers. There are three different classes of incontinence stimulators: neurostimulator,

sphincter stimulator and plug (vaginal or anal) stimulator. Today the most promising way is to

use neurostimulators [1,2]. A lot of research has been done to determine, which nerves are

controlling the bladder and where are the best locations to inject the stimuli. Most research

nowadays is devoted to the sacral root stimulation [1,2].

A prosthesis which allows patients to regain control of the urinary flow,

significantly improves the quality of life to these people.
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In this work a stimulator is developped, which can be employed for all kinds of

incontinence. Some stimulators can only be used for stress or urge incontinence. This

stimulator is endowed with an unprecedented flexibility. It can be completely programmed

from the outside of the body through an inductive link, it has a low power consumption, it can

generate a random stimuli pulse train, it can inform about the voltage level of the implanted

lithium cell, which is providing power to the implant, and many other features, After

programming the chip the physician has also the possibility to verify the memory content.

During normal operation the stimulator is sending electrical pulses to the

stimulation site, where active electrodes are implanted. These pulses, injected into the nerve

permits to control the sphincter muscle, resulting in the contraction of the muscle thus the

urine is blocked in. the bladder. The patient has a small unit to stop sending the pulses and

then relaxing the sphincter muscle to empty his bladder. After emptying the bladder the

stimulator will resume sending the pulses. To avoid getting used to a fixed stimulating pattern

the physician can program the prosthesis to generate random pulses.
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2. PHYSIOLOGICAL EXPLANATION OF NEURAL STIMULATION

2.1 Introduction

Nowadays a lot of research is done regarding the possibilities on how to

stimulate parts of the body, which are not controllable anymore, in order to get (full

or partly) back its functions. There are different causes to lose control of one or

several parts of the body: multiple sclerosis, stroke, tumors in the spine or in the

central nervous system, congenital abnormalities of the spine, diabetes, parkinson, ... .

The most promising way to get back control is the electrical stimulation of the

corresponding area in the nervous system (Applied Neural Control, ANC). The applied

neural control is based on the electrical excitability phenomenon of neural tissue. It

has its roots in the technology developed for neural prostheses. That technology

evolved from efforts to restore to certain handicapped people the ability to explore the

world [3-5].

In this chapter we will first discuss, the basic principle of the neurons and

the nervous system, further the function of the bladder and finally the base of the

electric stimulation. In this last section the aspects of electric stimulation, from stimuli

transmission mechanisms in a neuron to the choices of electrodes, will be

discussed [6-8].
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2.2 The tasks of the nervous system

The nervous system is one of the most important systems of the human

body. Its main task consists of regulating nearly every bodily function. The

pulsation, the body temperature, the control of the bladder are just a few examples of

the tasks of this complex system. The nervous system is not only regulating, but also

commanding parts of our body, as giving commands to our muscles to move our

body or parts of it. Another important task is to react to events happening around us,

To do all those tasks our nervous system has different senses (hearing, touching,

smelling, seeing, ...) to perceive the environment. It has also the capability to store

information, to be able to react fast and correct, due to experiences happened in the

past, which are for such cases memorized. We can divide the reactions into two

groups. The first one are reactions that occur without thinking (complex treatment of

information). Everybody touched already something hot with its hand. The reaction

was immediate, without hesitation the hand was drawn back from the source of heat.

The second group consists of reactions after intensive evaluation and interpretation

of the incoming information from our senses. We can put in this category for instance

reactions to fear, anger, joy, sorrow, ... . These reactions are different from an

individual to another, depending on personal experiences as living conditions, social

environment, ... . Our personality, which among other things decides how to react, is

part of this system.

2.3 The neurons

There are two distinct classes of cells in the nervous system: nerve cells (or

neurons) and glial cells (or glia).
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A typical neuron consists of four important parts: the cell body, the

dendrites, the axon and the presynaptic

terminals (see Figure 2.1). The cell body is

the metabolic center of the neuron. The

work of the dendrites is to receive

information from other neurons, organs,

sensors, ... and send it to the cell body.

This process is also called afferent process.

From the axons the information is sent via

the cell body to the terminals, the efferent

process. The terminal is the transmitter of

the neuron to other neurons, muscles,

organs, ... .

Depending on the information

flow inside a neuron, we can divide the

neurons into three main categories: sensory

neurons, motor neurons and interneurons.

The sensory neuron sends

information from the periphery to the

central nervous system (afferent process).

A typical sensory neuron is the bipolar cell.

Named like that because two processes are

taking place in the neuron. The first is the

peripheral process or dendrite, receiving unit, the second is the central process or

axon, sending unit. The sensory cells of spinal ganglia, which are carrying

information about touch, pressure and pain are examples of bipolar cells.

Figure 2.1 A typical structure of a neuron [6]
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The motor neuron sends information from the central nervous system to a

place, where an action has to be carried out (efferent process). Stretch or bend a

muscle (e.g. contraction of the bladder sphincter), activation of a gland, and so on

are examples for efferent neurons. A typical motor neuron is the multipolar cell. This

cell is called multipolar because it has different dendrites, which are connected to the

cell body. A typical example is the spinal motor neuron, whose dendrites are

moderate in both number and extent, having about lO'OOO contacts (2'000 on the cell

body and S'OOO on the dendrites) [6].

The interneuron can only be found in the central nervous system. It is

processing information locally or relaying information over big distances (e.g. from

one brain region to another). The axon length is the distinction between the two

neurons functions. Interneurons with long axons are relying information over big

distances whereas interneurons with short axons are processing information locally.

Nerve cell bodies and axons are surrounded by glial cells. The exact

function of glial cells is not known, most probably they are not essential for

processing information. Nevertheless they have other functions like, supporting

elements, insulating groups of neurons, removing debris after injury or neuronal

death, ... . The glial cell can be divided into two types, the oligodedrocyte in the

central nervous system and the related Schwaim cell in the peripheral nervous system.
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2.4 Transmission of pulses

2.4.1 Fonnatioji_of the pulses

There are different possibilities for the formation of pulses inside a neuron.

A pulse can be initiated by heat, pressure, ... (sensory neuron) or by the central

nervous system (motor neuron). It is also possible, through applying an external

electrical source, to inject a pulse into a neuron. The transmission of the pulse

happens through the electrical field built up by the electrical source. The electrical

field moves ions from one side of the membrane to the other, so that an electrical

tension different than the resting potential is resulting. This phenomena is called

electrical excitability of the nerve.

An action potential is initiated, once the threshold of the integrative

component has been exceeded. Not all neurons have the same threshold level. In

Transduction
site

Spika-generating Myalinated (• ^-} ^ Cell body

Sensory neuron y Synaptfe
terminal

A Receptor (or synaplic) B Integralive action C Action potential D Output signal
potential

n_j

Amplitude
of stretch

20
0

-20

-*Q

-60

-80
Duration

-4

(transmitter release

0 5 10 0 5 , 10 0 5 10

Time (seconds)

Figure 2.2 Pulse inside a neuron [ 6 ]
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comparison to the input signal (receptor potential or synaptic potential), which is

graded, the action potential follows the law all-or-nothing. That means a stimuli

above the threshold potential will form a signal, whereas a signal below threshold

will not form a signal. All signals are similar. The only difference is the frequency of

the signal. Higher frequency results in a stronger intensity of the sensation. The

duration of the sensation is determined by the time the action potential is applied.

Feature

Amplitude

Duration

Summation

Signal

Propagation

Receptor potential

Small (0.1-lOmV)

Brief (5-lOOms)

Graded

Hyperpolarizing or

depolarizlng

Passive

Synaptic potential

Small (0.1-lOmV)

Brief to long (5ms-20min)

Graded

Hyperpolarizing or

depolarizing

Passive

Action potential

Large (70-llOmV)

Brief (1-lOms)

All-or-none

Depolarizing

Active

Table 2.1 Features ofreceptor, synaptic and action potential [6]

Terminal branches of an axon are often associated with dendrites of a

number of other neurons and each so contacted neuron can again have other

associated neurons. So, an excitation can be spread to a net of neurons. It is highly

probable that one neuron receives from different other neurons a stimuli, so that, if

the stimuli in a neuron was weak and below threshold, the combination of all

excitations will lead to the initiation of an action potential.
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2.4.2 Tr an smissi o n of a. pulse inside a neuron

The idle neurons, like other cells of the body, have a resting potential

across their membrane of about 65mV. The outside of the membraae has been defined

as 0 V. The potential inside the membrane is negative in comparison with its outside,

therefore the resting potential is -65mV [6-8]. The potential results of an unequal

distribution of potassium (K+), sodium (Na+), chlorine (Cl~) and other organic ions

across the membrane of the cell. This unequal distribution of the ions is maintained

through a metabolic driven pump (sodium-potassium pump).

An incoming stimuli will depolarize the resting cell. This will result in a

rapid influx of sodium ions. The rapid influx of sodium ions results in a greater

permeability to the sodium ions. More sodium ions causes further depolarization.

This cycle is called Hodkhi cycle. This cycle has its equilibrium for sodium ions at

65mV (positive). But because the voltage sensitive permeability change of sodium

ions is transient, the equilibrium is limited at 25mV (positive) for the action

potential. As soon as the action potential is becoming 25mV, the membrane becomes

almost totally impermeable to sodium ions, potassium ions diffuse out of the cell and

the resting potential is re-established as sodium ions are pumped out and potassium

ions return inside.

The action potential is followed by a short period of refractoriness. This

period can be divided into two phases: the absolute refractory period and the relative

refractory period. The absolute refractory period is immediately following the action

potential. During this time it is impossible to excite the neuron, no matter how the

properties of the stimuli are. Directly after the absolute refractory period, the

relative one is following. During this time an action potential can be injected only by

10
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applying a stronger stimulus, as needed to cross the threshold limit. These periods of

refractoriness, which last only a few milliseconds, are caused by the residual

inactivation of sodium channels and opening of potassium channels.

These characteristics for the electrical nerve stimulation results in the

following requirements: The stimuli must be stronger than the threshold, the maximal

frequency is limited by the refractory time (around 400Hz [5,9]) and if the frequency

is increasing, the strength of the stimuli has to be increased as well.

The transmission of a pulse inside a myelinated axon is shown in figure 2.3.

Most of the ions are passing through the node of Ranvier. Only a few ions are passing

4 < * *

Internode

•Node of Ranvier Myelin

z MT Xz: xr x
-0

i.i
3 a?

Q
a.

w ^-

sl1^
E-^

X: 7~K: 7^: TV -7

Node of
Ranvier

Inlernode

Distance along axon

Figure 2.3 Transmission of a pulse in an axon [6]
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through the myelin sheath. In comparison with the myelinated axon the unmyelinated

axon propagates a pulse through the Hodkin cycle. The depolarization at one point

results in a flow of electrons. This current results in a depolarization at another point

and so on,

2.4.3 Analytical model of the nerve membrane

Different analytical models for nerve membrane have been developed.

Those models can be classified into three groups; the analytical models for the giant

axon of the squid [5,10,11,12], the amphibian myelinated nerve [5,12,13,14] and the

mammalian myelinated nerve [5,12,15,16]. Those models help to predict the behavior

of warm-blooded axons, when excited by arbitrary and time varying applied electrical

fields. In this text we will consider four models: the Hodgkin-Huxley (HH), the

Frankenhaeuser-Huxley (FH), the Chiu-Ritchie-Rogert-Staff-Stagg (CRRSS) and the

Schwarz-Eikhof (SE). The HH and FH models are the classical models in comparison

with the CRRSS and SE ones. The HH model was derived from experiments at 6.3°C.

It was shown both experimentally and by simulating that higher temperatures cause

shorter action potentials (AP's) with smaller amplitudes, because the gating

mechanism reacts more quickly. It is not possible to simulate mammalian axons at

37°C with the HH model with Qio=3 (QIO ls th® acceleration factor for a

temperature increase of 10°K) [12]. By using the spatial model, it turns out that AP's

will not propagate for temperatures higher than 31°C. Nevertheless the HH model is

adequate to simulate the electrically stimulated acoustic nerve [5], The FH model was

the most frequently used model to simulate the electrically stimulated fiber.

Unfortunately, the main paper published in 1964 by Frankenhaeuser and Huxley does

12
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not take into account the temperature dependence of the gating variables [13].

Although there is a corrected FH model, not all problems can be solved by using this

model [12]. Fortunately most analyses are concerned with the threshold behavior of

single impulses. Good agreement in current-distance relations with threshold

experiments performed with monopolar electrodes on mammalian axons have been

reported for the FH model. However it is important to include the temperature

dependence of the gating variables when simulating with the FH model suprathreshold

excitation and blockage or firing sequence in time. The CRRSS model describes the

sodium and leakage membrane currents in mammalian myelinated fibers. This model

has the shortest refractory period. Besides the HH and FH models, the SE data are

the most frequently used for modeling medical applications of functional

electrostimulation. This model is of special interest for medical applications because

most data were measured at 20°C and 37°C. An electrical equivalent circuit of the

nerve membrane is shown in figure 2.4.

outside

a

WV\/ inside ^A/W

Figure 2.4 Electrical equivalent circuit of the nerve membrane [5]
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The capacitor C^ is the membrane capacitor («lp,F/cm'!-[6]). Ej^ and E]^^

are the driving potentials for the potassium and sodium currents and are given by the

Nernst potential. The membrane conductaaces, g^ and gNa' ar-e varla-ble, while g^,

the leakage conductance, is constant. The transmembrane potential is Vj^. The

internal resistance of the axon is given by R^. The voltage of any ion potential is

calculated using the Nernst equation. Here is an example for the calculation of the

sodium potential [6] (table 2.3 explains the meaning of all parameters used in the

following equations):

RT, M»
EK=^W[, (2"1)

Following are the main equations valid for all of the four models [5,12]:

^=[-(^,+A>+^ (2-2)

n=[-(a,+^)n+a^}k (2-3)

h=[-(a,+ft,)h+a,]k (2-4)

p=[-(a^P,)p+a,\k (2-5)

k = Q^-T'W (2-6)

To include the temperature dependence we have to multiply equation 2.2 with

>7710-29.3 _„ .__..„ ^ ._ ^ ^ ..,.,_ r. _ ^T/10-29.3:i = [.y" *""' and equations 2.3 to 2.5 with k^ = ;yu-*""' [12].

The next expressions are the main equations for the HH model [5,10,11,12]:

dV
dt +t,o.,c=isi (2-7)
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y-\-S^h(V-V^-g^n\V-V,)-g,(V-V,)+i,}lc (2-8)

Those of the FH model are [5,12,13,14]:

y = (~iNa - IK - fP - IL + lst)l c (2-9)

^EF2[Na],-[Na],eEF/RT
'», = P^h"^ L""^_L^'; — (2-10)

,.EF2[K],-[K],eB'">T
IK = V -Jrf — ^^EFIRTIK = ^Kn nm i\EFfRT (2-u)

_,EF^Na^-[Na},etFlm
Ip = fpP ~Q^~ \ ^EFIRT ^2

^=^0^) (2-13)

E^V+Vrest (2-14)

And that of the CRRSS model is [12,16]:

V=[-g^h(y-V^-g,{V-V^i^lc (2-15)

Finally, the main equations for the SE model are [12,15]:

V=(-^a-^-lL+^t)^ (2-16)

,,EF2[Na},-[Na],ea"KT
iNa = PNanth~^T —^ _ ^EFIRT — (2-17)

,EFl[K^-{K\eEFIKT
IK = rKn~ ~w i-^/7yIK = ^Kn nm i\EF/KT (2-18)

h^SL^-VL) (2-19)

E=V+V^ (2-20)
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Table 2.2 summarizes the equations and values needed for the calculation

of the four models.

a»

A

ff,

A

fff,

A

^

ftp

vj^ny}

^.M
V^mV\
y.[»v\

^[AQ-cm-2]

g^KT'cm"}

g,[kCl-lcm-1}

C^UF/CTB2}

no-imy}

m(0)

71(0)

h(0)

P(0)
r«

flo(°»)

a»(A)

&.("„)

&o(A)

Q»W
e,o(A)

HH-model
zs-ow

oxp(2.5-0.y)-l

44^)
i-ow

10(exp(l-O.UQ-D

0.25=415-)

O.OTc^)

I
cxp(3-O.UQ+l

-70

us

-12

10.6

120

36

0.3

I

0

0.05

0.32

0.6

6.3°C

3

3

3

3

3

3

FH-model
036(^-22)

^W)
0.4<13-tQ

77^3}
l-ex<-^

0.02(^-35)
"35^

l-»p^_

0,05(10-n
'V-IQ>

l-ocpl-ir

01(^+10)
F+101

l-ex<-T

43
45-^'

I+cxpl-7o-

0.006(^-40)
.J'40-^

l-CXI<-[o-

0.09(^+25)
'^+25^

l-c^-^
.70

0.026

30.3

2

0

0.0005

0.0268

0.8249

0.0049

293.15°K=20°C

1.8

1.7

3.2

2.8

2.8

2.9

CRRSS-model
97+0363),'

FiT^
l+cxplr-53-

°«

V-Z3.^
-^r

A.

1̂5.6
r24-f^

l.«p^-

-80

115

-0.01

1445

128

2.5

0

0.003

0.75

37°C

3

3

3

3

3

3

SE-model
Wy-ZSAl)

/2&4l-^'
x-ex^T

357(21 -V)
S. v-z\\

l-expl-94T

U3(V-3S)

^<¥)
Oi32(10-^)

'Fr-l01
l-expl-10~

055(^+27.74)
'i^+27.74'

l-expl-^T

22.6

.J^-y\l+explrizT

.78

0

86

2.8

0

0.0077

0.0267

0.76

310.15°K=37°C

2.2

2.2

3

3

2.9

2.9

Table 2.2 Equations and values needed for the calculation of the main equations

of the four models [12] (continued on next page)
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P,,.[cm I s\

Pt[ cm I s\

P\cm I s}

[Na],[mmole I 7]

[Na}[mmolell]

[K}^nmotell\

[K[[mmole/l\

HH-model FH-model
0.008

0.0012

0.00054

114.5

13.7

2.5

120

CRRSS-model SE-model
0.00328

0.000134

154

8.71

5.9

155

Table 2.2 Equations and values needed for the calculation of the main

equations of the four models [12] (continued)

Find following the legend of the equations 2-1 to 2-20 and the table 2.2:

E
T,TO
F

am'an.ah'ap

k

c

lst

-v.vn~

VNa'VK.VL

ww
[K]i,[K]o

voltage
temperature, lab. temperature

Faraday constant 96485[C/mole]

codBcients in membrane models

temperature coefBcient

capacitance of cell membrane per cm''

stunulating current density

reduced voltage (of the nth segment)
across the membrane measured in mV

voltages across the membrane, caused
by different ionic (sodium, potassium,
UDSpecific) concentrations at the inside
and the outside of the fiber in mV
ionic permeabilities

potassium concentration, inside and
outside of a fiber

R
z
mAh-.P

Pm'Mh'Pp
QIO

liomic

lNa'lK'lL'lP

SNa'SK'SL

vr^

[Na],,[Na]o

Gas constant 8314.4 [mJ/KAnole]
the valence

probability for an iooic membrane gating
process
coefBcients m memhrane models

acceleration factor for a temperature
increase of 10°
ionic current density passing through the
membrane
sodium, potassimn, leakage and
unspecific cuirent densities
maximum conductance of sodium,

potassium and leakage per cm2
resting voltage across the membraae in
mV

sodium concentration, inside and outside
of a fiber

Table 2.3 Legend of the equations 2-1 to 2-20 and the table 2.2

Figure 2.5 represents the local model response to all of the four models at

37°C. In all cases, the QIQ'S °f the table 2.2 are used, but the HH model is

calculated with k=12. Note, in the case of the HH model, the delay of the AP and the

scale for the currents differs from the other models. The employed stimulation
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current pulses are 100{j,s wide and 20% above threshold (HH: 118(iA/cm2, FH:

890^A/cm2, CRRSS: 2050nA/cm2, SE: 2625nA/cm2).

0,8 0 'I'lME 0.8 0

Figure 2.5 Local models responses at 37°C [12]

2.4.4 S tr e nst h - Duration relationship

The amplitude of the stimulus required to initiate an action potential is

greater for pulses of shorter duration. The relationship between stimulus amplitude

and the duration of the pulse has been studied extensively. The experimentally

derived data can be fitted to a mathematical expression of the following form [5];

I.
7.=——A-Lth~ l-exp(-PD/-r)

(2-21)

Where IR is the rheobase current, PD is the pulse duration, and T is a time

constant of the excited neuron or axon. Taking into consideration the
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equation (2-21), one can easily choose a particular stimulus amplitude or pulse

duration. If current is to be minimized, then one should employ long duration pulses.

Sometimes it is desired to minimize the charge per phase. To calculate the charge per

phase, the equation (2-21) has to be multiplied with pulse duration as follows [5].

(PD)I^
Q»= l-exp(-PD/T)

(2-22)

According to equation (2-22) we can say that, if PD becomes very large,

Qth approaches an asymptote that increases linear with pulse duration. At very short

pulse widths, Q^h approaches an asymptote that has a constant value TIR. A pulse

duration of 50 to lOOp-s is appropriate for exciting the myelinated axons encountered

in many neuroprosthetic applications.

The figure 2.6 shows the amplitude 1^ °f the stimulus or current required

to initiate an action potential. The chronaxie, t^, is defined as the pulse duration at a

stimulus amplitude that is twice the rheobase current IR.

c Pulse Duration

Figure 2.6 Strength-Duration curve [ 5 ]
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2.4.5 Transmission of a pulse between neurons

This transmission is also called synaptic transmission. It describes how a

signal is transported from one neuron to another. The distance between the sending

point of a neuron and the receiving one, is only a few hundred A (see figure 2.7).

There are two types of synaptic transmission: electrical and chemical.

Axodendrittc

Spine
synapse

Shaft
synapse

Axosomatic

g_^^Type^—

Type

Type II

Figure 2.7 Thesynapse [6]
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Round
synaptic

Prominent vesicles
presynaptic
dense projections.

Dense basement.
membrane

Type II

Flattened
synaptic
vesicles

Modest basement
membrane

Small active
zone

Wide synaptic
cieft

Dendrite
Postsynaptic
density

Less obvious
dense projections

Narrow synaptic
-cleft

Postsynaptic
density

^j- Dendrite

Electrical transmission is mediated by the direct flow of current from the

presynaptic to the postsynaptic neuron through gap junctions. The electrical
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transmission is faster than the chemical one. Groups of cells with electrical synapses

can fire together when their collective threshold is reached.

The transmitters can be small molecules or peptides. These transmitters are

located in vesicles and from there they are released by fusion with the surface

membrane, a process called exocytosis. Release of transmitter corresponds in the

electrical convention as the output signal. The amount of released transmitter

corresponds with the frequency of the action potential.

2.5 The nervous system

2.5.1 Overview

The nervous system consists of two major parts: the central nervous system and

the peripheral nerves or spinal nerves. The central nervous system can be further divided

into the brain and the spinal cord.

The central nervous system is organized along two major axes: a longitudinal

rostral-to-caudal axis and a dorsal-to-ventral axis. Rostral means toward the head (more

specific to the nose), caudal toward the coccyx (tail), dorsal toward the back and ventral

toward the belly,
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2.5.2 The brain

The brain is composed of five major components: the medulla, the pons and the

cerebellum, the midbrain, the diencephalon (thalamus and hypothalamus) or between-brain,

and the cerebral hemispheres. Each part has its specific functions. Figure 2.8 represents the

brain.

Corpus callosum

Central suteus

-Parietalloba

Frontal lobo

Thalamus and,
hypowaiamus
(dlencBphal'on)

Parifitat-occipKai
sulcag

"T-Midbrain
Optic chiasm-

:Pittiitary gtand /. ^ Kws-W^'Q^M

Spinal cord

Figure 2.8 The brain [6]

The medulla is the direct rostral extension of the spinal cord and resembles to the

spinal cord in both organization and function. Together with the pans, it participates in

regulating blood pressure and respiration.

The pans lies rostral of the medulla. It contains a large number of neurons that

relay information from the cerebral hemispheres to the cerebellum. The pans and the

cerebellum have close ties because many motor functions are closely related. The

cerebellum lies dorsal of the pons and around the brain stem. It is divided into different

lobes separated by distinctive fissures. It receives somatosensory information from the

spinal cord, motor information from the cerebral cortex and input about balance from the
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vestibular organs of the inner ear. All this information enables the cerebellum to coordinate

planing, timing and patterning of the skeletal muscle contractions during movement. It also

plays a role in the maintenance of posture and in the coordination, of head and eye

movements.

The midbrain lies rostral of the pons. Several regions of the midbrain play a

dominant role in the direct control of eye movements, others are involved in motor control

of skeletal muscles. It contains essential rely nuclei of the auditory and visual systems.

The diencephalon lies rostral of the midbrain. It is divided into two parts, the

thalamus and the hypothalamus. The thalamus processes and distributes almost all sensory

and motor information going to the cerebral cortex. It is also thought to regulate levels of

awareness and emotional aspects of sensory experiences through a wide variety of effects of

the cortex. The hypothalamus regulates the autonomic nervous system and the hormonal

secretion by the pituitary gland. It has different connections to other brain parts to get all

necessary information for its correct work.

The last part are the cerebral hemispheres. They consist of the cerebral cortex,

the underlying white matter and three deep-lying nuclei. The cerebral hemispheres are

divided into a left and right part. They are also divided in different lobes. They are

responsible to perceptual, cognitive and higher motor functions as well as emotion and

memory.

2.5.3 The spinal cord

The spinal cord lies caudal of the medulla and is the continuation of the brain

stem. It runs nearly the entire length of the vertebral column. The spinal cord is like a data
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highway. Information to and from the peripheral nerves are carried through the spinal cord.

It receives sensory information from the skin, joints and muscles of the trunk and limbs as

well as sensory information from the internal organs. It contains also motor neurons

responsible for both voluntary and reflex movements and has clusters of neurons that

control many visceral functions.

Dorsal median septum

Dorsal column

Dorsaf
(posterior)
horn

Ventral
(anterior)
horn

White matter

Gray matter Ventrat column

Ventral median fissure

•Ventral commissure

Figure 2.9 Cut through the spinal cord [6]

The spinal cord is composed of gray matter, which contains the cell bodies and

dendrites of neurons and glial cells, and the white matter, which consists mainly of axons

grouped into tracts.

The gray matter, which is formed like a butterfly, can be divided into three zones:

the dorsal horn, the ventral horn and the intermediate zone. The dorsal horn contains

sensory nuclei that are relay sites for somatosensory information entering the spinal cord.

From here, ascending projection neurons transmit sensory information to the brain stem and

thalamus. The ventral horn contains motor nuclei that ina^rvate skeletal muscles.
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Interneurons in the gray matter are responsible for the information flow from the dorsal

horn to the motor neurons or from one group of motor neurons to another. The

intermediate zone, whose axons terminate either in the ventral horn or in the brain stem and

cerebellum contains neurons. The gray matter on the two sides of the spinal cord is

connected by the gray matter that surrounds the central canal.

The white matter is the second part of the spinal cord. It surrounds the gray

matter. In the white matter, there are three bundles of axons arranged longitudinally: the

dorsal, lateral and ventral columns. The dorsal columns are composed of primary afferent

axons that carry somatic sensory information to the brain stem. The lateral columns include

axons that ascend to higher levels of the central nervous system as well as axons that

project from nuclei in the brain stem and cortex upon motor neurons and interneurons in the

gray matter of the spinal cord. The ventral columns include axons that relay information

about pain and thermal sensation to higher levels of the central nervous system as well as

descending motor axons that control axial muscles and posture. The ventral commissure

contains axons that cross from one side of the spinal cord to the other side. This

commissure contains axons that transmit information about pain and axons that control

posture.

2.5.4 The peripheral nervous system

The peripheral nervous system can mainly be divided into two parts: The somatic

and the autonomic part.

The somatic part includes sensory neurons of the dorsal root and cranial ganglia

and it provides this information to the central nervous system. It includes also motor

neurons. These motor neurons are controlling the external environment like the skeletal
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muscles. They are directly connected to their target. Most movements controlled by the

somatic system are under voluntary control.

The autonomic system can be further subdivided into three parts: the sympathetic,

parasymphatetic and enteric system. It deals with the internal environment. The autonomic

division of the peripheral nervous system is the motor system for the viscera, the smooth

muscles of the body, and exocrine glands. The autonomic system is largely involuntary. Its

motor neurons are activated by columns of preganglionic neurons.
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sympathetic
nervous system

Projections of
parasympalhetic
nervous system

Parasympathelic
nervous syslem

Midbrain

Lacrimal and salivary glands

Facial n.(VIl). gtossopharyngeal n.(lX)

ii-@;?^-^)stomach

lAdi-enaj m^ui,i^%%.;^3^SSa!2

Superior
Paravertebral mesenteric Inferior
chain ganglion mesenteric
ganglia ganglion

Cervical

Lumbar

Sacral

Figure 2.10 Sympathetic and parasympathetic system [6]
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The sympathetic system participates in the response of the body to stress (fight

and flight reactions). The autonomic system is controlled by the hypothalamus. This one

activates the sympathetic system in stress situations.

The parasympathetic system participates in conserving the body's resources and

restoring homeostasis (rest and digest reactions).

The enteric system participates in controlling the function of smooth muscle of

the gut. It innervates the gastrointestinal tract, the pancreas and the gall bladder.

After dividing the peripheral nerve system into two main systems and subsystems

it is essential to know what a nerve is. A nerve is a bundle of neurons. There are 31 pairs

of spinal nerves. They are divided into the cervical (Cl, C2, ...), thoracic (Tl, T2, ...),

lumbar (LI, L2, ...) and sacral (Sl, S2,...) nerves. The spinal nerves are peripheral nerves

formed by joining the dorsal and ventral roots. The dorsal roots carry sensory information

into the spinal cord from the muscles, skin and viscera. The ventral roots carry outgoing

motor axons, that innervate muscles and preganglionic sympathetic and parasympathetic

axons (see figure 2.11).

Dorsal columns

Spinal nerve-

Figure 2.11 Origin of the spinal nerve [ 6 ]
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2.6 The urinary tract [17,18]

2.6.1 Anatomy and dutv of the urinarv tract

To be able to work, our body needs energy. Energy sources are oxygen and food.
^l6'i\j^

Like in an engine our body produces waste'(metabolic and different organic waste). The

waste from our body is evacuated through our skin, lungs, gut and the urinary tract.

The urinary tract consists of different parts: two kidneys, two ureters, bladder,

prostate (man only), urethral sphincter and the urethra. The urinary tract can be divided

into three sections: upper tract (kidneys and ureters), mid tract (bladder) and the lower

tract (prostate (man only), urethral sphincter and urethra).

Vein Artery

Vertebral
column

Internal
urefriral
sphincter
External
urethral -»•
sphinc+er

Kidney

Ureter

Bladder

Prostate (man only)

Ure+hra

Figure 2.12 The urinary tract [18]
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In our body there are two (left and right) kidneys. The kidneys regulate the PH

value of the blood, composition of different organic substances and liquids of the blood.

Another very important task is to clean the blood and to filtrate out the metabolic and

different organic waste. The substances still needed are put back in the blood circulation,

the remaining substances, the urine, will be forwarded to the ureters.

There are two ureters in the urinary tract. Their origins are in the kidneys and

they are ending in the bladder. Their duty is to transport the urine from the kidneys to the

bladder.

The bladder is a reservoir of urine, which is coming from the kidneys through the

ureters. It is a hollow muscular sac, shaped like a balloon. At the exit of the bladder is the

internal urethral sphincter. The urethral sphincter keeps urine in the bladder until it is

convenient for evacuation. The bladder is formed in such a way that during urination the

bladder is decreasing its volume equal on all sides. The bladder can store in average about

300 to 500ml urine. Voluntary it is even possible to store up to 750ml of urine.

The urethra leads the urine from the bladder out of the body. The length is for

woman around 4cm, whereas for men it is around 20cm. For man it can happen that there

are infections in the urethra because of its length.

The prostate is only present in men. It starts just at the neck of the bladder. The

ejaculating caaals coming from the testicles are ending in the prostate. Its work is to close

the ejaculating canals during micturition and vice versa.

The external urethral sphincter is at the end of the urethra. In reality there are

two external sphincters, which can be controlled knowingly. The first one is just at the end
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of the prostate and the second one is located at the pelvic floor, together they are

controlling the release of urine.

Just before emptying the bladder, the external sphincter muscle relaxes and the

bladder contracts to evacuate the urine. A return of the sphincter tone terminates the

voiding. During the bladder storage phase, the urethral muscle remains closed. The

synergistic relationship between the bladder and the urinary sphincter is important. On a

neurophysiological level, neural control balances this relationship through a variety of

nerve pathways. The coordination is effected in the higher centers of the brain and in the
^r ?>A W

sacral portion of the spinal cord. Diseases or injuries that interferes with the flow of

information between the central nervous system and the muscles of the bladder and

sphincter can alter this essential coordination and lead to incontinence or poor evacuation.
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Figure 2.13 Nerve supply of the bladder [6,19]

Bladder filling and urination are controlled by the interplay not only of

sympathetic and parasympathetic neurons, but also of somatic motor neurons. All three

systems are activated by reflexes that are regulated at both spinal and supraspinal levels.

The bladder and urethra receive their innervation via the sacral nerves S2 to S4 as well as

the TH to L2 nerves. We will only consider the S2 to S4 nerves because of their interest
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for the electrical stimulation. The S2 nerve and with less importance the S3 nerve are

forming the pudendal nerve. The urethral sphincter is controlled through the pudendal

nerve. The S3 and less important the S4 nerve together are controlling the bladder and

levator muscle. In summary it can be said, that the S3 nerve is responsible for bladder

activity, rectal activity and urinary contractions [20-24].

2.6.2 Classification of bladder dysfunction

^-
l!ft:j^<r"

The characteristics of a healthy bladder are to store and release urine. To control
^(A^-IM

these activities, the bladder is formed as a muscular sac with a muscular ring (sphincter) at

its end, which can be relaxed (release of urine) or flexed (storage of urine). As mentioned

in the introduction there are different diseases, which can cause bladder dysfunction. A

dysfunction (temporary or chronic) means that the concerned persons are not able anymore

to control their flow of urine. The incontinence dysfunction can be divided into three

categories: urge, stress and mixed stress and urge incontinence [17,25]:

Urge (urgency) incontinence is caused by detrusor overactivity. It can be defined

as loss of urine with an abrupt and strong desire to void the bladder. People usually loss

urine on their way to the bathroom, after drinking a small amount of liquid or after hearing

running water. They have to go every two to three hours (day and night) to the toilet.

Stress incontinence is caused because the urethral sphincter fails to close
I

correctly the bladder. Persons suffering from stress incontinence are loosing small amount

of urine during coughing, sneezing, laughing or other physical activities.

Mixed stress and urge incontinence means that both problems are present.
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There are three different possibilities to treat people suffering from urine

^
incontinence. First one is the behavioral treatment. The aim of this treatment is to train the

bladder and sphincter muscles to get them back under control. Two types of behavioral

techniques are commonly used, bladder training and pelvic muscle exercises. Bladder

training is used for urge incontinence, and may also be used for stress incontinence. People

learn different ways to control the urge to urinate. Distraction (thinking about other things)

is just one example. A technique called prompted voiding, urinating on a schedule, is also

used. Pelvic muscle exercises called Kegel exercises are used for stress incontinence. The

Kegel exercises help to strengthen weak muscles around the bladder. Also in this category

falls the electrical stimulation of the sphincter. More about this subject will be mentioned in

the next section.

The second treatment is medication. Some people need to take medicine to treat

conditions that cause urinary incontinence. The most common types of medicine treat

infection, replace hormones, stop abnormal bladder muscle contractions, or tighten

sphincter muscles.

The last treatment is surgery. This solution is sometimes needed to help treat the

cause of incoatinence. Surgery can be used to:

• Return the bladder neck to its proper position in women with stress incontinence.

• Place an artificial sphincter.

• Correct severely weakened pelvic muscles.

• Enlarge a small bladder to hold more urine.
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2.7 Neural stimulation

2.7.1 Overview and histo rv of the neural stimulation

Electrical phenomena linked with nerves was studied by the scientists as far back

in time as the eighteenth century. The pioneers Jean-Antoine Nollet, Benjamin Franklin and

other investigators demonstrated that the output from frictional electricity machines could

produce contractions of muscles, including in some cases, paralyzed muscles. In 1867

Duchenne published his investigations about functional neuromuscular stimulation (FNS).

He already thought that his technique (FNS) could be used for rehabilitation of paralyzed

muscles, but because the equipment was to big he dismissed his ideas. The electrical

excitability of the cerebral hemispheres was first demonstrated in the dog by Fritsch and

Hitzig in 1870. In 1874 Bartholow started with the first human experiments. He inserted an

electrode in the left cerebral cortex of a woman. After sending pulses through the electrode

he could notice different reactions of the woman's body. In 1929 a German neurosurgeon,

Forester, was the first to expose the human occipital pole under local anesthesia and to

electrically stimulate it. He noted that this person saw a spot of light. These findings and

those of other scientists were the physiological basis for prosthesis for the blind. The

problem of stimulating neural structures deep in the body without the danger of infection

that can accompany percutaneous leads, was investigated independently by Loucks and

Chaffee and Light. Both groups utilized magnetic induction by implanting a secondary coil

beneath the skin and placing a primary coil outside the body.

Nowadays there are a lot of different neurostimulators studied. Thanks to the

progress in the development of smaller and smaller electrical circuits we can think to

develop neural prosthesis, which would not have been possible some years ago because of

their size. Following is a list of the most important neurostimulator prostheses:
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1. The most known stimulator is the pacemaker. Its development had a major impact in

the development of neural prosthesis. This device, implanted already in a lot of people,

is regulating the heart activities [26].

2. The cochlear prosthesis, which is for the totally deaf people, sends electrical signals to

the acoustic nerve by direct application of an electrode in the inner ear. The first

cochlear prosthesis was developped in 1957. This neurostimulator is technically one of

the most sophisticated because the sound arriving at the ear has to be transformed in an

appropriate stimulus and this continuously all the time [27].

3. There is the already mentioned prosthesis for the blind people, called visual prosthesis.

This neurostimulator is sending pulses to the optic nerve, so that blind people can get

back a part of the functionality of their eyes [28].

4. The artificial respiration prosthesis has its origin in the nineteenth century. However,

the first serious attempt to develop a stimulator took place between 1948 and 1950.

The prosthesis is sending pulses to the phrenic nerve in order to pace the

diaphragm [28,29].

5. Restoration of function to paralyzed muscles by electrical stimulation, a type of

functional neuromuscular stimulation (FNS), was first practically introduced by

Liberson in 1961 with his peroneal nerve stimulator for treating foot drop in hemiplegic

patients [30-33].

6. The development of prosthesis to neutralize chronic pain (pain which persists more

than six months) has made a lot of progress. Examples of chronic pain include low back

pain, phantom limb pain and peripheral neuralgias [34,35].

7. The neural stimulation for the treatment of urinary incontinence, which is the subject of

this work, will be further developed in the following sections.

8. There are other neurostimulator like the stimulation of the cerebellar cortex for

treatment of medically intractable epilepsy and for certain forms of muscular hypertonia

such as often occurs in cerebral palsy [29,36-38].
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In general it can be said, that a neurostimulator consists of two parts: an external

device (controller) and the implanted part. The implant, placed inside the body, is

responsible for generating and sending the electrical pulses. We can divide the stimulators

into four categories:

1. percutaneous: The controlling unit of the implanted neurostimulator is connected to the

second unit in the body by wires through the skin. This type of stimulator is

disappearing because of social taboos and because it is a source of infections.

2. external: This stimulator has only one unit. The controller and the stimulus generating

part are together. The stimulating pulses are sent through the skin and other surfaces

of the body.

3. autonomous: There is no external control unit. Unfortunately it is not yet developed.

The idea is that once it is implanted, it will adapt the stimulating patterns according to

the body's need. The power will be taken from the body. There are no autonomous

units until now because of the complexity of such a stimulator.

4. transcutaneous: The communication link between the two parts can be performed using

an inductive link with radio signals, a magnetic link or an optic link. The internal unit

may be programmable and may not need a permanent transmission of data. The implant,

which do not use a permanent transmission, can be powered by an internal battery. This

category of implants is the most popular. The urinary prosthesis, developed during this

research work, belongs to this category.

2.7.2 The neural stimulation of the neurogenic bladder

., <^T?WC.SU:>r

The first phenomenon, tenseness of the detrusor through electrical pulses, was

observed by Budge in 1864 in animal experiments [39]. Only around 1940, the research for

the electric stimulation of the bladder has started again. Dees who led those researches
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noticed that the stimulation for people not completely paralyzed did not function [40].

Nathan and Smith discovered how and which nerves are controlling the urination [39]. In

the following years, specially in the beginning of the 60's, different research groups

investigated how to stimulate the bladder to be able to control the urination and this J
^^f'

without pain for the patients [41]. The detrusor and the pelvic floor were the main targetswof the studies. /

Electrical stimulation for the correction of urinary incontinence in humans was

first introduced by Caldwel in 1963 [41,42]. Brindley made the first implantation of

stimulator at the roots of the sacral nerves S2-S4 [43]. He wanted to solve the two

problems: incontinence through the sphincter and retention through the detrusor. Tanagho

and his collegues located the passage of the nerves and neurons responsible for the

urination along the spinal cord through the injection of proteins in the detrusor region [22].

Nowadays the researchers are focusing on the stimulation of the sacral nerves

[1,2,19,20,43-59]. (They found out, that if one or more sacral nerves are cut), the
V.

stimulation can be more successful. The question is now to find out, which nerves have to

be used for stimulation and those to be cut, in order to get the best results.

The stimulators can be divided into three categories depending on the place

where the stimuli are injected: Neurostimulators [1,2,18-21,24,42,48,51,59], sphincter

stimulators [60-62] and plug (vaginal or anal) stimulators [63]. The plug stimulator has a

bad reputation because it is painful and has psychosocial taboos. The sphincter stimulation,

investigated through Caldwel [42] has its limitations because of the positioning of its

electrodes, which is essential for a successful implantation of the stimulator. Nowadays the

most promising way is to use the neurostimulators for the treatment of urinary

incontinence [1,2].
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2.7.3 Charge inject! o n mechanism

Electrical stimulation of biological tissue with metal electrodes requires the flow

of ionic charge in the biological tissue. This flow of charge can be induced by two

mechanisms: capacitive and faradaic.

^.) Of
^"NW|</ ^ '"

<^'

The capacitive mechanism involves alternate attraction and repulsion of ions in

the tissue fluid in response to changes in electrostatic charge on the metal surface, that is,

the charging or discharging of the electrode double layer. This mechanism works like a

parallel plate capacitor, on each side of the interface opposing charges are attracted.

Between the two charges layer a third layer is built up. The third layer consists of oriented

water molecules, adsorbed on the metal surface and acting as a dielectric. Charging or

discharging the double layer capacitance is an ideal mechanism of charge injection because

no chemical changes can occur in the tissue. However, the amount of charge that can be

injected with a metal electrode by double layer charging is on\y about 20p,C/cm^ of real

electrode area. Charge densities in excess of this, lead to the equivalent of dielectric

breakdown and the onset of faradaic reactions. Special electrodes with a ~^J^
layer can increase the quantity of injected charge [5,64,65].

Faradaic mechanisms of charge injection involve electron transfer across the

electrode tissue interface and therefore necessitate that some chemical species be either

oxidized or reduced. The faradaic charge injection processes are divided into two groups,

.^Al
reversible and irreversible, primarily depending on whether the oxidation reduction

reactions introduce new chemical species into solution [5,64,65].

Reversible faradaic reactions involve species that remain bound to the electrode

surface. These processes produce no new chemical species in the bulk of the solution and

^(^
\jA^."

37



Chapter 2

can be quantitatively reversed by passing a current in the opposite direction. Examples of

reversible faradaic charge injection processes are oxide formation described by the

following equation:

Pt+H^O<^PtO+2H++2e~ (2-23)

and H-atom plating reactions on platinum and other noble metals [5], which can be written

as follows:

Pt+H++e~ <^Pt^H (2-24)

Reactions involving surface bound species provide means of injecting more charge

than that available from capacitive mechanisms without introducing new chemical species

into solutions.

Faradaic reactions involving species that do not remain bound to the electrode

surface will be at least partially irreversible, because some of the products will escape from

the electrode surface into the surrounding fluid. Irreversible processes include reactions

that lead to electrode corrosion [5] as:

Pt+4Cr =>[ptCl^] +2e~ (2-25)

or, the electrolysis of water to form H^ or 0^:

2H^O +2e~ => H^ t +20H- (2-26)

2H^O => 0, T +4^+ + 4^- (2-27)

The symbol (t) indicates gas evolution.

or, the oxidation of chloride ion to chlorine or oxychloride species:

2Cl~^>a^+2e~ (2-28)
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Cl- => Cl0~ + 2H+ + le~ (2-29)

Also there may be oxidation of organic molecules contained in the tissue fluid.

All of these irreversible processes are undesirable for charge injection because they alter

the chemical composition of the tissue fluid, produce biologically toxic products, or

generate extremes of alkalinity or acidity.

For the medical application it is required that the process be chemically

reversible. That means that all processes occurring at an electrode subjected to an electrical

pulse, be chemically reversed by a pulse of opposite polarity. For a given electrode

material, there is a limit to the charge that can be injected in either the anodic or cathodic

direction with reversible surface processes. This charge per pulse is also called reversible

charge injection limit and is expressed as a charge density referred to the real or geometric

surface area of the electrode. In order to ensure chemical reversibility, the current must be

reversed before this charge limit is reached. There are different factors determining the

reversible charge limit like: electrode material, electrode size and shape, chemical

composition of the electrolyte and the parameters of the stimulating waveform.

2.7.4 Stimulating waveforms

The pattern of the stimulating waveforms is probably the most important

parameter for the efficiency and the safety of neural stimulation. In the biomedical

applications mainly the sinusoidal current waveform and the pulsed current waveform are

used [5,66].

The sinusoidal waveform is determined by the amplitude or its rms (root mean

square) value and the frequency. The level of rms current must be compatible at all
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frequencies with the charge injection limitations of the electrode material. Pulsatile

waveforms consist of a periodic train of pulses usually having equal amplitude. The charge,

q, can be calculated according to the following equation:

q=it (2-30)

The least damaging waveforms are those with no net dc current and with charge

densities per phase below levels for H^, 0^ or Cl2 evolution. Any net dc current, even a

few |j,A/cm^, can lead over time to irreversible electrolyte reactions. Pulsatile waveforms

requires special attention in eliminating the net dc current. To avoid dc current, a capacitor

is placed in the output line, to filter any dc that might arise from imperfect charge

balancing or to protect against a component breakdown.

Because it is difficult to control the charge injection in voltage waveforms, they

are not recommended for use. This especially because it is impossible to relate the voltage

applied between two electrodes to the actual potential difference across the

electrode/electrolyte interface.

2.7.5 Electrodes

The so-called noble metals, platinum, iridium, rhodium, gold and palladium are

preferred for electrical stimulation because of their resistance to corrosion. However

different studies indicated that even noble metals are subject - under certain conditions - to

corrosion. Evidence of corrosion includes weight loss, formation of unstable films that spall

from the surface, dissolution of metal and metal deposits in tissue surrounding stimulation

electrodes. As mentioned in the previous sections, the corrosion depends on the waveform

and the injected charge. Although the corrosion rates are small, there is a possibility for

Q^v\^.>
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cumulative toxic effects during multiyear stimulation, in addition to deleterious effects on

the electrode itself.

The most widely used noble metal is platinum and its alloys with iridium.

Brummer and Turner found out that the chemically reversible processes of double-layer

charging of the platinum surface could provide up to 300-350jj.A/cmz of real surface area

for reversible charge injection in a simulated cerebrospinal fluid. These values are in theory

correct. However in the practice (in vivo studies) the limits for the reversible charge

injection are much less [5,67].

Iridium oxide electrodes belong to a new category of electrode material broadly

termed "valence change oxides". Iridium oxide layers can be formed by electrochemical

"activation" of iridium metal (AIROF), by thermal decomposition of an iridium salt on a

metal substrate (TIROF) or by reactive sputtering from an iridium target (SIROF). The

various forms of iridium oxide offer great improvement over platinum in terms of reversible

charge injection capacity, corrosion resistance and efficiency of energy transfer to the

tissue. The high charge injection capacity of iridium oxide and the ability to deposit it onto

other metals provides greater latitude for selection of electrode size, geometry and stimulus

waveform than before with other materials.

Typical charges and charge densities employed in a number of neural prosthesis

are summarized in table 2.4. It can be said that platinum or stainless steel electrodes must

have large surface areas to maintain the stimulus charge densities within their reversible

charge injection limits in comparison with the valance change oxides. Table 2.5 summarizes

the reversible charge injection limits of electrode materials for different stimulation

waveforms. These values correspond to potential excursions within the potential limits for
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water electrolyses determined by cyclic voltammetry and therefore are expected to be

conservative estimations.

Application

Intramuscular

Peripheral Nerve

Cortical Surface

Intracochlear

Intracochlear

Intracortical

Intracortical

Intracortical

Electrode material

Stainless 316LVM

Platinum

Platinum

Platinum

Platinum

Platinum-iridium

Platinum-iridium
Activated-iridium
Platinum-iridium

Electrode surface
area (geometric)

O.lcm2

O.lcm2

0.01cm2

5.6xl0-3cm2

10-3cm2

5xl0-4cm2

20xl0-6cm2

l0-6cm2

Charge/pulse
(nC)

5000
600-2500

200-1000

100-180

100
2-86

8-64

10

Charge density
(uC/cmA geom.)

50
6-25

20-100

18-32

100
4-172

400-3200

10000

Table 2.4 Examples of charge densities employed in neural stimulation [5]

Comparison of the values for platinum shown in tables 2.4 and 2.5 indicate that

platinum can satisfy the criterion of chemically reversible charge injection only when large

electrodes are used with low charge densities, such as peripheral nerve stimulation. If small

electrodes are needed to reduce physical stresses on the tissue and/or to provide more

selective stimulation, then one of the types of iridium oxide is indicated.

Peripheral nerve electrode assemblies are surgically implanted, within or adjacent
, (\[^-k

to a nerve trunk or root. Like every other component they have desirable and undesirable

characteristics. They have low power requirements and long duration life. Their use makes

feasible certain techniques for blocking neural conduction and for activating motor units in

their natural recruitment order and they may allow the selective activation of discrete

regions of a single multifascicular nerve. However they also have the potential to damage

the nerves, chosen for the reception of the stimulating pulses. Of all the implanted

electrodes used to excite peripheral nerve, the nerve cuff is the configuration most widely
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used in human applications. Other peripheral nerve electrode arrays are: book electrodes,

Epineural electrodes, Helix electrodes and Intraneural electrodes [5].

Electrode
material

Platinum3

Platinumb

AIROFb
TIROFb
TIROFa
Ta/Ta2C>5d

Ta/Ta.205f

Electrode
surface area

(geometric cm^)

2.8

1.3

4.5

2.8

8.0

2.6

1.2

x

x

x

x

x

x

x

10-3

10-4

10-4

10-4

10-4

10-3

10-3

Potential limits
(V vs SCE)

0.'

o.<

O.i

O.i

O.i

9 and/or -0.6

9 and/or -0.6

8 and/or-0.6

8 and/or -0.6

8 and/or -0.6

80% of V^

80% of Vf

Injected charge density
(HC/cm" geom.)

AF CF AB

63
2200
2290

4500C
150e

88-l40e

74
24

1200
1000
3000

610
3500
3030

AF = charge-balanced, biphasic, anodic-first current pulses;
CF == charge-balanced, biphasic, cathodic-first current pulses;
AB = charge-balanced, biphasic, cathodic-first current pulses but with electrode held at an anodic bias (0.8V

vs SCE, 1.47V vs RHE) between pulses. Pulses were 0.2msec duration.
SCE = saturated calomel electrode
RHE = reversible hydrogen electrode

Electrolyte solution was phosphate-buffered saline, pH 7.2, with 0.02% human serum albumin

Electrolyte solution was carbonate-buffered saline, pH 7.2

c Charge-balance, but asymmetric anodic-first current pulses. Anodic phase: lA/cmz, 4.5msec; cathodic

phase: 22.5A/cm^, 0.2msec.
d Sintered powder electrode.
e Monophasic, O.lmsec anodic pulses with passive discharge through shorting circuit.
f Etched wire electrode.

Table 2.5 Chemically reversible charge injection limits of electrode materials [5]

The nerve cuff is a configuration in which the electrodes are contained within

a tubular sheath of biocompatible insulation that completely encircles the nerve. Nerve

cuffs have been fabricated in different configurations, the most common is the "split-

cylinder" (or "wrap-around"), which is wrapped around the nerve and sutured shut. Another

special form of the cuff configuration is the spiral cuff electrode. This configuration was

designed to wrap itself around the nerve and accommodates itself to the size of the nerve

when installed [5,68,69].

43



Chapter 2

The figure 2.14 shows a selection of different commercially available

"split-cylinders" nerve cuff electrodes.

(a) (b)

Figure 2.14 Commercially available "split cylindef nerve cuffelectrodes. (a) From U.S. Patent
3^3,738,368 (Avery and Wepsic, 1973). (b) From U.S. Patent #3,774,618 (Aveiy,
1973). (c)FromU.S. Patent #3,654,933 (Hagfors, 1972)[5].

2.7.6 Possible electrode sites for bladder control

Five sites have the potential to exercise control over the urinary bladder: the

spinal cord, the bladder wall itself, the pelvic nerves between the spine and the bladder, the

sacral nerves within the vertebral column before they enter the pelvis and the pudendal

nerve. The figure 2.15 shows different possible sites of stimulation. The most attractive site

are the sacral nerves. They are organized functionally so that bladder and pelvic floor

activity can be selected out from a host of other muscular responses. Direct stimulation of

the bladder control center of the spinal cord at spinal levels S2 to S4 is accomplished by

insertion of a bipolar prong electrode, as shown in figure 2.16. This technique is sometimes

complicated by the elicitation of effects due to the spread of stimulation to other spinal

cord structures [1,29].
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Sninal cord

external
sphinc(er of uwthra

Figure 2.15 Possible sites of electrodes (®) for the bladder
stimulation

Figure 2.16 Bipolar prong electrode inserted in the sacral spinal cord to induce
voiding of urine, by stimulating the voiding center of the spinal cord [29]
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2.8 Conclusion

An overview of the nervous system has been presented. Also the anatomy

and the function of it have been discussed. The urinary tract (anatomy, nerve control

and bladder dysfunction) was further developed and at the end the electrostimulation

was elaborated. Furthermore the way how an information is captured and sent

through the neuron to the central nervous system and how a command sent from there

is arriving at its destination, have been mentioned.

The physiological explanation behind the neural electrical stimulation is the

electrical excitability phenomenon. A signal can be introduced in an axon by

electrical stimulation. The information in form of action potentials is carried along

the axon as a propagated transient change in the resting transmembrane potential. An

analytical model of the axon has been shown, which can be used to simulate the

formation of an action potential. An important aspect of the electrostimulation is the

electrochemical principle for the selection of stimulation protocols and electrode

materials. The expression "reversible charge injection limit", which fixes the limit of

the charge that can be injected in the biological tissue, has been introduced.

Irreversible chemical reactions during charge injection can cause tissue and electrode

damage that can be avoided by limiting the stimulus charge density to levels which

ensure reversibility of chemical reactions, by balancing stimulation currents and by

avoiding any net dc current.
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3. DESIGN AND IMPLEMENTATION OF THE URINARY

INCONTINENCE STIMULATOR MICROPROCESSOR CHIP

3.1 Introduction

In this chapter we will describe the design and implementation of the microprocessor

chip of the urinary incontinence stimulator, designed in the technology MITEL 1.5p.m. The

hybrid circuit of the targeted incontinence stimulator will be further discussed in the next

chapter.

A software program running on a IBM PC is used to generate the data, which will be

sent through the I/O port to an AM modulator which conveys them through an RF signal to the

implant. To be able to receive data from the implant an external receiver is used. The device

receives a PAM (Pulse Amplitude Modulation) signal. After extracting data, the contents of

the implant memory can be displayed on the IBM PC screen.

The microprocessor chip ICBSHURI, which has been developed at GRAMS, has

several additional features in comparison to those [1,2,18-21,24,42,48,51,59] already

mentioned in the previous chapter. Besides the programmability of the stimulating current

features such as pulse rate, amplitude and duration as other incontinence controllers can do

[20], the microprocessor chip has the possibility to generate a pseudo-random stimuli by

making the intervals randomly distributed around a central value with a deviation of ±40%

keeping the overall pulse rate constant statistically. The idea of this random sequences is to
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prevent the pudendal nerve from getting habituated to a fix pattern of stimulating pulses.

Another feature of the implant is the possibility to send out the internal memory content, to be

able to check if the parameters found in the memory correspond to those transmitted. A key

characteristic of the implanted circuit is the low power consumption. It is expected that the

life expectancy of the implant reaches around 10 years, when the implant is powered by a

lithium cell of 3 ampere-hour capacity. What makes as well the difference to other chip

designs is the possibility to check whether the lithium cell voltage has fallen below the

permitted level to ensure the well functioning of the implant.

The structure of this chapter is organized so that first an overview of the whole

urinary incontinence prosthesis system and some comments will be given, to understand the

interconnections of the different parts of it. After that the command word, used for

programming the urinary incontinence controller, will be described. Then the microprocessor

chip ICBSHURI will be discussed. Each block of the design will be presented, analyzed and

the corresponding characteristics of it will be given. At the end, the floorplaning of the chip

will be depicted.

3.2 System overview of the urinary incontinence prosthesis

The stimulator's main function is to produce a pulse stream, which will be injected

into the pudendal nerve to control the bladder function and so correct the urinary

incontinence. This device is the main part of the prosthesis and will be implanted in the human

body. Its operating modes can be summarized as follows.

During ordinary mode the implant is sending a pulse stream according to the

parameters stored in the internal memory of the chip so that the sphincter is contracting thus
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inhibiting voiding. Powered by a lithium cell, the implant is working by itself in this mode, no

intervention is needed.

To void his bladder the patient has an external unit, that permits to send a signal,

via the inductive link, to the implanted part so that the pulse stream is interrupted, thus

emptying the bladder. After voiding is complete, the patient cancels the signal. The prosthesis

will then restart sending the pulse stream to the pudendal nerve thus blocking again the urine

in the bladder.

The treating physician uses an external part to modify or to program stimulation

parameters and different working modes of the implant. This is performed by sending data via

a modulated carrier to the implant. The implanted part of the prosthesis will extract data and

deliver them to the microprocessor chip. To spare the implant's battery during this operation,

the energy powering the prosthesis is also derived from the received RF signal. This powering

method is also used to void the bladder by the patient. The different possible working modes,

available for the physician will be enumerated in the next section.

A simplified diagram of the whole computer-based urinary incontinence controller

system, which has been developed in GRAMS (Groupe de Recherche en Appareillage Medical

de Sherbrooke) can be seen in figure 3.1. As mentioned before there are two external units.

Both of them are sending a 20 MHz amplitude modulated carrier, which will be transmitted to

the implant through an inductive link. This RF signal contains the Manchester coded

microprocessor command words. There is also an other external circuit used to recuperate the

PAM signal sent from the implanted part of the prosthesis. Afterwards the received

information can be processed and displayed on a computer screen.
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Figure 3.1 Simplified diagram of the urinary incontinence stimulator

The implanted part of the urinary incontinence prosthesis is composed of seven

major parts. The most important is the microprocessor chip ICBSHURI. The other parts are:

the AM demodulator, the AC/DC converter, the voltage reference, the lithium cell, the two

coils (receiving and transmitting) and the electrode away. All those parts are placed and

connected on a thick film hybrid circuit substrate, which will be described and explained

furthermore in the next chapter.

The microprocessor chip ICBSHURI is the most important part. It receives the

commands from the external processors, and executes operations accordingly, so that the

pulses can be forwarded to one of the four electrodes.

The AM demodulator block extracts the Manchester coded information from the

20 MHz AM carrier and then presents it to the microprocessor ICBSHURI. The function and

implementation of this block will be described later.
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The AC/DC converter block will recuperate the power from the received AM

modulated signal. This power, when available, will be used to operate the whole hybrid circuit

including the microprocessor. This block will be also further described later.

The voltage reference block generates a stable voltage, which will be connected to

the microprocessor. It is used to compare it to the cell voltage and then to determine whether

the cell voltage is still sufficient for a faultless function of the implanted part of the urinary

incontinence prosthesis.

The implant is powered with the cell during ordinary working mode (no incoming

carrier). When the AC/DC converter can recuperate power from an incoming AM carrier, the

cell power is switched off until the transmission is interrupted.

The two coils are used as antennas for the implant's inductive link. One coil (coil 1)

is used for receiving the 20 MHz radio signal from the external processors and the other

(coil 2) is used for sending the PAM signal, of frequency 2 MHz, from the microprocessor to

the outside receiver.

The four electrodes, which have to obey the requirements described in the previous

chapter, have to deliver the generated pulse stream to the appointed nerve, which is the

pudendal nerve. Only one electrode at one given moment is working. The chosen type of

electrodes for this prosthesis is a Cuff electrode.
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3.3 Microprocessor ICBSHURI

3.3.1 Introduction

The microchip ICBSHURI is the main part of the urinary incontinence prosthesis.

The chip was developed on the Design Frame Work II of the Cadence company. It was

implemented using the CMOS 1.5{j.m technology of Mitel Inc.. The chip is a mixed signal one,

that means there are analog and digital circuits. The digital parts are designed using the

standard cell library offered by the Canadian Microelectronics Corporation (CMC). The analog

circuits are full custom designed. The experience gained in the previous version of this chip

ICASHURI, based on the Northern Telecom process cmos4s, has been used to carry out the

microprocessor chip ICBSHURI. All blocks of the chip have been simulated either by using

HSpice or Verilog XL or both together. The layout has been verified first through the "Design

Rule Check" (DRC) and afterwards with the help of the "Layout Versus Schematics" (LVS).

In this chapter we first give a description of the chip, the command word and the

characteristics of the chip. Besides all blocks are presented and explained. Finally a short

description of the floorplaning of the layout will be given. Simulation results from HSpice

or/and Verilog XL and test results will be also presented.

3.3.2 General description of the ICBSHURI chip

Figure 3.2 shows the block diagram of the whole chip. It can mainly be divided into

four parts. First the power switch block then the data managing part afterwards the pulse

generating part and finally the controller block.
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The power block has the possibility to switch between the power from the lithium

cell and the power recuperated during data transmission from the external processor. It has

two outputs, first one is the output power, which is connected to the Vdd of the chip and the

other one is a signal called PID (Power Identification), which identify the active source. This

block will be discussed later.

The first block of the data managing part is the Manchester decoder. After decoding

the signal, the data are forwarded to a shift register. As soon as a command word is validated

by the header identification unit, data are sent to the first memory. Then the operation code is

executed by the controller, to perform the described operation. The data managing part can

perform three different tasks dictated by the controller. First to forward the data from the first

memory to the second, which is the main memory. All the data used for the stimulation will be

stored in this memory. Second it can be asked to send out to the external world the cell power

level. Third it can be ordered to send out the memory content of the second memory. The

frequency of the PAM signal can be fixed through the command word. The energy needed by

the data managing part is fortunately provided by the power recuperated from the inductive

link.

The pulse generating part is responsible of providing the stimuli intended to be sent

through one of the four electrodes to the stimulation site. This part is composed of four

blocks connected in line. The first block is an oscillator, which will generate a rectangular

signal used as a clock for the pulses. Through an external capacitor, the frequency should be

fixed at 4 kHz. Afterwards the signal will be forwarded to the next block which divides the

clock accordingly to the data found in the main memory of the chip. It can also be decided

whether the frequency should vary randomly around a central frequency or not. For this

reason, a 3 bit random sequence generator is involved in this block. The range in which the

pulse period is varying randomly is ± 40% of the central frequency. The frequency generated

in this block can be between 5 and 100 Hz, depending of the patient's need. After this block,
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the signal will be led to the block which fixes the pulse width. There are 16 different values

available ranging from 0,25 ms to 4,0 ms using a step of 0,25 ms. Four bits of the main

memory are conveyed to this block in order to set the pulse duration. The final block has two

functions. First it selects the active electrode. Only one electrode is working at a given time,

the other three electrodes are kept open-circuited, their impedances are maintained virtually

infinite. The functioning electrode is selected by using two bits of the main memory. The

second function of this block, is to set the current density to be used. The maximum current is

fixed through an external resistor. We can get access to 16 different levels specified by four

bits of the main memory. Figure 3.3 shows a typical stimulating waveform.

n
Putse Duration Ampli+ude

FT
I ii jI i

K-X KI I

I I
I - . II T(i+1) J

>i< >j<
T(i+2)

I I >i
Capacitance
Discharging

Figure 3.3. Typical waveform of the stimulating pulse stream.

Every period of the stimulating pulse consists of two phases: injection phase (pulse

duration) and discharging phase. All the parameters of the waveform are stored in the main

memory. The periods in figure 3.3, T(i), T(i+l) and T(i+2) can be of fixed duration or varying

randomly.
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The controller block executes different operations according to the command words

set received from the external processor. There are eight different operation codes: ML

(Memory Load), DR (Dry Reading), WR (Wet Reading), SR (Stop Reading), RES (RESet),

CVR (Cell Voltage Reading), ROD (Random Tc On/Off) and NIL (No action). The command,

ML will order the first memory to send the data needed for the stimulation to the main

memory. DR is used to copy the main memory content to the parallel-in serial-out register and

then send the information as a PAM signal out of the chip through the inductive link to the

external receiver without interrupting the generation of the pulse stream, used for the

stimulation of the nerve. The command word with this operation code has additional

information concerning the choice of the PAM frequency. This information will be taken from

the first memory. There are four possible frequencies specified by two bits in the controller

varying between 2,0 MHz and 3,5 MHz. The command WR is quite the same as DR but with

the difference that the pulse generating part stops sending pulses. That means the bladder is

emptying, that is why the term wet reading has been used to describe this function. The WR

command will also be used by the patient to empty his bladder. The SR command is used to

stop sending out the memory content and to resume the generation of the pulse stream. If the

SR command was not send, the pulse stream will resume as soon as the controller detects

through the PID bit that there is no external power anymore. The RES command allows the

user, to reset all counters in the chip without interrupting the pulse generation. This command

was specially designed for the initialization of the chip. The CVR command gives the order to

compare the cell voltage with the external reference voltage in order to tell us if the cell

voltage is above or below the reference voltage. The information will be forwarded to the

parallel-in serial-out register and then sent out via the inductive link. Once again the

frequency can be specified by two bits in the command word. During this operation, the

generation of the pulse stream is continuing. The ROO command switches off or on the

possibility of the random generation of the stimulating pulses around a central frequency. All

other functions are not influenced by this command. The last command is NIL. This is a no
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operation function. Whatever task the controller is performing, applying this command will

change nothing.

After explaining all the functions, it is time to describe the full command word with

all the fields belonging to it. You will notice on the figure 3.4 that the command word is

composed of the header (Oil), the operation code (C-field) and four argument fields. The

operation code is used to tell the controller what it has to do. The arguments determine the

form and frequency of the stimulating pulses: the E-field is used to choose the working

electrode or (F-field) to fix the PAM-signal frequency or to set the random switch

on (l)/off(0) according to the El bit, the A-field fixes the amplitude of the output current,

the D-field sets the pulse width and the P-field is used to specify the frequency of the

stimulating pulses.

TrausMussion Direction

0 1

Header
<r

1 C2 Cl co El
Fl

Op-Code I
^ ~ \£i-^K-

EO
FO

A3 A2 Al AO D3 D2

Aigtiments

Dl DO HLF P2 Pl PO

->

Figure 3.4 The command word and its different fields

The right choice for the stimulation parameters is the most important requirement

for a successful functioning of the urinary prosthesis. Nevertheless, patients require frequent

readjustment of initial stimulation parameters over the six months following the implantation
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because of local tissue reaction around the implanted electrodes, absorption of hematoma at

the implantation site and accommodation to the stimulation [58].

Since developing the first stimulator through Caldwell, a lot of research to find out

the most effective stimulation parameters [1,2,7,8,20,22,24,42,45,57-59,63,70,71], has been

done. A wide consensus has been achieved in recognizing that current stimuli are better then

voltage stimuli, because the injected charge can be controlled and, therefore, provides

maximum protection of the neural substrate and the electrode itself. It can be said, that the

best waveform to be used is a monophase, charge-balanced pulsate current waveform [9]. Here

is the summary of the main parameters, which are playing a key role in the treatment of the

unnary incostinence:

Pulse frequency - A frequency of 33 Hz is believed to be the most effective. Lower

frequency could not produce enough sphincter tone and higher frequency is associated with

too much fatigue of the urethral striated muscle [1]. Nevertheless, for urge incontinence

treatment, the frequency range is between 4 Hz to 20 Hz and for stress incontinence the

frequency range is between 20 Hz and 100 H2.

Pulse duration - The pulse duration is generally a few milliseconds. To find out the

most appropriate pulse duration, start at 4 ms or 5 ms and then increase or decrease the

duration.

Pulse amplitude - The threshold value for activating pudendal neurons depends on

the size and location of the electrode. It depends also of the anatomic and physiologic

differences of each individual. In the chip developed in GRAMS, the maximum current can be

set through an external resistor during the manufacturing of the prosthesis (typical lOO^A).
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Choice of electrode - To inject the stimulating pulses at the best place, one of four

electrodes (only one at the time) can be individually selected to find the one that gives the

best results.

3.3.3 Power switch

The implant has two possible power sources. The first is the lithium cell power

which is always available. The second source, called external power, represents the power

recuperated during the data transmission from an external processor either by the patient's or

the physician's unit. During data transmission (either receiving or sending) the power

consumption increases. To spare the power of the lithium cell, the energy sent during data

transmission will be used for powering the implant during this time. The cell power is used

only for ordinary working mode, that means during the stimulating process of the nerve. The

possibility to use the external power for the most power consuming actions leads to a life

expectation of the lithium cell and, therefore, of the implant of up to 10 years.

Figure 3.5 shows the circuit for the power supply switching block. There are two

inputs (cell power and external power) and two outputs (Vdd and PID). The chip power supply

is called Vdd. During normal working mode there is no external power and therefore PID is

logic 0. If PID is 0, then the transistor Ml is switching on the cell power which becomes the

power source (Vdd) of the chip. During the same time, the transistor M2 receives a logic 1 at

the gate and is, therefore, switching off the external power. Only one transistor Ml or M2 is

switched on at a time. As soon as an external power is applied, PID becomes logic 1 and

therefore the cell power is switched off and the external power is switched on and will become

the power source (Vdd) of the microprocessor chip. In the same manner, if the external power

disappears, the PID signal becomes logic 0 and the cell power is switched on again.
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Cell
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Figure 3.5 The power supply switching block

3.3.4 The data manaema part

The data managing part is responsible for receiving and decoding the command

words sent from the external processor and afterwards sending it to the controller. It is also

the task of this part to send out the information to the outside world. Figure 3.6 shows the

block diagram of the data managing part.
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Figure 3.6 Block diagram of the data managing part

We can mainly summarize the data managing part into six different units, which are

responsible for the following three functions: receiving data from the external transmitter,

storing the parameters needed for the stimulation of the nerve and sending data to the external

receiver.
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To be able to receive data the two first units, Manchester decoder and shift register

with memory I, are active. The Manchester decoder decodes the information, received through

the inductive link, into a data stream and a clock. The decoded data is then shifted into the

shift register. After detecting the right header (Oil) the data are transferred in parallel from

the register to the memory I. Then the controller will receive the operation code and launch

the according actions.

The memory II (also called main memory) is the third unit. It's function is to store

the necessary parameters used for creating the stimulating pulse stream. After receiving the

command word asking to fill the main memory, by the controller, the data are transferred in

parallel from the memory I to the memory II.

The forth, fifth and sixth units are responsible for sending out either the information

found in the main memory or the comparison result from the cell power reader block. The cell

power reader block is comparing the cell power with an external voltage reference. First, the

data or the comparison result will be latched in a parallel in register. A header (111) is then

concatenated to the data and the whole information is afterwards shifted out, in line, from the

register to the data output block. The output block is modulating the data to a PAM (Pulse

Amplitude Modulation) signal. The modulating frequency will be indicated through the

controller, using one of the four possible values. The so generated signal is then sent to the

second coil of the implant to be sent to an external receiver. The data is then ready to be

demodulated and displayed on a computer screen.

3.3.5 Manchester decoder

The Manchester code was chosen because it is a very simple and effective way to

transfer data together with the synchronizing clock. At the implant receiver the decoder will
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extract the data and the clock separately. A simplified block diagram of the decoder is shown

in figure 3.7. The timing delay (figure 3.8), needed to restore the clock, is produced by an

externally connected RC circuit and the delay is fixed around 3T/4 so that the duty cycle of

the extracted clock is 1/4. Two precautions have been included in the Manchester decoder

block to ensure that the signal received is the right one to be decoded. First, the signal is

valid only if the PID bit is logic one and second it is verified through a small circuit that the

incoming signal is really a Manchester code. The decoded signal will be then forwarded to the

following blocks.

Code

R

c

Schmitt
Trigger

T/2 < Delay < T

Transition
Detecter

Da+a Sampling

Clock

Data
->

Figure 3.7 Simplified block diagram of the Manchester decoder
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Figure 3.8 Timing diagram of the Manchester decoder

Appendix Al shows the HSpice simulation results of the Manchester decoder. Figure

3.9 shows four pictures taken from a logic analyzer and an oscilloscope showing the test

results of the Manchester decoder.

Figure 3.9 Test results of the Manchester decoder (1 Manchester Code, 2 Manchester Data,

3 Manchester Clock, 4 Delay) (continued on the next page)
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vyi/wy

Figure 3.9 Test results of the Manchester decoder (I Manchester Code, 2 Manchester Data,

3 Manchester Clock, 4 Delay) (continued)

3.3.6 Shift register and memory I

This block is mainly composed of three parts: the received data shift register, the

header comparator and the memory I. The clock and the data are received from the Manchester

decoder. The data is then shifted in the 20-bit shift register, synchronized by the clock, as

illustrated in figure 3.10. The value chosen for the 3-bit header is Oil. When the data are

validated by the header comparator, a signal called Latch is generated. The Latch signal gives

the command to the 17-bit memory I to take over the information in parallel from the 20-bit

shift register. The header is not needed anymore and therefore not forwarded to the memory I.

A few nano seconds after generating the Latch signal, a reset signal is generated. After the

transfer, from the shift register to the memory I, the shift register is set to zero as illustrated

in figure 3.11. The appendix A2 shows the Verilog XL simulation result of this block.
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Figure 3.11 Timing diagram of the shift register
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3.3.7 Main memory

This microprocessor chip ICBSHURI contains one main memory, also called

memory II, with the size of 17 bits. In this memory, all stimulation parameters are stored. The

stored information is composed of different fields: two bits (E field), defining which electrode

will be used, four bits (A-field) used to specify the current amplitude, four bits (D-field) used

to determine the pulse width and four bits (P-field) used to decide which frequency will be

chosen. The memory is built of 17 flip-flops, having the possibilities to be loaded in parallel

from the memory I. The data will be stored after receiving an enable command from the

controller. The stored information can be read by the stimuli generating part or transfered to a

register in order to be sent out.

3.3.8 Cell power comparator

The purpose of this block is to inform the treating physician if the power of the

lithium cell of the implant is above or below a reference voltage. The reference voltage can be

fixed through an external circuit placed on the hybrid circuit. Normally, the value of the

reference voltage is chosen so that it remains enough time to take the appropriate actions

(e.g. replacing the implant). This means that the value of the reference voltage should be

above the limit needed for the electronics on the chip to function well. If the cell power is

above the voltage reference, then the comparison result is a logic one, otherwise, the result is

a logic zero. This information can be sent out of the implant through the inductive link and

then be displayed on an external screen.
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3.3.9 Dataj'eadin£

Most of the available urinary incontinence stimulators have the possibility to be

programmable by radio signals from an external processor. The parameters which can be

programmed such as amplitude, frequency, pulse duration and selection of the working

electrode are similar to our prosthesis [20]. One of the distinctive features, which differentiate

this incontinence stimulator design to others, is the accessibility of the memory. It offers the

possibility of a two-way-communication link from the external processor to the implant and

vice versa. On the other hand, the same circuit used for sending out the main memory content

will be employed for sending out the cell power comparison bit, described in the section

before. Figure 3.12 shows the simplified block diagram of the data reading part.

MemoiyH(14bit) Controler

Manchester
Clock ,1

-7^

14

Reading

Data Output

CeU Power Reading on/o£F
Memory Reading on/off

^—^-

Cell Power
Reader

T^
PAM

Data Output on/off"

Figure 3.12 Block diagram of the data reading part

It can been seen on figure 3.12 that the data reading block is composed of two

different blocks. The first one is a parallel-in serial-out 17 bit shift register. Depending on the
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command word used, either the content of the main memory (DR or WR operation code) or the

cell power comparing bit (CVR operation code) is forwarded to the shift register. The data in

the shift register are the following when the main memory is sent out: first the header (always

Ill), then the E-field, after that the A-field, afterwards the D-field and finally the P-field. The

MSB is always shifted out first and the LSB at the end. In the case of sending out the power

cell comparison bit, the data are composed as following: first the header (111), then 3 bits

with logic one. Afterwards there is the place of the comparison bit, the values of the following

10 bits are not important in this case and may have any value. The information gathered

together in the register is shifted out using the Manchester clock.

Figure 3.13 Test results of the data reading part (chl PAM signal, ch2 Manchester

clock)

The data shifted out of the register are sent to the second block of the data reading

part, the data output block. This block consists just of a simple ring oscillator with the

possibility to chose one of four frequencies to generate the PAM signal. The four possible

frequencies are: 2 MHz, 2.27MHz, 2.73MHz and 3.49MHz. The output block will be
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activated in order to modulate the information arriving from the register. The so formed signal

will be then sent to the second inductive link, to be transmitted, to the external receiver.

3.3.10 The pulse generating nari

This part of the ICBSHURI microprocessor is responsible of generating the stimuli.

There are mainly four parameters (frequency of the pulses, duration of the pulses, amplitude

of the pulses and electrode address) to describe the current pulse stream and where it will be

injected. There is also another option named random Tc on/off which allows to generate the

pulses randomly around a nominal one.

The pulse generating part is composed of four different blocks. The first block is the

master clock. It generates a clock, whose frequency can be adjusted through an outside

capacitor to be around 4 kHz, with a duty cycle of 50 %. This clock is then sent to the second

block which contains the frequency divider and the random sequence generator. Four bits

(P-field) are used to fix the frequency and another one switches between random and periodic

mode. Then the so formed signal is led to the third block, which receives also four bits

(D-field), to determine the pulse width. The last block is the output and amplitude selection

block. It receives four bits (A-field) to set the current amplhude and two bits (E-field) to

address the electrode. Another bit called output on/off is also added, to switch off all

electrodes, while processing the command wet reading (WR) or when the patient wants to

empty his bladder. The figure 3.14 shows the block diagram of the pulse generating part.
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Figure 3.14 Block diagram of the pulse generating part

3.3.11 Internal clock

As mentioned before, this block generates a clock to be used for the stimulating

pulse stream. Through an external capacitor, its frequency will be adjusted around 4 kHz with

a duty cycle of 50 %. A small circuit, put in line after the proper oscillator, is guaranteeing a

high slew rate, which is essential for a correct functioning of the following blocks.
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Fig. 3.15 Test results of the internal clock (1 clock, 2 delay)

3.3.12 Frequency divider

The frequency divider block divides the internal clock to the desired frequency. This

block also generates a three bit random sequence, which can be used to generate random

frequency stimuli.

The four bit word (P-field), specifying the frequency, includes a bit called HLF. This

bit switches between the higher and lower frequency range. If the HLF bit is a logic one then

the possible frequencies are:

200/n where n e (2,3,4,5,6,7,8,10)

If the HLF bit is a logic zero then the possible frequencies are;

50/n where n G (2,3,4,5,6,7,8,10)

The frequency divider block can be separated in two parts. The first part is

organized so that the frequency is divided either by 4 (HLF=1) or by 16 (HLF=0) first and
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then either by 2,3,4,5,6,7,8 or 10. Afterwards the signal is sent to the second part which

generates random pulses around the chosen central frequency. This last operation is performed

by generating a three bit random sequence. Then the three bits are led to the next sub-block,

to select a number (3,4,5,6 or 7) with which the clock will be divided. Division by 5, the

statistically most probable value, gives the central frequency (1/Tc). It is obtained when the

3-bit random sequence is Ixx. The other cases where the 3-bit random sequence is 000, 001,

010 or Oil lead to a division by 3,4,6 or 7 respectively. The possible periods are 0.6Tc,

O.STc, Tc, 1.2Tc and 1.4Tc. Figure 3.16 shows two different clocks, the left one is in the low

frequency range, the right one in the high frequency range both of them have randomly

generated periods. The pictures have been taken at a test point after the divider block.
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Figure 3.16 Test results after the clock divider block

3.3.13 Pulse width

This block is used to set the width of the pulses. The available pulse lengths range

from TCK to 16TcK» where T(-;^ is the period of the master clock. A four bit word (D-field)

specifies the number with which the master clock period is multiplied. If the master clock is
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tuned to 4 kHz, the maximum pulse duration is 4 ms and the minimum 0.25 ms with a

resolution of 0.25 ms. The function of this block is built around a counter running until the

desired value, to set the on-time of the output signal. Figure 3.17 shows on the left side a

signal with a short pulse duration and on the right side a signal with a long duration.
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Figure 3.17 Test results after the pulse duration block

3.3.14 Output stage

The output stage has mainly three functions. First to set the current amplitude of the

output signal, second to determine which electrode is active and third to halt stimulation on

all electrodes when necessary.

A highly reliable stimulator must be able to maintain the stimulating current

unchanged although the power supply level is decreasing. So, the output stage includes a

current source, which is independent from Vdd. It consists of a single transistor with a fixed

voltage applied (0.9 V) to the gate and a resistor REX connected between the source of the
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transistor and ground. The stable current generated is called reference current I^gf. It can be

calculated using following equation (3-1):

0.9V -Vgs

R^
^=——^ (3-D

The 0.9 V reference, also used in the internal clock circuit, is adjusted through an

external resistor placed on the hybrid circuit.

A four bit word (A-field) is used to set the amplitude of the stimulating pulses. The

final stimuli is generated by a D/A converter which consists of four current mirrors, using the

reference current, described before.

A two bit word (E-field) is selecting the working electrode. There are four

electrodes, which are placed at different sites. The treating physician can easily activate the

most effective electrode and so improve the success of the stimulator. The principle of the

electrode output is very simple, it consists of two switches in line, realized by transistors. In

working mode (stimulation), the first switch, connected on one side to the D/A converter,

closes to pass the current IQ^ while the second switch connected on one side to ground

opens. To connect the electrode to ground the first switch is opened while the second one is

closed. Figure 3.18 shows two pictures with different amplitudes. To measure the amplitude,

the current IQ^ was sent through a 1 kQ resistor to ground.
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Figure 3.18 Test results after the output stage

3.3.15 The controller

The controller is designed to execute a set of eight different operation codes. These

three bit command words allow to perform all the desired operations. The different commands

will be further explained in the following lines:

ML Memory Load (000)

This command is used to write stimulation parameters in the main memory.

SR Stop Reading (001)

The stop reading command is used to stop sending out the memory content and to

resume the generation of the stimulating pulse stream. The same result is obtained as

soon as the PID bit is switching from logic one to zero (no external power) the two

functions of the SR command are applied.

DR Dry Reading (Oil)

After applying this command the main memory content will be copied in a parallel-in

serial-out register and then shifted out using the PAM signal. This block is
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modulating the signal using the frequency specified in the F-field (see figure 3.4).

The dry reading command will not interrupt the generation of the stimulating pulse

stream.

WR Wet Reading (010)

This command is similar to the dry reading command with the slight difference, that

the generation of the pulse stream is interrupted. That means the sphincter muscle is

relaxed and the bladder is voiding. This command is also applied by the patient when

he wants to empty his bladder.

RES Reset (100)

This command will reset all counters and shift registers of the chip. This is needed

to reinitialize it.

CVR Cell Voltage Reading (101)

This operation code will give the microprocessor chip the command to compare the

cell voltage with a reference voltage and will send out the information as in the case

of the DR and WR commands. Also here the frequency of the PAM modulator is

specified in the F-field.

ROO Random Tc On/Off (110)

This operation code allows to switch between the random stimuli generation and the

periodic one. The first bit of the F-field specifies whether to switch to the first or

the second possibility. The received information will be stored in an internal memory

of one bit. A logic one sets the random mode.

NIL Nil (111)

This command changes nothing in the chip when applied. The function already

initiated, will continue.

In the following table (Table 3.1) The output signals (commands) (see figure 3.2)

will be shown in function of the applied operation code.
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Operation

code

Output

Data in

Memory

Memory

Reading on/off

Cell Power

Reading on/off

Data

Output

on/off

Random Tc

on/off

Output

on/off

Reset

PID = 1

ML

SR

WR

DR

RES

CVR

ROO

NIL

1 for one

clock

period

then 0

0

0

0

0

0

0

0

0

0

I and F-field in

memory

1 and F-field in

memory

0

0

0

x

0

0

0

0

0

I and F-field in

memory

0

x

0

0

I

1

0

1

0

x

x

x

x

x

x

x

1 or 0

according

the Fl-bit

and Fl-bit

in memory

x

1

1

0

1

1

1

1

K

1

1

1

I

0 for one

clock period

then 1

1

1

1

PID = 0

XXX 0 0 0 0 x 1 1

Table 3.1 Output signals of the controller in function of the operation codes

78



Chapter 3

3.4 Floorplaning and layout of the microprocessor chip

The layout was performed with the Cadence software. All of the blocks alone and

interconnected have been carefully simulated using HSpice and Verilog XL simulators. For the

digital parts, standard cells have been used. The analog components have been full custom

designed. There are six mixed signal blocks: power switch, Manchester decoder, cell power

comparator, PAM modulator, internal clock and output stage. Each layout of the six blocks

has been verified to check design rules violations (DRC - Design Rule Check) and compared to

the corresponding schematic view to check its connections (LVS - Layout Versus Schematic).

After placing and routing the whole design, the pads have been placed. And again verification

procedures were performed. Figure 3.19 shows the floorplan of the complete ICBSHURI

microprocessor chip.
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D D
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Pads

Digital Components
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D

RDwer Switch
Internal Clock

^ell
Power
Reader

Manchestei
Decoder

PAM Block Output
Stage

D
D D

Figure 3.19Floorplan of the microprocessor chip ICBSHURI
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4. HYBRID CIRCUIT OF THE IMPLANT

4.1 Introduction / overview

The microprocessor chip ICBSHURI described in the previous chapter has to be

mounted on a hybrid circuit, together with necessary discrete devices. The whole hybrid

circuit will be then hermetically encapsulated in a suitable case. The hybrid technology is used

mainly to get a small size and to enhance the reliability of the circuit.

The hybrid circuit contains mainly four parts: the AC/DC converter, the AM

demodulator, the voltage reference for the cell power comparator and the custom chip

ICBSHURI together with some discrete components. The first three parts are only active

during data transmissions. The data transmission is the most power consuming operation,

therefore a circuit will recuperate the power from the received carrier to power the circuit

during this operation.

A simplified block diagram of the hybrid circuit was shown in figure 3.1. First the

transmitted radio waves from the external coil are captured, by the internal one, and then

presented to the combined AC/DC converter and AM demodulator circuit. The output signal of

the AC/DC converter is used to power the circuit while the demodulated signal is presented to

the Manchester decoder input on the microprocessor chip.
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When a memory out or cell comparator command is sent to the circuit, an output

signal appears on the PAM terminal, and will be led to the internal transmitting coil, to be sent

out to the external receiver. During ordinary stimulating mode those blocks are not active.

4.2 Power recuperating and stabilizing circuit

For a correct operation of the microprocessor chip, a quiet stable power supply is

needed. When the circuit is powered by the lithium cell no further stabilization is needed.

However, when using the RF signal to extract power an AC/DC converter is needed followed

by a power stabilizing circuit. The upper part of the figure 4.1 shows the electric schema of

the power recuperating and stabilizing circuit.

The circuit mainly consists of a signal capturing device (coil Ls and capacitor Cs), a

voltage doubler (capacitors Ct, Cr and diodes Dt, Dr) and a voltage regulator (transistor Tz,

resistor Rz and zener-diode Dz. The output voltage is equal to the zener break down voltage

minus the base-emitter voltage of the transistor (Tz).
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oVdd

*—o Gnd

^ i-^A\—'
-o Codata

Figure 4.1 Electric schema of the power recuperating and AM demodulator circuit

4.3 AM demodulator

The AM modulation was chosen because of the simplicity of the demodulator circuit.

The probability of transmission errors is very low (» lOe-10) in this modulation method. The

lower part of figure 4.1 shows the demodulating circuit.

The demodulator has only two components. A transistor (Td), is connected through

its base and emitter to one of the diodes (Dr) of the voltage doubler circuit. The collector of

the transistor (Td), which is also the output of this circuit, is connected to the second element

a resistor (Rd). The same resistor is connected with its second terminal to Vdd.
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4.4 Voltage reference

The voltage reference as its name applies, is needed for the cell power comparator

block in the microprocessor chip ICBSHURI. This block compares the tension of the lithium

cell to that at the voltage reference and sends out the comparison result through the inductive

link (see paragraph 3.3.8). Figure 4.2 shows the electric schema of the voltage reference

circuit.

Vddo

Gndo

oVoRef

o Gnd

Figure 4.2 Electric schema of the voltage reference circuit

4.5 Electrical components for completion of the various circuits on the chip

To complete the hybrid circuit other electrical components have to be mounted, in

addition to the elements of the circuits described before. There are five circuits which require
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external components: the output stage (electrodes and current reference), the PAM block, the

Manchester decoder, the internal clock and the 0.9V reference (internal clock and output

stage).

To complete the output stage a resistor is added externally to fix the maximum

output current and for each electrode a capacitor is put in line to balance charges.

To send out the data from the PAM block, a circuit was built to get a very precise

resonance frequency for a perfect transmission.

To operate properly, the Manchester decoder needs external capacitor and resistor.

Their values have been chosen to respect the following equation:

T/4 <RC < 3T/4 (4-1)

A capacitor has also been added to the internal clock circuit to set the clock

frequency of this circuit to 4 kHz.

The 0.9 V reference is needed for two blocks. A resistor has to be tuned on the

hybrid circuit to obtain 0.9 V voltage.

4.6 Design of the hybrid circuit

To design the hybrid circuit three layers (metal 1, metal2 and dielectric) have been

used. All of the connections are made ofmetall. The ICBSHURI chip, is placed on above of

three layers. Metal 1 and metal2 separated by a dielectric layer. Those three layers form a
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capacitor, intended to equalize voltage fluctuations. Its value can be calculated by using the

following equation (4-2).

C-AS^ (4.2)

Where A is the surface,

Sj. is the relative permittivity of the dielectric layer,

so is the permittivity of free space and

t is the thickness of the dielectric layer.

In comparison to the figures 4.1 and 4.2 some minor modifications have been made

to be able to accomplish the mentioned functions. In both circuits the desired zener diodes

were not available so different zener diodes were used. To get the desired voltage at the

emitter of the transistors Tz and Tv one or two diodes were connected in line to the zener

diodes.

The design was developed so that the numbers of jumpers were kept as low as

possible. The final design is presented in figure 4.3 and the components list can be found in

table 4.1.
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Code

PAM

GND

Electrode I

EIectrode 2

Electrodc 3

EIectrode 4

Figure 4.3 Hybrid circuit of the urinary incontinence prosthesis
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Description

ICBSHURI

Cs
Ct,Cen
Cr
Cdec
Cclk
Cel-Ce4

Cam

680pF
lOnF
0,15uF
220pF
330pF
0,56uF
lOOpF

Rll
Rll
R15
Rll
Rll
S41
Rll

25V
25V
12V
25V
25V
12V
25V

NPO
BX
Y
NPO
BX
Y
NPO

Rz, Rd, Rv
Rdec
Rvref
Riref
Ram

10k
3,3k
36,2K
1k
100

5%
5%
5%
5%
5%

Td, Tz, Tv, Dt, Dr, Dw, Dza, Dzb
Dz
Dv

MMCS 2857-1 (NPN)
MZC 4.7 A 10
MZC 3.3 A 10

Quantity

1

1
2
1
1
1
4
1

3
I
1
1
1

8
1
1

Table 4.1 Components of the hybrid circuit for the urinary prosthesis
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In this document, we have discussed the physiological neural stimulation, based on

the anatomy and the functions of the nervous system. The electrical stimulation and

particularly the stimulation of the bladder, has been explained mentionning the stimuli

waveform shape, the charge injection characteristics and the type of electrodes that can be

used. It is clear that for a successful stimulation a lot of parameters have to be considered.

The main parameters are the frequency of the pulses, the injected charge limit per phase (fixed

through the amplitude and pulse duration), which should not exceed a safe limit, the electrode

(shape and material), the stimulation site and the material of the encapsulation case.

Taking into account the theory and the medical requirements for the electrical

stimulator dedicated to people suffering from incontinence, the device discussed in this text

was developed. This electrical stimulator consists mainly of two parts the ICBSHURI

microprocessor chip and the hybrid circuit holding it.

The ICBSHURI microprocessor chip design offers several novel and original

features to the incontinence stimulator over those available on the market. Besides offering

the possibility of programming the stimulus parameters such as the frequency, duration and

amplitude of the pulses like other bladder stimulators do, it has three additional

characteristics. These characteristics are: the generation of pulses randomly around a central

frequency, the possibility to read out the main memory content in which the stimulating

parameters are stored, and the option of checking the lithium cell voltage, powering the chip.

The randomness of the stimuli can be used to keep the pudendal nerve from getting habituated
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to a fixed pattern of pulses through a long term stimulation. The chip involving all these

features was implemented in the CMOS 1.5 p,m technology of MITEL Inc..

The thick film hybrid circuit developed for this prosthesis is holding the ICBSHURI

chip, the circuits needed for the reception of the incoming data and power, the voltage

reference circuit as well as some other components needed for the correct functioning of the

JCBSHURI microprocessor chip. The data sent from an external processor to the implanted

part of the prosthesis, is Manchester coded and then sent using AM modulation through an

inductive link. The power will be recuperated from the incoming RF signal while used. This

feature helps to spare the capacity of the lithium cell thus increase the life expectation.

Thinking of science fiction we can think in a future work that can be done on this

circuit. As measuring the pressure of the bladder to know the level of filling of it. This

information could be sent then to the chip, which will compare it to a reference. As soon as

the reference is reached a signal will alert the patient to tell him to empty his bladder.

Another work that could be done is to include on the chip a bigger memory. This

could be used to write different parameters inside, which could be then selected through the

patient according to his needs.

We could as well change the way of the inductive link. Both coils could be replaced

by only one which will be bi-directional.

In this work there are only a few values possible for the frequency, duration and

amplitude. In a next work it could be foreseen to have the possibility to use all possible values

in a certain range.
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SIMULATING RESULTS OF THE ICBSHURI CfflP
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Signal Name Function

CODE Manchester coded signal
Data M Extracted data from the Manchester decoder
CK_Shift_Register Extracted clock from the Manchester decoder

92



Appendbc A

A.2 _ShLfLBu ffer an d He a d e r Comoarator Simulatio n Result
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Signal Name Function

ClkSRR Extracted clock from the Manchester decoder
DataSRR Extracted data from the Manchester decoder
o01-ol7 Output signals from the shift register (oOl MSB and 017 LSB)
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A.3 Re a d ing S i my I at i o n Result
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Signal Name Function

ClkR Extracted clock from the Manchester decoder
Switch_R_In Command applied to read in the main memory content
R Switch_CP Switches between the data of the main memory and the cell power

comparing result
R_A2, R_A3, R_EO, Input signals from the main memory
R El
R_DA1, R_DA2, Input signals from the cell power comparing block
R DA3, RJDA4
Loop Output signal
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A.4 Data Output Simulation Resuk.
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Signal Name Function

FS_0, FS_1 Frequency selecting bits
M0_on_off Signal to switch on or off the data output
MO_In Data input
MO_PAM Data output (PAM carrier)
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A. 5 Random Sequence Generator Simulation Result.
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Signal Name Function

Reset_As_RaGe Reset signal
Clock_RaGe_In Input signal
Rl_0ut, R2_0ut, 3 bit random sequence output signal
R3 Out
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A. 6 _Random Sequence Modulator Simulation Result
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Signal Name Function

Reset_As_RaSe Reset signal
Clock_RaSe_In Input signal
Random Switch Switches between random and periodic signal
Rl_in, R2_in, 3 bit random sequence input signal
R3 in
Qe, Qf, Qg Counter signals
Clock_RaSe_Out Output signals
Reset_RaSe Inverted output signal
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A.7 Pulse Width Simulation Result
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Signal Name Function

R As_PW Reset signal
Count In PuWi 4 kHz clock
Clock_In_PW Input signal
Pd 1, Pd_2, Pd_3, Parameters for the definition of the pulse width
Pd 4
Qh, Qi, Qj, Qk, Ql Counter signals
Reset_PuWi Pulse width output reset
Pu_Wi_Signal Output signal
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A.8 Output Staee Simulation Result
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Signal Name Function

El, E2, E3, E4 Electrodes

106



Appendbc B

THE BONDING DIAGRAM AND PIN ASSIGNMENT OF THE ICBSHURI CHIP
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B.2 Pin Assienment

PIN NAME FUNCTION

02 VSScorner
03 Electrode4
04 Electrode3
05 Electrode2
06 Electrodel
07 Clk_Cap
08 VrefO,9V_Res
09 GDO
10 GSO
11 GMR
12 ADividerClock
13 APuWiClock
23 VDDcorner
24 GRT
25 VSS
26 VSS
27 VSS
28 VDD
37 VSScorner
38 Data Manchester
39 ORE
40 4kHzClock
41 GDM
42 PID
43 GCP
44 ExternalPower
45 ExternalPower
46 ExternalPower
47 CeIlPower
48 CellPower
49 CellPower
50 CePoRef
57 VDDcorner
58 Res Manchester
59 Cap_Manchester
60 CODE_MANCHESTER
61 PAMSignal
62 Rexlreff

VSS of chip
Electrode number 4
Electrode number 3
Electrode number 2
Electrode number 1
External capacitor to adjust internal clock
External resistor to adjust internal voltage reference
Test point of the data output bit of the controller
Test point of the stimulation output bit of the controller
Test point of the memory reading bit of the controller
Test point of the clock after the divider block
Test point of the clock after the pulse width block
VDD of chip
Test point of the Random Tc bit of the controller
VSS of chip
VSS of chip
VS S of chip
VDD of chip
VSS of chip
Manchester code to Manchester decoder block
Test point of the reset bit of the controller
Test point of the clock after master clock block
Test point of the data in memory bit of the controller
Test point of the power identification bit
Test point of the cell power reader bit of the controller
External power supply
External power supply
External power supply
Lithium cell power supply
Lithium cell power supply
Lithium cell power supply
External reference for the cell power comperator block
VDD of chip
External resistor for Manchester decoder block
External capacitor for Manchester decoder block
Extracted data from the Manchester decoder block
Output of PAM modulated carrier
External resistor to adjust the current reference of the
output stage
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