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ABSTRACT

DESIGN OF A COMPUTER-CONTROLLED CURRENT
STIMULATOR FOR NERVE AND MUSCLE EXCITATION

Electrical stimulation of excitable tissues has been widely used for diagnosing
and treating neurological and muscular disorders. Electrical stimulation is also used to
analyze and understand inherent functions of nerves and muscles. This study includes
the circuit design of a current stimulator and its custom LabVIEW interface. The
device is based on a modified Howland current-source topology due to its efficiency for
injecting precise current without being affected by load resistance variations. Modified
Howland current source converts voltage signals to desired current signals. The device
is powered by an external power supply with high compliance +37 V.. Waveforms are
produced by using a computer audio output which is controlled by LabVIEW. There-
fore any user can create its own user interface with any programming environment.
Sinusoidal, square and triangle waveforms, in different frequencies, amplitudes and
pulse widths, can be generated within the range of the sound card specifications. The
device can generate both monopolar and bipolar current pulses with pulse duration of
0.05 — 10 ms. Reliable frequency range of the system is 10 — 10,000 Hz and it can
deliver 6.6 mA,, at 10 £Q dummy load. This system can be easily constructed and
is very inexpensive compared to commercial units. Both electrical and physiological
tests are performed in order to prove that the device is running properly and it can
be utilized in laboratory experiments of electrophysiology especially for somatosensory

evoked potentials.

Keywords: Electrical stimulation, modified Howland current source, LabVIEW, audio

output, electrophysiology.



OZET

SINIR VE KAS UYARIMI ICIN BILGISAYAR-KONTROLLU
AKIM STIMULATORU TASARIMI

Canlh dokularinin elektriksel olarak uyarilmasi, sinir ve kas bozukluklarinin
teshis ve tedavisi amaciyla uzun yillardir kullanilmaktadir. Ayrica, elektriksel uyarim;
sinir ve kaslarin dogasinda olan isleyigini analiz etmek, kavramak ve anlamak icin de
yaygin olarak kullanilmaktadir. Bu calisma bir akim kaynagi devresinin tasarlanmasi
ve onun bilgisayar arayiizii ile kontrol edilmesini icermektedir. Cihaz tasariminda;
degisken yiik direncinden bagimsiz olarak sabit akim verebilmesi i¢cin bu konuda yaygin
olarak kullanilan geligmig Howland akim kaynagi topolojisi kullanilmigtir. Geligtirilmig
(Modified) Howland akim kaynagi uygulanan gerilimi istenen akima c¢evirir. Cihaz,
437 Vg besleme saglayabilen harici bir gii¢ kaynagi ile beslenmektedir. Diziistii bil-
gisayar ses kart1 LabVIEW tarafindan siiriilerek istenilen dalga sekilleri {iretilmektedir.
Siniizoidal, kare ve {icgen dalga sekilleri, farkli genlik, frekans ve darbe genigliginde ve
ses kartinin teknik Ozelliklerine ve sinirlarina uygun sgekilde iiretilebilmektedir. Ci-
haz monopolar ve bipolar darbe (puls) iiretme ozelligine sahiptir. Cihazin darbe
genigligi 0.05 — 10 ms arasindadir. Cihazin giivenli frekans araligi 10 — 10,000 Hz
olup, 10 kluk bir yiik direncini 6.6 mA,, akim ile siirebilmektedir. Bu cihaz ko-
laylikla imal edilebilmesinin yani sira ticari iiriinlere gore de daha ucuzdur. Cihaz
elektriksel ve fizyolojik olarak test edilmis ve caligtigi kanitlanmistir. Laboratuvar
ortaminda elektrofizyoloji deneylerinde, 6zellikle de somatosensoriyel uyarilmig potan-

siyeller 6lciiliirken rahatlikla kullanilabilir.

Anahtar Sozciikler: Elektriksel uyarim, geligtirilmis Howland akim kaynagi, lab-

VIEW, bilgisayar ses kart1 ¢ikisi, elektrofizyoloji.
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1. INTRODUCTION

1.1 Motivation

In late 17** century, Luigi Aloisio Galvani and his assistant defined "bioelectric-
ity’ in their experiment on frogs [1]. During the early days of bioelectricity, electrical
current is applied to humans for treatment of pain . Later, it started to be used for
diagnosis, monitor and treatment of diseases (i.e. primo vascular diseases). Most re-
cently, functions of some organs can be restored or supported by using bioelectricity
devices. For example, arms of a motor-disabled person can be moved by electrical
stimulation of muscles [2].

Electrical stimulation of excitable tissues, such as nerve and muscle, has been a
fundamental experimental tool in teaching life sciences and also in biomedical research.
In order to excite a tissue, electrical stimulators (i.e. constant current supplies) are
used. The commercially available stimulators are extremely expensive and some might
not be controllable by the hardware (i.e. audio output) of personal computers avail-
able in laboratories [3]. In addition, requirement for additional extension (e.g. external
isolation unit) on stimulator device increase the cost. Furthermore, these devices may
require periodic maintenance and calibration or repair only by the supplier which means

dependence on the supplier and an increase in the cost.

1.2 Objectives

The objective of this masters thesis is to design a current stimulator from off-
the-shelf components with a simple design that satisfies the needs for biomedical ap-
plications. The design has high compliance and high output resistance, and is able
to supply high current levels. The thesis also includes design of a stimulator control-

software that can be easily modified for needs.



The design presented in this study is based on improved Howland current source
topology which has very high output impedance when resistors are well-matched ac-
cording to Eq. 3.13. An integrated circuit (IC) ISO 124 is used for isolation. The device
has a very high compliance (closer to +40 Vg, but the saturation of IC’s allow 433 V.
at the output stage however our power supply is about +37 Vj.). A power op-amp
with high supply voltages had been chosen. This IC is OPA 453 and it is able to give
50 mA and it can also reach 125 mA in extreme conditions. The aimed and planned
output current is somewhat greater than 100 ;A and can reach even 10 mA,, where
the load resistances are lower than 6.6 k{2 where the tissue resistance of experimental
subjects does not even reach 100 €2 due to application was subdermal in the current
tests. Frequency range considered here was 10 — 10,000 Hz and it already meets the
requirements for SEPs. The duration of pulse was varied between 0.05 — 10 ms, but
sound card can supply until 100 ms range. The final device had a high compliance of
+37 V4. and could supply 6.6 mA,, current levels for 10 k€2 dummy-load or 66 mA,,
current level for 1 k2 dummy-load. However, tissue damaged may occur in subdermal
applications at this level. In addition, op-amp should be protected and cooled very
well. The device could generate pulses with duration between 50 ps and 100 ms. Flow

diagram of the study is presented at (Figure 1.1).

1.3 Thesis Outline

This thesis consists of 5 chapters: In chapter 2, anatomical and physiological
information about nerves and muscles are given. This chapter also includes the back-
ground information about topology and design of electrical stimulators. Chapter 3
includes the information about the hardware and software of the entire system. At-
tempted circuit topologies, the final design topology and the design steps are presented
in detail. Chapter 4 gives the experimental results of the device. Two experiments
were performed; the first one is the electrical evaluation of the circuits. The second
experiment is the test of the final device on rat nervous system. Chapter 5 gives the

discussion on the final device; limitations and suggestions are mentioned.
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Figure 1.1 Block diagram of the system is designed for electrophysiological experiments.




2. BACKGROUND

2.1 Bioelectricity

Nerve cells and muscles are the two primary types of excitable tissues in living
beings. Nervous tissue is composed of nerve cells and glial cells Nerve cells receive and
transmit nerve impulses whereas glial cells support and nourish them by providing the
necessary nutrients to the neuron. Muscles tissues enable muscles’ ability to contract

in response to stimulus.

2.1.1 Nervous Tissue

Nervous system is composed of two main classes of cells that are nerve cells or
neuron and glial cells or glia. Nervous system rapidly communicates other system. This
ability can be provided by neurons features that are; Asymmetry of their morphology

and electrical-chemical excitability.

e Structure of a nerve cell

A nerve cell is consisting of four parts; the cell body (soma), dendrites, axon,
and presynaptic terminals (Figure 2.1). These parts play important role in the process
of signal generation and communication with other neurons. The soma (body) is
the place of the metabolic activities required for maintenance of neuron. Dendrites
receive signals from other neurons while axons transmit the received signals to adjacent
neurons. Electrical signals are carried for long distances through the axons. The nerve
impulses are known as action potential and initiated at the soma. An action potential

has amplitude of 100mV which does not change (due to regeneration of action potentials



on the axons in frequent intervals) throughout the axon [4, 5].

Conduction speed of the action potential depends on diameter of the axon.
Larger diameter leads to larger conduction speed. Axons are surrounded by myelin
sheaths made of lipid (fat) and protein which insulates the axons. There are gaps
between myelin sheaths wrapping the axon called nodes of Ranvier at which the axons
are not insulated thus generation of electrical activity.

Synapse is the special structure where the neurons communicate to each other
via electrical or chemical signal. Presynaptic and postsynaptic neurons are separated

by a special gap called synaptic cleft.

Endoplasmic

Nuclear reticulum

envelope

Golgi
apparatus

Dendrites

Transport
vesicle

Myelin sheath

Synaptic
vesicle

Synaptic
terminal

Muscle

Figure 2.1 The structure of a neuron [5].



e Synaptic transmission

Synaptic transmission is the process of how neurons communicate each other.
Synaptic transmission is accomplished by two ways; electrical or chemical. Electri-
cal transmission is direct transfer of depolarization across membrane of presynaptic
neuron to post synaptic neuron through gap junctions which is the small hole in the
cell’s membrane. Chemical transmission is through chemicals called neurotransmitters
released into the synaptic cleft which binds to receptor located on the post synaptic
neuron and change its electric potential. Moreover, a neuronal signal from presynaptic
terminal to post synaptic terminal can be amplified at chemical synapse so if it is a
small signal it can be converted to a large signal at postsynaptic terminal. Synaptic
transmission can be between nerve-to-nerve, nerve-to-muscle and muscle-to-muscle.

Electrical transmission generates current, by the action potential at the presy-
naptic terminal, directly towards to postsynaptic cell. In contrast, chemical trans-
mission generates current at the postsynaptic terminal by action potential forcing the
vesicles of presynaptic terminal releasing chemical substances called neurotransmitters.

Electrical synapses and chemical synapses are different then each other in terms
of structure. In electrical transmission the gap between the presynaptic and postsynap-
tic terminals is smaller compared to chemical transmission. The gap-junction channels,
in electrical transmission, provide communication of between presynaptic and postsy-
naptic neuron. QOutgoing currents leave positive charges inside the presynaptic cell
membrane which cause a depolarization of the cell whereas incoming currents via the
gap-junction channels carry positive charges inside the membrane causes a depolariza-
tion at the cell. If the depolarization reaches the threshold value, postsynaptic cell’s
voltage-gated ion channels suddenly open and create an action potential. On the con-
trary, in chemical transmission neurotransmitters released to synaptic cleft bind to the
receptors located on postsynaptic cells (Figure 2.2).

To get larger currents at postsynaptic cells, presynaptic cell should be bigger
than usual due to having many ion channels on its membrane. In contrast, postsynap-
tic cell should be smaller than usual in order to increase the input resistance. When
the input resistance is obtained small, the Ohm’s law is applied V = IR . Currents

flowing from presynaptic to postsynaptic cell causes a large voltage change when the



A Current pathways at electrical synapses B Current pathways at chemical synapses

T
|

|
IV
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Figure 2.2 Electrical transmission (left), Chemical transmission (right) [5].

resistance of the presynaptic cell is small.

Presynaptic action potentials cause depolarization, at the postsynaptic cells, for
generating action potentials. In electrical transmission, weak currents of presynaptic
cell can depolarize the postsynaptic cells. In contrast, threshold value must exceed in
the presynaptic cells in order to generate an action potential to make neurotransmit-
ters released to trigger postsynaptic cells in the chemical transmission (Figure 2.3).

Electrical synapses can be both depolarizing and hyperpolarizing [4]-[6].

Presynaptic
action potential

mV
+40

Presynaptic
nerve
terminal

=70

.
i Transmitter Receptor-
Excitatory o
postsynaptic channe\
potential Post.
mV synaptic
755[77 T—— ~ Threshold cell
=70 '
e —
Delay 1ms

Figure 2.3 Chemical synaptic transmission [5].

e Action potential generation

Neurons are employed for generating electrical signals to carry neural informa-
tion. Process of the generation of electrical signals depends on the amount of ions
that flowing through the neurons’ plasma membranes. Neurons are at resting poten-

tials means a relatively stable membrane potential in which state the ion channels are



closed and there is no inward or outward ion flow. The resting membrane potential is
about —70mV. In contrast, when a dynamic voltage change occurs, neurons generate
an action potential where the transmembrane potential is positive. An action potential
is generated at the soma and moves through axon of the presynaptic neuron. Myelin
sheaths wrapping the axon both insulate and increase the speed of conduction [4]-[7].

Voltage-gated ion channels play an essential role for generating action potentials
and also these channels are responsible for electrical excitability of neurons. Action po-
tentials have four important features which are; they have a threshold value, they are
all-or-none events, the amplitude of an action potential does not change along the axon
(regeneration at the nodes of Ranvier), and they are followed by a refractory period in
which the voltage-gated ion channels require time to recover from inactivation.

Action potentials have a threshold value around -55mV which should be reached
to generate an action potential. The amplitude of an action potential does not depend
on the amount of the current though the frequency of the amplitude is dependent on
the intensity of a stimulus. This is so called ’all-or-none event’ of the action potentials.
Amplitude of an action potentials are constant during propagation along the axon.

Figure 2.4 shows a plot of a typical action potential with several phases from
the beginning of a voltage change across the cell membrane.

When the membrane potential reaches a threshold value, voltage-gated Na+
channels open and depolarization occurs when the channels open. Depolarization in-
creases the conductance of Na™ ions and Na™ ions flows through the channels into
the cell which leads to dynamic increase in the membrane potential. Increase in the
membrane channel cause more channel to open until all the ion channels open. When
the ion channels are inactivated due to rapid influx of sodium ions, electrochemical
gradient returns to resting membrane potential (repolarization).

Refractory period is the time interval when the cell cannot be stimulated by
any of the stimulation method because when Na™ channels are induced once and can-
not be excited again before recovery. Refractory period lasts when the relevant cell
reaches the resting potential. High concentration of C'a®" at the exterior of the cell
increases the threshold positively and stimulation becomes more difficult. In contrast,
low level of Ca?* causes muscle spasm. In order to reach the threshold value of the

tissues immediately, stimulus strength and duration is important (Figure 2.5) [5, 7, 8].
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Figure 2.4 Action Potential [8].

2.1.2 Muscle Anatomy and Physiology

Muscles are responsible for many essential tasks of motility of living beings.
The ability of locomotion also can be provided just by systems includes muscles. They

provide movement by shortening and turning to original state.

e Structure of muscle

Muscle cells or fibers (myocytes) consist of hundreds of myofibrils which are
covered by sarcoplasm. Myofibrils are the smallest unit in muscle systems and with
sarcoplasm they are contractile element of the muscles. Sarcolemma is the cell mem-
brane which encases the sarcoplasm, nuclei, other energy and oxygen supply units.
Myocytes, created by the hundreds of myofibrils and sarcoplasm, creates the muscle

fibers which are covered by endomysium. Muscle fibers build up the bundle of fibers
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that are surrounded by perimysium. Finally whole muscle is surrounded by epimysium

(Figure 2.6).

Myotendinous Epimysium
junction Bundle of

myofibers

Perimysium

ood
vessel Myonucleus

Figure 2.6 Structure of a muscle [9].

Myofibrils are made up of protein myofilaments that are actin, myosin, tropomyosin
and troponin filaments. Z-plates divide the sarcomeres, which is the smallest unit of
fiber, are the contractile elements of fiber (Figure 2.7). Z-plates consists actin fila-
ments about 2000 which align just middle of the Z-plates. I-band occurs here where
the actin filaments are aligned on Z-plates. A-bands place a point where actin and
myosin filaments coincide in the middle of the sarcomere. H-zone placed just middle

of the sarcomere. M-disk (plate) is placed just middle of the myosin filament [6, 8|.
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Figure 2.7 Sarcomere structure [8].

e Muscle contraction and Neuromuscular junction transmission

An action potential should be gathered to achieve a stimulation of a muscle fiber.
Voltage-gated Na™ channels, in the sarcolemma, are activated by a current which is
generated when the acetylcholine is released at the motor end plate. This excitation
is converted to a contraction called electromechanical coupling. Sarcolemma’s dihy-
dropyridine receptors are voltage sensors of muscle cells for searching depolarization so
when these receptors are excited the process of excitation and contraction is activated
8]

Muscle contraction occurs when the myosin molecules bind to actin and pull the
actin to the center of sarcolemma. This binding form is named as cross-bridges that are
a special shape of binding where the myosin head binds to actin with an angle. This
pulling action is called as sliding filament mechanism which is done by ATP energy
and end with muscle contractions by shortening. Contraction of the muscle causes a
decrease of length between the muscle and its attachments then they become close to
each other (Figure 2.8). The energy which muscle needs for contraction is provided by

myosin by hydrolyzing ATP to ADP [4].
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Figure 2.8 Muscle contraction (Isotonic) [4].

Muscles fibers and nerves are getting connected to each other at neuromuscular
junction. The communication between the muscles and nerves is as follow: Sensory
receptors of the muscle systems gather the sensory information and convey it to brain
via spinal cord then motor nerve endings transmit the task to muscle via same path
and then muscle contracts in order to perform the task send by motor cortex. Motor
axons of the nerves can split up into many branches and make connections to muscle
cells in order to supply and stimulate.

A synapse between a muscle and a nerve is named: the neuromuscular junc-
tion (Figure 2.9). This gap fills by acetylcholine, a neurotransmitter releases from
the vesicles of axon, which binds to motor end plate of the sarcolemma. It results
opening of the Na+ channels in the sarcolemma so action potential of a muscle fiber
is achieved. Action potential expands along the sarcolemma and reaches T tubules
(transverse tubules) where the Ca*" is released.

Ca’" release causes cross-bridges of myosin which produce contraction of mus-
cle. Contraction process is terminated when acetylcholinesterase hydrolyzed acetyl-
choline so sarcolemma permeability of Na*t is decreased. So the muscle relaxes and
turns its original state. Relaxation process is obtained by C'a®* is no longer available in
the process because ATP is consumed to remove C'a®>" and active sites are disappeared
so actin and myosin cannot converge and finally muscle turns to its original state.

Two types of skeletal muscle fibers are available. These are fast and slow fibers.

Fast fibers are powerful and contain lots of myofibrils. Fast types contracts strongly
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use ATP and reaches fatigue (muscle is not available for activation) immediately. Most
of the skeletal muscles are made up of fast fiber. Fast fibers need more storage of
glycogen (needed for production of ATP) for more ATP supplement. Slow fibers can

produce low forces but they have high endurance limit.

2.2 Electrical Nerve and Muscle Stimulation

Electrical stimulation of the nerves and muscles is an artificial exciting method
in order to understand the bioelectrical nature of these tissues. This technique is used
in diagnostic and therapeutic medical applications. Furthermore, electrical stimulators
have been widely used in biomedical training and research. The basis of electrical stim-
ulation is the excitation of a cell by applying current from a constant current source.
The current changes the electrical potential on the membrane of the cell and a respond
(e.g. action potential or muscle contraction) occurs if the threshold is reached [6].

In examination nervous system, electrical stimulation is applied on the periph-
ery (i.e. skin surface) to excite peripheral nerve endings and to elicit event related
potentials (EP) on brain surface. These potentials are recorded with EEG techniques
and characteristic of the recorded signal (e.g. timings of potential peaks) is analyzed.
Similarly, for recovery or regulation of an organ’s function, electrical stimulation is
applied on the organ with different techniques and stimulation parameters depending
on the bioelectrical and functional properties of the organ. For example, by stimulat-
ing peripheral muscles or nerve fibers innervating these muscles on a motor-disabled
person, it is possible to move specific limbs and regain the control of that limb to the
subject in combination with brain-machine interfaces [2, 10]. In order to cope with
pain, some therapeutic stimulation devices are implanted into the living bodies [2].
These devices have no significant side effects. Two examples are shown in Figure 2.10
presenting the deep brain stimulation (on the left) and spinal cord stimulations (on the
right) for pain relief [2|. Electrical stimulation of central nervous system (CNS) is also

used for the treatment of epileptic seizures and obsessive compulsive disorders |2].
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Figure 2.10 Deep brain (left two) - Spinal cord (right two) stimulations for pain management [2].

2.2.1 Voltage to Current Converters

Voltage to current converters (V-1 converters) are the most preferred topology
for electrical stimulator devices. These devices convert a constant voltage given to
their input into a constant current level independent of the load. The V-I converters
can be constructed using different electronic circuit topologies and components. BJT,
MOSFET, and Op-amp applications are widespread. Op amp based circuits become
prominent due to the easiness of the design; just a few additional components are

required to set the characteristic parameters of the circuit (e.g. the gain) [11]-[12].

2.2.2 Stimulators from the Literature and Commercial Devices

Stimulators are the devices that are used to excite nerves and muscles. Stimu-
lators can generate continuous signals or repeating pulses whose amplitude, duration
and pulse width can be adjustable. The flexibility is an important parameter for stim-
ulators. These devices are used in many areas of medicine and biomedical research.
Some of researchers, in different areas of life sciences, use these devices in their research
areas. Device parameters can be different depending on the research or usage area and
also the experimental subjects (i.e. human, rat, monkey). Commercial stimulators
usually meet the needs of studies but they are very expensive. On the other hand,
custom-made stimulators are both inexpensive and flexible in use.

Stimulators are commonly designed in order to meet the requirements of the
studies. For example, in the study of cortical microstimulation, Romo et al. injected

currents between 40 — 100 uA while the frequency was about 12 Hz and the duration
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of each phase of electrical pulse was 0.2 ms [13].

On the other hand, study of Hayton et al. electrically stimulated peripheral
nerves to see the anesthetic agent’s relation with latencies and amplitudes of somatosen-
sory evoked potentials. They used 1 — 10 mA current levels with duration of 0.1 ms
delivered at 3 Hz [14].

Another study is about stimulator design for transcutaneous stimulation by Mc-
Partland et al. [15]. They designed a device which can supply currents up to 100 mA
with a frequency range of 10 — 60 Hz and a pulse width of 1 ms.

Final, in the study of Tucker et al., they build a current stimulator for electrical
impedance tomography (EIT). The device had a frequency range of 1 kHz — 1 M H=z
and could supply current levels up to 2 mApp [12].

Some of the commercial stimulators can have a very wide range of stimulation
parameters, but their prices are very high to have them in the laboratories for students
experiments; for example, Model DS7A of Digitimeter, 6002 Basic Stimulator of Har-
vard apparatus ($1,400), SD9 Square-Pulse stimulator of Grass Technologies ($1, 700),
BSL Stimulator of BIOPAC systems ($3,600), Model 2100 Isolated pulse stimulator of
A-M system ($1,800) and DS8000 of World Precision Instruments ($6, 000).

Commercial devices have distinct parameters; i.e. BIOPAC STMISOLA linear
isolated stimulator has two output stages for high current mode (100mA) and low cur-
rent mode (10mA) with compliance of 200V, £10V control voltage and maximum
sine frequency of 30 kHz. It is well suited for transcranial direct current stimulation.
On the other hand, Digitimeter-DS2A/DS3 stimulators are constant current/voltage
isolated stimulators. DS3 provides; 32uA, 320pA, 3.2mA and 32mA maximum cur-
rents at 4 stages. Pulse width is from 10 usto100 ms with £10% accuracy.

Giiglii 3] designed an isolated, low-cost constant current source for laboratory
experiments. This stimulator supply 1.5mA maximum current with 15 V' compliance
and its linearity is perfect in the range of 1 — 200 uA and frequency range is about
20 — 5000 Hz.

Jaw et al. [16] designed a programmable stimulator appropriate for many
neuroscience experiments. The device has programmable ranges of pulse duration
(5us to 65ms) and frequency (can be < 0.0005 Hz). In addition, the current output

range of the device is between 0 — 10 mA. It has an isolation unit to minimize stimulus
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artifact.
In order to design a specific or a general purpose electrical stimulator, the needs
should be defined first. Stimulators used in neurostimulation, need high compliance

constant-current and isolated output [17].

2.2.3 Somatosensory Evoked Potential

Somatosensory evoked potentials (SEPs) are electrical responses of nervous sys-
tem to sensory nerve stimulation. After peripheral nerve fibers are activated, this
sensory information reaches to the somatosensory cortex causing a compound electri-
cal potential (due to many active cortical neurons) on the brain surface. SEPs are
generally used for diagnosis and monitor of some nervous system disorders, such as
Multiple sclerosis, Transverse myelitis, Spinal cord injury. SEPs are unique choices
when MRI is not sufficient to monitor dysfunction or abnormalities of the afferent
nerves. SEPs are also used in spinal cord operations widely, in order to observe if any
damage occurs on the sensory pathway.

Stimulation is performed by electrical excitation of the nerve endings in the
skin. Mechanical activation is rarely used. However, use of electrical excitation is more
popular and also preferred method of activation.

Stimulus intensity is arranged according to the electrode type and stimula-
tion site and depth. Stimulus can be constant voltage, but the current level
may alter too much (causing injuries) depending on the variations of tis-
sue impedance and electrode-tissue interface. Constant current stimulation
gives more proper results compared to voltage stimulation. Constant current
is more sustainable for the stimulation since although tissue impedance changes, a
constant level of current flows through nerve fibers. Pulse duration of the electrical

stimulus is about 0.2 ms [18].
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3. MATERIALS AND METHODOLOGY

This chapter of document consists how the electrical stimulator is designed,
tested and constructed. Main topics of the chapter are stimulator design specifications,
stimulator diagrams and analyses, computer interface-software and electrode selection.

The device or the system has been mentioned as electrical stimulator or just a
stimulator, in this thesis, includes many subsystems such as; a power supply: for sup-
plying energy needed by whole system, a voltage to current converter (V-I converter):
for acquiring constant current, a comparator: for triggering an external amplifier, and

a computer as the controller: for driving entire system.

3.1 Stimulator Design Specifications and Voltage to Current

Converter Topologies

The electrical stimulator of this study is designed in accordance with labora-
tory employment in order to perform electrophysiology experiment which is one of the
basic needs of biomedical laboratory education. General requirements for an electrical
stimulator, used in electrophysiology experiments, vary in terms of purpose of usage.
A constant current source should supply desired currents as desired amplitudes, fre-
quencies, repetition times, and pulse-widths according to in which application will it be
employed. Electrical stimulation can be implemented as direct or alternating current
types, in a various waveform shapes as monophasic or biphasic square waves. The am-
plitude differs according to the place where electrical stimulation is applied intradermal
(dermis layer), subcutaneous (subcutaneous tissue), or transcutaneous.

The stimulators output impedance must be high enough to supply constant
current that is not affected by various resistances. Current sources also requires high
output impedance so current sources are preferred, instead of voltage sources, in order
to electrically excite the living tissues. In this study a V-I converter topology has been

decided to be used for getting constant current which can be controlled by variable
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voltage. Constant current stimulation is more effective than constant voltage stimu-
lation in electrophysiology so constant current stimulators are much more preferable
than any others.

Positive-negative, biphasic pulses or pulse trains can be produced as desired
waveforms by software. Input and output waveforms of this study are characteris-
tically positive square-pulses where its amplitude, pulse-width, pulse repetition are
controlled by software. Continuous sinusoidal, square and triangular waveforms are
also generated by software in order to electrically evaluate the system specifications.

Voltage to current converters which are also called as transconductance ampli-
fiers, convert an applied input voltage to an output current that is amplified being
multiplied by transconductance gain. i,,; = Avy,, is the formulation of the transcon-
ductance amplifier, where i,,; is the output current that is amplified by means of A
and vy, is the input voltage. Equation 3.1 is the more realistic expression of a V-I

converter characteristic.

1
Z'out = AUm - R_Uload (31)
out
Vioad = Z-outRload (32)

In equations (3.1 and 3.2), vjpqq is the resulting voltage when i,,, flows over the
load resistance (Rjoqq). Rout 1S the converter’s output resistance which is encountered
by the load. For more stable i,,;, a perfect V-1 conversion is needed so, i,,; must be
totally independent of vj,,q it means that i,,; should not varies with Rj,.q4, therefore,
we have R,,; = c0. R, can be infinite, in theory. However, in practice R,,; can just
approach high resistance values but not be infinite. This fact determines the quality
of conversion and also the stability of iy, [11].

An output load, should be committed to the output port of converter, is crucial

in order not to cause any malfunction of circuit due to current flow problems. The
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voltage compliance shows the maximum values of v;,,q before saturation takes place.

V-I converters are divided into two groups; Floating-Load converters and Grounded-
Load converter. In floating-load converters, load is not committed to ground and be
used as a feedback component on the other hand, grounded-load converters have a load

component one of whose terminal is grounded.

3.1.1 Floating-Load Converters

Floating-load converter means load is used as a feedback component in the cir-
cuit. Two kinds of floating type converters exist. These are non-inverting (Figure
3.1(a)) and inverting types (Figure 3.1(b)). Sensitivity resistance (R) which decides
current (i, ) in accordance with input voltage (v;;,) and i, flows from output terminal
to inverting input terminal of the op amp and gives the equation of v;, = i, R then eq.
3.3 is found. The advantages of non-inverting type are; source sees an infinite resistance
at the input of the op amp and op amp drives the load by itself. The drawback of

non-inverting type is; the limited voltage compliance [(vor — Vin) < Viead < (VoH—v,,)]-

1

iout = Evm (33)

In any types of load, op amp’s output carries the current 7,,; which is dependent on
input voltage (v;,) and sensitivity resistance (R) and independent from voltage on the
load (Vp4q). In non-inverting type, op amp keeps its output voltage at vour = Vin + Vioad
in order to keep 1, stable.

On the other hand, inverting type floating load converter (Figure 3.1(b)) draws
a current of iy, = (v;, —0)/R due to its inverting input terminal is at 0 V' . At inverting
type, current flows from inverting input to output port of op amp, while the current
is same as at non-inverting type, the polarity of the flows is opposite. While inverting
type has better voltage compliance with regard to non-inverting type, it also has a
disadvantage of not seeing an infinite resistance. Floating types of converters are not
suitable for ground required loads. They have stability problems when larger loads are

needed to drive. They have also gain problems if there is no adjustable resistor, as
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Figure 3.1 Non-inverting Floating-Load V-I Converter (a), Inverting Floating-Load V-I Con-
verter(b).

sensitivity resistor, used in their circuit. On the other hand they are the most basic

and easy to construct types of current sources designed with op amps, in general [11].

3.1.2 Grounded-Load Converters

Grounded-load converter means that when one of the terminals of load is com-
mitted to ground there is no feedback loop for the op amp. These types of converters
are suitable for grounded loads. Figures 3.2 and 3.3 are most common grounded-load
converters are Howland and improved Howland current sources that are named after
their inventor Prof. Bradford Howland. There are many different types of voltage
controlled current source topologies; however, Howland topologies are most practical
and preferred types due to convenience of design. In Howland topologies, current can
easily be achieved just by using small number of discrete components as resistors. Op
amps are high performance components and they have robust characteristics at nerve

and muscle stimulations.

e Howland current pump

Howland current source consists of an op amp, a set of resistors and an input
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voltage to control output current of the circuit. Current flows toward ground through
the load. The output resistance, seen by the load, is found by Norton equivalent and

eq. 3.4 is achieved [11].

Ry
Ra/Ry — Ry/Rs

Rout - (34)

As it is mentioned before, for a correct conversion, R,,; = oo is essential so in order to

ensure this situation there should be perfect match of resistors as eq. 3.5.

Ry Ry

R3 R4
1 * 11—
) ICC
+
OPA 453
Vin
M R R2
Q\ 1 * — 1+—

RL

Figure 3.2 Howland current source.

In Howland current source mode, in Figure 3.2, output current is calculated by

eq. 3.6 where the gain is R%. This equality lay on the eq. 3.5 which is related to

R, = oo condition.

1

lout = E
1

Vin (3.6)

When the input voltage v;, is positive, the Howland source supply currents to
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drive the load otherwise it sinks current. In order for a large range of voltage compli-

ance, R must be greater than Rs.

e Improved (Modified) Howland current pump

In most cases, Howland current source is more wasteful in terms of power in
comparison with modified Howland current source. In order to solve this insufficient
use of power, the circuit is modified and the Rs, in Figure 3.2 is divided into two re-

sistors Ro4 and Rsp , in Figure 3.3, whose summation is again equal to Ry, in eq. 3.7.

|

R3 R4
| 1 1
— T
) U4
+
OPA 453 R2-B
Sansitivity Resistor
Vi M R1 R2-A

RL

Figure 3.3 Improved Howland current source.

The modification of Howland circuit and splitting R, into two resistors does not
affect R, = oo condition because eq. 3.5 just turns to eq. 3.8 and infinity condi-
tion is still valid. These modification turns Howland current source to a power saving
improved Howland current source whose output current is in eq. 3.9 where Rop is
sensitivity resistor which decides output current when divides input voltage. The ex-
pression of % adjusts the gain of the circuit. Choosing Rsp is small enough can be
power savings but in some cases; being too small can result in stability problem on the

output current of the circuit.



24

Ry = Ros + Rap (3.7)

Roa+ Rop Ry

= 3.8
R 7 (3.8)

. RZ Vin
out — 5 3.9
"~ Ry Rap (39)

Apart from the sensitivity resistor Rsp, other resistors of the circuit can be
chosen much greater for higher gain in order to reach high current values when the
produced input voltage is small. Improved Howland current source has both positive
and negative feedbacks so it can be better for distortion problems at high frequencies

if small capacitors are attached parallel on Ry and Ry [11].

Effect of resistance mismatches

High precision resistors are strictly essential to avoid resistance mismatches
which causes low output resistance. Resistors tolerance values decrease the possibility
of resistors are perfectly matched each other and this reduces the R,,; that is essential
for perfect V-I conversion in order to get a constant current output in any value of load
[11].

Resistance mismatches can be overcame by high precision resistor trimmers but
they are both thermally and mechanically unstable components so high precision typ-
ical axial lead resistors, with low tolerance value, are suitable in order to solve this

problem.
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Maximum load resistance

Maximum load resistance is related to the terms of maximum output current and
voltage saturation value (v, ) of the circuit. Eq. 3.11 shows maximum load resistance
(Rioadmaz) can be calculated according to desired maximum output currents (Zoumaz)

[19].

Ry + Roa|—2%— — Ry 4|

tout_maz

Roa maxr —
foad Ry + R,

(3.10)

For instance, our circuit can produce 10 mA,, where Risadmaz = 5.7 k2.

3.2 Stimulator Diagram and Analysis

After all theoretical information, this part of document consists what was done
during design procedure. At very beginning of the study current studies were analyzed
deeply and their convenience was compared to our requirement then their advantages
were utilized while disadvantages were avoided. In the light of literature survey, the
need of use a power op amp, high voltage supplier, isolation unit, external triggering

and a flexible software control unit, were occurred |3].

3.2.1 Power Supply of the System

This is an alternating current (AC) to direct current (DC) converter power sup-
ply unit which consists of transformers, rectifier circuits, filters, fuses and regulators.
The power supply unit of the system should produce high voltages for power op amp
of the stimulator. This unit has three dual power supplying part in it. These give a
+37 V. and two £5 V.. In Figure 3.5, there are two different parts of the unit; the

above one, in Figure 3.5, supplies 37 V,. and +5 V. where the below one supplies
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just £5 V.. These two units are totally isolated.

The power supply of the system has two different transformers that reduce the
high ac voltage to a lower ac voltage. First transformer TR1 has a 36 V,. — 0 — 36 V.
secondary for supplying +37 V. via the regulators: LM317K for positive supply and
LM337K for negative supply. VA+ is the £37 V. connected to power op amp’s positive
supply input where VA- is the —37 V. connected to power op amp’s negative supply
input. LM317K and LM337K are three terminal adjustable regulators controlled by a
set of resistors and obey the formula of eq. 3.11 where v,.; = 1.25 V. between output
and adjustment terminal, vy, = V A+, % = 29 50 Upyt = +37 V.. This is the sample

calculation of adjustable regulators used in current study.

Vout = Uref[l + _] (311)

Second part of the above circuit in Figure 3.5 converts +37 V. to £5 V.

1
B-| VA+
+37. 5V DC
14002
G Lasai7w
2 VI MO 3 -
Al
D3 R3
; ZS 1M4002 100R
(985
=3 C1 [J R1 =3 C3 ==
ET’ 23000 o) ETS 10u

Figure 3.4 The scheme of adjustable regulator of LM317K.

via adjustable regulator (Figure 3.4) but designers should be aware of the minimum
and maximum values of adjustable regulators in order not to encounter any stability
problem of power supply. Above circuit supply both power op amp for V-I conversion
and one part of the isolation amplifier.

Second transformer TR2 has a 7.5 V,. — 0 — 7.5 V,. secondary for supplying
+5 Vy.. There is no need of any resistors due to using voltage regulators of LM7805
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and LM7905. These are simple regulators which are no need of any adjustment. The
below circuit of the Figure 3.5 is for supplying both comparator unit and the other
part of the isolation amplifier.

There are also fuses, about 50 mA , for protection from short-circuits or any
other electrical problem. Light emitting diodes (LED) are needed for indication if there

is a problem on the circuit or not.

3.2.2 Isolation Amplifier and Current Source

This part of the document creates the infrastructure of the thesis and also it
is the main circuit of all system designed and produced for the purpose of getting
an isolated computer-controlled constant-current source. This part is divided into
two groups where the essential steps of design procedure are mentioned. First part
covers the isolation unit and an RC low-pass filter while the second part covers the V-I

converter.

e Isolation Amplifier and Low-Pass Filter

Isolation is an essential and vital issue for electrical safety which has a fatal
significance on living tissues. Isolation amplifier is used in order to reduce artifacts and
supply higher safety condition during current stimulation. Isolation amplifier isolated
the load from power supply and output of personal computer soundcard. ISO 124
IC is a unity gain isolation unit used in this study as isolation amplifier. ISO 124
transmits the signal by modulation-demodulation technique via a capacitive barrier.
Isolation amplifier act as a linear amplifier up to 250 kH z of input signals but small-
signal bandwidth is lower than it such as 50 kHz. Power supply pins of the ISO 124
should be by passed by 1 uF' tantalum capacitor due to noise problem of supply can
cause unstable output signal but tantalum capacitors should be paid attention because
tantalum capacitors causes many problems in electronic circuits [3].

Output of isolation amplifier has a ripple voltage of 20 — 30 mV at 500 kH z
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Figure 3.6 Stimulator circuit schemes which consist of isolation amplifier, RC low-pass filter and
improved Howland current pump.

due to modulation-demodulation so when this signal with ripples amplifies by power
op amp by means of gain about 11.2, this noise reaches 200 — 300 mV and it is an
undesired situation while working small input signal so we applied a simple RC low

pass filter (Figure 3.7) whose cut-off frequency is about 13 kHz.

Input Signal

R13
2R

) Output Signal

Figure 3.7 RC Low-Pass Filter.

e Voltage to current converter

At the beginning of all, we tried basic floating type V-I converters due to easi-

ness of design and setup. However floating load V-I converters are easily setup, they
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have gain and stability problems at output current. At the second step we analyzed
Howland current source which gives a constant current but it spends more power while
modified (improved) Howland current source is energy efficient when compared to How-
land topology.

Howland topologies are advantageous over other V-I converters due to no need
of additional discrete components transistors, diodes if the output current will not
boosted up. Choosing a power op amp and a dual power supply provides both high
voltage compliance and this match also produce biphasic currents as positive and neg-
ative. Howland topologies also overcome crossover distortions and transconductance
mismatches. Howland topologies can bring reliable constant current when the resistors
are matched perfectly, this is the most important necessity for Howland circuits.

Input bias and offset currents affect the output current so a precision amplifier
whose input offset current is low enough should be used in a Howland current source
circuit. Slew rate is the ability of an op amp to response as fast as when the input
signal is changed. R, and R, should be reduced in order to increase the slew rate of
the stimulator. These resistors also affects the bandwidth in a good way when they
are chosen smaller in value. But, on the other hand when we make them so smaller,
the gain of the system becomes low and output current cannot be reached the desired
value due to maximum value of the input signal is not very high. These situations are
considered during the design procedure and OPA 453 - Power Op Amp (80 V,50 mA)
of the Texas Instruments is decided to use. OPA 453 is a high output load drive about
50 mA with a wide bandwidth of 7.5 M Hz and need a gain term at least 5 or greater
[20].

Input signal can be applied to either non-inverting input or inverting input.
When the input signal is applied to non-inverting input we get high voltage compli-
ance but on the contrary when it is applied to inverting input low distortion is provided.
In this study high voltage compliance is chosen [20].

At the beginning of the design, we used small value resistors which cause some
stability problems on output currents. Sensitivity resistor should be high at least it
should be greater than 500 € if it is not so there occurs some failure on the output
current when the loads become high about 20 — 25 k€). The op amp specification is

that the gain of the system should be equal or greater than 5 so our resistor values are;
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91.9 £Q and 8.2 k2 (%1 metal film resistors).

A couple of set of resistors are tried in order to find the best matches of all
and to produce the best quality of constant current output for driving biological loads
reliably. High precision resistors (i.e. 0,025% — 0,01%) are so difficult to find to buy
in the domestic market. The best tolerance quality in precision is 1% so we used metal
film resistors with 1% tolerance. As we mentioned before resistor mismatches cause
serious problems such as decline of output current at larger loads, instability of the
signal or low output resistance. Each of the resistors is chosen by one by via measuring
the exact value of the resistors by a multimeter to provide a perfect match.

Output resistance of the circuit which is seen by the load should be high enough

to be able to drive load by a constant current that is stable and not change with the

Ro

Ra/B1—Ra/R3’ shows formulation

load resistance variation. According to Eq. 3.4 Ry =
of how output resistance is calculated, R,,; = oo when the resistors are precise and
perfectly match with each other (Ry/Ry — Ry/Rs = 0). This is true in theory but
in reality R,,; can just converge to infinity so Ry should be high enough to provide a
greater output impedance at any load resistance.
If the system was forced to run under high frequency range so there occurred
a need of placement of capacitors as parallel with both R, and R4 but on the other
hand this could cause slowing down of responses.
In improved Howland topology, load resistance Rj, should not affect the output

current 4., in the range of power op amp specifications (Figure 3.8). The output cur-

rent is calculated by the eq. 3.12 whenever eq. 3.13 is provided.

) R,

out — 3.12

"o = Ry Rap (3.12)
R3(Roa + Rop) = RiRy (3.13)

Output current of the circuit in Figure 3.8 is eq. 3.12 In order to achieve it we

applied Kirchhoff current law. We also used general op amp design knowledge of no
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Figure 3.8 Improved Howland Current Source.

current flows both input terminal of op amp. Output current ., flows on R causes
vr. There are three unknown parameters, on Figure 3.8, vy, vo and vy. In order to

make i, is independent from R; we will eliminate Ry, [19].

vp = Z‘outRL (314)

First, node equations are written in terms of current law and then ohm’s law is
applied in order to define the term in terms of voltages. This is followed in eq. 3.15,

3.16 and 3.17.

- R
T S R P E Ny (3.15)

o
o R,  Rs Rs
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Uin — V1 U1 — UL VinRoa + vy
R, Roa ! Ry + Roa ( )

il—iQAZO —

. . . Vg — VL U1 — UL .
ot =0 — — dout = 0 3.17
9B T 124 — lout Rop Rox Lout ( )

Equations 3.14, 3.15 and 3.16 is added to 3.17 so;

R3(Roa + Rop) + RyRon
Uz'n[ - Zout[

RsRop(Ry + Raa)

RL[R3(R2A + Rop) — R1R4]
RsRop(Ry + Raa)

+1] (3.8

Rg(RQA + RQB) - R1R4 = O (319)

To get iy is independent of Ry the term R3(Roa + Rep) = RiRy should be
achieved. R;R, expression is substituted by R3(Roa + Rop) in eq.3.18 in order to sim-

plify i,y expression so;

R4(R1 + RQA)
R3Rop(Ry + Raa)

(3.20)

iout - vin[

is achieved then the final term (eq. 3.12 iy = [Rfﬁvm]) is reached. In this

expression, the term % shows the gain of the system while Ryp is the sensitivity re-

sistor which determines the output current conversion.

The above equation (eq. 3.12) gives the output current i,,; of a classical im-

proved Howland current source which is one of the popular V-I converter topologies.



34

3.2.3 Comparator for External Devices

Comparators have been used for many applications such as level detectors, on-
off controller, window detectors, bar graph methods, pulse-width modulation and more
other areas. In this study, comparator is used for triggering an external device in order
to amplify and record data from laboratory animal when the biological experiment is
performed. The comparator of this study produces 5 V' - TTL that is compatible with
external device’s (Micromed Amplifiers) trigger input.

In this study, LM 311 - Single comparator is chosen as the IC for this study
due to properties such as low input current voltage, dual or single supply voltage, low
input bias-offset currents and response time.

The main basis of voltage comparator (Figure 3.9(a)) is to compare the two
independent input voltages at positive input pin VI N+ (voltage at non-inverting input)
with respect to negative input pin VIN— (voltage at inverting input) and when the
voltage at positive input pin is higher than negative input voltage so the output voltage

is decided as high VOH, on the contrary it becomes low VOH, (Figure 3.9(b)) [19].

WCC
Vout (V)
=t p——
[ VOH
viNe O——2 1 4 ;
2 Wout
VIN- Q————2 1 —
- Vd = (VIN#) - (VIN-) (V)
VoL
o |
VEE

(a) (b)

Figure 3.9 Basic symbol of a comparator (a), Voltage transfer curve of a comparator (b).

Differential input voltage (vy) is equal to difference of Positive and negative

input voltages (VIN + —VIN—).
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Vout = VoL for Vipy < Uiy (3.21a)

Vout = Vo fOr Vipy > Viny (3.21b)

Response time of a comparator is a significant figure for responding the changes
at the input stage of the comparator. In some applications, especially when two or
more systems are running parallel, being speedy is needed in order not to be late to
reply changes at input stages. Response time can decrease or increase with respect to
input voltages and device characteristics. The device, used in current study, is LM 311
whose response time (200 ns) is suitable for current system of this paper. An op-amp
can be a great comparator when speed is not vital. Here our comparator monitors a
threshold value to control output of comparator for driving an external device. There
is LED on comparator as an activation indicator.

A comparator is an open-collector output device whereas the op-amps are push-
pull output devices so op-amps swing between their supply ranges where the compara-
tors have a flexible output stages. An external pull up resistor is placed between output
pin and a voltage source (+5 V' DC') which is desired at the output of the comparator
when the output is high VOH [11, 21].

A non-inverting comparator use two resistors for generating hysteresis and this

is smaller in number than inverting ones.

Rpull—up < Rload (322)

RQO < Rpullfup (323)

e Ry resistor is placed in figure 3.10.

Large pull up resistors reduce the maximum output voltage on the contrary if
the pull up so small it cannot supply enough voltage and current to output stage so

the eq. 3.22 and 3.23 should be considered as design specification.
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Figure 3.10 Comparator circuit: generate 5V TTL for triggering external device.

e Hysteresis

Hysteresis prevents the comparator from unintentional on-off switching which
can be caused by electrical noise or any other factors. There is 50 mV hysteresis in
comparator unit of this study. Hysteresis can be achieved when the threshold of on-
to-off switching is lower than the off-to-on switching. Hysteresis is a safety range when
a system processes with small signal values. The input voltage on the non-inverting
input should be higher than the reference voltage at the inverting input stage for high
output voltage (Figure 3.11) [3, 22].

o _ o+ - o _
Hysteresis = Avy, = v, — v, or Hysteresis = Avipreshold = VTH — UTL

For threshold is high where the output of the comparator is low means that

output equals to negative supply of the comparator v.. = 0V (grounded).

Vin — Ure Uref — Vee
For v} ; f = et

wm?
Rig Ry
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S5V-Veu __|

Vin

(Vin-)  (Vin+)

Figure 3.11 Voltage transfer curve of the current comparator where vy = 0.0109 V and vy =
0.059 V.

Vi = [Uref(ng + RQ()) . ngvee]
in R20 R20

For threshold is low where the output of the comparator is high means that

output equals to positive supply of the comparator v.. = 5V.

Vin — Uref o Uref — Vcc

Rig Ry

For v,,;

Vin = [Uref(ng + RQ()) _ ngvcc]

Ry Ry

So, we calculate the hysteresis as follow;

v =0.109 V and v, = 0.059 V
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Hysteresis = v, —v;, =0.109 V —0.059 V = 0.05 V

in

Where v,.; = 0.108mV by the voltage divider rule while resistors ratio;

2.2k

ref — OV ——
Uref 102.2k)

3.3 Computer Interface and Software

The system is controlled via an internal soundcard of a personal computer.
A soundcard device can produce 3.5V, amplitude in the range of 10 — 20,000 Hz
frequency. Soundcards are divided into two groups such as mono and stereo. The
soundcard of the personal computer which is used in this study in order to control the
circuit is a stereo one. A stereo soundcard has two channels, right and left or channel
1 and channel 2, that means a soundcard can drive to circuits in parallel but indepen-
dently.

LabVIEW is graphical software program where many things are easily tied each
other and a controller or any other program can be created (Figure 3.3 and 3.15).
LabVIEW is developed by National instrument. We developed two different programs
which are used for biological tests (Figure 3.12) and electrical tests (Figure 3.14).

For the biological test we design a pulse generator which controls the amplitude-
current value, pulse width and delay time. Pulse generator uses two channels of sound-
card. One of the channels activates comparator and the other one activates the stimu-
lator. For comparator triggering the software is arranged to 500 mV and 10 ms which
means channel 2 gives 500 mV" voltage during 10 ms and the external devices will be
triggered along 10 ms to record biological data. On the other hand, stimulator software
can produce 50 — 10,000 pA reliably along 50 — 100, 000 us.

For the electrical test we design a waveform generator which generates sinu-
soidal, square and triangular waveforms to electrically test the stimulator. In this part

of software, we did not divide the channels due to no need. We tested the device with
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sinusoidal waveform at maximum and minimum values that can be produced by sound-

card which are 10 — 20,000 Hz and 3.5 V},, means that device can produce 6.6 mA,,

for 10 £ dummy load.

The results of electrical and biological tests are given at chapter 4.

COMPARATOR STIMULATOR
Armplitude (mV) Current Value (mdA) Delay Time ( ms)
=1 [s00,00 [E 5,00 ] {? 1000 ”

Pulse Width (ms) Pulse Width 2(us) ~ 31OP
Delay Delay 2
Duration Duration 2

p

=[1,00

=100

Figure 3.12 Front panel, for user interface, of the LabVIEW software for generating pulses both for
stimulator and comparator units of the system.
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Figure 3.13 Block diagram of the LabVIEW software for generating pulses, by independently con-
trolling two channels of internal soundcard of a computer, both for stimulator and comparator units
of the system.
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Figure 3.14 Front panel, for user interface, of the LabVIEW software for generating waveforms in
order to electrically test the stimulator system.
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Figure 3.15 Block diagram of the LabVIEW software for generating waveforms, by controlling

internal soundcard of a computer, in order to electrically test the stimulator system.
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3.4 Electrode Selection

Somatosensory evoked potentials are recorded after applying electrical stimu-
lation via electrodes to peripheral sensors by subcutaneously. Stainless steel needle
electrodes are commonly used in these studies. Biphasic types of waveforms are offered
to select in order to decrease ion transfer and electrode polarization but in this study,
pulse stimulus are chosen for just excite the peripheral nerves at the left toe (related
to posterior tibial nerve) Somatosensory evoked potentials are recorded after applying
electrical stimulation via electrodes to peripheral sensors by subcutaneously. Stainless
steel needle electrodes are commonly used in these studies. Biphasic types of wave-
forms are offered to select in order to decrease ion transfer and electrode polarization
but in this study, pulse stimulus are chosen for just excite the peripheral nerves at the

left toe (related to posterior tibial nerve) [14].
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4. RESULTS

This chapter includes results of electrical tests and biological experiment of
the device. Two topics exist here and they are analyzed in detail. The titles of the

subtopics, respectively, are; calibration and electrical test, and biological experiment.

4.1 Calibration and Electrical Tests

Until now, many of the parts of the document were mentioned such as isolated
power supply, isolated stimulator unit, and a comparator unit for external triggering.
These systems need a trigger in order to start running. This trigger is the controller
unit of the system which can be provided by a sound card of a computer. Here we
use a Lenovo V570c computer and its sound card where the limitations of the sound
card are 10 — 20,000 Hz for frequency and 3.5 V,, for amplitude. Personal computer’s
sound card has a linear output as it is showed at Figure 4.1. Experimental results
of the system measured via Tektronix TDS 2002C oscilloscope which has a range of
70 M H z frequency and 1GS/s sampling rates.

Electrical tests are performed where the load is a 10 k€2 dummy load (1% metal
film resistor). Dummy load is large and its value is close the resistance of dry skin but
the resistance of experimental biological tissue is much below 10 £€2 so dummy load
is chosen high to see the maxima of the device. Input-output function is achieved by
setting the software constant at 500 Hz sinusoidal wave and the amplitudes vary by
the user interface.

Figure 4.2 shows the input-output response of the stimulator itself when it is
driven by software via sound card. Stimulator has a linear output until the system
reaches maximum voltage suppliment where the Op amp also saturates at 66 V.
Sound card frequency response is shown at Figure 4.3. Device has a flat output in
the range of 10 — 20,000 Hz. A sound card can generate signal until 20,000 Hz but

low-pass filter of the stimulator system has a cut-off at 16,000 Hz so the range is low-
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ered. Pulse duration is set in the software between 0,05 — 10 ms but sound card range
can reach 100 ms. Range of frequency supply changes according to the experimental
procedure demands. Figure 4.4 shows the frequency response of the stimulator gain
almost constant across the range. Figure 4.5 is the frequency response of the entire

system from software to output current of the stimulator.

3.5

ha
(X} n
L

Output of the sound card (Vpp)
=
u

05

0 0.2 0.4 0.6 0.8 1 12 1.4
Input value from software

Figure 4.1 Sound card calibration at 500 Hz.

As the device is a current source so its output resistance should be infinity in
theory but it is not in reality. This means that the output current of a current source
is only approximately constant and may change by various values of load resistance. In
order to provide a better constant current condition, equation 3.13 should be satisfied
and resistors should match equally. In figure 4.6, output currents changes with respect
to increasing load. However in biological applications the load resistance is expected
to be lowered. In Figure 4.7 shows that output current is practically constant for loads
smaller than 2500 2.

Figure 4.8 and Figure 4.9 show the output of the sound card for generating
positive pulses or periodic waveforms. Positive pulses can be generated and both its
pulse width and amplitude can be controlled from the user interface (Front panel of

LabVIEW Figure 3.12). Waveforms are generated and their amplitude, frequency and
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Figure 4.2 Stimulator calibrations at 500H z with 10k load.

duty cycle, if it is needed, can be controlled and scaled via user interface (Front panel
of LabVIEW Figure 3.14). Figure 4.8 and Figure 4.9 indicate two channels of sound
card give outputs independently that is needed during stimulation of biological tissue;
the yellow ones drive the stimulator for current injections to tissue where the blue ones
activate comparator for external triggering in order to amplify and record data from
biological tissue.

In some cases (mostly functional electrical stimulation) biphasic stimulation of
biological tissues is essential due to no accumulation of positive or negative ions. Our
system can supply biphasic pulses as well [23]. Below figures, Figure 4.10 to Figure
4.13, show both input signal from sound card (yellow) and amplified output signal that
is current output (blue) where the load is 10 ££.

The ripples, produced by isolation unit and other units, are about 20 — 30 mV'
and they are mostly filtered by RC low-pass so this situation should be considered

while evaluating the relationship between input-output signals on the figures above.
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Figure 4.3 Sound card frequency response with 0.05 arbitrary unit set at software.

4.2 Biological Experiments

In this part of the chapter, we analyzed the biological experiment performed to
test the device if it is suitable for laboratory use. The experiment was performed on a
female Wistar albino rat that (Weight: 204 gr - Birth: 27.09.2013 - Experiment Day:
03.06.2014). Animal was obtained from the Vivarium of Bogazigi University and the
experiment was approved by the local ethics committee. The rat is kept under con-
ventional conditions such as temperature (21 + 3 C°) and humidity (55 £+ 5%). Water
and pellet diet was provided [14].

Before the experiment, rat was anesthetized with Ketamine/xylazine (50mg/kg
ketamine + 10mg/kg xylazine). The agents were injected two times in an hour. Sub
dermal stainless steel needle electrodes were placed at the left ankle to electrically
stimulate the posterior tibial nerve. Somatosensory evoked potentials were recorded
by stainless steel electrodes in a sub dermal electrode at the scalp over the somatosen-
sory cortex. An earth ground electrode was connected to the left forefoot. Constant
current pulses of 2 — 10 mA with duration 100 — 250 us were delivered at the rate of

1Hz. The evoked responses were averaged within 50 ms period. A commercial ampli-
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Figure 4.4 Frequency response of the stimulator at 0.05 input value of software with 10k load.

fier, (Micromed) was used for measuring the evoke responses and for averaging data
respectively 100, 400 and 370 (Figures 4.14, 4.15 and 4.16). Latencies and peak-to-
peak amplitudes were compared to those reported in the literature. The parameters

measured are given in Table 4.3 and 4.5. Those from Hayton et al. [14] are given in

Table 4.2 and 4.4.

Table 4.1
Comparison of Stimulation parameters of experiments Hayton et al. vs. Current Study.

Stimulation parameters Hayton et al. Current study 1 Current study 2

(1999) (SEP1 & SEP2)  (SEP1 & SEP2)
Current Intensity (mA) 1-2 2 10
Duration (ms) 0.1 0.1 0.25
Frequency / pps 3 1 1

As can be seen from Table 4.2 and 4.3 our latencies were slightly lower than those

reported in Hayton et al. [14]. Although the stimulations parameters were similar in
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Figure 4.5 Frequency response of the entire system at 0.05 input value of software with 10 k2 load.
Gain calculated according to the equation of Gain(dB) = 20 x log( Vou ).

Arbitrary unit of software

both studies, on Table 4.1, the electrodes locations were somewhat different. Hayton et
al. stimulated right ankle, we stimulated left ankle and they have 8 subjects. The values
given in table 4.2 are averages of those 8 subjects. In addition the amount of anesthetic
agents also affects latencies. Hayton et al gave a much higher dose initially which may
have prolonged the latencies a little bit. On the other hand, the results on the table
4.4 and 4.5 shows that our amplitude values are much smaller than those reported by
Hayton et al. this may be due to the placement of scalps electrodes which we didn’t
critically control by using an atlas, because our main aim was to demonstrate the use
of the stimulator. Additionally we gave extra doses of anesthesia later to complete
the experiment this may have reduced the amplitudes, but this does not explain the

decrease in the latencies.
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Figure 4.6 The relation between the varying dummy loads and currents values at 500 Hz frequency

and 0.05 input value.
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Figure 4.7 The relation between the varying dummy loads, between 50 €2 — 2500 € and output
current values at 500 Hz frequency and 0.05 input value of software.
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Figure 4.8 100 ps and 216 mV (yellow) and 1000 ps and 528mV (blue) pulses are generated as the
output of the sound card in order to trigger both the current stimulator and the comparator.
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Figure 4.9 1000 ps and 208 mV (yellow) and 1000 us and 528mV (blue) pulses are generated as
the output of the sound card in order to trigger both the current stimulator and the comparator.
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Figure 4.11 Sinusoidal input signal is at 100 Hz and 120 mV},, where the output signal is at 100 Hz

and 11.2 V.
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Figure 4.12 Square input signal is at 1000 Hz and 256 mV,,, where the output signal is at 1000 Hz
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Figure 4.13 Square waveform input signal is at 100 Hz and 136 mV,,, where the output signal is at
100 Hz and 11.2 Vp,,.
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Table 4.2
Latency values of previous study of Hayton et al. [14]. Current intensity is 1 — 2 mA with 357!
frequency and 0.1 ms duration.

Latency (ms)

Onset 11.85

P1 15.98

N1 20.53
Table 4.3

Latency values of our physiological experiment.

Experiment conditions SEP1 SEP2 SEP3

Current intensity (mA) 2 2 10
Duration (us) 100 100 250
Frequency (pps) 1 1 1

Latency (ms)

Onset 8 9 9.5
P1 11.8 14 13.5
N1 18.5 21 20
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Table 4.4
Amplitude values of previous study of Hayton et al. [14]. Current intensity is 1 — 2 mA with 3s™!
frequency and 0.1 ms duration.

Amplitude (uV)

Onset to P1 7.25
P1 to N1 &8.55
Table 4.5

Amplitude values of physiological experiment.

Experiment conditions SEP1 SEP2 SEP3

Current intensity (mA) 2 2 10
Duration (us) 100 100 250
Frequency (pps) 1 1 1

Amplitude (uV)

Onset to P1 4.8 14 1.8
P1 to N1 11.8 3.2 4
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Figure 4.14 Averaged SEPs from rat under anesthesia after first injection, current of 2 mA at a
pulse width of 100 pus and averaged at 100.
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5. DISCUSSION

The stimulator device has been tested in both electrical and biological exper-
iments. Experiments showed that the device is compatible for laboratory use. The
device is simple to build and inexpensive. However, there are some engineering and

biological limitations which are discussed below.

5.1 Limitations

5.1.1 Engineering Limitations

The biggest problem with the stimulator is the mismatch in the resistor (Eq.
3.13) because the device handmade the resistors used did not satisfied this relation-
ship exactly. As a result, the current output was not constant for wide range of load
resistances. In other word, the output resistance was not very high. However the
performance of the device was still acceptable for biological applications in which the
electrodes-tissue impedance is not high.

Another important limitation of the stimulator is the limited compliance. Dur-
ing the design, the voltage supply had to be limited according to the maximum rating
of the Op amp. This limited the maximum current supplied by the device at high load
resistances. Similarly the ratings of the other IC limit the maximum command voltage,
and therefore the current output from the device.

For simplicity and reduce costs we use a sound card to generate stimulus wave-
forms. However the sound card is designed for audio frequencies, therefore it does not
output dc voltages this reduced the maximum current pulse width available in our
device. The power supply unit is also bulky compared to the commercial stimulator
devices.

It was observed that the output of the ISO 124 somewhat is noisy therefore I
had to use a RC filter to get rid of high frequency noise. Different types of isolation
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units can be used in future design.

5.1.2 Biological Limitations

Since we used needle electrodes, under the skin, the electrode tissue impedance
was low compared to other studies. However, the current spread at the tip of the
electrode could not be controlled due to the small size of the rat. In order to per-
form a more controlled experiment the electrode geometry and the location should
be precisely determined. Similarly scalp electrodes were placed crudely over the so-
matosensory cortex. However, I did not use a brain atlas. Therefore the somatosensory
evoked potentials measurement was not up to the clinical standards.

The anesthesia level of the animal was not tightly controlled. The animal was
lightly sedated and additional doses were given if needed according to reflexes since
this was only a demonstration experiment we did not control the vital signs precisely.
However, we made sure that the somatosensory evoked potential was measured at a
minimum current level which produced a muscle twitch response. This is the standard
criteria used clinically. The normal ranges of latencies and peak amplitudes are typi-
cally given for awake subjects since it would be very hard to measure SEPs in awake
rats we had to anaesthetize the animal. Since the device is not approved for human
use we did not test it on humans. However, the results show that it can be used on

humans with small modification in the design.

5.2 Comparison with Previous Stimulators

Previous stimulators are made of different topologies. Some of the previous
circuits lack the isolation unit or flexibility of control. Some are expensive. Our im-
proved Howland-type electrical stimulator satisfies many requirements listed in the
introduction section. The output current is limited due to the op amp itself but ap-
plying parallel op amps or using external transistors, the current can be boosted up

considerable (= 1 A) however such high currents are not typically used in biological
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applications. For example, the maximum output from FES devices is below 200 mA.

Commercial devices such as Model DSTA by Digitimeter, 6002 Basic Stimulator
by Harvard apparatus ($ 1,400), SD9 Square-Pulse stimulator by Grass Technologies
($ 1,700), BSL Stimulator by BIOPAC systems ($ 3,600), Model 2100 Isolated pulse
stimulator by A-M system ($ 1,800) and DS8000 World precision Instruments ($6,000),
are expensive. These devices can be afforded for research purposes. Clinical devices
may be even more expensive. However, an inexpensive design as presented in this
thesis is more suitable for student laboratory.

During my literature search I also found custom-made stimulators. It is possi-
ble to find custom-made stimulator designs for use in different areas such as electrical
impedance tomography (EIT), electromyography (EMG), functional electrical stimu-
lation (FES), functional neuromuscular stimulation (FNS) etc. typically, custom-made
stimulators are used for specific applications in which commercial devices are not ade-
quate.

In Giiclii’s [3] study, which was the basis for my thesis, the range of compliance
is 15 V' so the maximum current can be 1.5 mA at 10 k€2 load resistance. The design
is very practical for student laboratory experiment on physiology. However, due to the
insufficient compliance for transcutaneous stimulation, a power op amp was used in
this thesis which allowed higher compliance and higher current output.

The study of Tuckers et al [12]. is on Electrical impedance tomography, and
therefore they needed wide frequency range of 1 kHz to 1 M Hz where the current is
about 2 mA. They designed a constant current source with improved Howland-type
design. They obtained a very high output impedance of 3.3 M) because they used
resistors with 0.01 % tolerances so eq. 3.13 is satisfied with a better match. On the
other hand our resistors are 1 % tolerances, so output impedance could not be as high
in our design.

In the McPartland et al. [15]| study, current injection ability of their device is
100 mA in a range between 10 — 60 Hz and pulse width is 1000 ps. The stimulators,
with higher current injection ability, sometimes cannot act as high precision devices
so in SEPs or subdermal applications they cannot be used. This kind of devices can-
not produce current at micro ampere levels and the high current values may produce

tissue damage if proper electrodes are not used. This device may be used for muscle
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stimulations.

In the study of Varghese et al. [24] device is designed to be used as functional
neuromuscular stimulation for paralyzed muscles. The output current of device is in
the range of 0 — 20 mA with a resolution of 1 mA. Time period of stimulation is
Ims — 1 s. The pulse duration range is 1 — 250 ms. However, the resolution of the
device is not sufficient for microstimulation.

As a summary the stimulator presented in this thesis is not as powerful as FNS.
However it has good resolution to be used as direct nerve stimulation in situ and nerve

and muscle stimulation transcutaneous.

5.3 Suggestions for Improvement and Future Work

The device may be redesigned by using surface-mount component in order to
minimize the size. Toroidal transformers are available for power supply unit. Power
supply of the system was huge, therefore more portable power supply is required. A
battery can be used instead of a power supply. This provides a better isolation for the
system. However, a charging circuit should be added for the battery. Additionally the
sound card output should be still isolated by using additional components.

In order to commercialize this design the waveform generation can be achieved
by using a microprocessor. The user interface can be improved accordingly by using a
touch screen. This kind of improvement will require a considerable effort for develop-
ment. For research laboratory use it would be adequate to use a data acquisition and
control card (for example, National Instruments) instead of the sound card to overcome

some of the limitations listed above.
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APPENDIX A. Setup Photos

Figure A.2 The stimulator is shown next to the laptop. The power supply is below the oscilloscope.
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