






































































































































































































































circuit. By applying leads with the above characteristics, welding the coil to the circuit is not 

necessary, instead we can mechanically attach it to the circuit. 

The leads that we used for our coil were made of copper insulated with Teflon. The 

leads were constructed from a 7 em long plate of copper with a width of 2 em and a thickness of 

Yz em. On one end there is a square groove in the centre of the lead and on the other end there is 

a circular groove in the centre of the lead. Figure A.2 illustrates the shape and construction of 

the leads for our coil. 

Figure A.2 
The coil leads 
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A.4.5. Coil Position and Orientation 

One other parameter that determines the effectiveness of the coil performance is the coil 

orientation relative to the targeted nerve. The coil position is a very important factor in the 

stimulation process. In general, we desire the coil to produce the largest charge injection for a 

certain pulse width. The factors that affect the total charge relative to the coil position are: 

1. The distance between the coil and the excited nerve. 

2. The angular position of the coil relative to the nerve. 

3. The position of the nerve relative to the closed path of the magnetic field 

generated by the coil. 

4. The orientation of the coil relative to the nerve ie: whether it is along side 

or transverse. 

Thorough research has been conducted regarding the coil position and orientation 

relative to the nerve [17,21,22,69]. The conclusion of these researches is by adjusting the coil 

orientation and displacement angle, different types of nerve stimulation can be achieved. We 

have considered this aspect in the design of our coil, specifically by adding the third coil and 

varying the supply currents between the three coils. 
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APPENDIXB 

Circuit Design Considerations 

The circuit current waveform is the most crucial parameter that should be taken into 

consideration when designing a stimulating circuit. This is because the current induced in an 

excitable tissue is linearly proportional to the first time derivative of the flux produced by the 

current in the excitation coil. The shape of the current in the coil depends on the relation 

between the inductance (L) of the coil, the capacitance (C) and the total resistance (R) of the 

discharged circuit. When designing a stimulating circuit there are many factors that must be 

taken into account. Some of these factors are summarized as follows. 

B.l The effect of R. C. L on the pulsating current magnitude and frequency 

The basic concept of nerve excitation is to initiate and sustain a current through a 

stimulating coil located close to a nerve. This current should have sufficient magnitude and be 

within a certain frequency range to achieve the required stimulation. The current magnitude is 

limited by the stimulating circuit components, while its frequency is defined by the nerve 

depolarization time 1
. The peak value of the current is determined mainly by the capacitor initial 

voltage and the coil inductance. The duration of the current is determined by the inductance of 

the coil and the capacitor bank, while the damping rate is determined by the coil inductance and 

the equivalent circuit resistance. 

1The depolarization time for peripheral nerve is between 100 f.1..Sec-lmsec.[28] 
Therefore, the circuit frequency, which is the inverse of time, is 1kHz-10kHz. 
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Of the three components, Lc (coil inductance) can not be changed as its value is 

predetermined by the coil design. The value of the coil inductance determines the peak value of 

the pulsating current and the amount of energy stored within the coil. An extremely large 

inductance reduces the coil current which results in an insufficient induced current within the 

nerve. On the other hand, an extremely small inductance (despite the high pulsating current 

passing through it) will not stimulate a nerve as its stored energy is inefficient for triggering. 

Therefore, we should balance the value of the coil inductance as a part of the circuit design to 

achieve the required stimulation. 

The equivalent circuit resistance (R) is the combination of resistance for the coil, 

connectors, switching devices and the cables that link the capacitor bank to the coil. In order for 

the circuit to generate the desired high pulsating current, the equivalent resistance should be 

maintained low which results in minimum losses and less heat generated within the circuit. 

To maintain a low equivalent resistance we will analyze the effect of the resistance for 

the coil and the stimulating circuit separately. The coil resistance (which includes the wires and 

the leads) has a fixed value defined by the coil design. Therefore, to reduce the circuit resistance 

we should focus on the other elements (which includes connectors, capacitors, switching 

devices, and cables) that comprise the total resistance. The connectors should be made of copper 

which is the most practical material with the lowest resistance. The capacitor should have a low 

internal resistance which in tum adds a negligible amount to the circuit resistance. The type of 

switching device and its mode of connection could have an important role in minimizing the 

total resistance. For example, if a sharp current decay for the stimulating circuit is desired, then 

an ignitron crowbar should be used instead of a semiconductor crowbar because its resistance is 
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very low. To further reduce the resistance, more than one switching device should be used in 

parallel as this combination generates a lower resistance than a single device. Finally, the main 

component that adds resistance to the circuit is the cables. Coaxial cables should be used 

instead of conventional parallel cables as their resistance is lower. (More details regarding the 

co-axial cables will be discussed later.) 

The charging capacitor is the most important component in the circuit design as its value 

is the main parameter that can be used to vary the pulsating frequency. Furthermore, the 

capacitor value and voltage determine the amount of energy that is supplied by the stimulating 

circuit to the exciting coil. If the capacitor value is increased then, the pulsating frequency will 

decrease. This decreases the rate of flux change in the stimulating coil to a point where it may 

not be able to excite the nerve. Conversely, decreasing the capacitor value increases the 

pulsating frequency to a point where the excitation field is faster than the time needed by the 

neuron to be triggered. In other words, the value of the capacitor combined with a fixed coil 

inductance is bounded with upper and lower time boundaries. For the lower limit, the duration 

time of the current pulse must not be less than 40 J.lS or it will not be able to fire the neurons. For 

the upper limit, the duration time of the current pulse must not be higher than 1 ms or it will 

result in muscle contraction and fatigue because of nerve saturation. 

While examining the circuit current, we must also address the skin effect which is 

governed by the commonly used formula: 

I &=--
JrifJ.lO 
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where o is the electrical skin depth, f is the circuit operating frequency, ~ is the tissue magnetic 

permeability and o is the tissue conductivity. 

A typical frequency spectrum for magnetic stimulation is about 1-1OkHz. The 

permeability of tissue is close to that of free-space ( ~0), therefore we will assume that its 

relative permeability, ~r = 1, which results in tissue magnetic permeability ~ = 41t x 10-7 Him. 

We consider the electrical conductivity of the tissue to be homogenous with o =.5 S/m. This 

assumption is justified as the average value for tissue conductivities is within this range 

[27,62,70]. Table 3.1 in Chapter 3 shows the conductivity of different tissues. By substituting 

the above values in equation (B.1) we find that the skin depth in tissue is 

1 0 
tissue = --;:::==========:;:::== Jc 1t)(lo4)( 41t·10-7)(.s) 

= 7.1lm (B.2) 

Typically, the distance between the coil and the target nerve is a few centimetres, which is much 

less than otissue· Consequently, we can conclude that the skin effect is not evident. Therefore, the 

stimulating field will easily penetrate the human body and the current density is relatively 

constant across the tissue. 

B.2 Type of waveform 

The stimulating circuit governs the current pulse form where the pulse width determines 

which group of nerves will be excited, the frequency indicates how deep and effective the 

stimulation will be, and the rate of repetition (the number of times we repeat the stimulation) 

dictates the induced current in the nerve. The stimulating circuit can generate three types of 

111 



current waveforms. 2 Figure B.1 and B.2 illustrate the different types of induced waveforms 

associated with magnetic stimulation: under damped, and over damped. It also shows the 

threshold values for currents needed to achieve effective stimulation. 

Notice that when the condition is under damped, the induced current waveform is poly-

phasic, while for the over damped condition it is hi-phasic. The difference between the two 

conditions is outlined below. 

CASE I: when c!ii > -
1
-

2L LC 
Over damped 

In this case, the stimulating circuit supplies a mono-phasic pulse (where one pulse goes 

from 0 to positive and back to 0 again). As the main parameter of induced current in a nerve is 

the rate of change of the current in the coil, I will focus on the coil current rate of change. From 

the section B.8, di/dt for this case will be3
: 

di v (0) 
COIL= _c_ e-Tt (i (e-wt _ ew~ + (e-wt + ew~) (B.3) 
dt 2wL 

CASE2: when ( !i )2 < - 1
-

2L LC 
Underdamped 

In this case, the stimulating circuit supplies a hi-phasic pulse (where the pulse will vary 

from 0 to positive and then to a negative value and back again to 0). Also from section B.8, di/dt 

for this case will be: 

2A detailed waveform analysis is illustrated at the end of this Appendix (section B.8). 

3The parameters for equation B.3 and B.4 are defined in section B.8. 

112 



dicon 

dt 
(B.4) 

From figure B.l, B.2 we notice that the current rate of change (slope) for the under 

damped condition is higher than for the over damped condition as the pulse moves from a 

positive peak to a negative peak, resulting in a higher induced voltage. Unfortunately, with all 

the damping techniques available, we can not completely suppress the current waveform in an 

over damped case after it passes its negative peak. This results in induced current in the reverse 

direction or nerve re-polarization. This explains why researchers recommend applying nerve 

• stimulation using a pulse in one direction (mono-phasic). The other disadvantage of the bi-

phasic pulse is the increase of the supplied threshold voltage above that required for a mono-

phasic pulse. This increase means more stored energy is needed to achieve the required 

stimulation. 

Circuit waveforms 

Figure B.l 
The waveforms for an overdamped circuit 
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Circuit waveforms 

Figure B.2 
The waveforms for an underdamped circuit 

Figure B.3 shows the relation between the required threshold voltage for mono-phasic and 

hi-phasic pulses (adopted from [71]) . 

100 .,------------------, 

0 .1 -t-~___,.__,_,...,......-++---r--.,......,.....,....,..,..,.,.,~~__,_~.,...,..,...., 

10 100 1000 10000 

Pulse Duration J.lSec 

Figure B.3 
Pulse strength vs. Pulse duration (after [71]) 
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B.3 The Pulse Duration and Strength (S-D) 

In general, regardless of the type used for stimulation (mono-phasic or hi-phasic) it is 

important to notice that there are two parameters that govern the induced current pulse. They 

are: its peak value and its effective duration (the period from the onset until it first crosses the 0 

amplitude axis). As the effective duration of the first phase for the circuit current decreases, the 

intensity of the nerve induced current increases. This is conveyed by the fundamental law of 

excitation [71] embodied in the strength- duration curve (S-D curve). 

An S-D curve represents the relationship between the threshold amplitude of a stimulus 

and the first phase duration for which that stimulus must be applied to elicit a response from a 

nerve. From the S-D curve we can obtain the rise time of the pulse needed to stimulate a 

specific tissue in conjunction with the peak value of the current required. These two values will 

be the constraints for the stimulating circuit design. 

The S-D curve is applicable for a single neuron, for which the response is a binary 

phenomenon. Thus, it is easy to judge if a certain strength and duration of a stimulus is adequate 

to trigger a response (action potential) of a single neuron. Also, it is important to know that the 

duration time of the induced current needed depends on the type of tissues. For example, the 

pulse needed to stimulate a cardiac muscle has a higher peak current and is longer in duration 

time than a pulse needed to stimulate a peripheral nerve. 

Figure B.4 presents a typical strength-duration curve for mammalian motor nerve and a cardiac 

muscle (adopted from [71]). From the figure it is clear that the strength and the duration of the 

pulse needed for a cardiac muscle is higher than that for a motor nerve. Also we notice that with 

decreasing the pulse duration the peak current required for stimulation increases. 
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Figure B.4 
Excitable current vs. the pulse duration (after [71]) 

B.4 Efficiency and Performance 

The efficiency of a magnetic stimulator depends on the amount of transferred energy 

from the circuit to the targeted nerve. The poorest transferred energy occurs at the interface 

between the coil and the nerve, therefore, to improve the circuit performance it is important to 

increase the transfer of energy especially in that region. Also, Geddes and Barker [71,72] showed 

that the charge required to stimulate a nerve decreases as the pulse duration decreases. This 

means to improve the stimulating circuit efficiency, the threshold charge must be transferred 

over the shortest period of time and be supplied by the minimum possible stored energy. This 

can be achieved by decreasing the rise time or a combination of decreasing the rise time and 

increasing the charged voltage. 

The circuit rise time can be decreased by 1 of 2 methods, both relying on the fact that the 

rise time or the circuit frequency is proportional to (LC)Y:z. In the first method the system 
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capacitance can be decreased, which will require an increase in operating voltage to maintain the 

stored energy constant. In the second method, the coil inductance can be decreased while the 

capacitor and its operating voltage are kept constant. By decreasing the coil inductance, the 

mutual inductance between the coil and the nerve will be decreased. Consequently, the 

transferred energy from the coil to the nerve is reduced (despite the increase in the coil current 

as it is proportional to 1/(L)312 (See section B.8). 

Of the two approaches, it is clear that the reduction of the capacitor value is preferable. 

This approach will compensate for the reduced energy by increasing the capacitor charged 

voltage as the energy is proportional to the square of the voltage. 

To express the impact of the rise time reduction mathematically, we will consider a 

square current pulse driving a parallel RC circuit (simple equivalent circuit for a membrane). It 

can be shown that the charge Q required to achieve a particular threshold voltage VT (which 

represents an action potential) across the capacitor is given by [72]: 

Q = 
T 

where 1: = _P_ 
d Cj?n 

(B.5) 

where 1:d (unitless) is the ratio of the current pulse duration, (Tp) to the circuit time constant 

(C0~.). As 1:d tends to zero (i.e. TP «C~) this expression reduces to: 

(B.6) 

Thus, all the applied charge is stored in the capacitor. As 1:d tends to infinity (i.e. TP »C~) the 

total charge Q equation (B.5) reduces to: 
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(B.7) 

From equation (B. 7) it is obvious that we can reduce the charge needed for stimulating 

the nerve by reducing the time period for the pulse (T P) [72]. However, the charge required to 

achieve stimulation is constrained by a time boundary which is defined by the nerve physical 

characteristics. It also shows the concept of losses in the induced current as it travels through 

the nerve due to the nerve leakage properties. 

Having covered the reduction of the rise time, let us now analyse the impact of increasing 

the operating voltage on the system performance. If the charged voltage is increased while the 

other elements remain constant, then the induced current in the nerve will increase. 4 This 

means that the charge required to activate the nerve will be attained in a shorter period of time 

(figure B.4). This has been confirmed through an experiments conducted by Reilly, Barker 

[64,72] in which they varied the discharge voltage in steps and calculated the threshold charge 

required to stimulate the nerve in each step. They discovered that by increasing the discharged 

voltage, the threshold charge required to achieve the same level of stimulation was reduced. 

Another benefit of increasing the operating voltage is that a wide range of stored energy 

becomes available which helps to obtain a suitable pulse strength for stimulation. 

4 For both cases (over and under damped) the peak current (Ipeak) value is proportional to 
the applied voltage (V), and inversely proportional to both the angular frequency( w) and the 
inductance (L), (~ oc V/wL). 
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B.5 Advantage of Reducing the Pulse Duration 

Efficiency improvement is not the only advantage of reducing the pulse duration. By 

reducing the pulse duration the energy required to achieve effective stimulation will be less. 

Consequently, the stored energy in the circuit will be reduced, resulting in the possibility of 

using smaller capacitors. Also, there will be less coil heating due to the shorter time scale of the 

current pulse and its lower amplitude. This allows for faster repetition rates for a given coil 

design before thermal limits are reached. [72] Furthermore, less peak energy in the coil improves 

the longevity of the coil and makes it less hazardous in the event of coil failure. Finally, 

decreasing the exposure of the patient to a magnetic field remains preferable (although there is 

no evidence that the magnetic fields are hazardous ). Exposure decrease can be achieved by 

reducing the pulse width, which in tum reduces the peak value of the magnetic flux and its 

duration time. 

B.6 The Guidelines and the Main Components for the Stimulating Circuit 

The guidelines and the main components required to build the stimulating circuit can be 

summarized as follows: 

B.6.1 Power Supply 

The power supply for a proposed stimulating circuit consists of a step-up transformer, 

bridge rectifier, and switching circuit. The transformer provides a variable high output voltage 

for the system, (i.e 0- 5 k VPP) which will be rectified by the bridge rectifier. The output 

voltage from the bridge will be directed to the capacitor bank through a switching circuit. This 
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switching circuit can be comprised of an SCR or a set of transistors. These transistors can be a 

combination of drivers and a switching power transistor (BJT ). 

B.6.2 Capacitor Bank 

The circuit should have a variable capacitor bank which will allow us to control both the 

rise time and the stored energy. For both cases (over and damped and under damped ) we can 

approximate the frequency for the stimulating circuit by the following equation (assuming the 

equivalent circuit resistance (R) is small). 

(B.8) 

where Tis the period of one complete cycle. For a frequency range 1-5kHz, considering our 

coil inductance (8.5 IJ.H for an air core coil and 16 !J.H for the ferromagnetic core) a capacitor 

bank range between 50-1250 IJ.F is needed. The limitations associated with this range are the 

capacitor size and weight. For practical purposes the range will be reduced to 50-600 IJ.F. This 

will make the frequency range approximately from 1.5-5kHz. This capacitor range can be 

achieved by using several capacitors with different values, (ie: 100 !J.F, 200 !J.F, etc.) connected 

in a combination of parallel and series. The minimum rated voltage for each capacitor should be 

1.5 kV. If the capacitors are connected in parallel ( C = 600 !J.F), then the system will be at its 

minimum operating voltage;1.5 kV. Ifthe capacitors are connected in series ( C =50 IJ.F), then 

the operating voltage will be higher (3 kV) which is preferable. 

The major obstacle when using a capacitor bank is the time needed to recharge the 

120 



capacitors, however, if the need for repetition is low or not applicable then this obstacle can be 

over looked. 

Finally, a very important parameter to be considered when selecting the capacitor is its 

internal resistance [73]. This resistance should be extremely low to minimize the circuit 

equivalent resistance and subsequently the circuit losses. 

B.6.3 Switching Devices for discharging the Capacitor 

The switching device suitable for the circuit is an SCR (silicon controlled rectifier) as it 

is practical and economical. The effective cost of this device is less than the alternative (the 

Ignitron) especially when the transferred energy is low relative to the ignitron capabilities. To 

further reduce the cost of the switching device, it is recommended to have several SCRs 

connected in parallel instead of having a single device to accommodate the total circuit current. 

To ensure the longevity of the switching device a "pilot" SCR can be added to trigger the main 

SCRs. 

B.6.4 Circuit Cable 

The cables that supply the coil have an important role in the circuit performance as they 

add unwanted resistance and inductance to the circuit. There are two possible choices of cables, 

either a pair of parallel cables or co-axial cables. 

A conventional pair of parallel cables have many disadvantages when they are used to 

transfer energy in magnetic nerve stimulation. The main disadvantage of these cables is their 

large inductance which increases the total inductance of the circuit and hence, reduces the 
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circuit efficiency. Also, the acoustic noise associated with these cables is large enough to 

invoke auditory potentials. Finally, a large leaky magnetic field is generated around these 

cables. This field may trigger undesirable operations in the surrounding apparatus. 

The cable inductance for a pair of parallel cables per unit length ( d ) is given by Krause 

[27] as: 

(B.9) 

where Pr is the relative permeability of the medium between the two cables, D is the distance 

between the centres of the cables, a is the radius of the cable. Krause [27] also gives the 

inductance per unit length (d) for co-axial cables as: 

L 1 b 
d = S !lr ln -;- (B.10) 

where Pr is the relative permeability of the medium inside the co-axial cable, b is the inside 

radius of outer conductor, a is the outside radius of the inner conductor. 

From the two equations, it can be seen that using a pair of cables (each having a radius a) 

results in higher equivalent inductance than using a co-axial cable (having an inner conductor 

radius of a). The ratio between these two inductances will be 3:1. Therefore, in order to 

maintain a higher efficiency for the stimulating circuit, a co-axial cable is preferred. In fact, 

Uneo et al. proved that using co-axial cables resulted in a higher system performance [74] 
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B.6.5 Measurement Devices 

Special measurement and detecting devices are needed for the experiment set-up. The 

properties of these devices must be very specific as the circuit operates on high voltage and 

current (75]. As the circuit variables (inductance, and resistance) are very low and sensitive, 

high precision equipment is needed for measurement. The measurements should be confirmed 

through the calculations of the circuit waveforms. 

There are two methods used to capture the waveforms. The first method involves using a 

storage oscilloscope with high voltage props, while the second method involves using ND card 

with isolated operational amplifiers. A Gaussmeter will aid in the pre-measurements of the flux 

density. However, this device does not give an accurate measurement of the field as the reading 

are highly dependent upon the probe position. 

B.6.6 Circuit Safety 

It is paramount to consider the safety of the patient and operator first as this circuit 

operates with very high voltage. The secondary safety consideration is protecting the circuit 

components from any damage to ensure the longevity of the apparatus. 

In magnetic stimulation the risks facing both the patient and the operator fall into two 

categories. The first area of concern involves coil failure, while the second involves 

malfunctioning of the stimulating circuit. The issues involving the circuit safety are isolating 

the circuit from its surroundings physically and electrically. Isolating the circuit physically can 

be achieved by containing it in a well secured metal box. Isolating the circuit electrically 

involves three aspects. Firstly, a fast response switch must be embedded in the circuit to 
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automatically tum it off should any failure occur. This switch must also safely discharge all the 

stored energy from the capacitor and the power supply. Secondly, a transformer or a photo 

switch should be used to isolate the control circuit from the discharging circuit to prevent any 

high currents or voltage to reach the control circuit. Thirdly, it is recommended to embed extra 

breakers and sensors to prevent the possibility of damage in case of the main sensors or breakers 

failure. 

Finally, special consideration should be given to the limitations of the circuit 

components. The operating variable for the circuit should always be lower than the rated values 

for any of its components. For example, the amount of energy stored in the capacitor should be 

less than the maximum energy of the capacitors. Maintaining this rule will extend the life of the 

components and minimize the risk for any circuit failure. 

B. 7 The Proposed Circuit 

Figure B.5 shows a schematic representation for a possible stimulating circuit. 
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From figure B.5 the transformer high voltage output is rectified by the bridge rectifier 

BR1 which consists of twelve diodes (1N5408), 3 diodes for each arm of the bridge. This 

combination of diodes is more economical and effective than a single bridge rectifier. A high 

power resistor (200 W) R 1 connected in series with an inductor L, to shape the waveform for the 

charging current and minimizing the resultant losses for charging the capacitor. The high 

voltage transistor T 1 presents the switch to charge the capacitor from the power supply. D 1• the 

diode which connects T1 to the capacitor bank C" prevents the discharging ofthe capacitor 

through the controlling and charging circuitry. The thyristor SCR1 can be implemented through 

two different combinations. The first combination uses four SCRs (50RIA120) in parallel with 

four diodes (IN5408). The second combination uses 1 SCR (ST230S12PO) in conjunction with 

a pilot SCR (16RIA120). Either combination will perform adequately for this circuit. For this 

circuit the first combination will be used. Figure b. 7 shows the schematic diagram of the SCR 

combination. 

IN5408 

50RIAI20 

Figure B.6 
Schematic diagram of the SCR combination 
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The multi-vibrator for the circuit is built around the timer integrated circuit (555), while 

the timing pulses are produced by four Schmitt triggered NAND Gates ( 4093 ). The transistor T 2 

is responsible for boosting the pulse power to a level sufficient to drive the transistor and the 

thyristors. To isolate the control circuit from the discharging circuit, a pulse transformer with a 

tum ratio of2:1 for triggering the thyristors will be used. The capacitor and resistor combination 

(R2 c2 ) ' (R3 c3 ), control the charging time for the capacitor bank c I and the discharging of the 

capacitor bank into the coil respectively. 

From the previous circuit the charge time for the capacitor bank (600 JlF /1500 V) ts 

approximately 5 minutes while charge time for the capacitor bank (50 JlF /3000 V) is 

approximately 25 seconds. The stored energy in the first case is 675 joule, the retored energy in 

the second case is 225 joule, the rise time for a 600 JlF /20 JlH coil is 166 JlSec, while the rise 

time for a 50 JlF /20 JlH coil is 50 JlSec. This is an excellent range as the practical range is 100-

150usec for peripheral nerve stimulation. If the coil inductance is reduced to 10 JlH then the 

frequency range for the same capacitor bank will be approximately 2kHz- 7kHz. This means 

that the rise time is for a 600 JlF /10 JlH coil will be 125 JlSec, while the rise time for 

50 JlFI 10 JlH coil will be 35 JlSec. Once again the frequency range is acceptable with caution 

in the upper limit. 

Finally, to measure the response of magnetic stimulation is complicated because of the 

high noise level during stimulation due to the high flux density. Weyh et al. [75] documented a 

procedure for building a special amplifier used to detect nerve stimulation. 
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B.8 Analysis for the Stimulating Circuit Waveforms 

To analyse the stimulating circuit we will simplified it to a series RLC. The figure below 

shows a simple equivalent circuit for the stimulating circuit. 

51 52 

c 

Figure B.7 
The equivalent circuit for the stimulating circuit. 

We will assume that S1 was closed for a long period of time (enough to charge the 

capacitor) while S2 is open. After we have the capacitor charged we will open S1 and have S2 

closed. In this case we will have a series RLC circuit. By applying Kirschoff's Voltage Law 

around the circuit for any instant of time after switch two is closed we will have: 

(B.ll) 

Substituting the parameters i = -C( d Veldt), vR = Ri = -R (Cd Veldt), vL = Ldildt = -LC ( d2 Ve ldf) 

and rearranging the above equation we will get: 

d 2v dv 
LC __ c + RC _c + v = 0 

dt2 dt c 
(B.12) 
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The solution for the above equation can be represented in the form 

which, when substituted into the previous equation, results in: 

LCs 2 + RCs + 1 = 0 (B.13) 

There will be two values (roots)for s that will satisfy the above equation and they will be: 

= _}i_ ± 
2L 

1 

LC 
(B.14) 

Substituting the values for s1 , s2 will allow us to represent vc(t) as 

(B.15) 

In order to solve this equation we will consider two cases. 

Case 1: when t = 0, then Vc (0+) = vc(O_) = Vc(O), where Vc(O) is the initial voltage of the 

capacitor before we turned switch two on. Substituting this in the above equation: 

(B.16) 

Case 2: when t = 0, as dVc/dt = 0, then ic (0+) = ic (0_) = 0 which means that 

(B.17) 

After solving the above two equations we will get: 
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(B.I8) 

There are three possible outcomes from the RLC circuit depending on the value ofR,L,C. 

Which are as follows: 

1. ( ..!!:..._ )2 > _I_ This is an overdamped circuit 
2L LC 

2. ( ..!!:..._ )2 < _I_ This is an underdamped circuit 
2L LC 

3. ( ..!!:..._ )2 I 
This is a critical circuit --

2L LC 

In our problem, we will be interested in the overdamped circuit performance if the kind 

of stimulation we are looking for is mono-phasic pulse stimulation The underdamped circuit 

will be of interest if we are looking for a hi-phasic pulse stimulation. 

Case 1: When 

( ..!!:..._ i > _1_ 
2L LC 

Substituting the values for A 1, A2, the general form for the capacitor voltage will be 

(B.I9) 
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While the general form for the circuit current is 

dvc 
i = -C-= 

dt 

The value for dildt for the coil can be represented as: 

(B.20) 

di v (0) 
COIL = _c_ e -Tt (Y ( e -w t _ e w ') + ( e -w t + e w ') ) 
dt 2wL 

(B.21) 

As our main object is to find the value for the induced voltage in the coil, then 

di "[ 
v =L~= 

COIL dt (B.22) 

We can modify the above equation by substituting s1 , s2 by the formula shown below: 

where 

and the result will be 

s1 , s2 = -Y ± w 

y =- R 
2L 

w= 
' c!i.i 

2L 
1 

LC 

(when ( !i. )2 > _1_ ) 
2L LC 

(B.23) 

VCOIL = Vc(O) e -Tt ( Y (e -w t - ew ') + (e -w t + ew ') ) 
2 w 

(B.24) 

131 



The figure below shows the wave forms for this circuit: 

---~------

-------~----------

Figure B.8 
Waveforms for overdamped circuit 

Case2: When 
(!iy < _1_ 

2L LC 

In this case we will have complex roots for s 1 and s 2 .. Before we proceed with the analysis of this 

circuit we will define some important variables that will help us when we substitute the values 

for s 1 and s 2. We can also represent s b s 2 as shown below: 

(when 
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where 

y =- R 
2L 

(a)= (_B__f - 1 
2L LC 

Other values that needed to be defined are UJ0 and f3, where : 

The figure below shows the relation between those variables 

d 

Substituting the values of s1 ,s2 in the values for Vc, ic, VL will give 

(B.25) 

(B.26) 

(a) 

i = -° CVc( 0 ) e -Yt o sin (wt + P) - W
0
CV

0 
e -Ytcos (wt + p) (B.28) 

c (a) 

diCOIL 

dt 

V ( 0 ) (w2 _ A2) . 
= c e -Yt[ 1-' sm (wt + p) + 2 Tcos (wt + p)] 

w L w 
0 
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V ( 0 ) ( w2 _ p2) 
c e -Yt[ sin (wt + p) + 2 Ycos (wt + p)] 
w w 

0 

The next figure shows the wave forms for this circuit: 

Vc(O) 

' ' 
' 

\ ........ ~~<::: .. · 

Figure B.9 
Waveforms for underdamped circuit 
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APPENDIXC 

C.l Calculating the Inductance of a Wire 

As I outlined in Chapter 2, the inductance of the nerve can be represented as a self 

inductance of a thin wire. In order to calculate this inductance we have to separate the region 

that is laying outside the wire from the region laying inside it. The contribution of the latter to 

the inductance is frequently negligible (this can be justified as the radius of the wire is too small 

compared with the dimensions of its surroundings). We may assume that the field outside is the 

same as if the current was concentrated at the axis of the wire. Therefore, the lines of forces 

(near the surface) surrounding the axis of the wire are circles. The flux outside wire will link the 

axial filament with any line drawn parallel to it on the surface of the wire. To calculate the self 

inductance we need to find the mutual inductance between two parallel curvilinear circuits 

spaced at a distance equal to the radius of the wire. Inside the wire, the flux density around any 

circle of radius r can be represented as 

fl Ii 
B = = 

2 nr 

where flo is the space permeability ( 41t X 10-7 H.m-1 
), flo is the relative permeability for the wire 

(the nerve) and it is equal to 1, Iris the total current running through the wire (the nerve), I; is 

the enclosed current for radius r and a is the radius of the wire. The above equation can be 

expressed as: 
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B = 

The energy inside the wire can be expressed as [27]: 

Substituting B in the above equation results in: 

However, the energy stored in this wire can be expressed as: 

which implies that the nerve inductance L" can be represented as: 

where Ln is the inductance of the wire (nerve), Q is the wire (nerve) length, and f.Jo is the 

permeability of free space. To calculate the inductance of the coil we will apply the following 

equation [27]: 
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N J = H (air) • g + H (core) • d 

To calculate the value of the flux density (B) we will consider the coil's magnetic circuit where 

the total ampere turns for the coil can be expressed as: 

Nl = 

where N is the number of turns for our coil, I is the coil current, ~air) is the magnetic field into 

the air gap, g is the air gap length, ~core) is the magnetic field in the core and d is core length. 

Use of the above equation is permitted for the case when llc = 1 or J.lc is piece wise linear. In 

this application the air gap is relatively large which precludes saturation of the magnetic material 

for the level of the current used. Considering that the flux density into the air is proportional to 

the flux density in the core with a factor K2 (which is less than or equal to 1), we can express the 

above equation as: 

B = 

The final equation can be modified to present the value ofB as follows: 

NBA ---
1 
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Substituting the flux density shown above to calculate the inductance of the coil will result in: 
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