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Abstract:
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rectangular boundaries were measured experimentally. It was found that neither boundary provides for
uniform field magnitudes throughout the containers regardless of the direction of the applied magnetic
field from the circular current loops. A coaxial cylindrical container was suggested as a means of
providing more uniform fields throughout the solution.

A brief Fourier analysis of several types of waveforms induced in the Ringer's solution was also
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~ ABSTRACT

The subject of this thesis is to measure spatial variations of electromagnetic fields
from circular time varying current sources. In order to verify experimental measurements
digital computer models of the fields in free space were derived. Fields within Ringer’s
solution contained within cylindrical and rectangular boundaries were measured experi-
mentally. It was found that neither boundary provides for uniform field magnitudes
throughout the containers regardless of the direction of the applied magnetic field from
the circular current loops. A coaxial cylindrical container was suggested as a means of pro-
viding more uniform fields throughout the solution. .

A brief Fourier analysis of several types of waveforms induced in the Ringer’s solu-
tion was also performed.




INTRODUCTION

Electromagnetic enérgy has been shown to be a catalyst t9 certain functions of selected
biological syétems. These catalytic properties are now peing used clinically to heal recalci-
trant bone fractures. Several researchers have conducted numerous experiments testing the
effec;cs of electromagnetic energy on biological systems [1,2‘,3].. Some systems Dr. A. A.
- Pilla has tested include: calcium uptake in embryonic chig_:k tibia [4], modulation of rat
radial osteotomy repair (with P. Christel and G. Cerf)[5] , and lifespan extension (electro-
magnetic energy in addition to chemotherapy for positive results, with Dr. Steve émith)
of rats with melanomas t6] . Because Pilla used induced energy as opposed to dc delivered
by metal conduc;cors, the possibility of a chemical reaction between the system and the
apparatus used to apply energy is eliminated. |

Certain experimgnts of Pilla’s have shown that slight changes in waveforms applied to
biological systems produce dramatically different results. For example, by changing only
the repetition rate of a five msec, burst type waveform, percent change versus controls vary
from slightly negative to largely positive [5]. Although some Fourier analysis was done in
order to determine an approximate upper frequency limit of the spectl;al comporients‘ of
the waveform, it .did not become clear why different waveforms ‘caused. different results.

When cells are exposed to induced energy the question arises: are all cells throughout
the system exposed to’ the same magn’itudes 01-c E, the electric field intensity vector, as well
as Fl, the magnetic field intensity vector? Obtaining boundary conditions such that all cells
of the system are exposed to unifor;m magnitude E and H could contribute to the study of

biologfcal response versus magnitudes of the induced fields.- Further, Gandhi [7] has indi-
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cated that the direction of a propagating wave could be significant in regards to biological
effects. Thus, perhaps knowledge of direction of the fields with réspect to individual cells
could be important. | | |
The main contribution' of this thesis is to study field patterns in homdgeneous mater-

ial within various boundary conditions. Rectangular and cylindrical containers were con-

- sidered as boundaries for Ringer’s solution and electric field patterns within the containers

were determined experimentally for different directions of the applied time varying mag-
netic field. Although not considered in this thesis theoretical models of electric field inten-
sity within the rectangular containers have been derived by br. Bruce R Mcleod [8].
Because biological cells introduce a boundary not considered in any measurements or deri-
vations in this thesis, the values of the fields and currents within the cell were not deter-
mined. However, this thesis will show that cells at various positjons of the system will cer-
tainly be exposed to different magnitudes of external currents and fields and the degree of
variation of the exposure. depends upon position aé v.vel'l as orientation of the ,biological

system.




Chapter |

SPATIAL VARIATIONS OF ELECTRIC AND MAGNETIC
FIELDS IN FREE SPACE

Theoretical Fields for Circular Current Loops

In order to obtain theoretical models for E and E, the electric field intensity and
magnetic field density vectors respectively, it is appropriate to begin with Maxwell’s second

equation

From Equation 1 through the use of a vector identity it can be shown that

B=vVXA (2)
The direction of the applied field and low back EMF dictate that only the phi (¢) com-
ponent of A exists, where phi is the direction shown in Figure 1. From symmetry a/d¢ =0
so it follows that

V:A=0 (3)
for cylindrical coordinates. Thus, Equations 2 and 3 totally define the vector A. From
Maxwell’s third equation,

vV X E = - aB/at (4)

with the use of Equation 1 and the vector identity, the curl of the gradient of any scalar is
identically zero, Equation 5 results

B

-V V - 3A/at (5)
Since - V V is the solution to the homogeneous form of Equation 4, the solution for 3

with a1 (t)/at as well as 3B/at equal to zero, must be - V V. However, since p =0, i.e., no
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free charge density between the coils as. well as at the source, it foliows that V = 0."

Thereforé, ‘

E = - aA/at ~{6)
The two equations used to determine spatial variations of field quantities in free space,

with a circular current loop the source, have been derived as follows [9,10] :

1 1 ‘ .
A¢ =% (3)/2 [(1- % Kk?*)K- E] )
r .
_ ul - 1 a? - r2 - 22
B ST v 21% K (8)

Where: Land a is the current and fixed radius respectively of the loop; k? = 4ar/ [{(a +r)® +
25] s u s the'permeability constant; K and E.are elliptic integirals of the first and second
kinds respectively, and z and r are the running variables of the coordinate system as s?;own
in Figure 1.

It is noted that both of the references cited for Equations 7 and 8 derived them for
constant currents. However, they still hold for I replaced by I{t), a time varying current.
Aléo, an equation for the radial component of the magnetic field dehsity vector B, was
given by the references cited. Since B, was found to be nearly an order of magnitudé
smalller than B, in the region of constant B, Br was ignored.

‘In order to obtain theoretical free space values of B, and E ¢ Versus -posifcion, Equations
7 and '8 were prograrmme‘d into a digital computer. Since the system wa§ assumed linear,
the principle of superposition was used to calculate relative field variations for a fixed z
plane versus r. Once. the magnitudes of the field guantities were obtained for two single
turn current loops of specific dimensions, scale factors were applied for our case to obtain

Figures 6 and 8. The multiplying factors included: the number of turns per coil of the




-z = 0 plane

“-Q-ﬂ

«2 = d plane

Fig. 1. Coordinate System.

driving coil system (DCS) and the value of the 3l (t)/at and I (t) at some specific time (t, )
for E¢ and B, respectively. Methods used to determine I (t) and a1 (t)/ot are shown in Ap-
pendix D. Also, included in the program (FIELDS) was a subroutine to evaluate elliptic

integrals [11] ; the program is displayed in Appendix A.

Selection Inductive Test Systems

In order to verify the theoretical equations for E¢ and B,, a method of measurement
had to be devised. This section explains the theory used to choose the inductive test

systems (ITS's) used to gather data.
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The coupling of E and B, as seen in Equation 4, creates the possibility of calculating
E and B as functions of r and z from measurements of the same quantity. From Equation 4

using Stoke’s theorem it follows that

fﬁ-al=-f@-c-l—s=a<b/at (9)
at
Equation 9 is equal to the induced electrorﬁotive force (EMF). However, the differe‘nt dif-
ferentials of the two integrals make it convenient to have a separate so;JrCe of EMF for E
and B determinations. Thus, in order to verify plots obtained theoretibally, differen;c
sources of EMF were used for E and B.
Although E varies with r, z and time it does not vary with ¢;also, only a ¢ compo-
nent of E exists. Therefore, since N
dl = rdgap (10)°
and since E¢ is a constant of integration in Equatiop 9 a measured EMF with a proper-_
device allows E¢ to be calculated for a particular radius in a constant z plane.
Unfortunately, since B, varies with respect to r, BZ is not a constant of integration.
However, assuming the theoretical plots to be correct (Figures 6 and 8), B, is nearly con-
stant for the range of r from zero to four centimeters. Therefore, B, was assumed constant
with respect to integration iﬁ that range and a suitable differential is
ds = r'dr'd¢’az .ﬂ (11)
Primed variables indicate that the center of the ds did not necessarily coincide with the X

center of the coordinate system of the DCS as shown in Figure 2.




Fig. 2. Driving Coil System (DCS) and Inductive Test System (ITS) Coils. (1) ITS to
measure E, at r =r,. (2) ITS of radius r’ to measure B, at r,. (3) Geometry of a
coil of (DCS) actual size.
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Experimental Methods and Procedures

The equipment used to create the fields for experimental measurements is illustrated
in Figure 3. The DCS was supplied by Dr. A. A. Pilla.* Each coil had a radius of 6.4 cm
and was constructed of 60 turns of 16 gauge magnet wire. Also, the distance in the z direc-
tion separating the coils was equal to the radius of the coils (Helmholtz spacing [12]).
Systems of this type are presently used clinically to heal nonunion bone fractures. The

system induced waveforms shown in Figure 4 with a repetition rate of 72 Hz.

Fig. 3. DCS.

Figure 2 illustrates (actual scale) a coil of the DCS as well as coils used as inductive
test systems (ITS’s). It is apparent that the DCS coils were not round. Therefore, the

assumption that only the E n component of E exists was not exactly correct. However, it is

*Model CU-204 BI-OSTEOGEM T.M., pat. pending, manufactured by Electro-Biology Inc.,
Fairfield, N.J., U.S.A.
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pointed out that the geometry and symmetry of the coils was such that the assumption of
only a ¢ component of E was not unreasonable. Thus, it was believed that measurements
taken using the DCS would still be valid to verify the theory for round coils.

While the mutual inductance of the two coils of the DCS was considered to deter-
mine the current in the DCS coils, any effects of the mutual inductance created by the ITS
were ignored. This is to say that changes in spatial variations were assumed due to the
positioning and size of the ITS, and not due to a change in mutual inductance term caused
by DCS/ITS interaction. This assumption was validated through measurements of circuit
parameters of the system. Inductance values of the ITS’s ranged from 2 to 7 microHenerys.
Also, the total inductance of each of the coils of the DCS was found to be 980
microHenerys (method of determination in Appendix D). All values of inductance were
measured on an inductance bridge at a frequency of one kiloHertz. With the coefficient of
coupling (kc) approximately 0.15, it was concluded that the change in the current of the
DCS as well as the field distortions caused by the interaction of the ITS and the DCS were
negligible. An examination of Table 1 clarifies this issue. Here values of the al(t)/at for

two ITS's are displayed.

Table 1. Values of a1(t)/at for Different ITS's.

nTs Es

cm. mvolt/m LlTS MITS LT al(t)/at t=t,
20 50 2.0 6.6 973 11,600
5.1 120 4.0 9.4 970.6 11,630

MiTs = ke 2V L|T319805 ihy = 980 - MiTsi all inductance values are in microHenerys;

t, = 0.1 msec and units of 81(t)/at are amperes per second. Also, methods for determining
ol(t)/at as well as other parameters are in Appendix D.




10
The equation used to determine 31(t)/ot was

Vit) = Lyal{t/et + RI(t) (12)

Figurés 42 and 43 (Appeﬁdix E) indicate that V(t) did not change for the different ITS's.
Further, Table 1 shows that althqugh the values of E é changed by more than 100 percent
the value of the aI(t)_/at changed by only 0.3 percent. Now since the al(t)/at is the only
part of Equation 6 that could> have been altered by a change in mutual inductance it was
concluded that the mutual term between the ITS and the DCS could be ignored. There-
fore, the changes in EMF were due to changes in field strength as a function of space and
these changes were measured by alspecific orientation of the ITS. - |

EMF’s used to calculate E ¢ were measured using various sizes of ITS’s consisting of
23 gauge magnet wire centered at the origin in a constant z plane. An examble iTS is
picturéd in Figun;e 2. E¢ was made constant with respec':t to integration by using different
sized current loops each with fixed radius and each centered at the radia‘l ‘center of the
DCS, as a sourcé of the EMF. The values of r, of Figure 2 corresponds to the values of r
in Figures 6-10. Measun;ehents of the EMF were taken using a Tektr;)nix type 454 A oscil-
Io.scope and all values of E¢ were calculated for t, = 0.1 millisecond. It is-mentioned that
this method realized a value of E é for the positive portion of the pulse and 'Fhat E é for the
negative portion of the pulse is larger in magnitude, opposite in sign and shorter in

duration but the two will be proportional. The method used to calculate the EMF at t,

* was to measure v, as shown in Figure 5 and then multiply by the value of the expone'ntial

decay at time t,. Assuming the exponential decay to vary only slightly for different ITS's,

only one calculation of the time constant was made. Finally, the experimental value of.E¢
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Fig. 4. Total EMF of ITS, E¢ Type, r of ITS = 4.6 cm Vertical Scale 500mv/cm, Horizon-
tal Scale 0.1 msec/cm.

Fig. 5. Positive Portion EMF of ITS, E¢ Type, r of ITS = 4.6cm Vertical Scale 20mv/cm,
Horizontal Scale 0.2 msec/cm.




12 :
was caléulated by dividing the value of the EMF at t; by n2ur, ;n and r, being the number
of turns and the radius of the ITS respeétive'ly.
A small ITS was used to measure EMF’s to I(':alculate B, and its location was altered
in order to find the spatial vériation of B,. Sixteen circulla‘r turns with a radius of 0.38
~ centimeters of 23 gauge magnet wire compoéed the ITS. EMF's measuréd in a constant z

plane at a particular-r, as in Figure 2 were used to calculate the value of B, atr, and t, .

An example of this process is given in Appendix F.

Theoretical and Experimental Results

Experimental values of E ¢ and B, were plotted and are displayed in Figures 7 gnd'g.
When compared to the theoretical plots of Figures 6 and 8 it can be seen that the experi-
mental values con‘firm the theoretical predictions and an RMS error analysis is iricluded in
Appendix K. Also, the experimental values at z = 2 cm for E¢ are less than the theoretical
values because the coils were not round; thus effectively causing portions of the source,
DCS, to be further from the field point, ITS, than the theory dictates.

From these plots it'caﬁ be concluded that a biological system will be exposed in uni-
form B, provided that the following criteria are met. First, the biological container shouid
be centered at the DCS origin, i.e., z =r = 0 in Figure 1. Second, the dimensions of the
container should not allow cells to be exposed beyond r=4 cm, i.e., 60 perceni of the DCS -
radius in general, in order to stay in the region of constant B,. Finally, it is apparent from
Figures 6-9 that B, varies in the z direction for fixed r; However, B, will remain near.ly con-
stant within the r=4 cm range provided the systems z dimensions are + d (see Figure 1)

with d=2 cm for these coils. Further research is needed in order to determine total B, vari-
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17 .
ations with z. Following all of the preceding criteria would, however, ensure that the cells
would be exposed in a constant B,. Further, Br is nearly zero under the above criteria and
although B, was initially neglected in this study there are areas between the coils where B,
is significant. Howéver, the drawback is that E 6 would vary markedly where B, is zero and
the plots obtained for free space can be used to determine E ¢ (variation not magnitude) if
and only if the preceding criteria are met wifh a cylindrical container exposed tb the coils
as shown in Figure 19. Different orientations and boundary conditions are discussed in

Chapter 111.

Accuracy of Results

First, the assumption that only a phi component of E existed was not totally cor-
rect. However, as mentioned bDefore this assumption was reasonable. Second, B, was
assumed constant in a .specific region and was therefore pulled out of the integration. This
process was extended for experimental values to the regions where the theoretical plots
predicted B, was not cons‘tqnt. Thefefore, only an estimate of experimental B, could be
obtained in this manner: with the estimate being plétted for comparison with the théoreti-
cal plots. Finally, EMF measurements taken with the 1TS’s were repeatable to within 2 and
10 percent for E¢ and B, type ITS's respectively. B, measurements were more variant
because the test system was hand-held in position and it was difficult to keep ds exactly

parallel to B,.




Chapter 1|
FOURIER ANALYSIS

Fourier analysis of a burst type waveform was done on a digital computer in the >hope
of discovering why differént repetition rates of the waveform caused different biological
r-esults. A paper by Pilla [5] stimulated this work. Pilla indicated biological systems exposed
to tHe induced waveforms could have dramatiéally different results based on only the
change of repetit_ion rate of the waveform. Percent change versué control ranged from
largely positive for a 15Hz rate to slightly négafive' for a 6Hz rate. Thus, power speétral
plots of 5, 11, 15 and 20Hz (rates used in Pilla’s work) were obtained in an effort to
explain the differences. When initial work proved insufficient to answer the questioh,‘the
Fourier work was deferred to a latter and more complete study. However, the.efforts that
were taken are described. | | |

| A digi;cal computer program (FOURIER in Appendix B) was used_ to compute the

Fourier series of burst type waveforms with differént répetition rates. The equation used
to determine the series | |

-f(t) = °E° a, cos{wpt) + by, sin(wnt)' . (12) .

- n=0 " - '

contained sinusoid basis functions. The components a,, and b, were used to determiﬁe’

t.he magnitude of the voltage spectrum at their correspoﬁding frequency (fn). An approxi-

mation of the .burst type waveform, f(t), can be seen in Figure 10. It was assumed the

actual shape ofr the individual pulses of the wave form was similar to the shape of the pulse

in Figure 4. Suéh 'an approximation dictated both equal area and equal energy in the posi-

tive and negative portion of the pulse (see Appendix 1). Spectral plots for the 11, 15 and
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20Hz repetition rates are shown in Figures 14-16 and although the spectru_m- for the 5Hz
.waveform ie not.included in the' figures i;cs components were also examined. Voltage com-
ponents obtained by | ’ | )
| % (13)

V,, = (a®, + b?

n n
were plotted versue frequency (the scaling factor of square root of one-half was not in-
cluded, i.e., the magnitude of all spectral values should be multiplied by square root of
one-half to obtain actual values). It was the hope of the author that the spectral envelope
of the burst wae unique enough that a noticeable difference would occur in a specific fre-.
quency range of the' voltage spectra of the negative versus positive biologically effective
repetition rates. This would have suggested a reso'nanee effect in the biological system. This
did not prove to be the case; Table 2 was created in order to exarﬁine this point. Here the
magnitudes of the spectra are compared at specific frequencies. Only the ““main compo-
nents’’ as shown in Figure 14 were compared. An inspection of Table 2 shows that the rela-
tive magnitudes of the various repetition rates can be made equal by normaliiing the mag-
nitudes for each repetition rate. This normalization process was done by dividing the com-
ponent by its repetitien rate. Upon completion of the normalization it can be seen that all |
values at like frequency are approximately equal. Thus, it was concluded that the relative
magnitude of the spectra incfeased proportionally to the repetition rate and the speetr,al
envelope of the pulse train was not unique enough that any appreciable difference in the
areas of the significant components were observed for the various rates. This is to say that
although there are fewer harmonics and the megnitudes of the harmonics are larger as the

repetition rate. increases this occurs throughout the frequency range. Therefore, it was

concluded that this method of analysis could not reveal frequency regions where the
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relative amount ofl'e.né;'gy c;f one wavefo_rm varies significantly frorﬁ the others. True, all
waveforms have different amounts of energy ove;' the same frequency range but the
différence is prdportional .throughout all frequencies of the spectrum as should have been
| suspected. Although the results do not refute a possiblé resonant éffect they do nothing to

support that claim.

Tablé 2. Main Components for Variqus ‘Repetition Rates.

Component magnitudes versus frequency for
various repetition rates

Frequency (kHz) 5 Hz 11 Hz : 15Hz - 20 Hz
44 0.050 0.110 0.148 0.200

- 8.8 0.047 0.105 0.148 0.185
13.2 . 0.043 0.095 0.132 0.175
17.6. 0.039 0.058 _ 0.132 0.159
20 - 0.034 , 0.085° 0.119 -0.135
264 - . 0,028 0.062 0.085 0.112

Alsd, a Fourier transform (Figure 13) of'-an appl;oximatio'n of the single pulse of
Figure 4 was done using a hand-held calculator. The apprdximation of the waveform used
to find the transform is displayéd in Figure 11 and the negative portion is enlarged (time
séale) in Figure 12. It is pointed out that the approximate waveform contained more
energy at the higher frequencies than the actua'l waveform. This point is supported by
noting the abrupt edges of the approximation versus the-actual waveform (Figure 18) at
the maximum point of the negative portibn. of the pulse a.s well as at the zero crossing.
Also, an examina;tion of a lowpass (LP) filter output of the negative portion of the wave-
form (Figure 17) shows that the Iowel; cut off frequency smooths the time function. Thus,

it is concluded that the approximation of the actual waveform contained more high fre-

quency energy than the actual Wayeforrh.
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When spectral outputs of the approximate bur‘st waveform as well as; that _of the
approximate pulse and lowpass filter outputs are examined, the same conclusio_n is reached:
there were no“significant fréquency components above the one megaHertz range. An
examination of Figure 13 demonstrates this for the single puise and Figures 17 and 18 indi-
cate the lowpass results. Further, Appendix G figure shows a single pulse of the burst wave-
form which was obtained Ljsin.g the first 10,000 componénts of the Fourier series. Since
the waveform was fairly well duplicate&, ignoring Gibb’s phenomenon and since the upper
limit of the 10,000 component is 200 kHz (for 20Hz repetition rate) it can be seen that
the pulse waveform of both the single pulse and the burst type waveforms contained no

significant energy above one megaHz.

Current Density a Result of Fourier Analysis

That thiere was no energy above one megaHz' in the waveformé used to modulate the
biological systems leads to the f;)IIowing results. From Maxwell’s fourth equation
vV X H =1+ aD/at (14)
an examination shows that the 3D/at can be ignored if: first, no significant energy occurs
above one megaHz, and second, the permittivity constant (eoer) of the biological system
is small and not a rapidly varying function of time. The first condition is made assuming
¢, of biological systems to be of the order of 200; hoWever, wﬁen e, is large (10* or greater)
the 9D/at cannot be ignored for all frequenéies belbwlone megaHz. Since J is equivalent to .
oE and o is known to be approximately ohezz"fnoh/meter [13], a value of ¢, of up to 200
would still allow aD/at, or eoaer‘l-E/at, to be neglec;ced fqr all frequencies belolw one mega-

Hz. With €y equal to 200, €ofr is of the order of 2 X 10™° and the time derivative factor
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at one megaHz, i’.e.'f 107, i,g not large enough to make aI-D/ét significant compared to oE.
However, if‘er"were time dependent anothel;' term éhquld be considered. Still the time vari-
ance of ¢, would have to be prohibitively Ia‘r.ge before the 3 5_/at becbmes sig'nificant;'thus,
for values of ¢, less tha_n 200 the type of current 'affectin,g the biological systems modu--
lated by the burst type as well as single pulse wavefofm is oE. Should €, become large (10*
or greater) the 3D/at could have a significant éffect at the higher frequencies of the wave-

forms.
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s Ty = Smsec |

pulses repeat here

o
g

Fig. 10. Square Wave Approximation of Burst Used in FOURIER. 7, = 200microsec, 7, =
20microsec, 73 = 8microsec and at the end of 7, back to ground until the burst
repeats at the specific repetition rate.
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Fig. 11. Approximation Single Pulse Waveform Used to Find the Voltage Spectrum of
Figure 13 (see Appendix H for details).

zero crossing

A

o sz

maximum point

Fig. 12. Enlargement of the Negative Portion of Figure 11.



























































































































































































