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INTRODUCTION

Statement of the Problem

Within the past five years several successful experiments have been
conducted in which physiological data have been transmitted by radio from
within the body to an external receiver. The kinds of information that can
be handied by such systems are many; pulse rate, respiration rate, temper-
ature, pressure and pH value are representative. These radio transmission
methods have become known as physiologicel telemetry. The great advantage
of telemetry is that no connecting wires or other similar constraints on
the freedom of movement of the subject are necessary.

These telemetry methods generally can be classified into two types:
1) active systems which are powered by a small battery which is an integral
part of the implanted package, and 2) passive systems which do not have an
integral energy source but which are constructed in such a manner that they
fespond to an external energy source. The passive type units reported to
date appear to have a very short transmission distance and to have only
single chamnel operation. The active units, those not requiring external
energy for operation, have generally made use of miniature batteries. The
use of small energy storage batteries has placed upon systems so far re-
ported a limit of approximately 20 feet on the transmission distances and
often a relatively short time for obtaining useful information before the
batteries fail.v The battery lifetime limitation has been attacked with
some success by utilizing pulse transmission systems with a small duty

cycle and by using a battery that can be recharged by an external energy



source. Generally, however, these limitations on the distance of trans-
mission and the lifetime of the integral energy source are precluding many
experiments of great interest and benefit to the advancement of knowledge
in the biélogicél and physiological sciences.

For radio telemetry systems specifically limited to medical eppli-
cations, the possibility arises that the energy required might be extracted
directly from biological or metabolic sources. The purpose of this re-
search was to explore possible biclogical sources of energy sufficient for
redio telemetry power requirements, to outline several procedures which
might be used for converting this energy to the required electrical form,

and to investigate in detail a particular conversion method.

Historical Background

Radio-telemetzy has long been a valugble tool of the electronics
.engineer for the study of phenomena which occur either at remote distances
or at pbints where environmental conditions meke direct observation diffi-
cult or impossible. The application of radio telemetry to physiological
studies became importent with the advent of miniaturized electrical com-
ponents. These made possible the construction of radio tracsmitters small
enough for attachment to or insertion within the body of research subjects.
The reports of several early investigators demonstrated the feasibility of
such systems énd the number of reports and articles in current publication
is indicative of the current interest and of the wide range of studies now
in progress.

The earliest published account of the transmission of physiological



data from within the body cavity appears to be that of Ardenne and Sprung
(1) in 1956. They reported that a radio transmitter which could be swal-
lowed was successfully used for the diagnosis of intestinal disturbances

in man and indicated that such information as pressure, temperature and pH
value could be measured with this system. The system was frequency modu-
lated, used a 1.5 megacyéle per second carrier and was powered by a nickel-
cadmium cell yielding about 13 hours of useful operation. MacKay and
Jacobsen (12) reported in 1957 a similar unit operating at 400 kilocycles
per second uhicﬁ could transmit two measurements. They used a diaphragm to
position a tuning slug in the oscillator coil to indicate pressure and the
temperature coefficients of semiconductors to indicate temperature. The
gpparent battery lifetime was from two to four days.

In 1958, Marchal and Marchal (13) reported a passive unit they had
used for some time. It appears to have been a quartz tuned circuit which,
vhen pulsed by energy from an external source, fesponded by "ringing" the
tuned circuit. The unit was used to take measurements in the digestive
tract, and the authors claim it could be positioned in any part of the
tract by means of a magﬁet.

The earliest reported use of a surgically implanted transmitter ap-
pears to be that of LeMunyan, et al (11) in January, 1959. They also uti-
lized the kilocycle frequency range. The transmitter was capable of about
160 days operation to a maximum distance of about 18 feet. It was used to
locate aninmls.released for ecological studies. Other uses of surgically
implanted active transmitters reported were the investigation of heart

function by Kaeburn (10), November, 1959, and the investigation of the rumen



pressure in a cow by Payne (17) in February, 1960. Further use of passive
transmitters has been reported by Haynes and Witchey (7) in 1960. They
used magnetic induction to ring a tuned circuit, the resonant frequency of
the ringing indicating intestinal pressure.

A complete electrocardiography system employing a surgically im-
plented active transmitter was reported in 1960 by Essler (6). (This sys-
tem was deemed of such significance that it was subsequently reported in
the September 12, 1960, issue of Wewsweek magaszine, page 10l.) The author
indicated that the transmitter had a probable useful lifetime of 160 - 180
days. The animal subject was placed in a smell pen in a leboratory room
and the pickup antenna was a loop mounted on the walls of the pen, thus the
transmission distanece was probably not more than 10 feet. The transmitter
was powered by & mercury cell.

The use of battery powered transmitters was furthered in 1961 by
Douglas and Seal (4) who reported a 'system employing a rechargeable nickel-
cadmium cell. The recharging system consisted of an external energy source
operating at 80 kilocycles per second, & half-wave rectifier circuit inside
the implantec package and & nickel-cadmium cell. The number of times the
cell could be discharged and then recharged and retein suitable discharge
characteristics was not specifically mentioned, but such a limitation is
known to exist (16). The range of the transmitter was not reported, but
apparently all ‘experiments were performed inside a laboratory room.

From the work reported, & relatively low upper limit on the distance
of transmission can be noted and often a short battery life is an important

factor in limiting the duration of an experiment. These limitations are



generally the result of the volume and weight maxima on implanted packages,
Tor if more space and greater weight could be tolerated by the subject, then
larger more powerful batteries could be used. It is probable that many in-
vestigations requiring operation beyond these limitations are being post-
poned awaiting either further advances in the energy storage capabilities

of batteries or new and different types of energy sources.



APPROACHES INVESTIGATED

Introduction

The general method of approach to the study of biological power
sources was that the energy required should be supplied wholly by the
subject and that this energy should be available for the useful life of
the subject or for the duration of the test period. Within this general
method of approach, the following three subdivisions were considered: 1)
existing biological potentials and chemical gradients; 2) blood pressure
and blood flow; and 3) muscular activity and motion. .

In order to evaluate the merits of any energy source device using
these approaches, a ﬁypica.l telemetering transmission system was hypoﬁhe-
sized and the requirements on the energy source determined from this system.
The details of this calculation are presented in Appendix A. In summary,
the proposed system was to operate at approximately 16 megacycles per second
center frequency, have a useful range of 500 meters, have a signal to noise
ratio greater than three decibels for a noise ba.néwidth of approximately
1.6 megacycles and a noise figure of 10, and be capable of this performance
vhen implanted to a depth of 0.1 meters in animal tissue. From these con-
siderations it was found that approximately one microwatt of direct-cur-

rent power should be developed by the energy source.

Biological Potentials and Chemical Gradients

Biological potentials and chemical gradients were taken as a single
method of approach to the problem because & device utilizing either would

have many components and problems similér to a device using the other and



also because both would be extracting energy from processes vhich are es-
sentially chemical in nature. Those potentials and gredients specifically
chosen for preliminary study were the nerve potentials, the stomach poten-
tials, and the hydrogen ion concentration gradient existing between the
stamach and the bladder.

The resting potentials and the action potentials of nerves have been
studied by physiologists for many years. A summary of current knowledge con-
cerning these potentials can be found in Stacy, et al (23). With regard to
utilizing nerve potentials as a possible electrical power source, three 4if-
ficulties are immediately evident. They are: 1) the voltage magnitude
apparently rarely exceeds 100 millivolts which is a small value to be direct-
ly usable; 2) the quantity of energy extractable would be small since it
mist be replaced by the normel metabolic processes of the body; and 3) the
direct extraction of electrical current (electrons) from such sources ap-
pears to be a formidable problem.

" Another biological potential in the body is the potential which ex-
ists between the mucosa and serosa of the stomach and which is‘thought to
be in some way connected to the production of hydrochloric acid in the
stomach. Rehm (19), ﬁsing the dog, has investigated this potential exten-
sively and has reported tha£ a poténtial of approximately 65 millivolts
exists between the mucosa and serosa and that he found the electrical equiv-
alent of the chemical energy production rate was about nine microwatts per
square centimeter of stomach tissue area. The difficulties to be overcome
in ofder to utilize this energy are: 1) the 65 millivolts voltage is a very

small value to be directly usable; 2) the equivalent source internal



impedance aprears to be variable and often quite high; 3) suitable elec-
trode systems would apparentiy be very complex and very large in size in
terms of known components and techniques; and 4) permanent electrode con-
tact with body tissues presents problems in tissue reaction.

The presence of chemical energy gradients such as the hydrogen ion
concentration difference existing between the stomech and the bladder is_
& well known physiological fact. The difficulties in the utilization of
this energy are principelly those already mentioned for potentials.

With regard to the direct utilization of body potentials, it appears
that electrodes used must either enter directly into a chemical reaction
and thereby eventually be destroyed or leave toxic residues, or electrodes
which are inert may be used with the attendant problems of supplying or
removing gases which, among other things, would disturb previously estab-
lished contact conditionms.

Because of the difficulties in devising a suitable method for con-
version of energy from the electron transport mechanisms of the body to
| that of electron flow in metallic conductors, the study of biological po-

tentials and chemical gradients was not cortinued in detail.

Blood Pressure and Blood Flow

Considerable guantitative data are available concerning blood flow
and blood pressure in the verious animals. According to Dukes (5), the
approximate total power cutput of the heart may be calculated with the
following equation:

>

Energy per minute = % QR + ra kg - m per min.



where Q is the quantity of blood in liters

R is the resisting pressure in meters of blood

nm is the mass of blood moved per minute in kilograms

V is the velocity of the blood flow in meters per second

g is the gravitational constant, 9.8 meters per second per

second.
Calculations show that the total power output of the heart of a cow is about
12 watts, that of a man is about 8 watts and that of an average size dog is
about 0.6 watts. Details of these calculations are presented in Appendix F.
The diversion of as little as one per cent of this power would be more than
sufficient for the purpose of powering the radioptelemetry system proposed.
The Potter Instrument Company has constructed a device, The Potter
Electroturbinometer (20), which can measure blood flow rate. This device
and its associated instrumentation was designed and used to measure blood
velocities by generating an electrical signal proportional to the blocd ve-
locity. Such a device.ﬁight be converted to serve as an electrical power
source. However, for permanent use, as the authors state, the problems of
blood clotting caused by foreign bodies in the blood stream, hemolysis,
and demage to the platelets by mechanical abrasion still remain. For short
term use, the cumulgtive damage to the blood components may not be serious,
and modern anticoagulents such as heparin could be used to inhibit clotting.
Because of the general sensitivity of the blood to foreign bodies

and the sensitivity of the circulatory system to outside disturbances, the
study of blood pressure and blood flow as a source of power was discontinued

in detail.
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Muscular Activity and Motion

Because the major problems associated with the direct conversion of
biological energy to electrical energy appeared to be more physiological
than engineering in natmrt::, muscular activity and motion was selected for
more intensive study and was the subject of the principal research effert.
Two possible methods of utilizing musculer activity proposed were: 1} the
use of a single muscle which could be detached at one end with no great
inconvenience to the animal; and 2) the use of the complete bodily motion
of the animal by means of an accelerometer type device.

The method of utilizing a single muscle detached at one end but in
tact at its other contact point for nutrition and nerve connection was dis-
contimued when it became evident that a feedback stimilating system would be
complex and when the recovery rate of a muscle from contraction was found
~to be very slow for continual stimulation.

The utilization of the complete bodily motion of an animel wes chosen
as the method to bé investigated in detail. An important advantage inherent
in this method was that no direct interference with the body processe-s need
be made. The device could be completely encased and the only physiological
problem would be that of the tolerance of the body to a foreign object sur-~
gically implanted. Recent investigations of materials suitable for encap-
sulé,ting such a device indicate that several materials are quite inert. A
material known as "Silastic", developed by the Dow Corning Company, appears

to be very suitable for this purpose (2).



Specifications

Because an accelerometer type device, & device inherently requiring

a certain volume and mass, was to be considered, a study of volume and
weight limitations for surgically inserted internal packages was made. A
preliminery investigation led to the following specifications for an average
size dog:

Maximm weight - approximately 200 grams.

Maximum dimensions - epproximately S cm by S cm by 2 cm.
Selection of the accelerometer type device for detailed study and determi-
nation of ﬁhese specifications on its physical size and weight together
with its required power ocutput of one microwatt completed the preliminary

investigation of tiological power sources.
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POWER AVATLABLE FROM RANDOM MOTION

Introduction

In order to estimate the available power output of an accelerometer
type device, a means of describing the motion of a subject animal in quan-
titative form was necessary. A preliminary investigation revealed that if
an animal is subjected to random stimmli, such as would usually be found in
its normal habitat, the animal's motion would, in all probability, also be
random in nature. It was therefore proposed that a random type motion be
used in this study. From studies of random signals by Wiener (25) and
Middleton (15), it was found that a suitable mathematicai description of a
random motion could be made by specifying an autocorrelation function for
the motion and, by direct analogy with their work, that an expression for

the power available from the motion could be derived.

A General Power Integral

An autocorrelation function is defined as follows:
T

#(1) = 1lim é—T fv(t) v(t + 7) dt
T
-T
vwhere T 1s the delay time, 2T is the correlation time of interest, v(t) is
the time description of the function, and v(t + 7) is the time description
of the function when delayed by a time t. If v(t) is defined as the in-
stantaneous velocity of a linear velocity damper, then, for a damping con-

stant c, the average power dissipated in the damper is given by:
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o
i 2
p=g [ v a
-0

where w is the radian frequency and Iv( ja))|2 is the square of the absolute
value of the frequency spectrum of v(t). The term Iv(,jcn)la, often called
the power spectral density, was found by noting that it is equal to the
Fourier Transform of the autocorrelation function. The details of the
development of this power integral are given in Appendix B.

One further modification of the power integrel will considerably in-
crease its usefulness. If the velocity function v(t) is the result oxl'.out-
put of some linear system operating on an input velocity, vin(t) , which is
Fourier Transformeble, then the output power may be related to £he input

velocity. From linear system analysis it is known that

V(3w) = T(jw) v, (jo)

where Vin(ja)) is the Fourier Transform of vin(t) and T(jw) is the transfer

function of the linear s&stem. Then, since
2
[v(30) % = [2(30) v,_(30)[% = |2(30) (% |V, (30)]°

the power integral becomes

p= & [0 v (0] e .

b4
00

The Autocorrelation Function
and Squared Velocity Spectra

Once the assumption of random motion of the carrier had been made,
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several possible autocorrelation functions appeared to be feasible mathe-
matical representations of this motion. Because calculations revealed
little difference in the result but some difference in the ease of manipu-
lation and computation, the often used exponential autocorrelation function

was used here (See Appendix C). It is given by:

d(t) = o e.mll’rl

where o is the rms velocity and L is the correlation time constant. A

graph of @#(T) versus T is shown in Fig. 1.

In Appendix B it is shown that

% { ¢(r>} = [v(g) |2

where?{ Zindicates the Fourier Transform of the function inv the braces.

Therefore,

o, altl -ger
|V(-jw)|2= fo?e wl e at

]

2 - |7l
=2 ¢ f e (cos at - j sin ut)dtr by Euler's equation. Be-

- .
-a |7 -y
cause e cos ¥ 1is an even function and e sin o is an odd
function,
o T 2 2 .
- T a0
|V(3a))|2 a ECEJ[ e . k! cos aff 471 = —2—-—{“];2—
5 wl + W

A graph of this function is shown in Fig. 2.
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The Linear Transfer Function

The linear transfer function will depend upon the type of accelero-
meter system proposed. Two types which were investigated are described in
the following material where they are designated as the Type I system and
the Type II system.

The system designated as the Type I system, a simple mass, damper,
and spring system, is shown diagramatically in Fig. 3. The differential

equation describing this system is

2 2
dat dt

Solving this equation by Laplace Transform methods yields

s2

™(s) =
Crls+k
m m

2
-

2 c
(k/m-w)+,jwn7

(o) =

If critical demping is assumed as a special case, then these equations

become

2
S

[Hm] :

2
™ Jo) = ——

Vk?m + jw

™(s) =
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Fig. 3. A type I system

Fig. 4. A type II system
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A more complex system, designated the Type II system, is shown in

Fig. 4. This system is described by the simltaneous differential equa-

tions
a0 ae
J—§+ca;c-+k(o-¢)-o
at
2 2
meg—g+mgl gz$+1:(¢-o)-mz‘1—’2£ .
dt at

After solving by Laplace Transform methods, the transfer function is found

to be

2
5

4, ,e\3 , (k k (2, (cg, ck kg
s+ (s + 2+ 8+ 2 )+ (B4 }s + (32)
: J J 2 ml2 Jl sz J!

H(s) = %‘

In order to simplify this equation for further manipulation, let

c k_.g k
Q= = Ba -4 =4 —

3 iTet_p2

cg, k PR -4
7’3(z+m22) =737

Then

2
S

k
Hs) =351 | Z 3 2
s +0s +Ps +ys+ B

2
-

(o - g + 8) + J(ro - o)

j0) = 35

and
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I2(se)l® = Gp° | 35— wi 2 z_ > 7. 2
o +a-28)w” +(BH2B-Xip)w +H(y-28B)w” + &

The Power Equafions

The power integral, given on page 13 is
o«
c L1122 2
P= 5 f I2(50) ] 1V, (30) % ao.
-0

By direct substitution, the available power from each type system is Type I

-]

Pl";—nf e 2(;)2+(m)2 :)lgcj_%, S
-0 - - -
: m m
Type II
. c—jh(l-{— )2 8 2w | o
2™ & It w8+(a2-aa)w6+(52+25-z»()m‘i+(7-255)a§+52 a€+m2

Both of these integrals are amenasble to solution by the method of residues
(8). Because of the quantity of algebra involved, the details of the solu-
tion are presented in Appendix D. In terms of the system parameters, the

solutions are

~~
St
+

1

+ [Blo

P na?mml

ol P
-
BlolHIK
S
+
B
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In order to simplify the evaluation of these expressions, typical
values fof the parameters describing the random motion were teken as:
o (rms linear velocity) = 1.0 foot per second or 0.305 meters per

second

@ (engular "cut-off" frequency) = 6.28 radians per second.

The limitations on the volume and weight of a practical device placed upper
limits on the values of m, £, and J. The following values were chosen as

representative:
m (mass of the pendulum) = 0.1 kilogram, one-half of the total mass

2 (pendulum arm length) = 0.02 meters

2 -
J (rotationel inertia = MR) = (0.05)(0.02)% = 2 x 107° kg - m.

The gravitational constant is 9.8 meters per second in the mks system of
units employed here. As a result of these limitations and assumptions, the
parameters ¢, the damping constant, and k, the spring constant, were the
parameters vhich could be varied in order to meximize the povwer equations:

With regard tc the result that only c¢ and k may be va.fied greatly,
the expressions for Pl and P, were rearranged as follows:

2
L)+ k()

C(E—

2
P =
S P e npep s

gwf 3 ]
(==) + (= + 5—)k+(§n‘]'—) c+(—i) ke

. - 1 2 I J2 a2

2 = oMy 2 2 '

2 3




Inspection of the expression for Pl showed that both ¢ and k should
be as large as poésible so that the bracketed term approached its limiting

value of unity. The theoretical maximm for Py is then

2 2 _ 19
P, oy = O my = (0.305) (0.1)(6.28) = 58.3 mmlyatts

for the parameter values given in the foregoing materiasl. The maximm
power available from a practical device will be determined by the values
of expression, let c and k be related to each other by the'following ex-
pression:

¢? = o%m.
Substi’cution'of this expression into P, and dividing numerator and denomi-

2
nator by w, gave

w%+&ﬁ
2 “
=Ulrﬂ)l LD

+

3
S

P, = &
1 =y

A
i

+ + 1+ a(——-) + (--)
mwl wf ml wl
2 k “o
Where oy = o A plot of Pl versus (m_) is shown in Fig. 5 for several

1
values of @, If a2 a 4,0, then the system is said to be critically damped.

This plot shows that, a.lthough theoretically c and k should be as large as

poss1ble for values of (-—) greater than a value of approximately unity,

“

the increase in available power may not be sufficient to make further prac-

tical refinements advisable because of the increasing difficulty in attain-
' w

0
ing these greeter values of (q)o
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Inspection of the expression for P2 showed that P2 was almost com-

pletely insensitive to variations in c and k. Comparing the constants and

the coefficients of ¢ and k reveasled the following:

2 o
e &1 =5+ 3%
L = JI_ . mf
8“312 gznl ag ) 2 2
4
GFTT Tty L .Ee.d
ml JL J
or_simplified,
1 1 . 1
e - n
1+ = 14— 1+ —=
£- -5 5+ £
(l)ll Cl)l! mt (Dll

J
For the system parameters chosen, the term m22 1s less than five per cent

of -g— . As a result, the complete bracketed expression can vary only be-
(ulz

tween the value given by the foregoing ratio of coefficients and a maximum
value of unity. This value of unity occurs when the quadratic term formed
by the product of k and ¢ is the controlling term in both the numerator

and the denominator. Further inspection showed that this term was relaf

S

tively insignificant for values of the product kc less than 10"~ and that

it did become the controlling term for values of the product kc greater
than 10'5.

Typical values for k and ¢ were derived from an a-.na.log computer sim-
ulation of the problem (See Appendix E). The analog computer used proved

unsatisfactory for a complete solution because of excessive drift in the
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d-c axplifiers, but some data derived were suitable. The analog solution

indicated that a %: value of approximately five was appropriate, thus an
-5 -4

approximate value of k = 5J = 5(2 x 10 ) = 10 = for the system chosen.

Similarly, a value of %of approximately two was typical, thus & value of

- -5
c=2J=2(2x105)=4xlO .
From this information, the quadratic term was found to be insignifi-
cant in the evaluation of P,. Therefore, the value of P2, the power aveil-

able from the Type II system, was found to be
P, = (56.5 x 107°)(0.925) = 53.8 milliwatts

for typical values as given in the foregoing material. Thus, regardless

of the values of k and c, the power available from the Type II system

would be not less than 53.8 milliwatts nor more than 58.3 milliwatts for

the system parameters chosen.

Summary

The importance of these results to this investigation of biological
power sources is found in the order of magnitude of the power delivered to
a linear velocity damper. This magnitude of tens of milliwatts available
should allow the delivery of one microwatt of d-c power to a transmitter
with little difficulty, even though the conversion from mechanical to

electricel power is very inefficient.



MECHANICAL TO ELECTRICAL CONVERSION

Introduction

The problem of converting the available mechanical power into the
required electricsl power was approached by two methods. They were: 1)
the use of a permanent magnet rotor a-c generator, and 2) the use of a
piezoelectric crystal. These two methods were to produce an altermating
current which would then be rectified and the resulting direct current
applied to a miniaturized transmitter. Consideration of practical oscil-
lator circuits indicated that a d-c power of approximately 1.0 microwatt
would be sufficient for a simple sine wave oscillator utilizing semicon-
ductor devices. These would require a terminal voltage of approximately
0.4 volts at a load of approximately 10 microamperes. A maximum equiva-
lent internal impedance of 3,000 ohms was specified although the. importance
of this impedance would depend primarily upon the type of oscillator cir-
cuivyy employed.

The Permanent Magnet Generator

The study of the permanent magnet rotor a-c generator progressed
through several stages from simple instrument magnets and coils of wire to
complete generator construction. Three stages of investigation are rep-

resented by the models in Fig. 6. In Fig. 6a is shown a pendulum system

with an instrument permanent magnet as the pendulum weight and a fixed
coil of wire. As the magnet moved past the coil of wire, a narrow pulse

of voltage of approximately 0.1 volt was generated. In Fig. 6b is shown



Fig. 6a. Pendulum and fixed coil

Fig. 6b. Pendulum and tachometer generator
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Type II system generator

Fig. 6c.



28

a pendulum and gear train with a 11:1 ratio which drives a d-c tachometer
generator. This system, when carried about or moved on the casters, gen-
erated about 50-100 microwatts but was unsatisfactory because of its size
and the large amount of drag in the commutator brushes. In Fig. 6c is shown
a complete generator utilizing a Type II system for increasing the relative
velocity of the rotor and stator. A clock main spring was the torsional
spring. It was very heavy and quite large.

| A major difficulty with this permanent magnet method was the reduc-
tion of the total weight and volume of the generator while maintaining suit-
able flux paths for the magnetic fields; these are conflicting requirements.
Another difficulty was the "locking-in" of the pole faces of the rotor on
those of the stator., In order to maintain a relatively high flux density,
the air gap between rotor and stator pole faces should be short. The short-

er the air gep was made, the greater was the torque required to rotate the

rotor from its "locked-in" position. Another difficulty was that the rel-
ative velocity of the stator and rotor was small, thus a large number of
turns of copper wire would be required to generate the minimm voltage.
The weight and volume limits conflicted with this requirement also.

A Type I system driving a generator would experience all of these
difficulties, excessive weight and volume, slow relative velocities , end
& large number of turns required. - "]he Type II system was an attempt to
increase the relative velocity of the rotor and stator of a generator by
means of energy stored in the rotational spring. The "locking-in" of the
rotor was an advantage, although a small one, in that the rotor would not

rotate until the pendulum shaft had rotated through some angular displacement.



When the rotor did move, it moved rapidly to the adjacent or to the second
stator pole position and "locked-in" in that position. This produced a
higher voltage but for a shorter interval of time. The internal impedances
of botix systems, although they were not meé.sured, would presumably be less
then the maximmm of 3,000 ohms specified.

An additional factor, fha.t of inherent frictional losses, would
probably become increesingly importent in further miniaturization than
that attempted. Because of these difficulties, a final miniaturization

of a permanent magnet rotor generator was not attempted.

The Piezoelectric Crystal. Converter

Piezoelectric crystals of various materials and a variety of "ecuts"
have been used as electro-mechanical transducers for some time (14). These
crystéls ca.n be obtained easily and are not usually expensive. The major
advantage offered to this investigation by piezoelectric crystals wé.s their
light weight and small volume.

The output volfage of a piezoelectric crystal can be made very high.
A value of 20,000 volts has been reported by the Clevite Corporation for
& special ceramic type (3). A typical phonocartridge crystal will deliver
4-5 volts into an open circﬁit or very high impedance. The equivalent
source impedence of a piezoelectric cr};stal is very high, normally 100,000
ohms or higher, presenting an impedance matching problem in circuits re-
quiring a low impedance source. A typical phonocartridge of the type in-
vestigated in this research is shown in Fig. 7 and the internal mountings

and the crystel are shown in Fig. 8. It can be seen from Fig. 8 that the
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Fig. 7. Phonocartridge

Fig. 8. Cartridge components
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crystal itself is mounted in soft rubber. Thus, the efficiency of con-
version of the mechanical torque to electrical power was low.

Measurements of the d-c power output of a phonocartridge were made
by passing the cartridge needle lightly over an unpolished but smooth sur-
face and rectifying the output with a full-wave semiconductor diode bridge.
It was determined that the crystal could deliver approximetely 15 micro-
watts to a matched load. The output was an alternating voltage containing
frequencies to well above 1,000 cycles per second. Impedance matchiné was
then possible with a miniature input transformer, the one chosen being a
100K to 1K air core transistor input transformer. A completely satisfac-
tory d-c voltage of approximetely 0.5 volts at a d-c current of approxi-
mately 30 microamperes was delivered when the crystal was moved lightly
over the test surface. ’Iheoretically, this voltage and current output

level would be sufficient to power a semiconductor oscillator.

Summary

¢ As a result of the preliminary iﬁvestigation and evaluation of the
proposed methods of conversion from mechanical to electrical power the
piezoelectric crystal was selected for further study. The output voltage
and current were found to be sufficient, theoretically, to operate an os-
cillator and the approximate source impedance of 1,000 ohms was less than
the previously determined maximum of 3,000 ohms. Its small size and weight

were also important adventages.
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A TEST MODEL

Introduction

The proposal to utilize a piezoelectric crystal converter was test-
ed for feasibility by constructing a converter and asttaching an oscillator
circuit to the output of the converter. As this was to be a feasibility
study only, no attempt to miniaturize the phonocartridge assembly was made
although it can be seen from Fig. 8 that the overall length could probably
be reduced by one-half by suitable changes in the torgue-transmitting yoke

and the two electrical output connections.

Description of the Test Model

The test model consisted of essentially two parts, the converter
assembly and the oscillator. A photograph of the complete converter and
oscillator test model is shown in Fig. 9.

The test converter was constructed, in order of electrical connec-
tion, of the phonocartridge, a 100K to 1K impedance matching transformer,
e semiconductor diode bridge rectifier and a 47 microfarad capacitor con-
nected to the output of the rectifier. As an unmodified phonocartridge
was used, a phonograph needle was employed to transmit the mechanical dis-
placement of the frame to the crystal.

The test oscillator circult employed a Hoffmen HU-10 Uni-tunnel
diode in series with an inductor. This Uni-tunnel diode exhibits a nega-
tive resistance region similar to that of a tunnel diode except that it

occurs at a nominal current pesk of 10 microamperes. This oscillator was
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Fig. 9. The test model



then a simple.negative resistance sine-wave oscillator whose frequency of
oscillation was approximately that of the series resonant freguency of the
inductor and the Jjunction capacitance of the diode. The radio frequency

output power of this oscillator was found by'using the following approxi-

mate formula for silicon devices:

I .
P, = §§ wetts where I is the pesk value of the current at

beginning of the negative resistance region.

A complete discussion of tunnel diode circuitry and a development of the

foregoing formula are given in the Tunnel Diode Manual (24).

Characteristics of the Test Model

The characteristics of the HU-10 diode were checked By using the
Tektronix Transistor Curve Tracer. The peak current was found to be six
microamperes so that the approximate power output at a resonant frequency

of approximately two megacycles per second was

6

L 6 x 10~
Py = 5‘}3’- = =52~ & 0.22 microvatts.

The d-c input power was approximately, for V and I in the negative resist-

ance region of the diode,

P, =V

in = Vae Ige = (0.12)(5 x 10'6) = 0.72 microwatts.

Thus, the conversion efficiency of the oscillator was approximately 30 per

cent. A photograph of the oscilloscope presentation of the oscillator

wéveform is shown jn Fig. 10. It can be seen that the waveform contains
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Fig. 10. Oscillator waveform
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no large harmonic frequency components and is quite frequency stable. A
test of the frequency and amplitude stebility showed that for a voltage of
from 0.11 volts to 0.14 volts applied to the diode, no significant changes
could be found. Oscilletions were sustained for volteges from 0.10 volts
"to 0.15 volts, but at the extremes both frequency and amplitude varied
widely. The electrical circuit representation of the complete test model

is shown in Fig. 11.

. Summary
The feésibility of operating an oscillator from the power supplied

by a piezoelectric crystal was demonstrated by the test model. The con-

verter was found to be light in weight, smell in size and sufficiently

powerful to yield sustained oscillations using the test oscillator. This

result completed the investigation of biological power sources.
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CONCLUSIONS AND RECOMMENDATIONS

Review of the Results

The resu_lts of the investigation of biological power sources in-
dicated that at least one method, the use of & piezoelectric crystal for
converting the energy of motion into electrical energy, is a feasible

method for powering physiological telemetering systems. Because there are
no batteries to replace, this method becomes even more important for those
telemetry systems which employ surgically implanted transmitﬁers.

The preliminary investigation of the biological potentials and
chemical gradients indicated that at present, the electrode problems are
very troublesome, but that these sources may become useful if and when this

electrode problem is solved.

The use of the energy of the circulatory system, blood pressure and
blood flow, also has promise but, at present, the damage to the blood com-
ponents 1s the primary reason for not utilizing this energy. As the in-
vestigations of new materials continues, it 1s possible some may be found
that will permit long term use of devices inserted directly into the blood
vessels with only smsll, tolerasble amounts of damage to the circulatory

system.

Suggestions for Improving the Converter

The converter used to demonstrate the feasibility of a transmitter
powered by biologically supplied energy could be improved in several re-

spects. Among the most important of these are:
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1) the size could be reduced considerably by designing a much
more compact torque transmitting lever and yoke and by a much
more compact system of output electrical connections;

2) much more active crystals than the Rochelle Salt type are
available, of special interest are the new cerawmic types;

3) perhaps a bimorph (simple lever or " eaf spring" type) crystal
wvould be more suitable for many purposes;

4) a method of voltage regulation, perhaps using the junction
voltage of a semiconductor diode as a reference, would provide
greater stability (the test model should be regulated at 0.12
volts, the source often supplied more than this and the oscil-

lations ceased until the voltage ageain dropped to the negative

resistance region of the diode).

Some Possible Uses for the Converter

The particular problems for which this converter could be used
would, in part, determine the mechanical system employéd to activate the
crystal. Two possible uses, utilizing two different mechanical systems,
might be measurement of the respiration rate and measuremenf of the linear
acceleration of a subject.

Respiration rate might be measured by a system which used the expan-
sion and contraction of the thoracic cavity to operate a bellows type de-
vice which in turn could cause activation of the crystal. The crystal
could be held in wiace by the rib cage. As the lungs'expanded end con-

tracted, a voltege would be generated and a pulse of radio freguency energy
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would be transmitted, one pulse upon expansion and another upon contraction.

Linear acceleration might be measured by a Type I system and the
piezoelectric converter. When acceleration or deceleration occured, the
oscillator would be activated and a signal transmitted.

The basic requirement for these converter systems is that relative
motion between two points or two surfaces be present. The crystal itself
can be made fo vibrate at a much faster rate than the relative motion in
several ways. For example, the crystal could be moved over a surface
vwhich is very slightly roughened or which has a predetermined groove simi-
lar to a phonograph record groove cut in the surface. These are not dif-
ficult requirements because the required strain on a piezoelectric‘cry-
stal is in the order of thousandths of an inch.

In conclusion, the feasibility of operating a telemetry oscillator
without batteries was shown. The mechanical motion to electrical energy
converter developed was shown to be useful vhenever any type of relative
mechanical motion was availeble as well as for the random motion ecceler-
ometer system originally proposed. The power source developed in this
investigation would seem to have great promise for use in future physio-

logical telemetry systens.
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APPENDIX A

Power Requirements for Physiological Telemetering

A transmitter implanted within enimal tissue and transmitting infor-
mation to a receiver located in air at some distance frqn the receiver
mst develop its radiated power into a lossy medium, that of animal tis-
sue. The electrical properties of tissue, for radio frequencies less
than about 500 megacycles per second are genereally teken to be those of
s homogeneous saline solution similer to salt water. Above ebout 500
megacycles, the electrical properties of skin, fat, and the deep tissues
become sufficiently dissimilar that the assumption of homogeniety is no
longer velid. (21) The telemetry systems proposed all were to operate
at frequencies considerably below 500 megacycles. Therefore, tissue was 4

assigned the following physical constants: p = 4rn x lO"7 henrys per

meter; € = -——lo——g- farads per meter; and ¢ = 4 mhos per meter. These

36n x 10
constents are respectively the permeability, the permittivity or dielec-

tric constant, and the conductivity of the medium. The remainder of the
transmission path was to be in air and the accepted values of these phys-

-7
ical constants for air is: = 41 x 10 henrys per meter; € = __1___9_
- 36n x 10

farads per meter; and ¢ = O mhos per meter.
Jorden (9 ) gives the following equations for descri‘bing the propa-

gation of plane waves of electromagnetic' energy in a generalized medium:

r (propagation constent) = (japno)(1 + ,j%e- ) per meter



= S9Kr
N (intrinsic impedance) par: ohms

where w is the radian frequency of the radio wave and j is the complex

varisble operator. For air, with o = 0, these reduce to

j = B
Tair = 9° K€ Tair = €
and for tissue, since u-?e- << 1 for the frequencies considered,
= = &0
Tiissue = MO = =5 (1 + J1) per meter
= J _oa .
ntissue o 3q (1 + j1) ohms.

The reduction in strength of the electromagnetic field can be de-
scribed, for a plane wave, by the following equations, also in Jordan

(9)

an
oL 4
E2,=Ele ’E4_E3'f]——3+714

vhere E is the electric field intensity in volts per meter, @ is the
attenuation (reel part of y) in nepers per meter, and the subscripts 1,2
refer to two points in the same medium and the subscripts 3,4 refer to
two boundary points in the different media, .:edia 3 and media 4. Further
reduction in the field strengthv occurs because the radio waves will not be
plane waves but will be concentrated in one general direction by the an-
tenna system employed. The system with minimal concentration is the iso-
tropic antenna system, one which radiaetes equally in all directions in 3-

dimensional space. For this least desirable system, the power densities in
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watts per square meter at various distances are related by (9) PE/Pl =
dje_/dg and the power deﬁsity at a distance d is related to the radiated
power by Pd = Wrad/éndz. As a result, radiated power is attenuated by
both "spreading" of the field and by losses in the medium through which
it is propagated.

To approximete the atlenuation resulting from the lossy medium, let
the thickness of tissue be 0.1 meters and the freguency be 15.9 megacycles

7 .
per second, giving an w of 10 radians per second. Then

7 -7 1/2
o =\I% = (10 )(4—:12:{ 10 )(4) =Y 8x nepers/meter
. -005 o 2
cf = 0.1 V8t = 0.5 nepers and E, = Eje 2 (S)El .

That this approximation from plane wave theory is reasonsbly valid
for short transmissionidistances in tissue is wverified by an experiment
performed by Douglas and Seal (4). At 100 megacycles, they found that
signal strength was reduced to 75 per cent of that in free air when the
transmitter was implanted inside the body cavity of a dog. It thus appears
that the calculations presented mey be somewhat pessimistic in the pre-
dicted results, but, though the thickness of tissue used in the experiment
was not specified, it appears to have been less than the 0.1 meters
assumed in the calculations.

The attenuation in the tissue due to the sphericel wave front is,
for power density at the 0.1 meter distance

P W:c'a.d.
0.1

=———— = 8V va.’cts/meter2 .
m  4x(0.1)

rad

In terms of the electric field intensity at any point, the power density



at that point may be written

2
E” cos e 2
P, = watts/meter
d 2 [n] /
where E is the instantaneous peak value of theelectric field intensity
and cos e is the power factor for the medium. At the boundary between

tissue and air, the electric field changes in value because of reflections

due to the different intrinsic impedances of air and tissue. These im-

pedances are:
= E = = E 4 0o
nair Ve 120x ohms, ntissue Vv 5 / 45  ohms.
Therefore,
Eair - 2 na.ir =2

Et:i.ssue ntissue + nair

From the above calculations, including both attenuating factors,

2 ) 2|n] 2, & - 64 Vor W__,
tissue 0.1 9
cos @ , 9
2 2 256 V2x W

Then Ejq0. = 4 Byocue = g rad

- E2/T] - 256 Von

and By 4 air = 1080 x 'red

s . 2
or finally PO.lm = 0.1 Wrad watts/meter® .
To complete the calculation, for any point d in air, d in meters, the

power density is given by

W
_ 0.142 _ rad 2
P, = (0.1 wmd) (——d ) — watts/meter” .

1000 4

For satisfactory reception of the information, the signal to noise

ré.tio should be greater than three decibels where the decibel level is
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. T R . R .
given by S/N = 10 loglo Wn decibels where Wn is noise power and Pr is
the received power, both in watts. W, the effective noise power, is

found from the following (18)

Wn=kTBFwat‘bs

vwhere k (Boltzman's constant) = 1.38 x 10-23 Jjoules per degree K
' o]
T = Temperature in degrees K (Kelvin), typically 300 K
B = effective noise bandwidth, typically 0.1l center frequency

F = noise figure, typically about 10.

- -14
23)(106) 210 14

Thus W, = (1.38)(300)(1.59)(10)(10 wetts.

From this calculation, the minimum received power is

P
3 = 10 log, . (—=
€10 1012

P = 1071 (10%9°3) 2 2 x 107 vatts.

To refer this minimum power to a typical receiving system, consider

a half-wave dipole in free space for which the received power is given by

(9) P.=A Pd vhere A is the effective aperture of the antenna and P(1 is

the power density at the antenna. The effective aperture for this antenna

is 1.3l )»2 vhere A is the wavelength. The wavelength for a 15.9 megacycle
radio wave 1is approximately 20 meters. Thus
2
P 9 (1.31)(20) P, = 52¢ P, wmtts
or, from the gbove calculatl ons 3

o - % _2x10™
a = 522 5oL

17

24 x 10 watts/meter2

If 4 is taken as 500 meters, then the required radiated power is



w4 = 1000 Py a® = (103)(4 x 10'17)(25 x 104) = 107 vatts.

| In order to determine the quantity of d-c¢ source power necessary to
rediate the above theoretical minimum power, consideration must be given
to the efficiency of coupling from the oscillator to the medium supporting
the radiation and to the efficiency of the oscillator in converting the
d-c source power to radio frequency energy. Since it is conceivable that
total over-all efficiency might be less than ten per cent, a minimum d-c

source pover of approximately one microwatt should be available.
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APPENDIX B

A General Power Equation

Let a velocity function be defined as follows:
vp(t) = v(t) -T<t<T
vT(t) =0 elsevhere

where v(t) is defined for all t. Then

T —w

T
¢T(‘r) = 1lim lﬁ f vo(t) vt + 7) at
-T

and
2]

¢T(‘f) = ’Zl‘f fvT(t) vT(t + T) dt

00

from the definition of vT(t). The Fourier Transform of ¢T('r) is then:

7”{%(“)} = 5 f(] vg(t) vyt + ) at) e g

0 o

= E%f f f vT(t) vT(‘;: + w)e'j‘”t e'j“’(t +7) dt) ar

-0 | 0

If s=t+ 7, then ds = 47, and

7’{¢T(T)} = %T-(f VT(.vs)e-‘jws ds) (fvT(t)ejwb dt>

L0

Thus:
?’{ ¢T(1)} = &= Vo(d0) Vi(se) = = IVT(J'w)|2

Co»
where VT( jo) is the complex conjugate of VT( jw).
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Also, VT(jw) and vT(t) form a transform pair because

T
?{ (t)} vo(t)e % at = f v(£)e™ at = v (j0)

If vT(t) is the velocity of the damping elewnent of a mechanical

system, the instantaneous power dissipated in the damper is pT(t) =
clvﬁﬂt)la where c is the damping constent of the system. Also, from the

definitions of v(t) and V (Jo),

vp(t) = ?'-l {VT(Jw)} ) 515 fv'f{‘jw) T a

-0

Thus, the average power dissipated in the damping over the period 2T secornds

T T &
Py = %‘T-fdv.r(t)lz it = ngVT(t) (ziﬂfVT(Jw)ejw dﬂ)) at.
-T -T -0

As both integrals are absolutely convergent, the order of the integration

is:

mey be interchanged, and

o / T_ )
Pp = @3-(2—“7 fvT(;w) (fvT(t) eI dt) dw
0 ~T

- *
Vp(Jw) Vo jo)
< T T - dw
= 2n 27 :
0

Therefore,
[+

e oIV (Jw)|2
= B f aw .
- -]

To extend the use of this equation to include v(t), defined for all
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[V (3o
t, requires an additional restriction. The term e is, dimen-

sionally, average power density per unit damping over the frequency inter-

val dw. If v(t) belongs to a time stationary process, then the average

power density of v(t) is given by (8)

V(30 |® = 1m & v ()]?

T =

Then, average power is given by
-]
c ..a1e
- £ [ vo)? .
L0

Because V(jw) will diminish rapidly in amplitude as o becomes large, con-

vergence of this integral is assured from physical considerations.
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APPENDIX C

A Comparison of Two Autocorrelation Functions

T™wo velocity autocorrelation functions were proposed as possible
descriptions of the random movements of & subject. They were:
g ()= & e 17l g (7) = —F—s
1+ (Lul‘r)
Teking the Fourier Transform of these functions gives the following

squared velocity spectra (see Appendix B):

2
20
v (%= L AACOIREN ol |

uﬁ-'l'(l)

A graph of these two squared velocity spectra as functions of (w/ml) is
shown in Fig. 12.

If these squared velocity spectra are substituted into the general
power integral and the term I‘l‘(jw)l2 is assumed to be a ratio of poly-
nomials as for a physical system, then the fon_owing integrals result:

® 2
20
c .12 !
Pl = 2“\,[ lT(JCD)I > > dw
(L\l + W
. -0

~ o, |
"‘ECE_[IT(jw)Ie % P elogl| g

Inspection of P; shows that, for fm( jw)|2 a ratio of polynominals,
the entire integrand will be a ratio of polynomials and probably can be
solved by the method of residues. Imspection of }?2 shows that the expo-
nential term apparently prevents finding & solution in closed form. In

order to further evaluate the difficulty and the guantity of the work
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Fig. 12.

Two squared velocity spectra
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involved in the solution of these integrals, a simplified transfer function,
2

2
= , Was substituted into the

|7(30) | % =
k/m + o

integrals and the solutions found for c2 = 4km,

The solution of Pl is included as a special case of the Type I system
solution presented in Appendix D. A graph presenting the results of this

evaluation is shown in Fig. 13.

The integral P2, following substitution of the given transfer function,

was rearranged into the following form:

Tl (fe)?
o)
P =o Vim - ml e-(w/ml) a(w/w )
2 k 2
5 |2t (o)
@m
This integral was then referred to the digital computer group for solution

using a method of approximation suggested in an article by Ser. (22) The

approximation used was:

10 )
P, = * Vim [ 1+ ég{ii o (% B; - di)(-l)l(q - 1)1}]

i -X -X
Where Cln = f x_e;n ax Bn = f—-e——-n
S (x + 1) S (x + 1)
v = =k _ 2
and x = (w/a ) 1= 5 = (/)
) m

A graph presenting the results of this solution for values of q from 0.45

to 1.0 is shown in Fig. 14.

A comparison of the results as presented in Fig. 13 and Fig. 14 shows
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that the two autocorrelation functions yield values which are of the same
order of magnitude and not too significantly different. Because the use
of the exponential autocorrelation function led to & much less involved

solution process, it was taken as the describing function for the random

motion.
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APPENDIX D

Evaluation of the Power Integrals Pl and P2

The integrals for the power available from both the Type I system
and the Type II system are ameanable to solution by the method of resi-

dues. These solutions have been tabulated for the general integral of the

form ®
1 g, (%)
L = 213 f E(x) B (x) &
Y, m n
where
_ . .en-2 2n-4
gn(x) = bx + b)x + ===+ D
_ n n-1
hn(x) =aX +aXx  + ----+a

aend the roots of hn(x) all lie in the upper half-plane.
The Type I system power integral is
® 2 4
c f 200 @ ml dw

P, = =

00

It cen be put in the general form of I as follows:

P, = jJ2owc
1 A1 (2"3_00[(15- - of) + JoAZ) [y + sell(E - of) -3o(2)]lay - J“’]/

= Jzaza.ic (21.f = .
My (=3) + oFleay - £+ a(joy () + 5E) + X

= a)4 dw
o®(3) + Pl - )+ of-gof - )+ X
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From this expression, the bn and a are

gn(w) = bom4 + 'bla)2 + b, by =1
bl =0
'b2 =0

h(a.))aa.a)s-i- Craw+a a. = =j

n 0 & 2 3 0
_ c
g = -y + 2

= i(m S+ E
8y = ‘](ml z o
G ew E
3 m
The solution of the bracketed function is:
a.8a.b
-ab_ +ab - 20%%
et T = ey
3
2 aglages - 2y8,) 2ag(ages ~ 2y8,)
e,k
- m m
2/C Cy2 ck
(32)[401(5) + uﬁ.(ﬁ) + n—xz— ]
Therefore
e,k
m m

2 2
P = j2o w, eI, = j2o w ¢
PTG @e s @ + B
@ (S) + £
2 1l'm m
ad
TR

k 2
Let 7= 9o then

c 2
2 o () + @

P.=d
1 oo, =z c 2
a)l+a>l(m)+wo
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If, additionally, critical damping is assumed, then c2 = 4km and, dividing

2
numerator and denominator by w

2(-20) + (22
. &ty
Pla o’mr.ul " - o
1+ 2(=2) + ()2

v Bt

The Type II system power integral is solved in the same manner. In

the standard form given previously

C 9 4
P2 = §; f(£)2 = 4
J oL st + (@®-28)® + (B%+25-2p )t + (y-26B)ef + B°

[ 2
20
e S a0,

2 + u.)2
i @

V‘Ihe upper half-plane roots of the denominator are found using the same pro-
cedure as before. The second bracketed term is easily solved as (wl"‘jw)
(wl-,jw). The first bracketed term is algebraically more tedious to solve.
A method which will somewhat reduce the quantity of work makes use of the

fact that the final form is known to be, for the upper half-plane roots,

oF - ja° - B + jCo + D.

When this term is multiplied by its 'con,jugate as follows

[m4-3Am3-w23+30a>+D] [w"‘+jm3-co213-jw+ D]

=a>8+w6(A2-B-B)+w4(D.+D-AC-AC+B2)

+ o (-BD - BD + C°) + D2,
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direct comparison with the original denominator shows that it becomes
(w4 - jacns - Bw2+ Jro + 5)(m4 + jaws - Bwa - Jro+ 8).

Therefore, the ‘pcwer integral may be written as follows:

=<}

4
2vs k2 . 1 aw
B, = (32N o)gp)° I with Ig= 5 l e

where F(jo) = jws + (u.}_-}oz)aa4 -j(au>l+fs)m3 - (sa.\l-rr)ma + j(fml-i-a)m + Baﬁ_

From this equation, the constants &, and bn are

by =0 8y = J
by =0 8, = (o +Q)
b2=l aaa-j(aml+6)
by = 0 ag = -(By +171)
b, =0 a, = 3(rey +3)
as = 5¢L\l
The solution of the integral I5 is
Y
15 = 2a, &

2,2
vwhere M_ = b (-a.oa.‘j:a5 + a8, +ae - .8'29'38'4)

+ aobl (-51.29.5 + a3a4) + aob2 (aoas - 818’4)

a. b

0 4 2 2
-8 & +a.a.)+-—a—5— (-aoa.la5+aoa3+ala4-aaa)

+ agby (-ap8; + 8.2, 182%3

et
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22 _ 2 22 2
and As = aoas - 28.0818.48.5 - 8’08'2838'5 + 808'38'4 + ala 4 + ala2a5

T By85828 -
Because only b2 is different from zero, M5 simplifies easily to

Mg = agby (ageg - aye,) = 3 [5oey - j(ay+a)(re+8)]

My = yay + Opey + o,

Evaluation of As proceeds by steps as follows.

a8, = J(ml + )
808 88g = -(@y + a)(yey +8)(5w))
805 = Jowy(rey + 8)
a -(‘ru§ +ora + @ + 08)(sw )
= -[ovad + (@7 + 8% + o]
-28,8, 8,8, = 2 &rui’ + (> + 82)u§ + asaml]
2, = J(-3)wy + B) = (ay + B)
sghangas = ~(aum + B)(pay +7 )(5a)
2585 = -bay (B +7)
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= -0 [opad + (8% + or)ay + pr]
-8B 88 = [dﬁﬁaﬁi + (862 + od )wje_ + ﬁr&ul]
8y, = J(J)(rwl +8) = -(T‘Dl + 8)
aoa§a4 = -(ya + ’6)(32a§ + 2Pray + 72)
a.g = (sa)l +_~(-)2 = Bzaaf + ea-rml + 72
aoa§a4 = -[ rBzag + (862 + 2er2)mf + (2875 + 1'3){1)1 + 8r2 ]

af=(wl+a)2-_-(wf+aawl+a2)

= -(Twl + 8)2 = - [-r2u.§ + ordw + 5°]

n

a

N

St % s o ¢ DL iy 1) G )
o+ (aoy8 + 87 + Q2N + (287 + By ) +6%0P)

a.la.5=8ml(ml+a)=6a§+08wl |

ag = -(cm:l + 3)2 = -(aewf + 8343(1)1 + 52)

ajasa = - [(saf + oo )(oPuf + apay + 6%)]

= - [a?atn‘i‘ + (2op8 + a%6)ad + (8% + 20p0)ef + (00p%)ay ]

a8, = -j(ay ¥ a)(owy +B) = -J[amf + @2 + By + 0Bl

az8, = -J(le + 8)(&11_L +1)=-] [rBwi + (8B + 1-2)wl + &7l
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-a,8,8.8, = [mnla_ + (& + B, + 0B] [rﬁmf + (38 + -re)ml + &yl
= [(oBr)al + (BB + oy® + oiyp + Be)-u{’
+ (8% + oop + o%op + &Y% + 88° + pr°)al
+ (Por + ooy +ooe% + or’B)y +aper ] .

Now collect the terms as caefficients of powers of @ . In the process of
collecting these terms, many cancel end a much shortened form results.

a (epr - a% - 1°)

+ a)i (aaﬁs -a% - oara)
+of (-er® + 8% - ops)
+ oy (° - &5 + o)
+ (-5 - 5%° + opys)
= (oBr - & -'re)(wi‘ +amf+ gl + yo + ).
Combining all of these evaluations,
TRy + ope + 06
(32)(cBy - %)(afrou o, +6)

By = (32)(wy o%e)(E)?

Returning to the original parameters

- &% - 1 = repr) o = -(9%(58)

c—ilO
h
~
—~
Dl
~

(%)° = )(k



2 cy k 2, /8ysC k k

voy + ore, + 08 = (F)(=5 +]) + (FENGF+—5)y + FHFP
ml ms

Substitution of these terms into the power expression results in further

cancellation of terms. The final form is then

k,2 k
G+ =) + HG+ =5y + F

2 m!
I S k,g, ky2_ cg. k kg
ar(Fa+GrEr g 575 =g g
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APPENDIX E

An Analog Simlation of the Power Integral

An attempt to investigate the Type II system was made using analog
computer techniques. The results obteined by this method were generally
inconclusife s Primarily because of excessive d-c drift in the operational
amplifiers used. Although the results were of questionable value, the
complete simulation is described because some of the techniques employed
were unusual and because they might be used to advantage in the simulation
of a similar problem at some future time. A photograph of the laboratory
set-up used is shown in Fig. 15.

The progrsmming of the differential equations on the computer fol-
lowed techniques known for some time. Because of the drift and instability
of the amplifiers, the Type II system was programmed in such a manner that
a minimum of interaction between the two closed loops of amplifiers took
place. This was not the most efficient connection as can be seen from
Fig. 16, but it appeared to be the best possible choice.

The generation of -the required random function and the subseqﬁent
filtering to produce the required frequency spectrum presented difficulties
for two reasons: 1) a random noise generator with an output spectrum flat
to zero cycles per second was not available, and 2) a filter with the
proper response and a high frequency cut-off of 1.0 cycles per second was
not available. An attempt to use frequency scaling was unéuccessfu.l be-
cause the multiplying constants for the computer variables became too

different in magnitude for the range of the computer amplifiers used.
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Anelog computer set-up

Fig. 15.



67

Fig. 16, Anelog computer schematic
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To overcome these difficulties in obtaining the required driving
function for the problem, the ocutput of a noise generator with an output
spectrum flat from 30 cycles per second to 20,000 cycles per second was
mixed with a constant amplitude, constant frequency 10,000 cycles per
second signal from an audio oscillator and the resulting envelope detected
with a bridge rectifier. The output of thé rectifier was then a signal
with a spectrum which was flat from zero cycles per second to nearly
10,000 cycles per second, well above the highest frequency known tb be
important. The circuitry used is shown in Fig. 17.

The flat spectrum signal was then applied to an active filter to
obtain the required spectrum fo:* input to the computer. The required ve-
locity spectrum was found from the squared velocity spectrum,

2% a
V(50| = %
@ + o

This mey be written in terms of the complex variables as

V(s) = oVon (e

From the analog computer diagram, it can be seen that the signal input

should be the acceleration spectrum which is

X(s)= s ¥(s) = o V2 (550

To obtain this spectrum, an active filter was used. The output of such a

1] 1 B
filter is given by X, (s) = T(s) ° Xm(s)' Since xin(s) is 1.0 for a flat

spectrum, only T(s) is of interest. If an operational amplifier (a high
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gain d-c amplifier) is used, then

vwhere Z_2(s) is the feedback impedance from output to input end Zl(s) is an
impedsnce in series with the applied signal, as shown in Fig. 18a. T(s)
is known, is proportional to the acceleration spectrum, and may be written

as follows:

z.(s)
2 s s s+ a
T(S)=Zl(s)=s+ml=(s+a)(s+ml)
From this, setZl(s)=s:a=l+a/s
az = -Sta_ 1
an 2(s) Ty 1+ . - oy
a-@  a-aq

The synthesis was completed by adjusting the impedance level and assuming
a value for w; of w = S5 radians per second. The final filter circuit,
with input from the driving function circuit, is shown in Fig. 18b. This
circuit gave an output with very nearly the proper spectrum and with a
- magnitude proportional to the desired output because the factor o F was
not included. Because the simﬁla‘bion reqﬁired calibration of the final
power i'ea.ding, this factor of propoftiona.lity was of no significance in
this solution.

The method used to obtain a value for the average power dissipation
employed operational amplifiers, a diode bridge rectifier, a diode sguaring

circuit and a heavily damped d-c milliammeter. A voltage proportional to
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% was available irom the computer and was used to obtain a current pro-

portional to the instantaneous power according to the following formula:

p(t)=(c P Fa(veF 2.

The output of the computer, %%, was multiplied, by means of a poten-
tiometer, by Ve where the appropriate value of ¢ was determined from
either the g- or z% potentiometer in the computer circuitry. This was pos-
sible because the values of J and m were assumed known. To obtain the
square of the quantity Vc %% , the voltage proportional to this quantity
was first rectified (to obtain the absolute value) and then used as the
input to the squearing circuit. Because the voltage levels required in the
diode circuits were of the order of volts and those levels available from
the computer were of the order of millivolts, emplification of the computer
output was obtained by using operational emplifiers. A buffer stage was
also necessary because of the different impedance levels between the opera-
tional amplifier output and the rectifier input.

The output of the squaring circuit was a current proportional to
p(t). 'ﬂlis output was obtained using a circuit which performed the fol-
lowing operation: i+ = k(v:m)2 vhere the consteant k was chosen to ob-
tain suitable current levels. This current was then passed througﬁ a5
milliampere d-c ammeter which was héavily damped with 8,000 microfarads
of capacitance. The combination of the inertia of the met;.er movemenﬁ, the
internal resistance of the meter and the large external capacitance gave a
very satisfactory intergrating device. As a result the meter deflection

was proportional to the average power dissipated in the demping c.
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The circuitry used to obtain an amplified voltage proportional to

Ve %% is shown in Fig. 19. In Fig. 20, the buffer stage, the bridge recti-
fier, the squaring circuit and the averaging circuit are shown. Because
balanced circuits were used, the two different power supplies and ground
points are indicated in this diagram. In the complete simlation problem,

a total of four different power supplies and grounds were necessary, &as

noted on the diagrams.

In order to obtain quantitative information from this simulation,
the méter deflections had to be calibrated. This was accomplished by
assuming a problem for which the analytical solution was easily obtained,
programming this problem on the computer and then recording the meter
reading for a value of power found anelytically. A typical calibration

used was 1.0 millismperes equals 14 milliwatts.
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APPENDIX F

Calculations of Power Output of the Heart

Dukes (5) presents the following equation for the calculation of the

work done by the heart:
W=17/6 R+ mve/g kilogram-meters

The first term on the right represents the work done in moving & given quan-
tity of blood, Q, against the resisting pressure, R, and the second term
represents the work done in giving this blood mess, m, & velocity, V. The
constant g is the acceleration of gravity, equal to 9.8 meters per second
per second. In the metric system, the force unit newton and weight unit
kilogram show a one to one correspondence in value, thus, the energy is ac-
tﬁally equal to the number of kilogram-meters. Power, that is, energy per
unit time, is then given in watts if the units are made newton-meters per
second. Since the usual gquantitative unit of bJ.ood volume flow is liters
per minute, and since m equals volume flow times the specific gravity of
the blood, the following modified equation will give the power output of
the heart in watts if: @Q is the minute volume of blood flow of the heart
in liters; R is the blood pressure in meters of blood; V is the blood
velocity in meters per second; m is the blood mass moved per minute; and
g is the gravitational constant. The 1/60 mltiplier is the conversion

factor from minutes to seconds‘ so that the resulting unit is watts.
. |‘ P
P = 1/60 L7/6 QR + mV/g | watts

For the cow, from data in Dukes (5),
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Q@ = 35 liters per minute

R = 120 mm Hg = (120)(13)/1000 meters of blood

m = Qx sp. gr. = 35 (1.06) kilograms per minute

V = 1.5 meters per second
Substituting these values into the above equation, the power output of the
heart of & cow is approximately 12 watts.

For the dog, from data in Dukes (5),

Q@ = 1.45 liters per minute

R = 160 rm Hg = (160)(13)/1000 meters of blood
m = 1.45 (1.06) kilograms per minute

V = 0.124 meters per second

Substituting these values into the above egquation, the power output of the

heart of the dog is approximately 0.6 watt.
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