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CHAPTER I 

INTRODUCTION 

The conventional m.ethod for obtaining information 

about the electrical activity of the heart is the use of 

a conducting electrode pair, connected to the intact skin 

by way of an electrolyte bridge which establishes a low 

resistance conducting path. Such electrodes are passive, 

that is, they require no external voltage supply for 

their operation, The metals used in such electrodes are 

selected on the basis of their non-polarizability and low 

skin toxicity. During long term, monitoring of coronary 

care patients, electrolyte pastes can serve as sites fcr 

bacterial and fungal growth (1) , or at least irritate tiie 

underlying skin (2). Another, more serious, problem is 

che ineffectiveness of conducting electrodes for obtain

ing electrocardiographic data through petroleum-based 

burn ointments which are applied to badly burnod patientsT 

noise and poor common-mode rejection obsciire the elec

trical W3 ve f c rxT\. 

Capacitive electiodes are used in the work described 

here; the feature of capacitive electrodes which permits 

zheir use at nonconducting interfaces, such as provided 

by burn ointments, is their mode of operation: displace

ment current through an insulator, rather than conduction 



current through a conductor, conveys information about 

the electrical condition of the heart (3-15). The basic 

fabrication technology for capacitive electrodes has been 

demonstrated, and sample electrodes have been built and 

tested through intact skin (16, 17). 

The purposes of this work were to improve the per

formance of the originally designed electrodes (16, 17); 

to obtain a lighter weight, more compact electrode con

figuration by applying hybrid integrated circuit technol

ogy; and to test the usefulness of these electrodes m 

conjunction with when applied to a subject through a non

conducting burn ointment. 

Chapter II describes the electrical constraints im

posed on the electrodes because of the heart signal. 

Chapter III contains the design of the electrodes; the 

contents of Chapter IV describe their construction tech

nologies. The results of the work and the conclusions 

are contained in Chapters V and VI, respectively. 



CHiVPTER II 

THE NORMAL ELECTROCARDIOGRAM 

The electrical activity of the normal heart has a 

characteristic periodic waveform consisting of three seg

ments: the ? wave, the QRS complex, and the T wave. Figure 

1. The P wave corresponds to the depolarization of the 

atria, and is the signal v/hich initiates the pumping cycle 

of the heart. The QRS complex occurs during ventricular 

depolarization, when the electrical pulse from the artrio-

ventricular node spreads through the bundle branches to 

activate the muscles of the ventricle. The atrial repolar

ization signal is masked by the QRS complex. The T wave 

corresponds to repolarization of the ventricles in prepa

ration for another cycle, 

Pleart monitoring electrodes are placed on the body in 

ceruam standard positions to optimize the acquisition of 

the PQRSr electrical complex. The m.ost common lead con

figuration employed is the Einthoven configuration, in

volving four electrode positions. In Lead I, a positive 

electrode is placed on the left arm and a negative elec

trode en the right arm. Lead II has the positive elec

trode on the left leg and the negative electrode on the 

right arm. Finally, Lead III has the pciitive electrode 

on the left leg and the negative electrode on the left 
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Figure 1. Normal Lead I electrocardiogram 
(a) and individual beat (b). 
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arm. A common electrode is placed on the right leg in 

each configuration (18). 

The frequency characteristics of the heart wave must 

be preserved during its acquisition and subsequent con

ditioning, or important clinical information may be lost. 

In order to assure that no artefacts are introduced by 

the electrodes, or the peripheral equipment, certain stan

dards have been established (19): 

a. frequency response should be flat to within 4̂ 0.5 

dB from 0.14 Hz to 950 Hz, with the 3 dB points at or 

below 0.05 Hz, and at or above 2 500 Hz; 

b. differential input impedance should be greater 

than 20 megohms; 

c. output impedance should be less than 100 ohms. 

The capacitor-impedance transformer electrode system was 

designed to meet these constraints. 



CHAPTER III 

DESIGN OF THE ELECTRODE SYSTEM 

Introduction 

The electrode system consists of the capacitor inter

face and the impedance transformer (16). The frequency 

characteristics of the impedance transformer itself can 

be set easily by the appropriate choice of electronic com

ponents; the frequency response of the electrode system 

is then determined prim.arily by that of the capacitor. 

The capacitance per unit area of the interface surface 

is the major element of the frequency response (total 

capacitance can be changed by changing the surface areal, 

and the permittivity and thickness of the dielectric film 

sputtered onto the silicon substrate establish the capaci

tance per unit area. The dielectric material was chosen 

to be tantalum pentoxide, because of its previous success

ful use (17). 

Characteristics of the Capacitor Interface 

The interface (dielectric film on the silicon sub

strate) was initially treated as a pure capacitance, and 

its thickness was back-calculated from the required elec

trode low-frequency response. Figure 2 illustrates the 

circuit used in making the calculation. The transfer 

function for this circuit is 



c 
r 

e.(s) Ri e,(s) 

C = Capacitance of the dielectric film. 

R . = Input resistance of the impedance transformer 

Figure 2. Sim.ple electrode equivalent 
circuit. 



s + R.C 1 e 

where C^ is the chip capacitance, and R. is the input 

resistance of the impedance transformer. The circuit has 

a zero at w = 0 and a simple pole at w = 1/R.C . If o c jr p i e 

w = 27Tfp is the cutoff frequency at the low end, then 
P 

P 1 

Now, R. must be at least 100 megohms, to preserve the in

put impedance of the impedance matching circuit; if f = 

0.05 Hz, then C = 0.032 ^^F, 

It is reasonable to assume that a large area capacitor, 

such as that employed here, is a parallel-plate capacitor; 

then 

Aee 

where z = 25 is the permittivity of bulk tantalum pentoxide, 

t is the thickness of the film, A is the area of the capac-

-12 itor, and z ^ 8.85 x 10 farad per meter. The assump-o 

tion that the permittivity of the film is the same as that 

of bulk tantalum pentoxide is not particularly good, but 

it provides a basis for calculation. The radius of the 

capacitor is determined by the size of the housing and is 



A O 

0.762 cm, so that its area is 1.8 x lO" cm ; then the 

film thickness is calculated to be, for the value of the 

capacitance previously found, 1.24 x 10 m, or 12400 A. 

When measurements were made on 12000 A thick reactively 

sputtered films, it was found that the parasitic resis

tance of the films was small enough to affect the time 

constant of the electrode, and a recalculation of capaci

tance, and film thickness, on the basis of a m.ore repre

sentative equivalent circuit, was required. The new 

equivalent circuit is that for a leaky capacitor, and 

is shown in Figure 3. The transfer function for this 

circuit is 

s + 
%(^) V e 
e, (s) 

s 4-

(4) 

(^iW^e^S 

Which has a zero at w = 1/R^C^, and a simple pole at 
O 6 6 

(jQ = i , where R is the leakage resistance of 

zz-^.r 
R^+R^ e 

the capacitor. If it is assumed that R^ is in the order 

of R , calculations demonstrate that the capacitance re-
1 

quired to meet the frequency constraints is around twice 

as high as previous values, and the thickness of the film, 

one-half as great. The new value, around 6000 A, was used 



10 

C, 

e^Cs) R. Ri e,(s) 

C = capacitance of the dielectric film 

R = resistance of the dielectric film e 

R. = input resistance of the impedance 
transformer 

Figure 3. Equivalent circuit for a leaky 
capacitor. 
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R 

Figure 4, Buffer amplifier circuit 
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as the basis for a matrix of film thicknesses sputtered 

under different reactive conditions. 

Impedance Transformer 

The impedance transformer is a unity-gain non-invert

ing buffer amplifier, incorporating an operational ampli

fier (op amp) with junction field effect transistors (JFET) 

at the input. The circuit is shown in Figure 4. To pre

vent saturation of the amplifier, a leakage resistance, 

R, , is used to bleed charge off the input capacitance of 

the JFETS. 

Signal Conditioner 

A signal conditioner, which converts the differential 

heart signal obtained from the electrodes to a single-

ended signal, and which filters and amplifies the single-

ended signal, was also constructed. Although the signal 

conditioner is not part of the electrode itself, it is 

appropriate to consider its design in this chapter. 

The signal conditioner. Figure 5, is divided into 

three stages. The input stage converts the differential 

electrode signal into a single-ended signal, and con

sists of a simple difference amplifier with unity gain. 

If V. and V^ are the input voltages from the electrodes, 

then the output voltage from the first stage is 
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R3 1+R,/R-. 
'̂01 = R^ f-lTR^R^V^ - V,l. (5) 

If R^ = R2 = R3 = R4/ and V^^ = V2 = V^, then the two-

pole low pass filter will have a transfer function 

!o2_i!i _ ji .̂ . 

Q P 

where a)_ = = , ,̂  and O = -—=-
^ (̂ 5̂Vl̂ 2̂ "' (_5 ::!) 1/2 ^ (16 ̂ j 1/ 

Rg C^ R3 CT_ 

If R^ = Rg = R and C^ = C2 = C, then there will be a 

double pole at UJ = 1/RC, with no peaking at w and a 

phase shift of IT/2 at w . UJ = 2 "f is the cutoff fre-
' P P P 

quency at the high end, and f = 2 500 Hz provides a con-

dition for choosing R and C. 

The last stage is a non-inverting amplifier which 

provides som.e gain. Its transfer function is 

"" - (1 + ^) (7) 
V ' (s) "̂ R. 
o2^*"' '̂ 7 

The gain of this stage is set by the appropriate choice 

of the ratio RQ/R-. The overall transfe.r characteristic 

of the signal conditioner is then 

R,̂  U; 
9 

7 (ŝ co ) 
p 
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CHAPTER IV 

CONSTRUCTION OF THE ELECTRODE SYSTEM 

Capacitor 

The capacitor is formed by rf sputtering a thin film 

of tantalum pentoxide dielectric onto a circular silicon 

substrate, 0.7 6 cm in radius. The circle is diamond-

scribed and broken out of a larger slice of n-type sili

con, with a resistivity around 1 ohm-cm and approximately 

0.025 cm thick. The edges of the circle are hand polished 

on 4/0 emery paper, after which the slice is degreased. 

The substrate is lightly buffed with lens paper soaked in 

trichloroethylene, then boiled in a 1-to-l mixture of 

methanol and xylene. After rinsing with distilled water, 

the substrate is placed in hot (just below boiling) con

centrated sulfuric acid for fifteen minutes, water rinsed 

again, placed in hot concentrated nitric acid for fifteen 

minutes, rinsed in trichloroethylene, and allowed to air 

dry. After cleaning, the substrates are placed in the 

sputtering cham̂ ber (Mathis Model SP310 sputtering system) , 

and reactively sputtered tantalum pentoxide is deposited. 

Reactive sputtering in an argon-oxygen mixture is re

quired to prevent reduction of the oxide to tantalum metal. 

The time required to sputter 600C A of oxide was estimated 

by performing several practice runs, and a matrix of sam-
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pies were sputtered at several times greater than and less 

than the estimate, and at several argon-oxygen mixtures. 

The sputtering times were 0.75 hours, 1.5 hours, and 2 

hours; five argon-to-oxygen mixtures were used at each 

time: 1-to-l, 2-to-l, 3-to-l, 4-to-l and 5-to-l. A par

tially covered pilot slice from each run was used for the 

interferometric measurement of film thickness (Hacker 

Instruments Model H/I 700 interference microscope). Figure 

6 is a photograph of typical interference pattern. The 

illustration shows a shift of approximately four and one-

half fringes of sodium light, corresponding to a film thick

ness of 27 000 Angstroms. Despite sputtering in oxygen, 

some reduction of the tantalum pentoxide target surface 

occured. A light lap with 4/0 em.ery paper, followed by 

a methanol rinse, restored the target surface. 

The electrical properties of the capacitors were ob

tained from measurements on one capacitor from each run. 

The samples were prepared for measurement by fastening 

a pigtail to the back-side (silicon side) of the capacitor 

with conductive epoxy (Eccobond 56C), then fastening the 

capacitor to a plastic disc with the pigtail protruding 

through a hole in the center of the disc. The plastic 

disc was attached to an electrode housing containing an 

impedance matching circuit, and the pigtail was connected 

to the input of the circuit. This arrangement perm.itted 
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Figure 6. Interference fringes obtained 
during a film thickness measure
ment. 
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the exchange of capacitors without requiring a new impedance 

matching circuit for each capacitor. The measurem.ents were 

performed by a voltage division technique. Figure 7. Two 

NASA silver-silver chloride conducting electrodes (20), 

were fastened to the underside of the right forearm as 

the input and output of a skin-body resistance network. 

The capacitive test electrode system was inserted between 

them as a voltage tap. A unit step was applied between 

the conducting electrodes and the output of the capacitive 

test electrode relative to ground was recorded. Figure 8 

illustrates the step response of the test electrode. The 

calculated step response of the equivalent circuit of Fig

ure 3, 
R R 

0̂<t' = ̂ <"' RTTR- 11 + R ^ ^ ' V ] , (9) 
1 e 1 

corresponds to the observed step response. The low pole 

frequency, to , for the electrode system, that is, for the 
lb 

capacitor and impedance matching circuit combined, is 

calculated from the measured time constant, T. The para

sitic electrode resistance, R , is calculated in terms of 

R. from the ratio „;!!; . When these calculations were 1 V(0) 

made for the various sputtering runs, it was found that 

the film obtained by sputtering for 1.5 hours in a 3-to-l 

argon-oxygen mixture provided the lowest cutoff frequen

cies and the highest parasitic resistances. 
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e„(i) 

R. R •CO 
e^(t) = V(0) 

T = 

RT+R 1 e 

R.R 1 e 

(1 + g^ e ^ i 

00 R.+R e p 1 e 

R 
V(«') R.+R 1 e 

V(0) 

Figure 8. Step response of capacitive 
test electrode. 
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Impedance Matchincj Circuit 

The impedance matching circuit was constructed using 

hybrid integrated techniques (21), that is, thick film 

conductors which were screen printed onto a ceramic sub

strate, and very small chip components which were inter

connected to each other and to the conductors by micro-

welded gold wires. The operational amplifier chip used 

as the buffer was the National Semiconductor LF 355. This 

12 device has an open loop input resistance of 10 ohms, 

and an open loop gain of around 100 dB at dc, and 45 dB 

at 2500 Hz. The high input impedance assures that, in 

the unity gain configuration, the input resistance is the 

value of the resistance to ground, R,, Figure 4. The 

value of R, should be as high as possible, consistent 

with the requirement that the voltage drop across it re

sulting from the input bias current of the op amp, does 

not cause a significant dc offset at the output. The re

sistance used in the buffer circuit was the largest value 

which could be obtained in chip form, 100 megohms (Mini-

Systems, Inc.); this value, for an input bias current of 

3 pA, provided a dc input (and equal dc offset at the output) 

of 300 uV. The LM 355 has the additional attraction of 

a wide range of supply voltages, 5 V to 15 V, allowing 

a convenient choice of power supply. 
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The thick film conductor circuit was printed (Weltek 

Model 22 screen printer) onto a circular ceramic substrate 

(96% alumina, as-fired surface), 1.35 cm in diameter and 

0.064 cm thick. The gold conductor composition was Dupont 

9791. The screening pattern was generated by conventional 

photolithographic techniques, that is, a pattern was cut 

in Rubylith and photographically reduced to obtain a high 

contrast photographic plate. The plate was contact printed 

onto a 200 mesh stainless steel screen which had been coated 

with an ultraviolet sensitive emulsion (Chromoline Type 

A-1). The exposed pattern was developed, and the screen 

completed. 

After the conductor composition had been screened 

onto the substrate, the conducting glaze was fired onto 

the ceramic for five minutes at 850°C in air. Figure 

9 shows a completed pattern. The op amp and resistor 

chips were attached to the ceramic with a non-conducting 

epoxy (Dupont 8762), and the assembly was cured in air 

for two hours at 200°C. Interconnections were 0.0025 cm 

thick gold wires, ultrasonically bonded (K and S Model 

2479 wire bonder) between the conductor pattern and the 

chip bonding pads. Figure 10 illustrates a complete im

pedance matching hybrid integrated circuit. 

The electrode assembly was formed by electrically 

connecting the capacitor output to the input of the imped-
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Figure 9. Thick film conductor pattern. 
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Figure 10. Complete impedance matching 
circuit. 
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ance transformer. A compact structure was obtained by 

fastening the back side of the ceramic to the back side 

of the capacitor (silicon) with the non-conducting epoxy. 

The diameter of the ceramic disc was somewhat smaller than 

the diameter of the silicon substrate; the intervening 

space was filled with a bead of conducting epoxy (Dupont 

5504) which overlapped onto a large gold pad on the front 

side of the ceramic, Figure 11. The entire assembly was 

cured in air for 2 hours at 200°C. After the assembly 

was cured, the center conductors of three shielded cables, 

and the shield of one cable, were electrically connected 

by means of conducting epoxy to contact pads on the con

ductor pattern, and the epoxy was cured again. The entire 

circuit assembly. Figure 12, chips, bonding wires, gold 

conductor pattern, and contact pads, was coated with a 

thin layer of an encapsulant (Dow-Corning Sylgard 182), 

and cured in air for one hour at 100° C. Finally, the 

electrode assembly was placed in the plastic electrode 

housing, the dielectric layer flush with the front surface 

of the housing, and the connecting cables were pulled 

through appropriate openings in the housing. The back 

of the housing was filled with the encapsulant, and the 

complete unit was cured in air for three hours at 100° C. 

Figure 13 is a photograph of the complete electrode, four 

of which were constructed for testing. 
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Figure 11. Attachm.ent of the impedance matching 
circuit to the silicon. 
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Figure 12. Complete electrode assembly. 
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Figure 13. Complete capacitive electrode 
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Signal Conditioner 

The signal conditioner was also a hybrid integrated 

circuit. The amplifier chip used here was a Siliconix 

L144, which had the advantage of three op amp circuits on 

a single chip. Figure 14 is a layout of the signal con

ditioner circuit, showing the values of the resistors 

(Mini-Systems, Inc.) and the capacitors (Johanson Dielec

tric, Inc.). The non-inverting amplifier was designed to 

provide a gain of 10. The substrate was ceramic, 96% 

alumina, surface as-fired, 2.5 cm square by 0.064 cm thick. 

After completion, the signal conditioner circuit was placed 

in a 2,86 cm (1.125 in) square package. Figure 15, and 

connected to the external pins. The packaged signal con

ditioner, and two E177, 9.8 V batteries were incorporated 

into a signal conditioner and power supply package, Fig

ure 16, which had input connections for two capacitive 

electrodes and a common third electrode, and an output 

connection to the display, Figure 17. 
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Figure 15. Packaged signal conditioner. 
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Figure 16. Signal conditioner and power supply package 
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Figure 17 Signal conditioner and power 
supply package with attached 
electrodes. 



CHAPTER V 

RESULTS AND DISCUSSION 

Capacitive Electrodes 

The responses of four complete electrode assemblies 

(capacitor and impedance transformer) were measured using 

the arrangement of Figure 7. Two types of responses were 

obtained, the step response, and the frequency response 

to a sinusoidal input. Figure 18 illustrates a typical 

step response. The values of the lower pole frequencies 

and leakage resistances obtained from the step responses 

are tabulated in Table I. The lower cutoff frequencies 

for all the electrodes are 0.05 Hz or less. There appears 

to be no correlation between film resistance and capaci

tance. Films 1 and 2 were out of a different run from 

films 3 and 4, but the sputtering gas mixtures and sput

tering times were identical. Figure 19 is a typical fre

quency response curve. The outputs at .05 Hz for these 

electrodes varied between only 2.2 dB and 0.3 dB down 

from their peak output values, indicating that the lower 

cutoff frequency was, in fact, no higher than 0.05 Hz. 

In general, it was found that if the fall-off at 0.05 Hz 

for one electrode was greater than for a second electrode 

it had a higher pole frequency than the second. The fre

quency responses of the electrodes were relatively flat 

34 



35 

Lower trace: step input 

Upper trace: Step response 

Figure 18. Typical step response of a complete 
electrode assembly. 
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V(0) (V) 

V(«') (V) 

T(sec) 

fp(Hz) 

Rg(^) 

Cg(uF) 

Electrode 1 

32 

12 

6 

.03 

170 

.1 

Electrode 2 

30 

10 

5 

.03 

200 

.08 

Electrode 3 

41 

2 

4 

.04 

20000 

.04 

Electrode 4 

29 

1.5 

3 

.05 

18000 

.09 

TABLE I. Values of the parameters of the electrode 
assemblies obtained from their step re-
ponses. 
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out to 1 megahertz; the dip (around 5 dB down from the 

maximum) at 1 kilohertz is not understood. 

A fifth electrode assembly was tested to determine 

how well the electrode would continue to function if the 

film was dirty or damaged. The step response of the elec

trode was obtained for a clean film; then for the same 

film with a fingerprint on it; after it had been wiped 

with lens paper wetted with methanol; after wiping with 

cleansing tissue wetted with methanol; after the film had 

been lightly scratched; and after heavy multiple scratching 

There was no change in the step response until the film 

had been heavily scratched. Figure 20 shows the step re

sponses of the electrode for the original film and after 

the film had been substantially damaged. The original 

electrode had f^ = .04 Hz, with R = 400 megohms and C = 
P e ^ e 

.05 yF. After heavy damage, f = ,01 Hz, R =47 megohms 

and C = 0.4 yF. The reduction in R is probably the re-^ e 

suit of the introduction of narrow parallel shorting paths 

through the film, which have relatively high resistances 

because of their narrowness. The increase in capacitance 

is probably a mathematical artefact, inasmuch as the pro

duct of R C is in the expression for o) ; for similar time 

e e '̂  p 

constrants, a decrease in R will appear at the same time 

as an increase in C . A real increased value for C^ is 
e e 

not reasonable on the basis of the type of damage intro-
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b. 

Lower traces: Step inputs 

Upper traces: Step responses 

Figure 20. Step responses of electrode with 
original films (a) and heavily 
scratched film (b). 
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duced here. These results are important because they demon-

strate that film integrity is not compromised unless the 

film is very badly abused. 

The four electrodes were paired, each pair containing 

capacitors out of the same run, so that leakage resistances 

were matched; the pairs were then tested on a healthy col

lege age male subject. One pair of electrodes was tested 

at a time, using as a standard a pair of NASA silver-silver 

chloride electrodes (20). The test pair and standard pair 

were placed in a modified Lead I position, adjacent to 

each other, directly under the nipples on either side. A 

NASA silver-silver chloride electrode, placed on the right 

hip, was used as a common electrode. Figure 21 shows 

typical results. There is a slight amount of additional 

noise on the heart wave obtained with the capacitive elec

trode, but it is not significant. 

Petroleum-based burn ointment (Betadine) was intro

duced between the capacitive electrodes and the skin, and 

between a dry set (no electrolyte) of conducting electrodes 

and the skin; then the heart waves were recorded again. 

Figure 22. The difference is remarkable; although noisy, 

the results obtained with the capacitive electrodes are 

quite usable, whereas the information obtained from the 

conducting electrodes is essentially lost in noise. 
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Figure 21. Lead I electrocardiograms for 
capacitive electrodes (upper 
trace) and conducting electrodes 
(lower trace). 



42 

Figure 22. e 
for 

lectrocardiogram through burn 
capacitive electrodes (upper Lead I 

paste tor capacxuxv^ "̂ TI-Z;;nr̂ ps (lower 
trace) and conducting electrodes (lower 
trace) 
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Another series of measurements were made to determine 

the effects of the quality of the common electrode contact 

to the skin. Six common electrode configurations were 

established: 1) conducting silver-silver chloride with 

electrolyte paste; 2) a NASA dry solid silver-silver chloride 

pressed pellet electrode (22) with a clean, shiny surface; 

3) a dry silver-silver chloride pellet electrode with an 

oxidized surface; 4) a dry pellet electrode covered with 

cellophane tape; 5) a dry stainless steel electrode; and 

6) no electrode at all. The heart waves from the conducting 

electrodes and both sets of capacitive electrodes were ob

tained, with and without the intervening burn ointment; 

the measurements were made without and with band-limiting 

(100 Hz) the oscilloscope front-end, to simulate the effects 

of a strip chart recorder. 

The quality of all signals deteriorated seriously 

when the oxidized pellet, cellophane tape covered pellet, 

or no electrode was used as common. The latter two con

ditions are essentially equivalent, and they produced 

equivalent results. Heart signals obtained with the clean 

pellet electrodes were also quite noisy, perhaps because 

the skin of the subject was dry, and no skin electrolyte 

bridge was present. It might be expected that similar 

conditions would exist for the dry stainless steel com

mon electrode, but the results obtained with it were quite 
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good, Figure 23a, when compared to the results obtained 

with the conventional common conducting electrode and 

electrolyte, Figure 23b. Band-limiting improved the sig

nals detectably, but not significantly; in particular very 

noisy signals were not basically improved. The most inter

esting results were again obtained through the burn oint

ment. Whereas, without the burn ointment, the capacitive 

electrodes did not perform as well as the conducting elec

trodes when the common electrode contact was poor, when 

burn ointment was introduced (conducting electrodes initi

ally dry, as before) signal quality was reversed for the 

two types, for every common electrode configuration, with 

or without band limiting. In fact, in the case of cello

phane tape or no common electrode, the conducting pair 
r 

provided no information whatsoever, but rate information 

could still be obtained with the capacitive electrode, and 

the basic shape of the wave was preserved. Figure 24. 

Furthermore, the bandlimited wave form obtained with the 

capacitive electrodes using a dry stainless steel common, 

is of reasonable clinical quality. Figure 25. The signal 

obscuring noise in every case follows from the loss of 

common mode rejection when common electrode-to-skin con

tact is compromised. 

The capacitive electrodes were also compared with con

ducting electrodes (using each coimon) , when muscle motion 
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(b) 

Upper trace: capacitive electrode 

Lower trace: conducting electrode 

Figure 23. Heart waves obtained with a dry stainless 
common (a) and a conventional conducting 
common (b). 
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Figure 24 Heart waves obtained with capacitive 
(upoer trace) and conducting (lower 
trace) electrodes, without a common 
electrode. 
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Figure 25 Lead I electrocardiogram obtained 
with capacitive electrodes and a 
dry stainless steel common electrode 
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was present. Neither type of electrode performed particu

larly well, but the capacitive electrodes were worse. These 

results do not agree with motion studies previously made 

using capacitive electrodes (17); however the geometry of 

the previous electrodes was different than that of the elec

trodes tested here. The capacitors in the previous elec

trodes protruded above the face of the electrode housing. 

Figure 26a, and during motion, remained in contact with the 

skin. In the present electrodes, Figure 26b, the capacitors 

were flush with the face of the housing, and lifted from the 

skin surface when body or muscle motion was present. 

Signal Conditioner 

The frequency response of the signal conditioner was 

obtained by shorting one input to common and applying a 

sinusoid to the other input; this procedure was followed 

for each input. The response was flat from 0.05 Hz to 

the 3 dB point, around 2500 Hz. The signal conditioner 

was tested using conventional silver-silver chloride con

ducting electrodes and comparing the conditioned output 

with the non-conditioned input. The wave forms were the 

same. 
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NASA HOUSING 

PLEXIGLASS 

CAPACITOR 
(a) 

NASA HOUSING 

CAPACITOR 

(b) 

Figure 26. Side view of previous electrode 
(a) and present electrode (b). 



CHAPTER VI 

CONCLUSIONS 

Hybrid integrated circuit techniques have been used 

to fabricate light weight, compact, capacitive electrodes 

which provide clinical quality electrocardiographic infor

mation, comparable with that obtained using conventional 

silver-silver chloride conducting electrodes. The capa

citive electrodes are superior to conducting electrodes 

for burn applications in which electrical data about the 

heart cannot be ordinarily obtained. Capacitive electrodes 

not only provide such data, but continue to provide usable 

data even when common mode rejection has been badly com

promised. 
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