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Sjimnzary.-A new type of electrode for measurement of dc potentials is 
described. Utilizing a porous graded bountlary of carbon on fiber-glass wet with 
saline, this electrode makes possible highly drifc free operation over long per- 
iods. With marched pairs of electrodes, base line drifts of less than 1 mv per 
hour are obtained. Examples of its use in measuring body potentials are given. 
The voltage-current characteristic shows a useful working region in which the 
electrode potential is independent of the current. 

As interest in the relationship between biological direct currcnt potentials 
and human and animal behavior has developed among behaviol~ral sc~cntists, 
the need for an electrode with minimal base line shift over long p e r ~ o d s  of 
time has become increasingly felt. The principal cause of base line insrabilicy is 
electrode polarization accon~panying the dc operation. Most investigacors have 
attempted to adapt the silver-silver chloride electrode to chis type of applica- 
tion (Cole & Curcis, 1950; Burr, 1950; Feder, 1963; Shackel, Sloan, & Warr,  
1958). In our investigations it  was desirable to measure dc potentials on the 
surfaces of human beings with accuracies of the order of one millivolt and for 
periods of time of the order of one hour (Becker, er a[., 1962; Friedman, et dl. ,  

1962 ). A new type of electrode characterized by a graded boundary of carbon i n  
a fiberglass matt was developed and found to be superior to any other type in 
long tern1 drift, convenience and ease of handling, and reproducibility of results. 

FIG. 1. Graded boundary electrode 
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In an unrelated investigation one of us had been concerned with the develop- 
ment of electrodes for a wick-Fed steam generator. The relatively porous and 
open carbon-fiber-glass structure described here proved to have exceptional 
qualities in  that application. On a hunch it was adapted for use as a bioelectrode 
where it also proved superior. 

The  general structure of the electrode is shown in Fig. 1. Using these elec- 
trodes the contour plot of the potentials on surface of the human body was 

FIG. 2. Isopotential plot of human body 

obtained (Fig. 2 ) .  Fig. 3 shows data from a clinical application where the 
electrodes were applied to the back of the head and the palm of the hand. 

W h e n  a pair of these electrodes is immersed in saline and sufficient current 
is caused to pass through them by an external source, a voltage drop builds up 
between them as shown in Fig. 4B. Such a drop will be reflected in any meas- 
urement made with the electrodes in which the corresponding current is drawn. 
It  can be seen that currents u p  to about 10-lo amp. may be passed before this 
error exceeds 1 mv. The  use of measuring instruments having high inpur re- 
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FIG. 3. DC potential betwecn cervical area and palm of hand 

sistance is necessary to avoid drawing such currents from the biological system. 
In the work described here a Keithley No. 600 Electrometer was used. This 
illstriiinent makes possible tneasurements with input resistances up  to 10" ohms. 

An instrument input resistance of about 10"hms seems indicated if one 
is co keep such error low. Values about 10% low result if the input resistance 
is 10" ohms. 

CURRENT (AMPERES) 
FIG. (I. Voltage-current curve for electrcnies in  saline 
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The electrodes are made as follows: A "grading" mix made up  of colloidal 
graphite suspended in comrnercial phenolic resin dissolved in alcohol is ap- 
plied to one side of the disc of needled glass-fiber matt. The consistency of  the 
mix is such that it soaks into the fibers about v, in. While  still moist the %-in. 
rod of battery carbon is attached to the disc with a phenolic "holding" paste 
carrying coarse particles (greater than 200 lnesh) of petroleum coke. 

The assembly is held for 24 hr. in a drying oven at  100' C and then oven 
fired at 550' C for 2 %  min. in air. The removal of all volatiles is indicated by 
the disappearance of che blue flame. 

In  this firing the electrodes are s~lpported so that the entire active end of 
the electrode is open to its surroundings. After cooling in air the connector is 
crimped on to the carbon rod, and the electrode is encapsulated in plastic so that 
only the glass matt face is exposed. The  result of this processing is a porous 
structure which has an unusually large carbon electrode area. 

As received from the processing, the porous areas of the electrode consist 
of carbon contaminated in various degrees with the residue from the carboniza- 
tion of the organic adhesive used to produce the diffuse boundary. This inor- 
ganic material, galvanic in nature together with the residual pH, influences the 
electrode potential so that the electrodes initially exhibit emfs scattered over an 
inconveniently wide mnge. S r ~ b s e q ~ ~ e n t  aging in saline stabilizes them, after 
which matched groups can be chosen. Matched electrodes are cuscoinarily 
chosen by selecting pairs which show inter-electrode potentials of less than 
one millivolt when placed in face to face contact. W h e n  electrodes so stabil- 
ized are ~ ~ s e d  relative to each other there is very little inter-electrode drift. 

As with other electrodes, any inter-electrode potential can be reduced 
essentially to zero by externally short circuiting the electrodes for a time in a 

common electrolyte. Two saturated electrodes can be held together face to face - 

or they can be immersed in a common saline bath while shorted. Such elec- 
trodes, "depolarized" with respect to each other, imrnediacely starc to drift to 
their open circuit values when the external sliort is removed or is replaced by 
a sufficiently high resistance, for example, the high resistance input of an ampli- 
fier. The rate of this inter-electrode drift depends upon the cwrent passed 
through the electrode, upon the electrode area, and upon the original open cir- 
cuit inter-electrode emf. 

In most applications the original low inter-electrode emf of the new elec- 
trodes may be biased out or subtracted from the data. Superior performance 
may then be obtained by omicting the shorting out procedure thus eliminating 
che slow drift back to the open circuit condition. 

In Fig. 4 A  the ordinate scale is changed co make more clear the behavior 
of the electrodes in the useful range of currents. A l t l ~ o u g l ~  one might expect a 
steady and gradual increase in potential fro111 even the smallest currents, note 
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thac this does not occur. Repeated observations show thac the interelectrode 
voltage holds constant with current until a break point is reached after which 
it  climbs steeply. There is no apparent variation in this characteristic wich con- 
centration of electrolyte from normal to saturated saline. 

A co~nparison was made of this characteriscic and that of electrodes made 
of %-in. rods of spectrographic carbon. The only difference found was in che 
time to establish equilibrium after a change in current. The rods required many 
minutes whereas the carbon-glass matt electrodes stabilized in seconds. The 
rather tight porous structiire of the rod compared to the relatively open struc- 
ture of the carbon-glass matt electrode seems to explain this difference. 

T o  fit the observations the following mechanis~n is postulated. First, the 
effective electrode area is extremely greac. The heat treatment used in the elec- 
trode preparation is similar to that used in preparing activated carbon. D ~ l s h -  
man (1747) estimates that 1 cm" of activated carbon has an effective area of 
up  to 1000 meters". 

When  completely unpolarized the resistance of the electrode is only a few 
O ~ I ~ I S .  When current flows ions are brought up  and "plastered" on the cathode 
surface. These plastered areas present a very high electrical resistance. How- 
ever, so long as any tlnplastered area remains the electrode voltage drop is de- 
termined by the parallel low resistance. 

Assume that current flowing to the cathode maintains a constant current 
density so that increasing current is accommodated by the use of more and more 
cachode area ilnril the cachode is completely covered. This regime is charncrer- 
ized by a constant low voltage drop across the electrodes. W h e n  the cathode 
area is finally covered with the occluded ion layer, much higher voltage is re- 
quired to overcome the high resistance of this layer and provide furcher currenc 
increase-the curve turns LIP sharply. 

This picture is analogous to a similar situation in the conduction of elec- 
tricity in gas. The regime of the incompletely filled cathode is called the normal 
discharge. When  operated in this manner such discharges are used as voltage 
regulators, maintaining fairly constant voltage over a range of currents. Wi th  
higher cilrrents the voltage drop climbs rapidly. 

The relatively drift free performance of our electrodes is related to this 
region in which the voltage is independent of current variations. Normally, 
slow changes in factors, s~lch as temperature, pressure, strain, and slowly diffus- 
ing impurities, can result in slow current variacions. Wi th  a sloping voltage- 
current curve such current variations would result in corresponding drift in 
electrode voltage. When  operated on the flat portion of the curve, the carbon- 
saline electrodes tolerate large current variations without a change in voltage 
drop. 

This mechanism thus makes possible the long periods of measurement 
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with insignificant inter-electrode drift. It must be re~neinbered that this ideal 
picture presupposes that the electrodes have in colnlnon the normal saline s o h -  
tion. Any differential in quality or concentration of solution will produce 
inter-electrode potentials. Such conditions might arise, for example, if exces- 
sive perspiration took place under one electrode, thus changing the con- 
centration. 

Since the porous graded boundary eleccrode holds about 3 cc of electrolyte 
and because of the very large effective surface area, a given amount of con- 
tamination is diluted and produces far less change in electrode potential than in 
the "hard surface" type of electrode. T o  minimize inter-electrode drift which 
mighc occur as a result of differential contamination during long time measure- 
ments, i t  has been found desirable to make sure that the skin at the point of 
electrode application is free of concanlinants such as soap or medication. 

When  not in use the electrodes are stored in a common saline bath so that 
their electrolytes will tend to equalize. The leads are kept apart in  such stor- 
age, of course, to maintain the open circuit potentials. 

Since the inter-electrode potential is dependent upon saline concentration 
i t  might be thought that evaporation during a long experiment might produce 
some drift. However, the only exposed part of the electrode is the working 
face. In operation this is covered by skin surface so that evaporation is in-  
significant. 

Although irritation from the glass fibers has not been encountered, padding 
(as with cotton) introduces no significant electrical effect if such skin sensi- 
tivity should be manifest. In  applying the electrodes rubbing or grinding them 
across the skin should be avoided. The  saline ensures that simple application 
will result in good electrical contact. The elastic bandage has been found to be 
a convenient method of support for application to the human body. 

Because of the very large carbon area constituting the basic electrode sur- 
face, the electrode resistance is determined for the most part by the saline satur- 
ated glass matt. This material with normal saline soliltion has been found to 
have a resistivity of 57 ohm inches (145  ohm c m ) .  Electrode resistance is 
typically less than 10 ohms. 

Smith and Cullen (1962)  have pointed to the problem of polarization of 
electrodes by direct current in applications to electronarcosis. W e  have used 
the electrodes described here in the electronarcosis of dogs and find that they 
pass adequate currents for long times without polarization and with no contact 
burnings. 
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