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(57) ABSTRACT 

A brain implant system consistent With embodiments of the 
present invention includes an electrode array having a 
plurality of electrodes for sensing neuron signals. A method 
for manufacturing the electrode array includes machining a 
piece of an electrically conductive substance to create a 
plurality of electrodes extending from a base member. Each 
electrode also has a corresponding base section. A noncon 
ductive layer is provided around at least a portion of the base 
section of each electrode to support the plurality of elec 
trodes. The base section of the electrodes are then cut to 
separate the base member from the plurality of electrodes 
supported by the nonconductive support layer. The present 
invention also includes a complete brain implant system 
using the above electrode array. 
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FIG, 4B 
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MICROSTRUCTURED ARRAYS FOR CORTEX 
INTERACTION AND RELATED METHODS OF 

MANUFACTURE AND USE 

GOVERNMENT SUPPORT 

[0001] The US. Government has certain rights in this 
invention as provided for by the terms of grant No. NS25074 
and contract No. NOl-NS-9-2322 from N.I.N.D.S. 

BACKGROUND OF THE INVENTION 

[0002] Recent advances in neurophysiology have alloWed 
researchers to study the activity of groups of neurons With 
high temporal resolution and in speci?c locations in the 
brain. These advances create the possibility for brain-ma 
chine interfaces alloWing an amputee to control a prosthetic 
limb in much the same Way that person Would control a 
natural limb. Although noninvasive sensors, such as multi 
channel electroencephalogram (EEG), have shoWn some 
promise as simple interfaces to computers, they do not 
currently offer the spatial resolution needed for prosthetic 
control. Current research into the electrical activity of small 
groups of neurons has thus been done primarily With arrays 
of microelectrodes inserted into the brain. 

[0003] Current intra-cortical microelectrode recording 
systems can record electrical signals from groups of neu 
rons. These systems typically use a microscopic tapered 
conductive element, insulated except at its tip, to record the 
neuron signals. Other conductor designs, such as blunt cut 
Wires, may record single neurons, but have sub-optimal 
recording characteristics. Further, nearly all recording sys 
tems rely on arrays of ?xed electrodes connected to data 
acquisition systems through long Wiring or cable harnesses. 
The percutaneous connectors associated With these cables 
present a potential source of infection that limits the useful 
life of these systems. The cables themselves also present 
additional problems in the design of a prosthesis that must 
continue to function over many years and not interfere With 
the patient’s daily life. For instance, the cables limit the 
patient’s mobility by being tethered to a signal processing 
device. Relatively long cables may also present a source of 
electrical interference and may break after repetitive use. 

[0004] The current microelectrode systems for recording 
single neurons can be grouped into tWo broad classes: those 
having microdrive mechanisms and those having ?xed elec 
trode arrays. Systems With microdrive mechanisms alloW 
one to vertically position the electrodes in the brain tissue. 
Thus, a user can actively search for neurons of interest and 
accurately position the electrode tip near the soma of the 
neuron to improve the signal-to-noise ratio. These systems, 
hoWever, have their disadvantages. First, even individual 
microdrive systems are bulky and cannot be fully implanted 
in a human. Second, microdrive systems typically cannot 
use more than a feW doZen electrodes due to space limita 
tions and the time it takes to independently position each 
electrode near a neuron. 

[0005] Fixed electrode array systems overcome some of 
these problems, but have their oWn problems as Well. Once 
placed in the brain, ?xed electrode arrays can not be 
repositioned, so they rely on chance proximity to neurons. 
The most basic ?xed electrode arrays record neural activity 
using multiple micro-Wires or hatpin-like electrodes indi 
vidually inserted into the brain. Because it can take a 
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relatively signi?cant amount of time to insert each electrode, 
hoWever, these systems have not been Widely used. More 
recently, Wire bundles have been developed Which are 
inserted into the cortex as a unit, but they lack features of 
ideal recording electrodes, such as tip shape, overall siZe, 
and impedance. In particular, the common square tip of such 
microWires can damage the cortex and can have di?iculty 
penetrating the tough cerebral membranes, as Well as brain 
tissue. 

[0006] A major disadvantage of these ?xed array systems 
is that they do not offer the ability to actively hunt for 
neurons since the electrode tips cannot be easily placed near 
the soma of the neurons. To help overcome this, large 
numbers of electrodes are inserted to increase the chance 
that the electrodes are positioned in close proximity to 
neurons. The input impedances of the electrodes may also be 
loWered to enhance their ability to record distant signals. 
LoWering the input impedance, hoWever, also loWers the 
signal-to-noise ratio. 

[0007] Accordingly, there is a need for a ?xed microelec 
trode array system that may have numerous electrodes 
providing a high signal-to-noise ratio. Further, there is a 
need for a ?xed array system that has a ?exible design and 
that does not rely upon percutaneous cabling systems to 
communicate With a data acquisition system. 

SUMMARY OF THE INVENTION 

[0008] According to a ?rst aspect of the invention, a 
method of manufacturing an electrode array system is dis 
closed. The method includes machining a Work piece of an 
electrically conductive substance to create a plurality of 
electrodes extending from a base member. Each electrode 
has a corresponding base section. A nonconductive layer is 
provided around at least a portion of the base sections of the 
plurality of electrodes. The base member is removed from 
the plurality of electrodes, such that the plurality of elec 
trodes are supported by the nonconductive layer. 

[0009] Another aspect of the invention discloses an elec 
trode array. The array includes a ?exible nonconductive 
support layer and an array of electrodes. Each electrode has 
a base section and a tip section, Where the base section of 
each electrode is inserted into the nonconductive layer, such 
that the electrodes are held together by the nonconductive 
layer. An electrical connection located on the base section of 
each electrode communicates With the respective electrode. 

[0010] In yet another aspect of the invention, a brain 
implant system comprises an electrode con?gured to be 
inserted in a brain and for sensing electrical signals gener 
ated by brain neurons. A ?exible Wiring circuit is connected 
to the electrode and adapted to receive the neuron electrical 
signals sensed by the electrode. A processing unit receives 
the neuron electrical signals from the ?exible Wiring circuit. 
The processing unit further includes a detection module for 
detecting the occurrence of a neuron spike in the received 
neuron electrical signals. The processing unit also includes 
a transmitter for transmitting data re?ecting the occurrence 
of each detected neuron spike. 

[0011] In still another aspect of the invention, a method for 
operating a brain implant system, comprises: providing an 
electrode con?gured to be inserted in a brain and for sensing 
electrical signals generated by brain neurons; receiving the 
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neuron electrical signals sensed by the electrode over a 
?exible Wiring; receiving the neuron electrical signals from 
the ?exible Wiring and detecting the occurrence of a neuron 
spike in the received neuron electrical signals; and trans 
mitting data re?ecting the occurrence of each detected 
neuron spike. 

[0012] Both the foregoing general description and the 
folloWing detailed description are exemplary and are 
intended to provide further explanation of the embodiments 
of the invention as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The accompanying draWings, Which are incorpo 
rated in and constitute a part of this speci?cation, illustrate 
various embodiments of the present invention, and, together 
With the description, serve to explain the principles of the 
invention. In the draWings: 

[0014] FIG. 1 is a diagram illustrating an exemplary brain 
implant system consistent With an embodiment of the 
present invention; 

[0015] FIG. 2A is a block diagram of a neuron signal 
processing system consistent With an embodiment of the 
present invention; 

[0016] FIG. 2B is a block diagram of a poWer supply 
system consistent With an embodiment of the present inven 
tion; 
[0017] FIGS. 3A to 3D illustrate exemplary process for 
making an electrode array consistent With an embodiment of 
the present invention; 

[0018] FIGS. 4A to 4G illustrate an alternative, exemplary 
process for making an electrode array consistent With an 
embodiment of the present invention; 

[0019] FIGS. 5A and 5B illustrate an exemplary Wiring, 
consistent With an embodiment of the present invention, for 
attachment to an electrode array; and 

[0020] FIG. 6 illustrates an exemplary method, consistent 
With an embodiment of the present invention, for connecting 
an electrode to a Wiring. 

DESCRIPTION OF THE EMBODIMENTS 

[0021] Reference Will noW be made in detail to the present 
embodiments of the invention, examples of Which are illus 
trated in the accompanying draWings. Wherever possible, 
the same reference numbers Will be used throughout the 
draWings to refer to the same or like parts. 

[0022] FIG. 1 generally illustrates a brain implant system 
consistent With an embodiment of the present invention. As 
shoWn in FIG. 1, the system includes an electrode array 110 
inserted into a patient’s cerebral cortex 120 through an 
opening in the skull 122. Array 110 may include a plurality 
of electrodes 112 for detecting electrical brain signals or 
impulses. While FIG. 1 shoWs array 110 inserted into 
cerebral cortex 120, array 110 may be placed in any location 
of a patient’s brain alloWing for array 110 to detect electrical 
brain signals or impulses. 

[0023] Each electrode 112 may be connected to a process 
ing unit 114 via Wiring 116. Processing unit 114 may be 
secured to skull 122 by, for example, the use of an adhesive 
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or screWs, and may even be placed inside the skull if desired. 
A protective plate 130 may then be secured to skull 122 
underneath the surface of the patient’s skin 124. In one 
embodiment, plate 130 may be made of titanium and 
screWed to skull 120 using screWs 132. HoWever, the 
invention may use any of a number of knoWn protective 
plates, such as a biological material, and methods for 
attaching the same to a patient’s skull. Further, processing 
unit 114 and other surgically implanted components may be 
placed Within a hermetically sealed housing to protect the 
components from biological materials. 

[0024] Electrode array 110 serves as the sensor for the 
brain implant system. While the various ?gures in this 
speci?cation illustrate electrode array 110 as having sixty 
four electrodes 112 arranged in an 8x8 matrix, array 110 
may include one or more electrodes having a variety of 
siZes, lengths, shapes, forms, and arrangements. Each elec 
trode 112 extends into brain 120 to detect the electrical 
neural signals generated from the neurons located in prox 
imity to the electrode’s placement Within the brain. Neurons 
may generate such signals When, for example, the brain 
instructs a particular limb to move in a particular Way. 
Electrode array 110 is described in more detail With respect 
to FIGS. 3A to 3D and FIGS. 4A to 4G. 

[0025] Electrodes 112 transfer the detected neural signals 
to processing unit 114 over Wiring 116. As shoWn in FIG. 1, 
Wiring 116 may pass out of the opening in skull 122 beneath 
protective plate 130. Wiring 116 may then run underneath 
the patient’s skin 124 to connect to processing unit 114. 
Persons skilled in the art, hoWever, Will appreciate that 
arrangements other than the one shoWn in FIG. 1 may be 
used to connect array 110 to processing unit 114 via Wiring 
116. Wiring 116 is described in more detail beloW With 
respect to FIGS. 5A and 5B. 

[0026] Processing unit 114 may preprocess the received 
neural signals (e.g., impedance matching, noise ?ltering, or 
amplifying), digitiZe them, and further process the neural 
signals to extract neural information that it may then trans 
mit to an external computing device (not shoWn). For 
example, the external device may decode the received neural 
information into motor control signals for controlling a 
motorized prosthetic device or analyZe the neural informa 
tion for a variety of other purposes. Processing unit 114 is 
described in further detail With respect to FIG. 2A. 

[0027] FIG. 2A is a block diagram ofa processing unit 114 
consistent With an embodiment of the present invention. As 
shoWn in FIG. 2A, processing unit 114 may further include 
an analog-to-digital (A/D) interface 210, a detection module 
220, a buffer 230, a controller 240, and a transceiver 250. In 
an exemplary embodiment, interface 210, module 220, and 
buffer 230 each may be implemented by a common ?eld 
programmable gate array (FPGA), although other embodi 
ments are possible. For instance, alternative embodiments 
may include dedicated hardWare or softWare components for 
implementing subcomponents 210, 220, or 230, such as by 
using a microprocessor. 

[0028] A/D interface 210 may include a plurality of A/D 
converters, each of Which may receive the analog output 
from a corresponding electrode 112 or group of electrodes 
112. Each A/D converter may amplify, digitiZe, and multi 
plex the signals received from the corresponding elec 
trode(s) 112. In one exemplary embodiment, an ampli?ca 
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tion stage of A/D interface 210 may be implemented using 
a CMOS-based tWo-stage operational ampli?er known to 
those skilled in the art, and selected to have a bandwidth of 
approximately 300-10 kHZ and a gain of about 5000. HoW 
ever, processing units consistent With the present invention 
may also process other electrical neural signals, such as 
those in the 0-100 HZ range, for example. 

[0029] For the exemplary embodiment of array 110 com 
prising an 8x8 matrix of electrodes, A/D interface 210 may 
include eight 12-bit, 37.5 kHZ A/ D converters, each of Which 
receives the analog outputs from eight corresponding elec 
trodes. In such a case, each A/ D converter may multiplex the 
electrode channel signals received from a corresponding roW 
or column of array 110. A/D interface 210 may, hoWever, 
multiplex other groupings of the electrode channels using 
any number of A/D converters. For instance, A/D interface 
210 may include one A/D converter that receives the analog 
outputs from all of the electrode channels to multiplex those 
signals into one signal. Alternatively, A/ D interface 210 may 
simply convert the electrode channels into digital signals 
Without multiplexing. In either case, interface 210 may then 
provide the digital signals to detection module 220. 

[0030] Detection module 220 detects When a neuron has 
?red. The signal from a single neuron essentially comprises 
a series of electrical spikes. The brain encodes information 
according to the frequency or ?ring rate of these spikes, 
Which is typically betWeen 0 to 300 HZ. The spike itself may 
last about 1.5 ms and may have a peak-to-peak voltage of 
about 100 uV. In systems consistent With an embodiment of 
this invention, detection module 220 may detect the time a 
spike occurs since the neural information content is encoded 
in the timing betWeen the spikes. Alternatively, module may 
detect the spike count over a predetermined time period or 
may detect instantaneous neural frequencies. In either event, 
by removing the inter-spike data and reducing the Waveform 
to a time spike representation, module 220 may optimiZe the 
Wireless communication bandWidth and minimiZe the stor 
age requirements of the brain implant system. Buffer 230 
may, hoWever, also record information suf?cient to deter 
mine the shape of the spike. The ability to determine the 
spike’s shape may be needed in certain applications, such as 
When sorting Which spikes come from Which neurons. 

[0031] To detect a spike, detection module 220 may detect 
Whether the channel signal from A/ D interface 210 meets a 
triggering event. Spike detection may be based on time, 
amplitude, or other aspects of the shape of the Waveform. 
For example, module 220 may detect When the rising edge 
of a neural signal detected With a particular electrode 112 
exceeds a predetermined threshold value in amplitude or 
time, or a combination of the tWo. Since the spike amplitude 
may vary among neurons, module 220 may vary the thresh 
old value for each electrode 112 based on the particular 
neuron(s) being detected by that electrode. In an exemplary 
embodiment, detection module 220 may include a program 
mable 12-bit threshold for setting the threshold level(s). 

[0032] Buffer 230 may be implemented by using a pre 
trigger and a post-trigger buffer memory. For instance, a 
small ring bulfer may temporarily pre-store the digital data 
of a channel prior to a triggering event detected by detection 
module 220. The pre-trigger buffer memory may thus store 
those samples corresponding to the spike’s shape or other 
features (e.g., spike slope), prior to the triggering event. 

Jul. 26, 2007 

Buffer 230 may also include a separate pre-trigger buffer for 
each channel or electrode 112, Which may store the samples 
from each channel, according to an exemplary embodiment. 
Channel data obtained after the triggering event may then be 
stored directly in the post-trigger buffer memory to record 
the time each spike occurs and/or the spike shape. In one 
exemplary embodiment, buffer 230 stores 1.65 ms of 
recorded data per spike. 

[0033] Upon triggering, buffer 230 may then output the 
data of both the pre-trigger and post-trigger bulfer memories 
to transceiver 250. If buffer 230 outputs neural information 
faster than transceiver 250 may transmit that information, 
then buffer 230 may temporarily store the outputted data in 
a transmit bulfer (not shoWn). Further, transceiver 250 may 
also transmit only the time of the triggered event of each 
detected neuron signal to increase the transmission rate. 

[0034] Controller 240 may act as an interface betWeen 
transceiver 250 and A/D interface 210, detection module 
220, and buffer 230. Controller 240 may also perform certain 
other control functions, such as setting the trigger threshold 
level of module 220 or setting the siZe of pre-trigger or 
post-trigger buffers of buffer 230. In addition, controller 240 
may be used to select particular electrode channels for 
processing and outputting by transmitter 250. Controller 240 
may also manage the poWer resources of the electrode array 
system 100. To each of these ends, controller 240 may 
include an I/O interface alloWing a user to program control 
ler 240 to perform the above or other control functions. A 
user may thus program controller 240 by transmitting con 
trol signals from an external control device (not shoWn) to 
transceiver 250, Which may then forWard the control infor 
mation to controller 240. 

[0035] Transceiver 250 provides a Wireless communica 
tion link betWeen processing unit 114 and an external device 
(not shoWn). In particular, transceiver 250 receives the 
pre-trigger and post-trigger data stored in buffer 230 for 
transmission to the external device for further processing 
and storage. Transceiver 250 may transmit the data using 
“Bluetooth” technology or according to any other type of 
Wireless communication standard, including, for example, 
code division multiple access (CDMA), Wireless application 
protocol (WAP), or infrared telemetry. Transceiver 250 may 
also receive control information using either of the above 
communication techniques. 

[0036] Processing unit 114 may also include a poWer 
supply (not shoWn in FIG. 2A) for the brain implant system. 
FIG. 2B is a block diagram of an exemplary poWer supply 
system consistent With an embodiment of the present inven 
tion. While the poWer supply system of FIG. 2B alloWs the 
implanted poWer supply to be recharged, other poWer supply 
systems may be used (such as a typical battery source) that 
need to be replaced When their poWer is exhausted. As 
shoWn in FIG. 2B, a poWer supply system consistent With 
the invention may include a poWer supply 260, an ampli?er 
262, an outside coil or inductor 264, an inside coil or 
inductor 266, a recti?er circuit 268, a battery recharging 
circuit 270, and a battery 272. Components 260, 262, and 
264 are located outside of the patient’s body (i.e., outside 
skin 124) and components 266, 268, 270, and 272 are 
located inside the patient’s body. 

[0037] While each of the components of the poWer supply 
system of FIG. 2B are individually knoWn to those skilled in 
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the art, the particular hardware chosen to implement com 
ponents 266, 268, 270, and 272 may be advantageously 
chosen based on siZe, heat requirements, and biocompat 
ibility. For instance, a preferred embodiment Would imple 
ment components 266, 268, 270, and 272 by using hardWare 
having a small siZe, loW heat dissipation, and a high bio 
compatibility With the natural tissue inside the patient. 

[0038] PoWer supply 260 may be any AC poWer supply, 
such as a standard 120 volt AC poWer source. Ampli?er 262 
receives an AC voltage signal from supply 260, ampli?es it, 
and applies the ampli?ed AC voltage signal to inductor 264. 
When inductor 264 is activated and placed in close prox 
imity to inductor 266, inductor 264 Will induce a current in 
inductor 266. The induced current then creates an AC 
voltage on the output terminals of inductor 266, Which is 
then applied to recti?er circuit 268. Recti?er 268 then 
converts the induced AC voltage signal to a DC voltage 
signal in a manner knoWn to those skilled in the art. FIG. 2B 
further shoWs an optional capacitor 269 for ?ltering the 
recti?ed voltage signal. In particular, capacitor 269 may 
further limit any AC voltage signal levels that may still be 
present on the recti?ed output signal and thereby present a 
cleaner DC voltage signal. Battery recharging circuit 270 
then receives the DC voltage signal for charging battery 272 
located inside the patient. In an exemplary embodiment, 
battery 272 is a lithium-polymer 3.6 V battery. 

[0039] FIGS. 3Ato 3G illustrate exemplary manufacturing 
processing steps for preparing an electrode array consistent 
With an embodiment of the present invention. In particular, 
FIG. 3A shoWs a Work piece or block of electrically con 
ductive material 310 including a plurality of electrodes 112. 
While an exemplary embodiment includes using titanium as 
material 310, a number of other conductive materials may be 
used, including, for example, stainless steel, steel, titanium 
nitride, a titanium-aluminum-vanadium alloy, tungsten car 
bide, copper, or doped silicon. Electrodes 112 may be 
formed from material 310 by applying a Wire electrical 
discharge machining (Wire EDM) technique knoWn to those 
skilled in the art. In particular, Wire EDM may be used to 
precisely machine a raW block of electrically conductive 
material 310 to form electrodes 112. Array 110 may be 
formed by performing a Wire EDM cut through one plane, 
rotating array 110 ninety degrees, and then performing a 
second Wire EDM cut through a second plane. Other knoWn 
manufacturing methods may, hoWever, be used to micro 
machine conductive material 310, such as by using a laser or 
a diamond saW. 

[0040] Further, a chemical etching process may also be 
applied to further machine electrodes 112. For instance, the 
machined array of FIG. 3A may be placed in an etching bath 
to further etch the electrode surfaces. When material 310 is 
titanium, for example, a heated hydrochloric or hydro?uoric 
acid bath may be used to etch the electrode surfaces. By an 
etching process, electrodes 112 of ?ner Widths may be 
obtained. This process also removes the oxide layer from the 
electrode surfaces and smoothes those surfaces, a desirable 
step before forming additional coatings on array 110. 

[0041] FIG. 3A shoWs electrodes 112 as having a tapered 
shape at their tips. In an exemplary embodiment, each 
electrode 112 may have a Width of about 80 um and taper to 
a point over the top 50 pm of its length. Further, FIG. 3A also 
shoWs that a base section of electrodes 112 may have a 
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platform portion 312. Portions 312 may serve as a platform 
for securing a support layer, Which is described beloW With 
respect to FIGS. 3B and 3C. Rather than having platforms 
312, hoWever, electrodes 112 may include a stepped loWer 
base portion (e.g., as shoWn in FIG. 3A-1) or a rounded 
loWer base portion (e.g., as shoWn in FIG. 3A-2), Which may 
alternatively serve as a platform for supporting the support 
layer. Moreover, electrodes 112 may have a variety of 
shapes, such as a continuous Width shape (i.e., With no 
platform or stepped base section), a conical shape, a 
stepped-pyramidal shape, or a tapered shape different than 
that shoWn in FIG. 3A. Electrodes 112 may also have a 
variety of cross-sectional shapes, such as a rounded cross 
section (Which may be formed by a chemical etching pro 
cess) or a rectangular, square, or hexagonal cross-section 
(Which may be formed by the Wire EDM technique). More 
over, as used herein, an electrode’s “base section” refers 
broadly to the end portion of electrode 112 opposite the 
electrode’s tip, Without referring to the electrode’s shape or 
Width. 

[0042] Electrodes 112 of array 110 may also differ in 
length to sense particular neurons located at different depths 
in cortex 120. For instance, electrodes 112 may increase in 
length from one side of array 110 to the other. Electrodes 112 
may also vary in both length and Width from other electrodes 
in array 110, such that a given electrode 112 is either longer 
or shorter, or Wider or narroWer, than the electrode adjacent 
to it. For instance, array 110 may include shorter electrodes 
betWeen 0.1 mm to 8 mm in length and/or longer electrodes 
betWeen 0.3 mm to 50 mm in length. Further, for electrodes 
112 to record signals from common neurons, the spacing 
betWeen electrodes may be less than 50 um, While the 
spacing may be more than 400 pm When electrodes 112 
record signals from different neurons. 

[0043] Electrode arrays 110 consistent With the invention 
may also arrange electrodes 112 in a number of Ways. For 
example, electrodes 112 may be arranged in a one-dimen 
sional or tWo-dimensional matrix, according to a prede?ned 
pattern, or in a random order. One exemplary pattern in 
Which electrodes 112 may be arranged is a honeycomb-like 
hexagonal pattern. As described above, hoWever, any type of 
pattern or arrangement of electrodes 112 may be used to 
form array 110. 

[0044] Depending upon the composition of conductive 
material 310, electrodes 112 may be coated With a separate 
conductive layer (not shoWn). The conductive layer may 
only be necessary if conductive material 310 is not biocom 
patible With the neural tissue and cerebro-spinal ?uid or if 
the electrical characteristics require a coating (e.g., to avoid 
junction potentials at the electrode tips). An exemplary 
embodiment may include coating electrodes 112 With plati 
num by an electroplating process or other deposition 
method. The deposited layer may also improve the sensi 
tivity of the electrode and may also prevent oxidation of the 
electrode. Electrode arrays 110 consistent With the present 
invention may also use other conductor materials besides 
platinum, such as gold or titanium nitride, formed by elec 
troplating or other types of formation processes, such as 
vapor deposition or electron beam deposition. Further, the 
entire structure of FIG. 3A or just the tips of electrodes 112 
may be coated With the conductive material. 

[0045] An insulating layer (not shoWn) may also be 
applied to electrodes 112. Except for the electrode tip used 








