
Materials for Implantable Electrodes 

The diva's voice, sweet and clear, fills the 
concert hall. Thousands of ears scoop up 
the sound. In each ear, vibrations bombard 
the eardrum. Small bones in the middle ear 
relay the vibrations to a snail-shaped struc
ture called the cochlea. Hair cells in the 
cochlea translate the vibrations into elec
trical signals that pulse along the auditory 
nerve to the brain. 

We hear. 
Unless, that is, one of these delicate 

structures has been damaged. More than 
200,000 people in the United States suffer 
from sensorineural deafness caused by 
damage to the cochlea. A few of them have 
begun to hear again, thanks to decades of 
work toward developing an artificial ear—a 
cochlear implant. 

Cochlear prostheses, being developed by 
several groups of scientists around the 
world, use microphones to collect sounds, 
then convert the sounds to electrical signals 
and deliver those signals via implanted 
electrodes to the auditory nerve for trans
mission to the brain. 

They are just one of many types of 
neural prostheses that offer hope to neuro-
logically impaired people. Devices have 
been or are being developed to control 
ur inary incont inence, s t imulate bone 
growth, reduce chronic pain, prevent epi
leptic seizures, restore motor function in 
paralyzed people, correct scoliosis, control 
respiration, and restore visual perception. 

Implantable electrodes have been in use 
for over 25 years, in the form of cardiac 
pacemakers, which deliver regular electrical 
stimuli to hearts that have lost the ability to 
beat rhythmically on their own. Other 
types of devices work on a neural control 
principle, that is, they respond todirections 
given consciously by the user. 

Like other types of prostheses, these 
devices must be manufactured from bio
compatible materials. They must be non
inflammatory, nontoxic, nonallergenic, non-
carcinogenic, and nonthrombogenic (not 
inducive of blood clots.) They also must be 
mechanically durable and chemically stable. 

But implantable electrodes pose addi
tional problems for theirengineers. Because 
nerves lack the capacity to regenerate, any 
damage done upon insertion or while the 
implant is in place can leave the patient in 
worse condition than he began. This prob
lem is compounded by electrochemical 
reactions between the implanted electrode 
and tissue. The high salinity of bodily fluids 
can lead to corrosion of the electrode, 
failure of the device, and release of toxic 
substances into the surrounding tissue. 
The neural prosthesis must be sufficiently 
nonreactive that surrounding neural tissue 
remains both physically and physiologically 
intact. 

Corrosion can also lead to chronic elec
trical stimulation of adjacent neurons and 
tissues with associated undesirable side 
effects. These include increased metabolic 
activity, vasoconstriction, formation of 
calcium deposits, epileptic seizures, and 
breakdown of the blood-brain barrier which 
normally protects the brain from circu
lating microorganismsand toxic substances. 

Other Problems to Overcome 
Damage to the tissue and damage to the 

electrode are not the only potential prob
lems. In addition, the electrodes must not 
induce the body to respond with one of its 
traditional defense mechanisms—encapsula
tion. Normally the human body shields 
itself from foreign bodies by encapsulating 
them in connective tissue. However, this 
can render an implantable electrode non
functional by blocking access to the appro
priate nerve. 

Different types of neural prostheses, 
with their different functional and physi
ological requirements, demand different 
mechanical and electrical solutions to these 
problems. 

For simpler types of implantable elec
trodes, the so-called single-channel devices, 
the pacemaker industry has developed 
reliable materials and manufacturing pro
cedures. These devices—cardiac pace
makers, bone growth stimulators, some 
muscle stimulators and some pain reduction 
devices—generally use large-surface-area, 
low-impedance electrodes. 

The more complex prostheses—multichan
nel devices that restore auditory or visual 
perception, or functional neuromuscular 
stimulation (FNS) devices that must incor
porate sensory as well as motor nerve 
function—require tiny, precisely located 
and high-impedance stimulation contracts. 

Such devices place more stringent de
mands on the materials used. Insulation of 
the electrode becomes increasingly impor
tant; a poorly insulated electrode will not 
only fail to deliver sufficient current but in 
addition, places the surrounding tissue at 
greater risk. Insertion of the electrode and 
prevention of breakage also become more 
troublesome as the electrodes become 
smaller. And the highercurrents necessary 
as a result of smaller surface areas mean 
increased risk of electrochemical corrosion. 

Biocompatibility 
Scientists at EIC Laboratories in Nor

wood, Massachusettes, led by S. Barry 
Brummer, have conducted a series of 
experiments on the electrolysis of various 
metals in a saline environment . They 
concluded that the noble metals platinum 
and iridium can safely induce ionic currents 
in body fluids at specifically designated 
charge densities. Platinum or platinum-

iridium alloys have since been generally 
accepted as optimal electrode materials. 
Newer electrodes using iridium oxide sur
faces are still in the research phase. 

Given the parameters defined by Brum
mer et al., scientists still had to determine 
whether current levels which don't induce 
electrolysis are sufficiently low to prevent 
the problems of chronic electrical stimu
lation. 

"We've been able to define safe levels 
using accelerated tests in animals," says F. 
Terry Hambrecht, head of the Neural 
Prosthesis Program, National Institute of 
Neurological and Communicative Disorders 
and Stroke, NIH. These tests can be ex
trapolated to study the decades in which an 
implantable electrode might be in place. 

Insulating the electrodes to prevent 
electrical failure and current leakage, and 
to prevent electrical stimulation to tissue 
other than that intended has been a more 
vexing problem. 

"The reason we have problems is, in part, 
because we have to use biocompatible 
materials," says Robert White of Stanford 
University. "Biocompatible materials are 
chemically inert, so if we want to make a 
laminated structure using an inert polymer 
with an inert metal on top of it as our 
conductor, the two don't want to stick 
together." 

White's group at Stanford is one of at 
least nine groups around the world de
veloping cochlear prostheses. Some simple, 
single-channel devices have been in use for 
as long as 25 years. Among the more 
complex multichannel devices that offer 
increasingly realistic sound, several ap
proaches have proved successful. 

Development of Cochlear Implants 
A glimpse at how some scientists have 

attacked the problems of cochlear implants 
illustrates the complexity encountered in 
developing neural prostheses in general. 

A group at University of California, San 
Francisco, headed by Michael Merzenich is 
testing an eight-channel device in nearly 20 
patients. With Gerald Loeb of NIH, they 
settled on a platinum-iridium electrode 
coated with the vapor-deposited polymer, 
Parylene C (Union Carbide). Since Parylene 
doesn't bind to metal, an organic layer of 
polyimide Pyre-ML is deposited prior to 
Parylene coating. 

Parylene-C has been used increasingly in 
medical devices in recent years. In addition 
to pin-hole free insulation, it offers high 
resistivity and excellent biocompatibility. 

The leads of UCSF's cochlear implant coil 
into the cochlea, with eight bipolar stimu
lation contacts placed at precisely deter
mined locations. In order to insert the 
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e l e c t r o d e , h o w e v e r , t h e f ragi le bas i l a r 
m e m b r a n e which separa tes t w o of the 
coch lea ' s t h r e e sp i ra l c a n a l s , m u s t be 
protected. Simply push ing a flexible elec
trode into the canal can be too damaging . 

The UCSF team solved this problem by 
cons t ruc t ing the i r e lec t rode from a stack of 
16 flattened wires (8 pairs). Th i s " r i b " 
resis ts bending out of the hor i zon ta l p lane, 
bu t flexes easily in to a spiral. Finally, the rib 
is molded into a Silastic (Dow) car r ie r 
which g ives t he imp lan t e l a s t i c i ty and 
" m e m o r y " of the carefully de te rmined spiral 
configurat ion. 

The Stanford implant avoids the problem 
of potent ia l damage to the basilar m e m 
brane a l toge ther . Ra the r than coiling the 
electrode into the cochlea and s t imu la t ing 
nerve end ings close to the basilar m e m 
brane , a rigid t a n t a l u m on sapphi re elec
t rode ar ray impales the aud i to ry nerve and 
s t imulates it directly. 

White, cha i rman of the d e p a r t m e n t of 
electrical eng inee r ing at S tanford , says his 
approach — thin-fi lm p lanar p h o t o l i t h o g 
raphy— takes advan tage of the t echn iques 
developed for in tegrated circuit product ion . 

"What we ' r e t ry ing to do is use t h e 
technologies developed in the semiconduc
tor indus t ry to make small s t r u c t u r e s that 
you can fabricate in a batch fabricat ion 
mode with electrical and mechanical re 
producibili ty from batch to batch as well as 
d imensional stabil i ty. We can w o r k at very 
small d imens ions which you can ' t do wi th 
bent wire technology." 

In o rde r to use pho to l i t hograph ic proc
esses, White needed to find a sui table 
subs t r a t e tha t met t h r ee condi t ions : it had 
to be s t rong , a poor conduc to r of electrici ty 
so that e l emen t s on the a r r ay could be 
i so la t ed , and b i o c o m p a t i b l e . S a p p h i r e 
(AI2O3) filled the bill. P la t inum was chosen 
as the electrode metal . On ly the tips of the 
electrode leads are p la t inum, howeve r . T h e 
conduc tor is made from t a n t a l u m , which 
adheres readily to sapphire and which, by 
an anodically formed t a n t a l u m pen tox ide 
(Ta20s ) layer is well i n s u l a t e d aga ins t 
cu r ren t leakage. 

The ar ray is fu r the r insulated from the 
saline e n v i r o n m e n t by an overcoa t ing of 
Parylene-C. 

White ' s g r o u p is also developing a p h o t o 
l i thographic , flexible a r ray for inser t ion 
into the cochlea. 

All these implants have evolved over the 
years . T h e UCSF device, in a s impler form, 
has been funct ioning in pa t ien ts since 1972. 
In the p re sen t conf igura t ion , UCSF pros 
theses have been in place fora m a x i m u m of 
15 m o n t h s . 

" T h r e e th ings are special about a cochlear 
implant , " says Merzen ich . "First is the 
required longevi ty . T h e device may be 
implanted in a young individual, t he re fo re 
we w a n t a 70 to 80 year lifespan. Second is 
the complexity of the high impedance elec
t rode ar ray . And third, you never w a n t to 

d i s t u r b o r r e p l a c e t h e e l e c t r o n i c 
c o m p o n e n t s . " 

M e r z e n i c h says tha t as the e lec t rode 
t echno logy p rogresses and as sc ient is ts 
f u r t h e r e lucidate h o w the ear processes 
in fo rma t ion , cochlear p ro s the se s will have 
the ability to recover full speech c o m p r e 
hens ion in chi ldren. But as a child's head 
g r o w s , the device m u s t main ta in its in
t eg r i ty and its ability to funct ion. If any 
damage occurs to the cochlea, the possibility 
of res tor ing audi tory percept ion diminishes . 

T h e genera l s t r a t egy developed at UCSF 
will be applicable to o t h e r types of complex 
s t i m u l a t i n g n e u r a l p r o s t h e s e s , such as 
multiple-si te muscle or bladder s t imula t ing 
devices, adds Merzen ich . 

The Future 
Pho to l i t hog raph ic technology may hold 

e v e n m o r e p romise for neura l p r o s t h e s e s . 
T h e d imens ions of e lec t rodes fabricated 
th is way a re small—on the o r d e r of the the 
size of n e u r o n s themse lves . 

"We' re work ing in the direction of smaller 
and more n u m e r o u s e lec t rodes for more 
complex s t imula t ion pat t e r n s , " s a y s Whi te . 
T h e s e will be especially useful for t he 
a u d i t o r y p ros these s , which a re p e r h a p s t h e 
m o s t comp l i ca t ed . O t h e r poss ib le u s e s 
include cortical s t imula t ion for t he cont ro l 
of spast ici ty and n e u r o m u s c u l a r devices 
which m u s t detect n e r v o u s impulses as 
well as s t imula te individual ne rves . 

Ex t remely t iny e lec t rodes are needed for 
such devices as well as complicated proc
ess ing t echn iques which requ i re implan t 
able microelectronic chips. T h e s e chips need 
very thin insula t ion, no tes H a m b r e c h t . 

T h e flexible e lec t rodes will be especially 
useful for s i t ua t i ons w h e r e the ne rve m u s t 
be wrapped in an e lec t rode a r ray , such as 
f o r b l a d d e r c o n t r o l or phren ic ne rve s t i m u 
lation devices ( lung pacemakers . ) Flexible 
e lec t rodes may also be used in muscu la r 
s t imula t ion , w h e r e the e lec t rode and lead 

m u s t flex wi th the muscle itself. 
Also on the hor izon are capacitor elec

t r o d e s which have a thin layer of oxide 
r igh t over the e lec t rode surface. These 
e lec t rodes inject charge by a capacitive 
p roces s called d o u b l e - l a y e r c h a r g i n g in 
w h i c h n e u r o n s a r e s t i m u l a t e d w i t h a 
vol tage charge r a t h e r t h a n by electron 
t r ans fe r . T h u s t h e r e are no potent ial ly 
d a n g e r o u s e lectrochemical react ions . 

"We can ' t make them small e n o u g h wi th 
suff ic ient c h a r g e d e n s i t i e s , " says H a m 
brech t . " T h e r e might be a fundamenta l 
l imitat ion to tha t . But we still use them in 
r e s e a r c h w h e n w e n e e d a s u p e r - s a f e 
e lec t rode ." 

While capac i to re l ec t rodes may not fulfill 
the p romise once imagined, the oxide tech
nology may provide a n s w e r s to a n o t h e r 
p rob lem — tha t of insula t ion . According to 
Whi t e and o t h e r s , only a t rue chemical 
bond such as tha t b e t w e e n a metal and its 
oxide can effectively protect an electrode in 
a saline e n v i r o n m e n t for the decades in 
which the e lect rode might be in place. 

N o n e of these so lu t ions will be useful in 
all types of neura l p ros thes i s however . "It 's 
going to have to be very device-or iented ," 
says Lois Robblee of EIC. For example , 
ma te r i a l s such as p la t inum- i r id ium while 
su i table for cochlear p r o s t h e s e s lack the 
mechanical quali t ies necessary for intra
muscu la r e lec t rodes . "As electrodes get 
smal ler and smal ler for single cell s t imu
lat ion, tha t is, one nerve s t imulated by one 
e l e c t r o d e , t h e n we will need to h a v e 
mater ia l s of very high charge capacity," she 
adds. 

T h e r e q u i r e m e n t s for s t imulat ion charge 
dens i ty , c u r r e n t dens i ty and waveforms 
a re so var ied, she says, t ha t m a n y different 
e lec t rode types will be useful. 

"All of them have their own little niche." 

L. J. BAIN 
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