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Process for producing an electrode structurs

The nvention relates fo a process for producing an electrode structure according to the features

of claim 1 and to an electrode structure according o the generic part of claim 15,

EP 1 488 827 A1 describes a process for producing an eleclrode structure, in particular a coch-
lear electrode to be infroduced into an inner ear, in which a planar layer made of an elecirede
material is appiied onfo a planar support material and is structured inte individual electrodes
which aré_ arranged such as to be distributed in a longitudinal direction and have contact paths
adjoining them in the same part.

It is the object of the invention to specify a process for producing, an electrode structurs that

enables the production of electrode structures of high quaiity.

Said object is met according to the invention through a process for producing an electrode
siructure, comprising the steps of!
a. Producing a longiiudinal body having a core and at least one layer made of an slec-
frode material surrounding the core;
b. Removing a part of the layer made of elecirode material while forming a pluraiity of
giectrodes that are arranged such as fo be distributed in the longitudinal direction and
which are separated from each other, and contact paths that exiend in the longitudinal di-
rection and adjoin the electrodes, each, as the same part;
¢. Applying & layer made of a polymeric material while embedding, at least in part, the
slectrodes and/or contact paths formed in step b.
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in the scope of the invention, the electrodes and contacts paths are formed as one-part siruc-
iures that differ from each other in their shape and/or function, at least after step b. In this con-
text, the contact paths mainly serve for electricaily conductive connection of the elecirodes over
a spatial distance in-the longitudinal direction, for example ¢ other conductors, a supply circuitry
or the like. The electrpdes have a different function tharx the contact paths. They serve, for ex-
ample, for electrical connection to biological tissue, for example nerve cells, or as a component

of a sensor, in particular & sensor having a multi-layered structure.

The contact paths extending in the longitudinal direction shall be undersiood to mean any bridg-
ing of a distance in said direction. Pertinent examples include a straight exiension parallel to the

lengitudinal direction or a helical exiension about the longifudinal direction.

It it feasible, by means of the process according fo the inveniion, as a matier of principle, o
structure the elecirodes directly in their spatial position with respect to a circumferential direction
about the core. As a resull, the laver surrounding the electrodes can be provided fo be seam-
lass in the circumfersntial direction, if nesded.

Often and/or in a particularly simple design, the slectrode maierial has a hollow cylindrical

cross-section, for example while covering a circular core. Generally, according to the scope of

the invention, the layer can fake any holiow shape about a core of corresponding external cir-

cumference according to requirements, for exampie an elliptical or polygonal cross-section.

it is generally praferred to apply the layer made of electrode material mechanicaily io the core
as a solid material, which attains good strength and flexibility and flexibility upon stress reversal
of the resulting electrodes and contact paths. In principle, though, other ways of applying the

layer are feasible as well, for exampie vapour deposifion, electroplating, etc.

It is generally preferred, but not mandaiory, to use electrode structures according fo the inven-
tion on the human body. A typical application is the use as a cochiear electrode in inner sar im-
plants. Ancther application is as a stimulation electrode in the central nervous sysiem, such as
in the methods of "deep brain stimulation” in the brain or "spinal cord sfimulation” in the spinal
cord (pain therapy).



13

0

Lk
A

i~
J

Furthermore, electrode structures according fo the invention can serve as the basis of sensor
appiications, such as by bullding-up the electrodes into sensors by further layers and/or over-

lapping design.

It is genefally advantagsous for slectrode structures according o the invention to have lengths
in the range of 1 cm to-more than 10 cm gt a relative small diameter in the order of 1 mm. The
high aspect ratio of tength and diameter as wall as the small size of the struclures coniribute to
the particular sultabllity of the process according to the invention. Preferred thickness vaiues of
the layer made of electrode material depend on the requirements and are, for example, in the
rangs of 8.05 mmi to 0.3 mm. This can be provided, for example, for typical applications for elec-

trical connection to nerve celis. But considerably smaller thickness values are also concelvable,

for example down to less than 0.001 mm. Structures this thin can, in particular, be a component

of & sensor.

The electrode material preferably consists of a bio-compatible metat, in particular for use onthe
human body. Pertinent examples include piaﬁnurﬂ and alioys thereof, in particular Ptir alloys,
P alioys, gold and gold alloys, fantatum, tHaniom, niobium or other sultable matarigls. De.
pending on requirements, the layer made of elecirode material can just as well be composed of
muitiple layers made of different materiats,

in a preferred embodiment of the inverition, the core is removed after step ¢ and the resulting
holtow gpace is filled, at least partly, with a2 material, which preferably is polymeric, whiie forming
a new core, This renders the manufaciure simpla, since the core material can be adapted to the

production requirements regarding the mechanical. andfor chaemical propertiss. Preferably, the

" gore to be removed later consists of a metal, in particular copper. With respect-to the provision

of the longitudinal hody, methods are known and sstablished, for example from the fieid of car-
diovascular electrodes, that involve the application of bio-compatible metals, such as Piir, by
means ofa dfawing die onto a round copper core fo'form-a two-iayer wire with a bio~compatitle
culer tayer. A wirs of this type can serve, for exampls, as starting material for the purposes of
step a. Afier embedding of the. electrodes and contact paths in a polymeric material, the core
can be removed, for example by etching. The fesuliing holiow structure is expedienfly being
filled with 2 new core, to provide a desired mechanical property and/or {o insulate the eiectrodes
from the inner side as well. The new core can be implemented, for example, by casting thermal-

iy or otherwise curing polymer or by inserting a sub-calibre tube and subsequent expansion.
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in an alternative embodiment, the core is not removed after step ¢. Cores of this type are pref-
erably, but not necessarlly, made of an elecirically nsulating polymeric material, for example the
same material as the outer polymer layer. But it is also conceivable that the core has an inho-
mogeneous struciure. A core of this type can consist, for example, of & metal or glass fibres,
etc. on the inside and be enveloped by an insulating layer onto which the layer mads of elec-

trode material is applied,

in a praferred embodiment of the invention, step b. is Implemeniad by erosive removal of the
electrode material. It is parficularly advantageous for the ercsive removal to proceed by means
of a laser, especially an utra-short puise laser, or by means of gpark erosion. According to the
scope of the invention, an ultra-short puise laser, the use of which is preferable, shall be under-
stood to be a laser whose energy density is increased by femporal compression of its puise du-
ration, According o a paricularly preferred embodiment, the ultra-short pulse laser iz a femto-
second laser. This aflows scanning, computer-controlied processes to be used that are effective
and can be implemented in few or only ane step. Modermn femtosecond lasers are parficularly
well-suited for mstal-working, since the high energy density resulis in direct subiimation of the
metal removed such thal the sselectivity ig high. In particular, the core situaied under the elac-
frode matertal is affected only minimaliy such that undesirable effects, such s degeneration of
a polymeric core or contamination of the elecirode material by a metallic core is minimised.

An alternative to this embodiment provides step b to be implemented by means of a photo-
chemical process. Presently, a photochemical process shall be understood to be any process,
in which a structured change in a material property is generated by means of an iflumination
such that a material can be siructured by subseguent chemioal process steps. Pertinent exam-
ples include photolithography processes of semiconductor manufacturing. The photochemical
procass preferably comprises the illumination of & layer situated on the electrode material by a
laser. For exampie, the leser can illuminate, in a scanning and computer-controlied manner, a
photoresist that is applied to the electrode material. As an alternative photochemical process in
place of a gridded iight beam, an imaging illumination is conceivable as wall. As an alternative
to the use of & photoresist and illumination and/or as an aliernative to the appiication of a photo-
chemical process, it is aiso conceivable that a masking layer for subseguent efching processes
is applied directly onte the electrode material by means of scanning-printing processes. For fur-
ther processing of electrode material with a {exiured and/or flluminated mask, please refer to
printed specification EF 1 488 827 At also.
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it is generally advantageous to provide that step ¢ proceeds by exirusion of the polymeric mate-
ral, by printing the material, by application fo the entire surface from liquid phase or by deposi-
tion from the gas phase. The polymeric material may be any polymeric material according to
requirements, preferatly it can be bio-compatible. Examples of suitable materials includs sili-
cone, polyimide (P, poivurethane {PU) or parviene, in particuiar parylene C. The iatter are da-
posited directly from the gas phase in an appropriate device and have wall-known appilications
it the field of bio-compatible implants. Polyimide can be applied, for example, in a partcularly
simple embodiment in the manner of a dip coaling process, Silicong and other suitable materi-
als can be applied, for exampie, by axtrusion or by priniing. in parficular, structured scanning
prirding processas can be preferred presently, since they allow coverage of the electrode sur-

facas by the polymeric malerial fo be avolded.

It is generally advantageous for one embodiment of the invention to comprise the step of selec-
five removal of the layer applied in step ¢.. &t leastin regions of the slectrodes. Preferable, but
not necessarily, this can take place by means of a laser. In particular, this can bethe same la-
ser, by means of which the layer was removed in siep b, oplionally after adjusiment of operating
parameters of the laser. Thereby, a galvanic contact of the electrode to the surroundings is en-
abled. In this sense, said step is required only if the embedding of the formed siructures in the
polymer layer took place over the entire surface and non-seleciively, but may aiso be desired

gvan then for the purpose of guality oplimisation.

It is generally advantagseous for the invention fo comprise the step of bending the fongitudinat
bady about the longitudinal direction into a shape, in particular after step b or after step ¢. inthe
case of cochiear electrodes, the shape can be a defined pra-bending info-a coil. '

in a possible refinement, the invention provides the layer made of electrode material o be sur-
rounded by a second layer made of an electrode material, whereby the layers made of elec-
trade material are separated by an insulating layet. This enables a mulfi-dayerad structure thiat
renders, for example, 2 parficularly large number of electrodes and contact pathe feasibie.
Thus, a portion of the electrodes and contact paths can be embedded in a first radially inner

layer of insulating lavers and another porfion can be embedded in a radially outer layer,

A possible refinement of the invention provides the longitudinal body to taper af izast over a
section in the jongitudinal direction. A taper of this type can be provided for example, i cochiaar

elactrodes in order o design the slectrode structure in the inner sar region to be particutarly
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flexible and susceplibie to minimally invasive processes. For example, the electrode can be
taperad in an end section over a distance of approximately 1 cm from 1.5 mm in diameterto 0.5

mm in diameter,

Obviously, an elecirode struciure according to the invention can comprise further festures and
process steps, such as, for example, purification steps, the attachment of a tip at one end of the
eiectrode structurs or the connection of the contact paths to an adjcining structure, eg. fo a
feed line or directly o a control unit. In the case of cochiear electrodes, it is pariicularly advan-
tageous for cost reasons, that the electrode structure pius the contact paths have a sufficient

fength, for example on the order of 10 om, to aliow fordirect connection to a controf unit.

The object of the invention s also met through an electrode structure, comprising

a longitudinal body having a non-conductive layer that has a hollow shape, and

a piurality of slecirodes that are embedded in the laysr such as to be insulated from each other,
and

a plurality contact paths that extend. in the fongitudinal direction and are insulated with respect
tc the outside by the iéyer} and are sach connected, being a single part, to one of the slec-
trodes,

whersby the non-conductive layer is formed to be seamless in circumierential direction.

An electrode structure of this type ie preferably, but net necessarily, produced by a process ac-
cording to the invention. '

In the scope of the invention, a holiow shape shall be understood to mean any shape of cross-
section that can be selecied freely depending on the application o1 hand. For many applica-
fions, the insulating layers will have a holow Cy.ii'n'dri-ca.i shape such that the cross-section of the
layer consists of concentric circles. In other examples, the shape of the cross-section can just

as well be polygonal or alliptical.

Providing ths layver embedding the electrodes in an insulating mannearto be seamiless in ciroum-
ferential direcﬁion improves the sizbility and/or securly againgt damags and compatibility due to
the absence of interfering seams. The absence of seams in circumferantial direction shall be
understood o mean that the electrode structure comprises no seam that exiend in longitudinal
direction and are a disturbance as viswed in circumfsrential direction, at least over a substantial

part of fits functionally relevant sections.
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A preferred refinement of the slectrode siructure provides the electrodes o each comprise a
surface beyond which the surface of the layer made of polymeric material protrudes. Preferably,
but not necessarily, an edge seciion of the electrodes is framed by the layer. Since the insulat-
ing layer usually consists of g softer materia! than the electrodes, this improves the compatibil-
ity. In addition, the framing of the edges reduces the risk of inadvertent projection of the elec-

frodes from the insulating layer, which may invelve hazards when used in the human body.

Further advantages and features of the invention are evident from the exemplary embodiment

described in the following as well as the dependent claims.

One preferred exemplary embodiment of the invention is described in the following and illusirat-

ad in more detail based on the appended drawings. in the figures:

Fig. 1 shows a schematic spatial view of an electrode struciure according to the inven-
tion,presently for use as a cochlear elecirode.

Fig. 1a shows the electrode structure of Fig. 1 with lines hidden.

Fig. 2 shows a precursor of the electrode structure of Fig. 1a.

Fig. 3 shows the precursor of Fig. 2 after one further process siep.

Fig. 4 shows the precursor of Fig. 3 after one further process step.

Fig. 5 shows the precursor of Fig. 4 after one further process step.

An siectrode structure according io the invention according to Fig. 1 is used as a cochlear elsc-
tfrode for impiantation in the human inner ear. Fig. 1 shows a front section 1 of the electrode that
is introduced into the inner ear. With regard fo diameter and material, the electrode is designed
o have a defined stiffness in order to conform to the helical shape in the inner ear. For this pur-

pose, the electrode structure can just as well be pre-bent and/or taper toward its front end.

The elecirode structure 1 extends in & longitudinal direction, whereby a plurality of elecirodes 2
is arranged in the longitudina! direction at a distance from each other. Presently, the electrodes
2 are provided as flat metallic plates with a rectangular circumference, but can also be of a dif-

ferent shape.

One contact path 3 is connected to sach of the slectrodes 2 such that it is the same part made

of uniform material. The contact paths extend from the first elsctrode by a defined distance in
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the circumferential direction and then substantially paralisl to sach other and in the longitudinal
direction. Presently, the eischrodes 2 and contact paths 3 consist of a bio-compatible Pilr alloy.
In altemative embodiments, # is concsivable that the contact paths have a different extension,
for example, a helical extension. in any case, the confact paths effect elecirical connection of

the respective electrode over a distance in the longitudinal direction in this context.

The slectrodes 2 and the contact paths 3 are embedded in an oufer insulating layer 4 of the
slectrode structure. In this context, the surfaces of the electrodes 2 are exposed towards the
outside, whersas the contact paths are coated with & sufficlent thickness of layer 4 for insula-

for.

The siscirode has, at its front end, a sultably shaped tip 8, which prasantly is attached in & sep-

arate process siep.

it is obvious that the electrode can extend further through at s end facing away from the tip for
basically any length. The invention can just as well provide that only the contact paths extend
further over a defined sedtion to enable connection to an extension piece or direct connection to

& control unit,

The insulating layer 4 with the electrodes 2 and the-contact paths 3 aiso envelopes a core 6 that
has & circular cross-seciion. The core 6 consists of an insulating material. In the presant case,
both the layer 4 and the core & consist of bio-compatible silicone. The laver 4 envelops the core
in circumferaniial direction in seamiess manner, as is also apparent from the preferred produc-
tion process describad bélow.

A first prc-cesé step a for the production of the electrode structure described. above comprises
the provision of a longitudinal body 7 made of & core 8 and & closed laver § that surrounds the
core & and s made of the electrode material Pl (see Fig. 2).

Presently, the core consists of copper and is cylindrical, The slecirode maierial can be applied

as a hollow oylindrical layer © that rests on-or adheres firmly io the copper core § in a:known
manner by means of & drawing die. The diameter of the longitudinal body acrording to Fig. 2 s
typically approximately 1 mm at a thickness of the layer ¢ of approximately 0.1 mm and corre-

sponds to a known wire, such as is used for special applications in the field of cardioiogy.
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The longifudinal body is clamped in & holder {not shown) and subssquently the tightly adherent
layer 9 is structured by means of an ultra-short pulse laser for metal working. Presently, this is a
famtosecond leser. ldeally, the ultra-short pulse laser causes mainly direct sublimation of the
bombarded malerial without evaporation from & liquid phase that is generated first. This iz
achiaved by the high energy density in the laser pulse and has a positive effect in thatl less
thermal energy is introduced into deeper fayers, In this context, the layer 8 is removed by scan-
ning bombardment by the laser down o the copper core 8, whereby the electrodes 2 and the
coniact paths 3 remain and/or are formed. A tongitudinal body 7 after this processing siep b is

shown in Fig. 3.

Subsequantly, the polvmeric layer 4 made of sllicone is applied onto longiiudinal body 7 that is
structured in acoordance with Fig. 3. This can be done, for example, by extrusion or by printing-
on.the laver 4 by means of a texturing or full-surface printing process. A longifudinal body 7 af-

tar this processing step ¢ is shown in Fig. 4.

Subseqguently, the copper core 8 is removed from the fongitudinal body, for example by a chem-
ical etching process. What remaing (see Fig. 5} is the substantially hollow oylindrical layer 4 with
the elsctrodes 2 and contact paths 3 embeadded therein which are positioned according fo the
final elecirode structure.

Subsequently, the new core § made of insulaiing material, in this case siticons as before, s -

froduced into sald hollow cylindrical laver 4.

Subseguently, the tip 5 can be attached such that, overall, the slectrode structurs according o

Fig. 1 was produced.

Hf the silicone was applied to the entire surface in step ¢, such that the electrodes 2 are coated

with a thin polymer layer, the electrodes are exposed at a suitable place again afier step c. This
can be done, Tor example, right after step ¢, for exampie by scanning removai of the polymer
with & laser. In principle, this can involve the same laser and the same apparaius as for produg-
tion of the electrodes 2'in step b, Alematively, this can also involve a mechanical removal. Sl
alternatively, it is feasible to degenerate the polymer, i.e. presently silicone, with a suitable
wavelength, e.g. in the UV range. in structured manner and {0 subsequently removed i from the

electrodes by chemical msans.
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Depending on the choice of parameaters for application of layer 4, the surfaces of the electrodss
are arranged below the surface of layer 4 with the distance being the thickness of the cover that
has been removed. If necessary, a deliberale overlap of layer 4 over the edges of the elec-

frodes 2 can be effacted.
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Claims

1.

Process for producing an electrode structure, comprising the steps of:

a, Producing a longitudinal body having a core and at least one layer made of an elec-
trode material surrounding the core, wherein the layer made of electrode material is ap-
plied mechanically to the core as a solid material;

b. Removing a part of the layer made of electrode material while forming a plurality of
electrodes that are arranged such as to be distributed in the longitudinal direction and
which are separated from each other, and contact paths that extend in the longitudinal di-
rection and adjoin the electrodes, each, as the same part;

¢. Applying a layer made of a polymeric material while embedding, at least in part, the
electrodes and/or contact paths formed in step b.

Progess according to claim 1, wherein the core is removed after step ¢ and in that the

resulting hollow space is filled, at least partly, with a material white forming a new core.
Process according to claim 2, wherein the core consists of a metal.
Process according to claim 1, wharein the core is not removed after step c.

Process according to any one of the preceding claims, wherein step b is implemented by

erosive removal of the electrode material.

Process according to claim 5, wherein the erosive removal proceeds by means of a laser

or spark erosion.

Process according to claim 6, wherein the removal proceeds by means of an ultra-short

pulse laser.
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Process according to any one of the preceding claims, wherein step b is implemented by

means of a photochemical process.

Process according to claim 8, wherein the layer situated on the electrocde material is illu-

minated by a laser.

Process according to any one of the preceding claims, wherein step ¢ proceeds by extru-
sion of the polymeric material, by printing the material, by application to the entire surface
from liquid phase or by deposition from the gas phase.

Process according to any one of the preceding claims, characterised by the the step of:

selective removal of the layer applied in step c., at least in regions of the electrodes.

Process according to any one of the preceding claims, comprising the step of:

bending the longitudinal body about the longitudinal direction into a shape.

Process according to any one of the preceding claims, wherein the layer made of elec-
trode material is surrounded by a second layer made of an electrode material, whereby

the layers made of electrode material are separated by an insulating layer.

Process according to any one of the preceding claims, wherein the longitudinal body ta-

pers at least over 2 section in the longitudinal direction.

Process according to any one of the preceding claims, wherein the elecirode structure is

provided as cochlear electrode for arrangement in an inner ear.

Process according to any one of the claims 1 to 12, wherein at least some of the elec-

trodes are provided as part of a sensor.

Electrode structure, comprising
a longitudinal body having a non-conductive layer that has a hollow shape, and
a plurality of electrodes that are embedded in the layer such as to be insulated from each

other, and
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a plurality contact paths that extend in the longitudinal direction and are insulated with
respect to the outside by the layer, and are each connected, being a singie part, to one of
the eiectrodés,

wherein

the non-conductive iayer is formed to be seamless in circumferential direction, and
wherein the plurality of electrodes and plurality of co.ntact paths are made of a solid mate-

rial.

Electrode structure produced according to a process according to any one of the claims 1
fo 16.

Electrode structure according to claim 17 or 18, wherein the elecirodes each comprise a

surface beyond which the surface of the layer made of polymeric material protrudes.

Electrode structure according o claim 19, wherein an edge section of the electrodes is

framed by the layer.



