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FLEXIBLE ELECTRODE FOR CARDIAC SENSING AND METHOD FOR MAKING

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to Provisional Application No.

62/207,814, filed August 20, 201 5 , which is herein incorporated by reference in its

entirety.

TECHNICAL FIELD

[0002] The present invention relates to cardiac signal sensing devices. More

specifically, the invention relates to flexible electrodes and methods for making

flexible electrodes for use in a cardiac mapping catheter.

BACKGROUND

[0003] Cardiac arrhythmias may lead to heart disease and death. Arrhythmias

may be treated by medication, implantable devices, or by the ablation of specific

heart tissue found to be causing arrhythmia. Ablation may be performed by a

number of techniques, including the local application of energy, for example, radio

frequency energy, or by the application of cryogenic temperatures to the site of the

problem tissue.

[0004] The specific heart tissue responsible for arrhythmia in a patient may be

identified by moving a mapping catheter having one or more electrodes around the

interior of the heart and measuring cardiac signals to sense changes in the electrical

fields. A map of the electrical conductivity of the heart may be formed from the

measurements to identify abnormalities which may be candidates for ablation. Some

mapping catheters are designed such that the electrodes may physically contact the

heart wall, including flexible designs that are inserted in a compact form and later

deployed into a basket-like array. Such an array is deployed after entrance into the

heart, and undeployed upon completion of the mapping and prior to removal from the

heart.

[0005] A mapping catheter having multiple electrodes which must be deployed

and undeployed within the heart may benefit from an improved electrode structure.



SUMMARY

[0006] Example 1 is an electrode for cardiac signal sensing, the electrode

including a conductive layer, an intermediate layer, an iridium-containing layer, an

iridium oxide layer, and an insulating polymer layer. The conductive layer is formed

on a portion of a flexible polymer substrate. The intermediate metal layer has a first

portion and a second portion, and is formed on the conductive layer. The iridium-

containing layer has a first portion and a second portion, and formed on the first

portion of the intermediate metal layer. The iridium-containing layer includes at least

50 wt. % iridium. The iridium oxide layer is formed on the first portion of the iridium-

containing layer. The insulating polymer layer is formed on the second portion of the

intermediate metal layer and the second portion of the iridium-containing layer. The

iridium-containing layer is not formed on the second portion of the intermediate metal

layer; and the iridium oxide layer is not formed on the second portion of the iridium-

containing layer.

[0007] In Example 2 , the electrode of Example 1, wherein the iridium-

containing layer consists of between 50 wt. % and 99 wt. % iridium, and the balance

is platinum.

[0008] In Example 3 , the electrode of Example 1, wherein the iridium-

containing layer includes at least 99 wt. % iridium.

[0009] In Example 4 , the electrode of any of Examples 1-3, wherein the

insulating polymer layer is a parylene polymer.

[0010] In Example 5 , the electrode of Example 4 , wherein the parylene

polymer is selected from the group consisting of poly(p-xylylene), poly(monochloro-

p-xylylene), and poly(dichloro-p-xylylene).

[001 1] In Example 6 , the electrode of Example 5 , wherein the parylene

polymer is poly(monochloro-p-xylylene).

[0012] In Example 7 , the electrode of any of Examples 1-6, wherein the

intermediate metal layer includes gold.

[0013] Example 8 is a cardiac mapping catheter including an elongate

catheter body and a plurality of splines projecting from an end of the catheter body.

The splines are flexibly deployable between a radially retracted position and radially

extended position. Each of the splines includes a flexible polymer substrate and a



plurality of electrodes formed on the flexible polymer substrate, wherein each of the

electrodes is according to any of claims 1-7.

[0014] Example 9 is a method for making an electrode for cardiac signal

sensing, the electrode formed on a flexible polymer substrate having a conductive

layer and an intermediate metal layer disposed on the conductive layer. The method

includes depositing an iridium-containing layer onto a portion of the intermediate

metal layer, depositing an insulating polymer layer, removing the insulating polymer

layer from a portion of the iridium-containing layer to form a exposed surface, and

electrochemically oxidizing at least a portion of the iridium-containing layer at the

exposed surface to form an iridium oxide layer on the iridium-containing layer. The

iridium-containing layer includes at least 50 wt. % iridium. The insulating polymer

layer is deposited on the flexible polymer substrate, the conductive layer, the

intermediate layer, and the iridium-containing layer.

[0015] In Example 10 , the method of Example 9 , wherein removing the

insulating polymer layer includes laser ablating the insulating polymer layer from the

portion of the iridium-containing layer.

[0016] In Example 11, the method of any of Examples 9-10, wherein

depositing the insulating polymer layer includes depositing a parylene polymer by

vapor deposition.

[0017] In Example 12, the method of any of Examples 9-1 1, wherein

depositing the iridium-containing layer includes applying a first mechanical mask to

the substrate, depositing the iridium-containing layer by sputter deposition, and

removing the first mechanical mask. The first mechanical mask includes a first

opening aligned with the intermediate metal layer to define the portion of the

intermediate metal layer.

[0018] In Example 13 , the method of any of Examples 9-12, wherein removing

the insulating polymer layer includes applying a second mechanical mask to the

substrate, laser ablating the insulating polymer layer from the portion of the iridium-

containing layer; and removing the second mechanical mask. The second

mechanical mask includes a second opening aligned with the portion of the iridium-

containing layer, wherein the second opening is smaller than the first opening.

[0019] In Example 14, the method of any of Examples 9-12, wherein removing

the insulating polymer layer includes applying a second mechanical mask to the

substrate, laser ablating the insulating polymer layer from the portion of the iridium-



containing layer; and removing the second mechanical mask. The second

mechanical mask includes a second opening aligned with the portion of the iridium-

containing layer, wherein the second opening is about the same size as the first

opening.

[0020] In Example 15 , the method of any of Examples 9-14, wherein

electrochemically oxidizing includes immersing the substrate in an electrolytic

solution, cycling the iridium-containing layer between positive and negative voltages

until a desired thickness of iridium oxide is formed on the surface of the portion of

iridium-containing layer, and removing the substrate from the electrolytic solution.

[0001] Example 16 is an electrode for cardiac signal sensing, the electrode

including a conductive layer, an intermediate layer, an iridium-containing layer, an

iridium oxide layer, and an insulating polymer layer. The conductive layer is formed

on a portion of a flexible polymer substrate. The intermediate metal layer has a first

portion and a second portion, and is formed on the conductive layer. The iridium-

containing layer has a first portion and a second portion, and formed on the first

portion of the intermediate metal layer. The iridium-containing layer includes at least

50 wt. % iridium. The iridium oxide layer is formed on the first portion of the iridium-

containing layer. The insulating polymer layer is formed on the second portion of the

intermediate metal layer and the second portion of the iridium-containing layer. The

iridium-containing layer is not formed on the second portion of the intermediate metal

layer, and the iridium oxide layer is not formed on the second portion of the iridium-

containing layer.

[0002] In Example 17 , the electrode of Example 16, wherein the iridium-

containing layer consists of between 50 wt. % and 99 wt. % iridium, and the balance

is platinum.

[0003] In Example 18 , the electrode of Example 16, wherein the iridium-

containing layer includes at least 99 wt. % iridium.

[0004] In Example 19 , the electrode of any of Examples 16-1 8 , wherein the

intermediate metal layer includes gold.

[0005] In Example 20, the electrode of any of Examples 16-1 9 , wherein the

conductive layer includes copper.

[0006] In Example 2 1 , the electrode of any of Examples 16-20, wherein the

insulating polymer layer is a parylene polymer.



[0007] In Example 22, the electrode of Example 2 1 , wherein the parylene

polymer is selected from the group consisting of poly(p-xylylene), poly(monochloro-

p-xylylene), and poly(dichloro-p-xylylene).

[0008] In Example 23, the electrode of Example 22, wherein the parylene

polymer is poly(monochloro-p-xylylene).

[0009] Example 24 is a method for making an electrode for cardiac signal

sensing, the electrode formed on a flexible polymer substrate having a conductive

layer and an intermediate metal layer disposed on the conductive layer. The method

includes depositing an iridium-containing layer onto a portion of the intermediate

metal layer, depositing an insulating polymer layer, removing the insulating polymer

layer from a portion of the iridium-containing layer to form a exposed surface, and

electrochemically oxidizing at least a portion of the iridium-containing layer at the

exposed surface to form an iridium oxide layer on the iridium-containing layer. The

iridium-containing layer includes at least 50 wt. % iridium. The insulating polymer

layer is deposited on the flexible polymer substrate, the conductive layer, the

intermediate layer, and the iridium-containing layer.

[0010] In Example 25, the method of Example 24, wherein removing the

insulating polymer layer includes laser ablating the insulating polymer layer from the

portion of the iridium-containing layer.

[001 1] In Example 26, the method of any of Examples 24-25, wherein

depositing the insulating polymer layer includes depositing a parylene polymer by

vapor deposition.

[0012] In Example 27, the method of Example 26, wherein the parylene

polymer is poly(monochloro-p-xylylene).

[0013] In Example 28, the method of any of Examples 24-27, wherein the

intermediate metal layer includes gold.

[0014] In Example 29, the method of any of Examples 24-28, wherein

depositing the iridium-containing layer includes applying a first mechanical mask to

the substrate, depositing the iridium-containing layer by sputter deposition, and

removing the first mechanical mask. The first mechanical mask includes a first

opening aligned with the intermediate metal layer to define the portion of the

intermediate metal layer.

[0015] In Example 30, the method of any of Examples 24-29, wherein

removing the insulating polymer layer includes applying a second mechanical mask



to the substrate, laser ablating the insulating polymer layer from the portion of the

iridium-containing layer; and removing the second mechanical mask. The second

mechanical mask includes a second opening aligned with the portion of the iridium-

containing layer, wherein the second opening is smaller than the first opening.

[0016] In Example 3 1 , the method of any of Examples 24-29, wherein

removing the insulating polymer layer includes applying a second mechanical mask

to the substrate, laser ablating the insulating polymer layer from the portion of the

iridium-containing layer; and removing the second mechanical mask. The second

mechanical mask includes a second opening aligned with the portion of the iridium-

containing layer, wherein the second opening is about the same size as the first

opening.

[0017] In Example 32, the method of any of Examples 24-31 , wherein

electrochemically oxidizing includes immersing the substrate in an electrolytic

solution, cycling the iridium-containing layer between positive and negative voltages

until a desired thickness of iridium oxide is formed on the surface of the portion of

iridium-containing layer, and removing the substrate from the electrolytic solution.

[0018] Example 33 is a cardiac mapping catheter including an elongate

catheter body and a plurality of splines projecting from an end of the catheter body.

The splines are flexibly deployable between a radially retracted position and radially

extended position. Each of the splines includes a flexible polymer substrate and a

plurality of electrodes formed on the flexible polymer substrate. Each of the

electrodes includes a conductive layer, an intermediate layer, an iridium-containing

layer, an iridium oxide layer, and an insulating polymer layer. The conductive layer

is formed on a portion of a flexible polymer substrate. The intermediate metal layer

has a first portion and a second portion, and is formed on the conductive layer. The

iridium-containing layer has a first portion and a second portion, and formed on the

first portion of the intermediate metal layer. The iridium-containing layer includes at

least 50 wt. % iridium. The iridium oxide layer is formed on the first portion of the

iridium-containing layer. The insulating polymer layer is formed on the second

portion of the intermediate metal layer and the second portion of the iridium-

containing layer. The iridium-containing layer is not formed on the second portion of

the intermediate metal layer. The iridium oxide layer is not formed on the second

portion of the iridium-containing layer.



[0019] In Example 34, the catheter of Example 33, wherein the iridium-

containing layer includes at least 99 wt. % iridium.

[0020] In Example 35, the catheter of any of Examples 33-34, wherein the

insulating polymer layer includes poly(monochloro-p-xylylene).

[0021] While multiple embodiments are disclosed, still other embodiments of

the present invention will become apparent to those skilled in the art from the

following detailed description and drawings, which show and describe illustrative

embodiments of the invention. Accordingly, the drawings and detailed description

are to be regarded as illustrative in nature and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1 is a schematic view of a cardiac mapping catheter suitable for

use with embodiments of the present invention.

[0023] FIGS. 2A and 2B are partial perspective views showing a distal end of

the mapping catheter of FIG. 1.

[0024] FIG. 3 is a schematic cross-sectional view of an electrode in

accordance with embodiments of the present invention.

[0025] FIGS. 4-12 are schematic views showing a method for making the

electrode of FIG. 3 in accordance with embodiments of the present invention.

[0026] While the invention is amenable to various modifications and

alternative forms, specific embodiments have been shown by way of example in the

drawings and are described in detail below. The intention, however, is not to limit

the invention to the particular embodiments described. On the contrary, the

invention is intended to cover all modifications, equivalents, and alternatives falling

within the scope of the invention as defined by the appended claims.

DETAILED DESCRIPTION

[0027] A more complete understanding of the present invention is available by

reference to the following detailed description of numerous aspects and

embodiments of the invention. The detailed description of the invention which

follows is intended to illustrate but not limit the invention.

[0028] Electrodes embodying the present invention may be employed in

cardiac mapping catheters as described in "CARDIAC MAPPING CATHETER" (U.S.

Pat. No. 8,447,377, issued May 2 1, 201 3), hereby incorporated by reference in its



entirety. Such catheters typically have several flexible splines, each spline including

a plurality of electrodes. Electrode embodiments of the present invention are able to

flex while also maintaining low impedance and biocompatibility.

[0029] FIG. 1 provides an illustrative but non-limiting example of a cardiac

mapping catheter 10 including electrodes embodying the present invention. As

shown in FIG. 1, the cardiac mapping catheter 10 may include a handle 12, an

elongate lead body 14, an electrode assembly 16, and an electrical connection 18 .

The lead body 14 may extend from a proximal end 20 to a distal end 22. The

electrode array 16 may project from the distal end 22 of the lead body 14. The lead

body 14 may be connected at the proximal end 20 to the handle 12. The electrical

connection 18 may extend from the handle 12 to a mapping data recording and

analysis system (not shown). The handle 12 may include an articulation control 24

and a deployment control 26.

[0030] The articulation control 24 may control bending of the distal end 22 of

the lead body 14 by way of one or more articulation control elements, for example

wires (not shown) extending from the articulation control 24 to the distal end 22 by

way of one or more lumens (not shown) extending through the lead body 14 from the

proximal end 20 to the distal end 22. Bending the distal end 22 provides for flexibility

in maneuvering the electrode array 16 within a patient's heart.

[0031] The deployment control 26 may control deployment of the electrode

array 16 by way of a deployment control element 28 (shown in FIG. 2B) extending

from the deployment control 26 to the electrode array 16 by way of one of the

lumens extending through the lead body 14. The lumens may also include a set of

electrical conductors (not shown) extending from the electrode array 16 to handle 12

to connect the electrode array 16 to the mapping data recording and analysis

system.

[0032] FIGS. 2A and 2B are partial perspective views showing the electrode

array 16 and the distal end 22 of the cardiac mapping catheter 10 of FIG. 1. FIG. 2A

shows the electrode array 16 undeployed in a radially retracted position. FIG. 2B

shows the electrode array 16 deployed in a radially extended position. As shown in

FIGS. 2A and 2B, the electrode array 16 may include a plurality of splines 30 and an

end cap 32. Each of the plurality of splines 30 may extend between the distal end 22

and the end cap 32. Each of the splines 30 may include a flexible polymer substrate

34 and a plurality of electrodes 36. In the exemplary embodiment shown in FIGS.



2A and 2B, there are eight splines 30, each including eight electrodes 36, for a total

of sixty-four electrodes in the electrode array 16. However, it is understood that

embodiments may include greater or fewer than eight splines 30, and greater or

fewer than eight electrodes 36 on each of the splines 30. As shown in FIG. 2B, the

deployment control element 28 may extend from the end cap 32 and into the lead

body 14 at the distal end 22. The deployment control element 28 may be a wire

connecting the end cap 32 to the deployment control 26 (FIG. 1) such that

movement of the deployment control 26 may cause the wire to move in the proximal

direction and pull the end cap 32 in the proximal direction. Movement of the end

cap 32 in the proximal direction may cause the plurality of splines 30 to flex radially

outward and deploy the electrode array 16 as shown in FIG. 2B.

[0033] In use, the cardiac mapping catheter 10 may be inserted into a

patient's vasculature with the electrode array 16 in the undeployed, radially retracted

position shown in FIG. 2A and advanced to the interior of the patient's heart. Once

within the heart, the electrode array 16 may be deployed by deployment control 26

as described above into the radially extended position shown in FIG. 2B to sense the

cardiac signals within the heart. The sensed cardiac signals may be transmitted to

the mapping data recording and analysis system by way of the set of electrical

conductors extending through the lead body 14 from the electrode array 16 to handle

12, and electrical connection 18 . Once the cardiac mapping is completed, the

electrode array 16 may be undeployed into the radially retracted position and

withdrawn from the patient.

[0034] As shown in FIGS. 2A and 2B, each of the electrodes 36 may be

formed on the flexible polymer substrate 34. In some embodiments, the electrodes

36 are able to flex with deployment of the electrode array 16, while also maintaining

low impedance and biocompatibility. In some embodiments, once the electrode

array 16 is deployed, at least some of the electrodes 36 may be curved. The

electrodes 36 are shown in FIGS 2A and 2B as circular in shape. However,

embodiments having other shapes, such as rectangular, oval, racetrack, or a

combination of shapes are envisioned.

[0035] FIG. 3 illustrates details of the electrode 36 in accordance with

embodiments of the present invention. For clarity, a single electrode 36 is illustrated

in FIGS. 3-12. FIG. 3 is a schematic cross-sectional view of one of the splines 30

through one of the electrodes 36. As shown in FIG. 3 , the electrode 36 may include a



conductive layer 40, an intermediate metal layer 42, an iridium-containing layer 44,

an iridium oxide layer 46, and an insulating polymer layer 48. The conductive layer

40 may be formed on a portion of the flexible polymer substrate 34. The

intermediate metal layer 42 may be formed on at least a portion of the conductive

layer 40. The iridium-containing layer 44 may be formed on a first portion 62 of the

intermediate metal layer 42, and may not be formed on a second portion 64 of the

intermediate metal layer 42. The iridium oxide layer may be formed on a first portion

66 of the iridium-containing layer 44, and may not be formed on a second portion 68

of the iridium-containing layer 44. The insulating polymer layer 48 may be formed on

the second portion 64 of the intermediate metal layer 42, and the second portion 68

of the iridium-containing layer 44. The insulating polymer layer 48 may not be

formed on the iridium-oxide layer 46.

[0036] In some embodiments, the conductive layer 40 may be made of a non-

biocompatible material, such as copper or a copper alloy. The conductive layer 40

may have a suitable thickness. For example, the conductive layer 40 may have a

thickness of as little as about 2 microns, about 4 microns, about 6 microns, or about

7 microns, or as great as about 9 microns, about 10 microns, about 12 microns, or

about 14 microns, or have thickness within any range defined between any pair of

the foregoing values. In exemplary embodiments, the conductive layer 40 may have

a thickness from about 2 microns to about 14 microns, from about 4 microns to about

12 microns, from about 6 microns to about 10 microns, or from about 7 microns to

about 9 microns. In some examples, the conductive layer 40 may have a thickness

of about 8 microns.

[0037] In some embodiments, the intermediate metal layer 42 may be made of

gold or a gold alloy and may have a suitable thickness. For example, in some

embodiments, the intermediate metal layer 42 may have a thickness of as little as

about 0.1 microns, about 0.5 microns, or about 1 micron, or as great as about 2

microns, about 3 microns, or about 4 microns, or have thickness within any range

defined between any pair of the foregoing values. In exemplary embodiments, the

intermediate metal layer 42 may have a thickness from about 0.1 microns to about 4

microns, from about 0.5 microns to about 3 microns, or from about 1 micron to about

2 microns. In some examples, the intermediate metal layer 42 may have a thickness

of about 1.5 microns. The intermediate metal layer 42 may provide oxidation



protection of the underlying conductive layer 40, and provide an additional barrier

between the conductive layer and body tissues.

[0038] In some embodiments, the iridium-containing layer 44 may be formed

primarily of iridium. For example, iridium may be present in the iridium-containing

layer 44 in an amount as little as about 50 wt. % , about 60 wt. % , or about 70 wt. % ,

or as great as about 80 wt. % , about 90 wt. % , or about 100 wt. % , or may be

present within any range defined between any pair of the foregoing values. In

exemplary embodiments, iridium may be present in the iridium-containing layer 44 in

an amount from about 50 wt. % to about 100 wt. % , from about 60 wt. % to about 90

wt. % , or from about 70 wt. % to about 80 wt. % . In some examples, iridium-

containing layer 44 may include at least 99 wt. % iridium. In some embodiments, the

iridium-containing layer 44 may be formed primarily of iridium and platinum may

make up the balance. For example iridium may be present in the iridium-containing

layer 44 in an amount as little as about 50 wt. % , about 60 wt. % , or about 70 wt. % ,

or as great as about 80 wt. % , about 90 wt. % , or about 99 wt. % , or may be present

within any range defined between any pair of the foregoing values, and the balance

platinum. In exemplary embodiments, iridium may be present in the iridium-

containing layer 44 in an amount from about 50 wt. % to about 100 wt. % , from about

60 wt. % to about 90 wt. % , or from about 70 wt. % to about 80 wt. % , and the

balance platinum.

[0039] In some embodiments, the insulating polymer layer 48 may be a

biocompatible polymer, such as a biocompatible parylene polymer. In some

embodiments, the parylene polymer may be one of poly(p-xylylene) also known as

parylene N , poly(monochloro-p-xylylene) also known as parylene C, or poly(dichloro-

p-xylylene) also known as parylene D. In exemplary embodiments, the parylene

polymer may be poly(monochloro-p-xylylene).

[0040] As shown in FIG. 3 , the spline 30 may further include an electrical trace

50, an electrical interconnect 52, and a backside insulating layer 54. The electrical

trace 50 may be formed on a side of the flexible polymer substrate 34 opposite the

conductive layer 40. The electrical trace 50 runs along a length of the spline 30 to

one of the set of electrical conductors extending through the lead body 14 (FIG. 1) .

The electrical interconnect 52 extends through the flexible polymer substrate 34 from

the electrical trace 50 to the conductive layer 40 to electrically connect the electrode

36 to the electrical trace 50. The backside insulating layer 54 covers the electrical



trace 50 and at least a portion of the flexible polymer substrate 34 on the side of the

flexible polymer substrate 34 opposite the conductive layer 40 to electrically isolate

the electrical trace 50.

[0041] The flexible polymer substrate 34 may be made of a polyimide

polymer. The electrical trace 50 and the electrical interconnect 52 may be made of

copper or a copper alloy. The backside insulating layer 54 may also be made of a

polyimide polymer and may itself be biocompatible, or may be covered with an

additional biocompatible layer (not shown).

[0042] FIGS. 4-12 are schematic views illustrating a method for fabricating the

electrode 36 shown in FIG. 3 in accordance with embodiments of the present

invention. The method may begin as shown in FIG. 4 with the flexible polymer

substrate 34, the conductive layer 40, the intermediate metal layer 42, the electrical

trace 50, and the electrical interconnect 52 already made in the form of a flexible

printed circuit (FPC). The conductive layer 40 and the intermediate metal layer 42

may already be patterned to form a basis of the electrode 36 as shown. The

backside insulating layer 54 may be included in the FPC as shown, or may be

attached by an adhesive in a separate step at any point in the fabrication process.

[0043] As shown in FIG. 5 , a first mechanical mask 76 may be applied to the

flexible polymer substrate 34. The first mechanical mask 76 includes a first opening

78 (one shown) for each of the electrodes 36. In some embodiments, the first

opening 78 is smaller than the pattern of the intermediate metal layer 42 such that

when the first mechanical mask 76 is applied to the intermediate metal layer 42, the

edges of the intermediate metal layer 42 are not exposed. That is, the first

mechanical mask 76 may be aligned to cover the edges of the intermediate metal

layer 42 while at least a portion of the intermediate metal layer 42 may be exposed

through the first opening 78.

[0044] As shown in FIG. 6 , after the first mechanical mask 76 is applied, the

iridium-containing layer 44 may be deposited on the portion of the surface of the

intermediate metal layer 42 exposed by the first opening 78. Deposition of the

iridium-containing layer 44 may be by any of a number of methods known in the art,

for example, sputter deposition or evaporative deposition. Edges of the first

mechanical mask 76 may not be perfectly square or in perfect contact with the

intermediate metal layer 42 and some deposited material will deposit, or "bleed",

under the edges of the first mechanical mask 76. As a result, a deposited area of



the iridium-containing layer 44 may be larger than the first opening 78, but smaller

than the area of the intermediate metal layer 42. In some embodiments, a layer 80

of the deposited iridium-containing metal may also be formed on the first mechanical

mask 76 during deposition. After deposition of the iridium-containing layer 44, the

first mechanical mask 76 may be removed as shown in FIG. 7 . In this way, the first

portion 62 of the intermediate metal layer 42, which is covered by the iridium-

containing layer 44, and the second portion 64 of the intermediate metal layer 42,

which is not covered by the iridium-containing layer 44, may be formed as shown in

FIG. 7 .

[0045] In some embodiments, the iridium-containing layer 44 as deposited

may have a suitable thickness. For example, in some embodiments, the iridium-

containing layer 44 may have a thickness of as little as about 0.1 microns, about 0.2

microns, or about 0.4 microns, or as great as about 0.6 microns, about 0.8 microns,

or about 1 micron, or have thickness within any range defined between any pair of

the foregoing values. In exemplary embodiments, the iridium-containing layer 44

may have a thickness from about 0.1 microns to about 1 micron, from about 0.2

microns to about 0.8 microns, or from about 0.4 microns to about 0.6 microns. In

some examples, the iridium-containing layer 44 may have a thickness of about 0.5

microns as deposited.

[0046] As shown in FIG. 8 , after the formation of the iridium-containing layer

44, the insulating polymer layer 48 may be deposited on the flexible substrate 34, the

conductive layer 40, the intermediate metal layer 42, and the iridium-containing layer

44. Deposition of the insulating polymer layer 48 may by, for example, dip coating,

spray coating, or vapor deposition. In some embodiments, the insulating polymer

layer 48 includes a parylene polymer and the parylene polymer may be deposited by

vapor deposition. The vapor deposition of the parylene polymer may include

sublimation of a parylene dimer, pyrolization of the parylene dimer to form a parylene

monomer, and condensation of the parylene monomer onto the flexible substrate 34,

the conductive layer 40, the intermediate metal layer 42, and the iridium-containing

layer 44 to form the insulating polymer layer 48. In some embodiments, the parylene

polymer may be poly(monochloro-p-xylylene) produced from a dichloro-[2,2]-

paracyclophane dimer. In other embodiments, the parylene polymer may be poly(p-

xylylene) produced from a [2,2]-paracyclophane dimer. In some embodiments, the



parylene polymer may poly(dichloro-p-xylylene) produced from a tetrachloro-[2,2]-

paracyclophane dimer.

[0047] Following deposition of the insulating polymer layer 48, the insulating

polymer layer 48 over a portion of the iridium-containing layer 44 may be removed.

In some embodiments, removing the insulating polymer layer 48 from the portion of

the iridium-containing layer 44 may be as shown in FIGS. 9-1 1. As shown in FIG. 9 ,

a second mechanical mask 82 may be applied to the flexible polymer substrate 34.

The second mechanical mask 82 includes a second opening 84 (one shown) for

each of the electrodes 36. In some embodiments, the second opening 84 is smaller

than the first opening 78 of the first mechanical mask 76. In other embodiments, the

second opening 84 is about the same size as the first opening 78. In still other

embodiments, the second mechanical mask 82 and the first mechanical mask 76

may be the same mask. In any of the aforementioned embodiments, when the

second mechanical mask 82 is applied to the iridium-containing layer 44, the edges

of the iridium-containing layer 44 are not exposed through the second opening 84.

That is, the second mechanical mask 82 may be aligned to cover the edges of the

iridium-containing layer 44 while at least a portion of the iridium-containing layer 44

may be exposed through the second opening 84.

[0048] As shown in FIG. 10, after the second mechanical mask 82 is applied,

the insulating polymer layer 48 exposed by the second opening 84 may be removed

by laser ablation, as is known in the art. The second mechanical mask 82 protects

the insulating polymer later 48 formed on the edge of the iridium-containing layer 44,

as well as on the flexible polymer substrate 34, the second portion 60 of the

conductive layer 40, and the second portion 64 of the intermediate metal layer 42.

After laser ablation of the insulating polymer layer 48, the second mechanical mask

82 may be removed as shown in FIG. 11. In this way, the first portion 66, which is

not covered by the insulating polymer layer 48, and the second portion 68, which is

covered by the insulating polymer later 48, of the iridium-containing layer 44 may be

formed as shown in FIG. 11. Alternatively, in some embodiments, a spot size of the

laser used for laser ablation may be small enough compared to the size of the first

portion 66, and the accuracy with which the laser spot may be positioned may be

great enough, that the insulating polymer layer 48 may be removed without the need

for the protection of the second mechanical mask 82.



[0049] As shown in FIG. 12, after formation of the insulating polymer layer 48,

the iridium-containing layer 44 may be activated by forming the iridium oxide layer 46

on the first portion 66 of the iridium-containing layer 44. The activation may reduce

the electrical impedance of the electrode 36 by as much as three orders of

magnitude compare to the electrode 36 without the iridium oxide layer 46.

[0050] In some embodiments, the iridium oxide layer 46 may be formed by

electrochemically oxidizing the first portion 66 of the iridium-containing layer 44. In

some embodiments, the flexible polymer substrate 34 may be immersed in an

electrolytic solution such that the first portion 66 of the iridium-containing layer 44

may be exposed to an electrolytic solution. Examples of the electrolytic solution may

include a saline solution such as phosphate buffered saline solution. A cathode may

also be positioned within the electrolytic solution and a voltage may be applied

between the cathode and the electrode 36 to pass an electrical current between the

cathode and the electrode 36. Oxygen may be released from the electrolytic solution

when the voltage is applied. The released oxygen reacts with the iridium of the

iridium-containing layer 44 to form the iridium oxide layer 46. In some embodiments,

the voltage may be cycled between positive and negative voltages until a desired

thickness of iridium oxide is formed. Once the desired thickness of iridium oxide is

formed, the flexible polymer substrate 34 may be removed from the electrolytic

solution. Forming the iridium oxide layer 46 in this way may produce improved

adhesion of the iridium oxide layer 46 compared to, for example, sputter depositing a

layer of iridium oxide directly. In addition, the iridium oxide layer 46 may provide

improved electrical performance by reducing impedance of the electrode 36 by at

least 25% compared to sputter depositing a layer of iridium oxide directly.

[0051] As shown in FIG. 12, the thickness of the iridium-containing layer 44 at

the first portion 66 may decrease from its as-deposited thickness as iridium from the

iridium-containing layer 44 reacts to form the iridium oxide layer 46. In some

embodiments, following activation, the iridium-containing layer 44 at the first portion

66 may have a thickness as little as about 10%, about 20%, about 30%, or about

40%, or as much as about 60%, about 70%, about 80%, or about 90% of the as-

deposited thickness, or have thickness within any range defined between any pair of

the foregoing values. In exemplary embodiments, following activation, the iridium-

containing layer 44 may have a thickness from about 10% to about 90%, from about

20% to about 80%, from about 30% to about 70%, or from about 40% to about 60%



of the as-deposited thickness. In some examples, iridium-containing layer 44 may

have a thickness following activation that is about 50% of the as-deposited

thickness.

[0052] The iridium-containing layer 44 may have a high melting point, such as

in excess of 2000°C. The iridium-containing layer 44 may also have a partially

reflective surface finish that reflects at least a portion of the laser energy from the

surface during a laser ablation process. Thus, the iridium-containing layer 44 may

be able resist laser damage while the insulating polymer layer 48 exposed by the

second opening 84 is removed. This resistance to damage may allow for a more

thorough removal of the insulating polymer layer 48 by a lengthier laser ablation

process to produce a cleaner surface on the first portion 66 of the iridium-containing

layer 44. The cleaner surface on the first portion 66 may allow the iridium oxide

layer 46 to form more evenly over the first portion 66 of the iridium-containing layer

44 leading to improved impedance. The cleaner surface may also lead to improved

adhesion of the iridium oxide layer 46 to the iridium-containing layer 44, which may

enable electrodes 36 to be able to flex with deployment of the electrode array 16,

while also maintaining low impedance and biocompatibility.

[0053] In the embodiments described above, each of the conductive layer 40,

the intermediate metal layer 42, the iridium-containing layer 44, and the iridium oxide

layer 46 is formed only on one other material which may lead to overall improved

layer-to-layer adhesion by optimizing the deposition process for deposition on a

single material. In addition, the electrode 36 may be biocompatible by having only

the biocompatible materials exposed, such the insulating polymer layer 48 and the

iridium oxide layer 46, and by not having any non-biocompatible materials exposed,

such as the conductive layer 40.

[0054] Various modifications and additions can be made to the exemplary

embodiments discussed without departing from the scope of the present invention.

For example, while the embodiments described above refer to particular features,

the scope of this invention also includes embodiments having different combinations

of features and embodiments that do not include all of the described features.

Accordingly, the scope of the present invention is intended to embrace all such

alternatives, modifications, and variations as fall within the scope of the claims,

together with all equivalents thereof.



CLAIMS

We claim:

1. An electrode for cardiac signal sensing, the electrode comprising:

a conductive layer formed on a portion of a flexible polymer substrate;

an intermediate metal layer having a first portion and a second portion and

formed on the conductive layer;

an iridium-containing layer having a first portion and a second portion and

formed on the first portion of the intermediate metal layer, wherein the

iridium-containing layer includes at least 50 wt. % iridium;

an iridium oxide layer formed on the first portion of the iridium-containing

layer; and

an insulating polymer layer formed on the second portion of the intermediate

metal layer, and the second portion of the iridium-containing layer,

wherein the iridium-containing layer is not formed on the second portion of the

intermediate metal layer; and the iridium oxide layer is not formed on

the second portion of the iridium-containing layer.

2 . The electrode of claim 1, wherein the iridium-containing layer consists of

between 50 wt. % and 99 wt. % iridium, and the balance is platinum.

3 . The electrode of claim 1, wherein the iridium-containing layer includes at least

99 wt. % iridium.

4 . The electrode of any of claims 1-3, wherein the insulating polymer layer is a

parylene polymer.

5 . The electrode of claim 4 , wherein the parylene polymer is selected from the

group consisting of poly(p-xylylene), poly(monochloro-p-xylylene), and poly(dichloro-

p-xylylene).



6 . The electrode of claim 5 , wherein the parylene polymer is poly(monochloro-p-

xylylene).

7 . The electrode of any of claims 1-6, wherein the intermediate metal layer

includes gold.

8 . A cardiac mapping catheter comprising:

an elongate catheter body; and

a plurality of splines projecting from an end of the catheter body, the splines

flexibly deployable between a radially retracted position and radially

extended position, each of the splines including:

a flexible polymer substrate; and

a plurality of electrodes formed on the flexible polymer substrate, wherein

each of the electrodes is according to any of claims 1-7.

9 . A method for making an electrode for cardiac signal sensing, the electrode

formed on a flexible polymer substrate having a conductive layer and an

intermediate metal layer disposed on the conductive layer, the method comprising:

depositing an iridium-containing layer onto a portion of the intermediate metal

layer, the iridium-containing layer including at least 50 wt. % iridium;

depositing an insulating polymer layer on the flexible polymer substrate, the

conductive layer, the intermediate layer, and the iridium-containing

layer;

removing the insulating polymer layer from a portion of the iridium-containing

layer to form a exposed surface; and

electrochemically oxidizing at least a portion of the iridium-containing layer at

the exposed surface to form an iridium oxide layer on the iridium-

containing layer.



10 . The method of claim 9 , wherein removing the insulating polymer layer

includes laser ablating the insulating polymer layer from the portion of the iridium-

containing layer.

11. The method of any of claims 9-1 0 , wherein depositing the insulating polymer

layer includes depositing a parylene polymer by vapor deposition.

12. The method of any of claims 9-1 1, wherein depositing the iridium-containing

layer includes:

applying a first mechanical mask to the substrate, the first mechanical mask

including a first opening aligned with the intermediate metal layer to

define the portion of the intermediate metal layer;

depositing the iridium-containing layer by sputter deposition; and

removing the first mechanical mask.

13 . The method of any of claims 9-12, wherein removing the insulating polymer

layer includes:

applying a second mechanical mask to the substrate, the second mechanical

mask including a second opening aligned with the portion of the

iridium-containing layer, wherein the second opening is smaller than

the first opening;

laser ablating the insulating polymer layer from the portion of the iridium-

containing layer; and

removing the second mechanical mask.

14. The method of any of claims 9-12, wherein removing the insulating polymer

layer includes:



applying a second mechanical mask to the substrate, the second mechanical

mask including a second opening aligned with the portion of the

iridium-containing layer, wherein the second opening is about the same

size as the first opening;

laser ablating the insulating polymer layer from the portion of the iridium-

containing layer; and

removing the second mechanical mask.

15 . The method of any of claims 9-14, wherein electrochemically oxidizing

includes:

immersing the substrate in an electrolytic solution;

cycling the iridium-containing layer between positive and negative voltages

until a desired thickness of iridium oxide is formed on the surface of the

portion of iridium-containing layer; and

removing the substrate from the electrolytic solution.
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