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ELECTRODE ASSEMBLY HAVING AN
ATRAUMATIC DISTAL TIP

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. §119 to
U.S. Provisional Application Ser. No. 62/007,320, filed Jun.
3, 2014, the entirety of which is incorporated herein by
reference.

TECHNICAL FIELD

The present disclosure generally relates to electrode
assemblies for use in cardiac procedures and more particu-
larly, to an electrode assembly that may be utilized in a
cardiac mapping procedure.

BACKGROUND

Electrophysiology catheters are used in a variety of diag-
nostic and/or therapeutic medical procedures to diagnose
and/or correct conditions such as cardiac arrhythmias,
including for example, atrial tachycardia, ventricular tachy-
cardia, atrial fibrillation, and atrial flutter. Cardiac arrhyth-
mias are a leading cause of stroke, heart disease, and sudden
death. The physiological mechanism of arrhythmia involves
an abnormality in the electrical conduction of the heart.
There are a number of treatment options for patients with
arrhythmia that include medication, implantable devices,
and catheter ablation of cardiac tissue.

SUMMARY

The present disclosure generally relates to electrode
assemblies for use in cardiac procedures and more particu-
larly, to an electrode assembly that may be utilized in a
cardiac mapping procedure.

In a first example, a catheter is disclosed. The catheter
includes an elongate catheter body extending from a proxi-
mal end to a distal end. An expandable electrode assembly
is disposed at the distal end of the catheter body. The
electrode assembly comprises a plurality of flexible splines
extending from the distal end of the catheter body to a distal
cap. The distal cap comprises a plurality of slots disposed
about an outer circumference of the distal cap. The plurality
of flexible splines includes at least a first spline comprising
a distal end defining a locking feature secured within one of
the plurality of slots provided in the distal cap. The expand-
able electrode assembly is configured to be transitioned
between a collapsed configuration suitable for delivery and
an expanded configuration. Two or more electrodes are
located on the first spline.

In addition or alternatively, and in a second example, the
distal cap comprises a cylindrical shape defining an interior
cavity.

In addition or alternatively, and in a third example, the
distal cap comprises a rounded tip having an aperture
defined therein.

In addition or alternatively, and in a fourth example, a
height is greater than a width for each of the slots.

In addition or alternatively, and in a fifth example, a width
is greater than a height for each of the slots.

In addition or alternatively, and in a sixth example, the
locking feature defined by the distal end of the first spline
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comprises a first portion having a first width and a second
portion having a second width, the first width greater than
the second width.

In addition or alternatively, and in a seventh example, the
locking feature defined by the distal end of the first spline
comprises an aperture formed therein.

In addition or alternatively, and in an eighth example, an
adhesive is disposed within the distal cap.

In addition or alternatively, and in a ninth example, the
distal cap comprises a rounded distal end and defines an
atraumatic distal tip of the catheter.

In addition or alternatively, and in a tenth example, each
of the slots are spaced an equal distance from one another
about the outer circumference of the distal cap.

In addition or alternatively, and in an eleventh example,
an actuation member is coupled to the expandable electrode
assembly.

In addition or alternatively, and in a twelfth example, the
locking feature defined by the distal end of the first spline
comprises a hook shape.

In addition or alternatively, and in a thirteenth example,
the locking feature defined by the distal end of the first spline
comprises an arrowhead shape.

In addition or alternatively, and in a fourteenth example,
the distal cap serves as a distal tip electrode.

In a fifteenth example, a catheter is disclosed. The catheter
includes an elongate catheter body extending from a proxi-
mal end to a distal end. An expandable electrode assembly
is disposed at the distal end of the catheter body. The
electrode assembly comprises a plurality of flexible splines
including a first spline extending from the distal end of the
catheter body to a distal cap. The distal cap comprises a
plurality of slots including a first slot disposed about an outer
circumference of the distal cap. The first spline comprises a
distal end defining a locking feature secured within the first
slot. The expandable electrode assembly is configured to be
transitioned between a collapsed configuration suitable for
delivery and an expanded configuration. Two or more elec-
trodes are located on the first spline. An actuation member
is coupled to the expandable electrode assembly.

In a sixteenth example, a method of forming an expand-
able basket electrode assembly is disclosed. The method
includes forming a flattened spline array comprising two or
more flexible splines, a distal end of each spline defining a
locking feature; forming a cylindrical spline array from the
flattened spline array; positioning a distal cap comprising
two or more slots disposed about an outer circumference
adjacent a distal end of the cylindrical spline array; sepa-
rating a first spline from the two or more flexible splines of
the cylindrical spline array; rotating the first spline about its
major axis from a first orientation to a second orientation;
bending the first spline along its minor axis while it is in its
second orientation and inserting the distal end into a first slot
of the distal cap; and returning the first spline to its original
first orientation.

In addition or alternatively, and in a seventeenth example,
the first spline automatically returns from the second orien-
tation to the first orientation.

In addition or alternatively, and in an eighteenth example,
rotating the first spline about its major axis comprises
rotating the first spline about 60 degrees to about 120
degrees about its major axis.

In addition or alternatively, and in a nineteenth example,
the method further comprises separating a second spline
from the two or more flexible splines of the cylindrical
spline array; rotating the second spline about its major axis
from the first orientation to the second orientation; inserting
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the distal end of the second spline while it is in the second
orientation into a second slot; and returning the second
spline from the second orientation to the first orientation.

In addition or alternatively, and in a twentieth example,
the method further comprises delivering a potting material
into the distal cap.

In addition or alternatively, and in a twenty-first example,
the method further comprises inserting a cylindrical tube,
plug, or gasket into the proximal end of the distal cap to
occlude the gaps in the cap’s slots, proximal to the distal
ends of the splines.

In a twenty-second example, a method of forming a
flexible electrode assembly is disclosed. The method
includes: forming a first flexible printed circuit comprising
one or more electrodes on an upper surface of a substrate and
forming a second flexible printed circuit comprising one or
more electrodes on a lower surface of the substrate to
produce a flexible layered sheet; separating the flexible
layered sheet into two or more splines extending longitudi-
nally from a proximal end of the flexible layered sheet to a
distal end of the flexible layered sheet, wherein the two or
more splines are fully separated from one another such that
they are not connected and at least one of the splines
includes two or more electrodes; inserting a first end of a
first spline of the two or more splines into a first slot
provided in a distal cap; and inserting a first end of a second
spline of the two or more splines into a second slot provided
in the distal cap.

In addition or alternatively, and in a twenty-third example,
the substrate comprises a shape memory material.

In addition or alternatively, and in a twenty-fourth
example, the step of separating the flexible layered sheet into
two or more splines comprises laser cutting the flexible
layered sheet into two or more splines.

In addition or alternatively, and in a twenty-fifth example,
the step of separating the flexible layered sheet into two or
more splines comprises die cutting the flexible layered sheet
into two or more splines.

In addition or alternatively, and in a twenty-sixth
example, the method further includes securing a second end
of the first spline and a second end of the second spline to
a distal end of a catheter body to form an expandable
electrode assembly, wherein the expandable electrode
assembly is capable of transitioning from a collapsed con-
figuration to an expanded configuration.

In addition or alternatively, and in a twenty-seventh
example, the method further including at least partially
rotating the first end of the first spline to facilitate insertion
of the first end into the first slot provided in the distal cap and
at least partially rotating the first end of the second spline to
facilitate insertion of the first end of the second spline into
the second slot provided in the distal cap.

The above summary of some embodiments is not intended
to describe each disclosed embodiment or every implemen-
tation of the present disclosure. The Figures, and Detailed
Description, which follow, more particularly exemplify
these embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be more completely understood in
consideration of the following detailed description of vari-
ous embodiments in connection with the accompanying
drawings, in which:

FIG. 1 is a schematic diagram showing a catheter in the
context of a system;
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FIGS. 2A-2B are schematic views of an exemplary cath-
eter,

FIG. 3A is an isometric view of an expandable electrode
assembly shown in a collapsed configuration;

FIG. 3B is an isometric view of the expandable electrode
assembly of FIG. 3A shown in an expanded configuration;

FIG. 4 is a schematic view of an exemplary distal cap;

FIG. 5A is a schematic view of a flattened array of
multiple flexible splines;

FIG. 5B is a close-up, schematic view of the distal ends
of each of the splines of the flattened array shown in FIG.
5A;

FIG. 6 is a close-up, schematic view of a distal portion of
an electrode assembly showing the distal ends of multiple
flexible splines engaged with a distal cap;

FIG. 7 is a schematic view of another exemplary distal
cap;

FIG. 8A is a schematic view of another exemplary flat-
tened array of multiple flexible splines;

FIG. 8B is a close-up, schematic view of the distal ends
of each of the splines of the flattened array shown in FIG.
8A.

FIG. 9A is a detailed view of a distal portion of an
exemplary electrode assembly showing the distal ends of a
plurality of flexible splines engaged with a distal cap 170;

FIG. 9B is a cross-sectional view of the distal portion of
the exemplary electrode assembly shown in FIG. 9A taken
along lines A-A,;

FIG. 10 is a cross-sectional view of the distal portion of
another exemplary electrode assembly including a distal cap
having a cylindrical plug inserted therein;

FIG. 11 is a flow chart of a method of constructing an
exemplary electrode assembly; and

FIG. 12 is a schematic view of an exemplary, individual
spline being rotated about its major axis and bent about its
minor axis such that the distal end of the spline can be
engaged within a slot provided in an exemplary distal cap.

While the disclosure is amenable to various modifications
and alternative forms, specifics thereof have been shown by
way of example in the drawings and will be described in
detail. It should be understood, however, that the intention is
not to limit aspects of the disclosure to the particular
embodiments described. On the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling
within the spirit and scope of the disclosure.

DETAILED DESCRIPTION

The following detailed description should be read with
reference to the drawings in which similar elements in
different drawings are numbered the same. The detailed
description and the drawings, which are not necessarily to
scale, depict illustrative embodiments and are not intended
to limit the scope of the disclosure. The illustrative embodi-
ments depicted are intended only as exemplary. Selected
features of any illustrative embodiment may be incorporated
into an additional embodiment unless clearly stated to the
contrary.

For the following defined terms, these definitions shall be
applied, unless a different definition is given in the claims or
elsewhere in this specification.

All numeric values are herein assumed to be modified by
the term “about”, whether or not explicitly indicated. The
term “about” generally refers to a range of numbers that one
of skill in the art would consider equivalent to the recited
value (i.e., having the same function or result). In many
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instances, the term “about” may be indicative as including
numbers that are rounded to the nearest significant figure.

The recitation of numerical ranges by endpoints includes
all numbers within that range (e.g., 1 to 5 includes 1, 1.5, 2,
2.75, 3, 3.80, 4, and 5).

Although some suitable dimensions, ranges and/or values
pertaining to various components, features and/or specifi-
cations are disclosed, one of skill in the art, incited by the
present disclosure, would understand desired dimensions,
ranges and/or values may deviate from those expressly
disclosed.

As used in this specification and the appended claims, the
singular forms “a”, “an”, and “the” include plural referents
unless the content clearly dictates otherwise. As used in this
specification and the appended claims, the term “or” is
generally employed in its sense including “and/or” unless
the content clearly dictates otherwise.

FIG. 1 is a high level, schematic view of an overall system
2 that includes a physician, a patient, catheters, including a
mapping catheter 10, and related electrophysiology equip-
ment located within an operating room. A physician 16
introduces the catheter 10 into the vasculature of the patient
11 at the patient’s leg and advances it along a blood vessel
ultimately, entering the patient’s heart 12. Other catheters
that may be used in the procedure are represented by
companion catheter 18. Each catheter 10, 18 is coupled to
signal conditioning hardware 20 with appropriate catheter
cabling typified by catheter cable 17. The signal condition-
ing hardware 20 performs various interface functions appli-
cable to the mapping, tracking, and registration procedures
that are performed in conjunction with the workstation 24.
If the companion catheter 18 is an ablation catheter, then
conditioning hardware also forms an interface to an RF
ablation unit (not illustrated).

In use, the physician looks at a computer display 26.
Present on the display 26 is a substantial amount of infor-
mation. A large window presents an image of the heart
chamber 13 along with an image of the catheter 10. The
physician will manipulate and control the catheter 10 based
in part on the images and other data presented on the display
26. The image 27 seen in FIG. 1 is schematic and depicts the
distal array of the deployed catheter 10 occupying a small
portion of the heart chamber 13 volume. The representation
of the heart chamber 13 may use color, wire frame, or other
techniques to depict the structure of the heart chamber 13
and to simultaneously portray electrical activity of the
patient’s heart. In some cases, it may be useful to display
chamber geometry, catheter location, and electrical activity
in an integrated fashion on the display 26. In use, the
physician will observe the display 26 and interact with the
workstation processing unit 24 and the catheters 10 and 18,
to direct a medical procedure such as, for example, a cardiac
mapping procedure.

FIGS. 2A and 2B are schematic views of an exemplary
intravascular catheter 10. In some cases, the catheter 10 may
be used to map electro-anatomical characteristics of the
heart in a cardiac mapping procedure. The mapping proce-
dure may be an in-contact mapping or a non-contact map-
ping procedure. The catheter 10 may be deployed at a target
location within a patient’s heart, placing multiple electrodes
in a known spatial configuration. Electrode stability and the
known spatial geometry of the electrodes may improve the
accuracy of the mapping device. Alternatively, the catheter
10 may be used in an ablation procedure. These are just
some examples.

As shown in FIGS. 2A and 2B, the catheter 10 includes an
elongate catheter body 34 extending from a proximal end 38
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to a distal end 42. In addition, the catheter body 34 may
include a lumen (not shown) extending there through, but
this is not required in all embodiments. The catheter body 34
may have sufficient flexibility so as to navigate the tortuous
pathways of a patient’s vasculature system. The catheter 10
can include a handle assembly 46 coupled to the proximal
end 38 of the catheter body 34. A physician may manipulate
the handle assembly 46 to deliver, steer, rotate, deploy
and/or deflect the catheter 10 when performing a medical
procedure.

Additionally, as shown in FIGS. 2A and 2B, the catheter
10 may include an expandable electrode assembly 30 includ-
ing one or more electrodes that may be used for cardiac
mapping or diagnosis, ablation and/or other therapies
involving the application of electrical energy to a patient’s
heart. In some cases, the handle assembly 46 may include a
first actuation mechanism 48 that may be manipulated to
transition the expandable electrode assembly 30 from a
collapsed configuration (shown in FIG. 2A) suitable for
delivery of the catheter 10 to a target location within a
patient’s body (e.g. the heart) and an expanded configuration
(shown in FIG. 2B) suitable for use in a diagnostic proce-
dure and/or delivery of a therapy. In some cases, the actua-
tion mechanism 48 may include a pull wire that may be
coupled to the expandable electrode assembly 30 that, when
actuated in a proximal direction as indicated by the arrow
shown in FIG. 2B, causes the expandable electrode assem-
bly 30 to transition from the collapsed configuration to the
expanded configuration. In other cases, the actuation mecha-
nism 48 may include a retractable sheath that, when
retracted in a proximal direction as indicated by the arrow
shown in FIG. 2B, may permit the expandable electrode
assembly 30 to self-expand from the collapsed configuration
to the expanded configuration. These are just some examples
of exemplary actuation mechanisms that may be utilized to
facilitate expansion of the expandable electrode assembly 30
when the catheter 10 is in use. In some cases, the catheter
body 34 may include a deflectable distal portion 52 that a
physician may manipulate using a second actuation mecha-
nism 54 provided in the handle assembly 46 to position the
electrode assembly 30 nearer or adjacent to tissue of interest.

FIGS. 3A and 3B show different views of an exemplary
expandable electrode assembly 30. As shown in FIGS. 3A
and 3B, the expandable electrode assembly 30 is capable of
being transitioned form a generally cylindrical, collapsed
configuration suitable for delivery of the catheter 10 and the
electrode assembly 30 to a target location within the
patient’s heart and an expanded configuration suitable for
use in a desired cardiac procedure such as, for example, a
mapping or ablation procedure.

As shown in FIGS. 3A and 3B, the expandable electrode
assembly 30 may include two or more flexible splines 60
which may be capable of being flexed outwardly and away
from a longitudinal axis of the electrode assembly 30. In
some cases, as discussed herein, an actuation mechanism
may be utilized to transition the electrode assembly 30
including the two or more flexible splines 60 from the
collapsed configuration (FIG. 3A) to the expanded configu-
ration (FIG. 3B). In other cases, the flexible splines 60 may
be incorporate a shape memory material that may facilitate
self-expansion of the flexible splines 60 and consequently,
the electrode assembly 30, from the collapsed configuration
to the expanded configuration. The flexible splines 60 may
be relatively stiff such that the electrode assembly 30 may be
expanded into a known, reproducible shape capable of
retaining a known spatial geometry when in use which, in
some cases, may be aided by the incorporation of a shape-
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memory material or other stiff polymeric material such as,
for exaniple, a nickel-titanium alloy, or a polyimide or PEEK
into the flexible splines 60. Alternatively, depending upon
the desired application, the flexible splines 60 may be
fabricated such that they are somewhat compliant so as to
conform to a surface of a patient’s heart when placed into
intimate contact with the surface of the patient’s heart.

The expandable electrode assembly 30 may include a
number of electrodes 64 located on each of the flexible
splines 60 forming an electrode array. In many cases, the
electrodes 64 may be sensing electrodes. In addition, the
electrode assembly 30 may include at least some current
injecting locator electrodes. The locator electrodes may be
positioned diametrically opposed to each other on the merid-
ian of the expanded electrode assembly 30. The electrode
assembly 30 may also include a tip electrode which may be
used for cardiac stimulation, ablation or as a locator elec-
trode.

Each electrode 64 may be electrically connected to the
cabling in the handle assembly 46. In some cases, the signal
from each individual electrode may be independently avail-
able at the hardware interface 20. This may be achieved by
passing a conductor for each electrode through a connection
cable extending within the catheter body. As an alternative,
the signals may be multiplexed to minimize the number of
conductors.

The electrodes 64 may have a uniform and symmetrical
distribution throughout the expandable electrode assembly
30. In other cases, the electrodes 64 may have an asym-
metrical distribution throughout the expandable electrode
assembly 30. Certain electrode distributions may be advan-
tageous for non-contact cardiac mapping, while others may
be more suited for contact mapping. The number of elec-
trodes 64 distributed throughout the electrode assembly 30
and the stability of the shape of electrode assembly 30, when
expanded, may affect the overall performance of the map-
ping system.

The electrodes 64 may be located on the outer surfaces 66
of each or the splines 60, the inner surfaces 68 of each of the
splines 60, or both the outer and inner surfaces 66, 68 of each
of the flexible splines 60. In some cases, up to sixty-four
sensing electrodes 64 may be distributed over and along the
various splines 60. Depending upon the application, the
electrode assembly 30 may include fewer or greater than
sixty-four electrodes. In some cases, the electrodes 64 may
form a number of bipolar electrode pairs. The bipolar
electrode pairs may be formed between two adjacent elec-
trodes located on the same surface (inner or outer surface) of
a spline, between two electrodes located on adjacent splines,
or between a first electrode located on an outer surface
opposite a second electrode located on an inner surface of a
spline. In some cases, all of the electrodes 64 located on the
flexible splines 60 may be paired together to form a plurality
of electrode pairs distributed along the length of the indi-
vidual flexible splines 60. Up to thirty-two bipolar electrode
pairs may be distributed throughout the electrode assembly
30 for a total of up to sixty-four electrodes 64 depending
upon the overall size and geometry of the electrode assem-
bly 30. However, it is contemplated that the electrode
assembly 30 may be configured such that it is capable of
carrying fewer or greater than thirty-two bipolar electrode
pairs, depending upon the overall size and geometry of the
electrode assembly 30 and the desired application.

Referring now back to FIGS. 3A and 3B, each of the
flexible splines 60 may extend from a distal end 42 of the
catheter body 34 to a distal cap 70. The distal cap 70 may
have a rounded distal end, and may define an atraumatic
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distal tip of the catheter 10. As will be described in greater
detail herein, at least one of the flexible splines 60 may be
mechanically interlocked with a corresponding slot provided
in the distal cap 70 such that there is a one to one mechanical
engagement between the flexible spline 60 and a corre-
sponding slot provided in the cap 70. In some cases, each of
the flexible splines 60 may be mechanically interlocked with
a corresponding slot provided in the distal cap 70 such that
there is a one to one mechanical engagement between each
flexible spline 60 and each slot provided in the cap 70. An
adhesive may be utilized to provide a secondary means of
securing the each of the flexible splines within each of their
respective slots. In some cases, the distal cap 70 may serve
as a tip electrode, but this is not required in all embodiments.

FIG. 4 is a schematic view of an exemplary distal cap 170
that may be utilized in the construction of an exemplary
expandable electrode assembly such as, for example,
expandable electrode assembly 30, as described herein. FIG.
5A is a schematic view of a flattened array 150 of multiple
flexible splines 160 that may be engaged with each of the
slots 174 provided in the distal cap 170 to form an electrode
assembly 30, and FIG. 5B is a close-up, schematic view of
the distal ends 178 of each of the splines 160 of the flattened
array 150.

In many cases, the distal cap 170 may be machined or
laser cut from a metal or suitable plastic such that it has a
desired size and shape. As shown in FIG. 4, the distal cap
170 may be fabricated such that it has a substantially hollow,
cylindrical shape, and may include two or more slots 174
spaced an equal distance from one another about an outer
circumference of the distal cap 170. In some cases, as shown
in FIG. 4, each of the slots 174 may have a height h greater
than a width w such that they are capable of receiving and
retaining a distal end 178 of a respective flexible spline 160
when the distal end 178 of the flexible spline is inserted into
the slot 174. The distal end of the distal cap 170 may be
rounded such that it provides the catheter 10 with an
atraumatic distal tip. In addition, the distal cap 170 may
include a distal aperture 182, but this is not required. The
aperture 182 may facilitate an introduction of an adhesive or
other suitable potting material that may be provided as a
secondary means of securing the distal ends 178 of each of
the flexible splines 160 to the distal cap 170. In some cases,
during construction of any one of the electrode assemblies,
as described herein, a cylindrical tube, plug, or gasket may
be inserted into the interior cavity of the distal cap to seal
any remaining gaps between the splines and the slots sub-
sequent to assembly. Alternatively, the distal end of the distal
cap 170 may be solid.

Turning now to FIGS. 5A and 5B, the flattened array 150
of multiple flexible splines 160 may be initially fabricated as
a flexible, multi-layered sheet including at least one flexible
printed circuit bonded to a substrate. In some cases, the
multi-layered sheet includes a first flexible printed circuit
bonded to an upper surface of a substrate and a second
flexible printed circuit bonded to a lower surface of the same
substrate such that each of the flexible splines 160, when
formed, have at least one electrode located on an outer
surface and at least one electrode located on an inner surface
of each of the splines 160. The substrate may include a shape
memory material. This is just one example. The flexible
multi-layered sheet including the flexible printed circuit is
then laser cut or die cut in a direction along its longitudinal
axis to form each of the individual, flexible splines 160. For
example, the flexible multi-layered sheet including the flex-
ible printed circuit is then laser cut or die cut to separate and
form two or more flexible splines. In other cases, the flexible
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multi-layered sheet may be fabricated from a dual-sided
flexible printed circuit having electrodes located both an
upper surface and a lower surface.

The various matetials used to fabricate the flexible multi-
layered sheet from which the flexible splines 160 are formed
may be selected such that each of the flexible splines 160 has
a desired flexibility profile. The materials used to fabricate
the flexible multi-layered sheet from which the flexible
splines 160 are formed may be selected such that the flexible
splines 160 are capable of some degree of deformation so
that they can be twisted, rotated, and/or bent to facilitate
insertion of their distal end into a distal cap (e.g. distal cap
170) during construction of an electrode assembly such as,
for example, electrode assembly 30. In some cases, at least
one of the layers or substrates of the multi-layered flexible
sheet may include a shape memory material such as, for
example, Nitinol or another super-elastic material. Incorpo-
ration of a Nitinol or super-elastic layer or substrate into the
flexible multi-layered sheet from which the flexible splines
160 may be formed may provide the splines 160 with a
degree of flexibility and deformation needed such that they
can be twisted or rotated about a major axis to facilitate
insertion of their distal end into a distal cap (e.g. distal cap
170) during construction of an electrode assembly such as,
for example, electrode assembly 30.

In some cases, as shown in FIG. 5A, each of the flexible
splines 160 extend from a proximal band 186 to which they
are attached or integrally formed with at their proximal ends
196 to a free distal end 178. Two or more tabs 190, 192 may
extend from the proximal band 186. Traces on the flexible
printed circuit including those connected to the electrodes
may terminate to pads bonded on an inner and/or outer
surface of the two or more tabs 190, 192. In addition, the two
or more tabs 190, 192 and may be utilized to couple to the
electrode assembly 30 to the distal end 32 of the catheter
body 34. Alternatively, both the proximal ends 196 and the
distal ends 178 may be detached from one another. The
splines 160 may be independent of one another, and may be
inserted into the distal cap 170 and distal end 32 of the
catheter body 34 either simultaneously or sequentially.

Each of the distal ends 178 of the flexible splines 160 may
be formed by laser cutting, die cutting or other suitable
method such that they define a locking feature 198 that is
configured to be inserted into and secured within each of the
slots 174 of the distal cap 170. Is some cases, the locking
feature 198 may be defined by a geometrical shape having
a first portion 202 having a first width and a second portion
204 having a second width. The first width can be greater
than the second width. For example, as shown in FIGS. 5A
and 5B, the locking feature 198 may have an arrowhead
shape. In addition, each of the locking features 198 may
include an aperture 201. An adhesive, when utilized, may
permeate the apertures 201 and may provide a further means
of securing the distal ends 178 to the distal cap 170.

In some cases, the material(s) from which the flattened
array 150 may be sufficiently deformable such that the
locking feature 198 is capable of being deformed for inser-
tion into the corresponding slot 174 of the distal cap 170. For
example, the points 200 of the arrowhead shaped locking
feature 198, best viewed in FIG. 5B, may be capable of
bending or folding inward towards a centerline 210 when
inserted into a slot 174 of a distal cap 170. Once inserted into
the slot 174, the material from which the flexible splines 160
is fabricated may be sufficiently resilient such that the
arrowhead-shaped locking feature 198 returns to its
unfolded or uncompressed state, mechanically securing the
distal end 178 of the flexible spline 160 in the slot 174 such
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that the distal end 178 of the spline is unable to be disen-
gaged or removed from the slot 174.

FIG. 6 is a detailed view of a distal portion 220 of an
exemplary electrode assembly showing the distal ends 178
of a plurality of flexible splines 160 engaged with the distal
cap 170.

FIG. 7 is a schematic view of another exemplary distal
cap 270 that may be utilized in the construction of an
exemplary expandable electrode assembly such as, for
example, expandable electrode assembly 30, as described
herein. FIG. 8A is a schematic view of another exemplary
flattened array 250 of multiple flexible splines 260 that may
be engaged with each of the slots 274 provided in the distal
cap 270 to form an electrode assembly, and FIG. 8B is a
close-up, schematic view of the distal ends 278 of each of
the splines 260 of the flattened array 250.

In many cases, as described previously herein, the distal
cap 270 may be machined or laser cut from a metal or
suitable plastic such that it has a desired size and shape. As
shown in FIG. 7, the distal cap 270 may be fabricated such
that it has a substantially cylindrical shape defining an
interior cavity, and may include two or more slots 274. In
some cases, the two or more slots 274 may be spaced an
equal distance from one another about an outer circumfer-
ence of the distal cap 270 about the same longitudinal line.
In other cases, the distance between the two or more slots
274 may vary. As shown in FIG. 7, each of the slots 274 may
have a width w greater than a height h such that they are
capable of receiving and retaining a distal end 278 of a
respective flexible spline 260 when the distal end 278 of the
flexible spline 260 is inserted into the slot 274. The distal
end of the distal cap 270 may be rounded such that it
provides the catheter 10 with an atraumatic distal tip. In
addition, the distal cap 270 may include a distal aperture
282, but this is not required in all embodiments. The aperture
282, if provided, may facilitate an introduction of an adhe-
sive or other suitable potting material that may be provided
as a secondary means of securing the distal ends 278 of each
of the flexible splines 260 to the distal cap 270. Alterna-
tively, the distal end of the distal cap 270 may be solid. In
some cases, during construction of the electrode assembly, a
cylindrical tube, plug, or gasket may be inserted into the
interior cavity of the distal cap 270 to seal any remaining
gaps between the splines 260 and the slots 274.

As previously described herein, the flattened array 250 of
multiple flexible splines 260 may be initially fabricated as a
flexible, multi-layered sheet including at least one flexible
printed circuit bonded to a substrate. In some cases, the
multi-layered sheet includes a first flexible printed circuit
bonded to an upper surface of a substrate and a second
flexible printed circuit bonded to a lower surface of the same
substrate such that each of the flexible splines 260, when
formed, have at least electrode located on an outer surface
and at least one electrode located on an inner surface of each
of the splines 260. This is just one example. In other cases,
the flexible multi-layered sheet may be fabricated from a
dual-sided flexible printed circuit having electrodes located
both an upper surface and a lower surface. The flexible
multi-layered sheet including the flexible printed circuit(s) is
then laser cut or die cut in a direction along its longitudinal
axis to form each of the individual, flexible splines 260.

The various materials used to fabricate the flexible multi-
layered sheet from which the flexible splines 260 are formed
may be selected such that each of the flexible splines 260 has
a desired flexibility profile. The materials used to fabricate
the flexible multi-layered sheet from which the flexible
splines 260 are formed may be selected such that the flexible
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splines 260 are capable of some degree of deformation so
that their distal end can be elastically inserted into a distal
cap (e.g. distal cap 70) during construction of an electrode
assembly such as, for example, electrode assembly 30. In
some cases, at least one of the layers of the multi-layered
flexible sheet may include Nitinol or another super-elastic
material. Incorporation of a Nitinol or super-elastic layer or
substrate into the flexible multi-layered sheet from which the
flexible splines 260 may be formed may provide the splines
260 with a degree of mechanical strength, flexibility and
deformation needed such that their distal end can be inserted
into a distal cap (e.g. distal cap 270), causing the distal barb
302 to bend inward and then recover to lock the spline in
position during construction of an electrode assembly such
as, for example, electrode assembly 30.

In some cases, as shown in FIG. 8A, each of the flexible
splines 260 extend from a proximal band 286 to which they
are attached or integrally formed with at their proximal ends
296 to a free distal end 278. Two or more tabs 290, 292 may
extend from the proximal band 286. Traces on the flexible
printed circuit including those connected to the electrodes
may terminate to pads bonded on an inner and/or outer
surface of the two or more tabs 290, 292. In addition, the two
or more tabs 290, 292 and may be utilized to couple to the
electrode assembly 30 to the distal end 42 of the catheter
body 34. Alternatively, both the proximal ends 296 and the
distal ends 278 may be freely detached from one another.

Each of the distal ends 278 of the flexible splines 260 may
be formed by laser cutting, die cutting or other suitable
method such that they define a locking feature 298 that is
configured to be inserted into and secured within each of the
slots 274 of the distal cap 270. Is some cases, the locking
feature 298 may be defined by a geometrical shape having
a first portion 302 having a first width and a second portion
304 having a second width. The first width can be greater
than the second width. For example, as shown in FIGS. 8A
and 8B, the locking feature 298 may have a barb or hook
shape.

In some cases, the material(s) from which the flattened
array 250 may be sufficiently deformable such that the
locking feature 298 is capable of being deformed for inser-
tion into the corresponding slot 274 of the distal cap 270. For
example, the first portion 302 of the barb or hook shaped
locking feature 298 may be capable of bending or flexing
inward towards a centerline 310 when inserted into a slot
274 of a distal cap 270. Once inserted into the slot 274, the
material from which the flexible splines 260 is fabricated
may be sufficiently resilient such that the hook or barbed-
shaped locking feature 298 returns to its uncompressed state,
mechanically securing the distal end 278 of the flexible
spline 260 in the slot 274 such that the distal end 278 of the
spline is unable to be disengaged or removed from the slot
274.

FIG. 9A is a detailed view of a distal portion 320 of an
exemplary electrode assembly showing the distal ends 278
of a plurality of flexible splines 160 engaged with the distal
cap 170. FIG. 9B is a cross-sectional view of the distal
portion 320 taken along lines A-A of FIG. 9A and shows the
first portions 302 of the barb-shaped locking features 298
engaged in the slots 274 of distal cap 270.

In some cases, during construction of any one of the
electrode assemblies, as described herein, a cylindrical tube,
plug, or gasket 356 may be inserted into the interior cavity
358 of the distal cap 370 to seal any remaining gaps between
the splines 360 and the slots 374 subsequent to assembly.
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FIG. 10 is a cross sectional view of a distal portion 370 of
an exemplary electrode assembly including a cylindrical
tube, plug, or gasket 356.

FIG. 11 is a flow chart of a method 400 of constructing an
expandable electrode assembly using a distal cap and a
flexible spline array, as described herein. The method 400
may be automated using appropriate machinery or manually
performed by an individual. During assembly, a flattened
spline array may be formed from flexible, multilayered sheet
(Block 404). As described herein, the flexible, multi-layered
sheet from which a flattened spline array may be formed
may includes at least one flexible printed circuit bonded to
a substrate. In some cases, the multi-layered sheet includes
a first flexible printed circuit bonded to an upper surface of
a substrate and a second flexible printed circuit bonded to a
lower surface of the same substrate such that each of the
flexible splines, when formed, have at least electrode located
on an outer surface and at least one electrode located on an
inner surface of each of the splines. The individual splines
may be formed by laser cutting or die cutting the flexible
multi-layered sheet in a direction along its longitudinal axis
to form the flattened spline array. In many cases, the
flattened spline array includes at least two splines. Next, the
flattened spline array including the two or more splines may
be rolled into cylindrical shape (Block 408). In some cases,
the flattened spline array may be rolled around a mandrel or
other cylindrical member to facilitate formation of the
cylindrical shape. A band may also be placed around the
array to maintain its cylindrical shape during assembly.

A distal cap such as those described herein may be
positioned adjacent a distal end of the now cylindrical array
such that the distal cap is co-axial with the cylindrical array
(Block 412). A first spline may be separated from the other
splines of the array (Block 416) and rotated or twisted about
its major axis and bent about its minor axis from a first
orientation to a second orientation (Block 420). In some
cases, the first spline may be rotated at about 60 to about 120
degrees about its major axis and more particularly, about 90
degrees about its major axis from a first orientation to a
second orientation. The spline may also be bent about its
minor axis to align with one of the slots in the distal tip 570.
The spline should be rotated a sufficient degree of rotation
about its major and minor axes such that the distal end of the
locking feature is capable of being inserted into a corre-
sponding slot provided in the distal cap. In some cases, as
described herein, the distal end of the spline including the
locking feature may be deformed so as to facilitate insertion
of the distal end of the spline into the slot. These steps are
schematically illustrated in FIG. 12. FIG. 12 shows a spline
560 being twisted or orientated about its major axis 580 and
bent about its minor axis 582 such that the distal end 578
may be inserted into slot 574 provided in distal cap 570.

The distal end of the spline may then be inserted into a slot
provided in the distal cap while still in the second orientation
(Block 420). Once inserted through the slot, the locking
feature may re-assume its un-deformed shape, if applicable.
In addition, the spline may be returned from its second
orientation to its first orientation and lie flat in the slot
(Block 428). In some cases, the spline may be manually
twisted or rotated in the slot from its second orientation to
its first orientation. In other cases, because of the elasticity
of some of the materials used to construct the flexible,
multi-layer sheet from which the spline array is formed, the
spline may be configured to automatically return from its
second orientation to its first orientation and lie flat in the
slot. The spline may be mechanically interlocked with the
cap by the locking feature formed at the distal end of the
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spline. The remaining splines may be engaged with the cap
following the same steps outlined by Blocks 416, 420, 424,
and 428. The proximal ends of the splines may be banded
together, and may be anchored or bonded to a distal portion
of the catheter body.

In another case, the splines may be fully separated from
one another such that they are not connected. Fach of the
distal ends of the separated splines may be inserted into a
corresponding slot provided in the distal cap. The distal ends
of the separated splines may be mechanically interlocked
with the cap by the locking feature formed at the distal end
of the spline. Some rotation of the individual splines may be
necessary to urge the locking feature into slot after which the
spline may lie flat in the slot. The remaining individual
splines may be engaged with the cap utilizing the same
method.

In some cases, an adhesive may be used to further secure
the distal ends of the spline with the cap. For example, the
distal cap may include an aperture through which an adhe-
sive or other suitable potting material may be introduced. A
cylindrical tube, plug, or gasket may also be inserted into the
proximal end of the cap, occluding the gaps proximal to the
distal ends of the splines. In addition or in alternative to, a
sealing material may be provided to seal any gaps between
the distal ends of the splines and the slots such that the outer
surface of the distal cap is substantially smooth and does not
provide a surface onto which blood may collect and thrombi
form.

Those skilled in the art will recognize that the present
invention may be manifested in a variety of forms other than
the specific embodiments described and contemplated
herein. Accordingly, departure in form and detail may be
made without departing from the scope and spirit of the
present invention as described in the appended claims.

What is claimed is:

1. A catheter comprising:

an elongate catheter body extending from a proximal end
to a distal end;

an expandable electrode assembly disposed at the distal
end of the catheter body, the electrode assembly com-
prising a plurality of flexible splines extending from the
distal end of the catheter body to a distal cap;

wherein the distal cap comprises a plurality of slots
disposed about an outer circumference of the distal cap,
and a cylindrical shape defining an interior cavity;

wherein the plurality of flexible splines include a first
spline comprising a distal end defining a locking fea-
ture secured within one of the plurality of slots pro-
vided in the distal cap, the locking feature comprising
an aperture formed therein, the expandable electrode
assembly configured to be transitioned between a col-
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lapsed configuration suitable for delivery and an
expanded configuration; and

two or more electrodes located on the first spline; and

an adhesive disposed within the distal cap to further

secure the locking feature.

2. The catheter according to claim 1, wherein the distal
cap comprises a rounded tip having an aperture defined
therein.

3. The catheter according to claim 1, wherein a height is
greater than a width for each of the slots.

4. The catheter according to claim 1, wherein the locking
feature defined by the distal end of the first spline comprises
a first portion having a first width and a second portion
having a second width, the first width greater than the
second width.

5. The catheter according to claim 1, wherein the distal
cap comprises a rounded distal end and defines an atrau-
matic distal tip of the catheter.

6. The catheter according to claim 1, wherein each of the
slots are spaced an equal distance from one another about the
outer circumference of the distal cap.

7. The catheter according to claim 1, further comprising
an actuation member coupled to the expandable electrode
assembly.

8. The catheter according to claim 1, wherein the locking
feature defined by the distal end of the first spline comprises
an arrowhead shape.

9. The catheter according to claim 1, wherein the distal
cap serves as a distal tip electrode.

10. A catheter comprising:

an elongate catheter body extending from a proximal end

to a distal end;

an expandable electrode assembly disposed at the distal

end of the catheter body, the electrode assembly com-
prising a plurality of flexible splines including a first
spline extending from the distal end of the catheter
body to a distal cap, the distal cap comprising a
cylindrical shape defining an interior cavity and a
plurality of slots including a first slot disposed about an
outer circumference of the distal cap, the first spline
comprising a distal end defining a locking feature
secured within the first slot, the locking feature com-
prising an aperture formed therein, the interior cavity of
the distal cap containing an adhesive to further secure
the locking feature, the expandable electrode assembly
configured to be transitioned between a collapsed con-
figuration suitable for delivery and an expanded con-
figuration

two or more electrodes located on the first spline; and

an actuation member coupled to the expandable electrode

assembly.
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