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NEURAL INTERFACE SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of US Provisional Application number
61/252,345, filed 16 October 2009, and US Patent Application number 12/848,828 filed

02 August 2010, which are both incorporated in their entirety by this reference.

TECHNICAL FIELD
[0002] This invention relates generally to the neural interface field, and more

specifically to an improved neural interface system in the neural interface field.

BACKGROUND
[0003] Chronic Deep Brain Stimulation (DBS) devices, or “brain pacemakers”, is a
treatment of neurological and psychological disorders. Conventional DBS devices
provide electrical stimulation through a lead having four relatively large electrodes that
are implanted in a targeted region of the brain. While conventional DBS therapy is
generally safe and effective for reducing cardinal symptoms of the approved diseases, it
often has significant behavioral and cognitive side effects and limits on performance.
Additionally, the therapeutic effect is highly a function of electrode position with respect
to the targeted volume of tissue, and more specifically, a function of which neuronal
structures are influenced by the charge being delivered. With conventional DBS

electrodes, there are limitations as to how a charge is delivered, and stimulation fields
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are limited, as all of the electrode sites involved with stimulation are positioned along a
single axis. Thus, there is a need in the neural interface field to create an improved
neural interface system that provides fine electrode positioning, selectivity, precise
stimulation patterning, and precise lead location. This invention provides such an

improved neural interface system.

BRIEF DESCRIPTION OF THE FIGURES
[0004] FIGURES 1A and 1B are side and perspective schematic views,
respectively, of the neural interface system of a preferred embodiment;
[0005] FIGURE 2 is a schematic of electrode site spacing on the electrode array of
a preferred embodiment;
[0006] FIGURES 3A, 3B, and 3C are an unwrapped planar view, a perspective
view, and a cross-sectional axial view, respectively, of an example activation pattern
activating electrode sites circumferentially around the carrier;
[0007] FIGURES 4A, 4B, and 4C are an unwrapped planar view, a perspective
view, and a cross-sectional axial view, respectively, of an example activation pattern
activating electrode sites partially circumferentially around the carrier;
[0008] FIGURES 5A, 5B, and 5C are an unwrapped planar view, a perspective
view, and a cross-sectional axial view, respectively, of an example activation pattern

activating electrode sites axially along the carrier;
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[0009] FIGURES 6A, 6B, and 6C are an unwrapped planar view, a perspective
view, and a cross-sectional axial view, respectively, of a second example activation
pattern activating electrode sites axially along the carrier;

[0010] FIGURES 7A and 7B are an unwrapped planar view and a perspective
view, respectively, of an example activation pattern activating electrode sites around and
along the carrier;

[0011] FIGURE 8 is a schematic drawing of a variation of the trace layout pattern
in the electrode array of a preferred embodiment;

[0012] FIGURE 9 is a schematic drawing of a variation of the substrate shape in
the electrode array of a preferred embodiment;

[0013] FIGURE 10 is a schematic of the wrapping step of forming an electrode
array of a preferred embodiment;

[0014] FIGURE 11 is a schematic drawing of a second variation of the trace layout
pattern in the electrode array of a preferred embodiment;

[0015] FIGURE 12A is a schematic side view of the neural interface system of a
preferred embodiment;

[0016] FIGURE 12B is a cross-sectional view of the electrode array and carrier
taken along the line X-X in FIGURE 12A;

[0017] FIGURE 12C is a detailed cross-sectional view of the electrode array and
carrier taken in panel W in FIGURE 12B;

[0018] FIGURE 12D is a cross-sectional view of the electrode array and carrier

taken along the line Y-Y in FIGURE 12A;
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[0019] FIGURE 12E is a detailed cross-sectional view of the electrode array and
carrier taken in panel V in FIGURE 12C;
[0020] FIGURE 13 is an illustration of the steps of making a neural interface
system of a preferred embodiment; and
[0021] FIGURE 14 is a schematic drawing of the neural interface system

implanted in a patient.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0022] The following description of preferred embodiments of the invention is not
intended to limit the invention to these preferred embodiments, but rather to enable any
person skilled in the art to make and use this invention.

[0023] As shown in FIGURE 1, the neural interface system 100 of the preferred
embodiments includes an electrode array 110 having a substrate 120 rolled into a three-
dimensional array shape, a plurality of conductive traces 140 patterned on the substrate
120 and adapted to transmit electrical signals and a plurality of electrode sites 150
coupled to the plurality of conductive traces 140; and a carrier 170 that supports the
electrode array 110. The electrode array 110 is preferably coupled to the carrier 170 such
that the electrode sites 150 are arranged in a triangular lattice circumferentially around
and axially along the carrier. The substrate 120 preferably includes an edge that extends
axially along the carrier and is constrained between a first axial row portion of the
carrier and a second axial row portion of the plurality of electrode sites adjacent to the

first axial row portion. The electrode sites 150 may include recording electrode sites
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and/or stimulation electrode sites, and may be individually activated or simultaneously
activated as a group to create an activation pattern. The neural interface system 100
preferably provides deep brain stimulation and, more specifically, deep brain
stimulation with one or more of the following attributes: fine electrode site positioning,
selectivity, tunability, reduced power consumption, increased fault tolerance, and
precise activation patterning. The system may alternatively be used in any suitable
environment (such as the spinal cord, peripheral nerve, muscle, or any other suitable

anatomical location) and for any suitable reason.

1. The Electrode Array

[0024] The electrode array 110 of the preferred embodiment functions to interface
with tissue, or any suitable substance, that it has been implanted in or coupled to. The
electrode array 110 preferably includes a substrate 120, a plurality of conductive traces
140 adapted to transmit electrical signals, and a plurality of electrode sites 150, such
that a group of the electrode sites may be simultaneously activated to create an
activation pattern. The neural interface system 100 may include a single electrode array
110 with a plurality of electrode sites 150, or may alternatively include a series of
electrode arrays, each with a plurality of electrode sites. The electrode array 110
preferably provides the capability of incorporating feedback control through neural
recordings for eventual on-demand simulation. The electrode array 110 may further
include fluidic channels providing the capability to deliver therapeutic drugs, drugs to

inhibit biologic response to the implant, or any other suitable fluid.
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[0025] The electrode array 110 is preferably has a three dimensional geometry in
which the substrate 120 is rolled into a three-dimensional array shape and the
conductive traces 140 and the plurality of electrode sites 150 are preferably arranged on
and around the three dimensional shape. As further described below, in this variation,
the electrode array is preferably manufactured in such a way that none of the electrode
sites 150 are obscured. The geometry of the electrode array 110 preferably has a circular
or semi-circular cross section, but may alternatively be any suitable geometry with any
suitable cross section such as an eccentric ellipse, v-shaped, or a crescent cross section.
The three dimensional electrode array is preferably formed by pre-forming a planar
electrode array. This is preferably completed by positioning the planar electrode array in
a mold and then placing the mold and electrode array in a furnace to be tempered, but
may alternatively be completed by any suitable process that alters the physical shape of
the planar substrate 120. The three-dimensional electrode array may be wrapped
directly around the tissue to be stimulated, such as a peripheral nerve or spinal cord, or
in any suitable configuration to interface with tissue, or any other suitable substance,
that it has been implanted in or coupled to. In the planar electrode array, the substrate
120 is planar and the conductive traces 140 and electrode sites 150 are arranged on the
planar substrate 120. In some embodiments, the planar electrode array may be
particularly useful for stimulation of surface tissue such as surface stimulation of the
brain or spinal cord. The electrode array may include electrode sites 150 arranged in a
staggered layout pattern, a hexagonal layout pattern, a linear rectangular pattern, or any

suitable pattern.
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[0026] The substrate 120 of the electrode array functions to provide a base
material onto which layers of material forming the electrode array are deposited. As
shown in FIGURES 12 and 13, layers of material deposited on the electrode array
preferably include at least one layer of polymer and at least one layer of metal. More
preferably, the layers include a first polymer layer 126 and a second polymer layer 128, a
first metal layer 130 between the first and second polymer layers used to form the
plurality of conductive traces 140, and a second metal layer used to form the plurality of
electrode sites 150. The first and second polymer layers preferably include silicon
dioxide and silicon nitride, the first metal layer preferably includes polysilicon, and the
second metal layer preferably includes platinum. The layers on the substrate 120
preferably further include a third metal layer, such as gold, used to form bond pads 160
that electrically couple the plurality of conductive traces 140 to the plurality of electrode
sites 150. The layers on the substrate 120 may further include a third polymer layer 162,
such as parylene, that provides an external layer of insulation surrounding the electrode
sites 150. However, the substrate 120 may have any suitable number of layers including
any suitable materials deposited on the substrate.

[0027] Since a triangular lattice or other staggered electrode site pattern cannot
be parted by a single straight line in an axial direction along the carrier, such a staggered
electrode site pattern cannot be laid onto a rectangular substrate without having
obscured or covered electrode sites, extra substrate space unpopulated by electrode sites
150, or overlap of substrate when forming a three-dimensional electrode array from a

planar electrode array. As shown in FIGURES 8-11, to avoid obscuring electrode sites, in
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some preferred embodiments, the substrate 120 preferably has at least one axial edge
122 that is constrained between a first axial row portion of the plurality of electrode sites
and a second axial row portion of the plurality of electrode sites adjacent to the first
axial row portion. Another way of describing the edge is that the edge 122 preferably has
a shape that circumvents or avoids a portion of the plurality of electrode sites 150 when
the substrate is rolled. The edge 122 is preferably on a lateral side of the substrate 120,
preferably running approximately longitudinally in an axial direction along the carrier.
As shown in FIGURES 8 and 11, the edge 122 may run axially along the entire length of
the carrier. As shown in FIGURE 9, in some embodiments the edge 122 may run axially
along only a suitable portion of the entire carrier length, and may further include
additional similar axial edges along other portions of the carrier length. In a first
variation, as shown in FIGURE 10, the edge 122 extends past and overlaps at least a
portion of the rolled substrate 120, and preferably includes a set of extensions 124 that
interleave with the outline of a portion of the electrode sites 150 on the rolled substrate,
thereby circumventing the electrode sites to avoid obstruction. The set of extensions 124
preferably closely follow the edges of the electrode sites 150 and may, for example, be
contoured in a curvilinear manner to include wavy extensions or shaped to include
rectangular or square extensions, or any suitable extensions. The set of extensions may
be regularly or irregularly spaced, and/or regularly or irregularly patterned.
Alternatively, the edge 122 may be straight or curvilinear, without a set of extensions
124. In another example of the first variation, the substrate further includes a slot

aligned axially along the carrier length, and the edge of the substrate extends past a
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portion of the substrate 120 and is inserted into the slot like a tab, thereby securing the
“free” end of the rolled substrate that contains the edge. In this example, the edge may
include features such as a wider tip that enhances the securement of the edge in the slot.
[0028] In a second variation, as shown in FIGURES 9 and 11, the substrate 120
may further include a second edge 123, opposite the first edge 122, that extends axially
along the carrier and meets the first edge 122 in a complementary fashion when the
substrate 120 is rolled. Similar to in the first variation, the first and/or second edge
preferably includes a set of extensions that interleave with the outline of a portion of the
electrode site, thereby circumventing the electrode sites 150 to avoid obstruction.

[0029] The plurality of conductive metal traces 140 in the electrode array 110
function to transmit electrical signals, such as recording and/or stimulation signals to
the plurality of electrode sites 150. To improve electrode array efficiency and
functionality, the traces 140 preferably have equal and minimized impedance, to avoid
irregularities of charge distribution and to reduce overall power consumption. Since
each trace preferably terminates at an electrode site associated with that trace, there are
more traces towards the proximal end of the electrode array than towards the distal end
of the electrode array. Therefore, to achieve equal impedance among the traces 140,
trace width preferably varies with respect to trace length, and more preferably, as shown
in FIGURE 11, the trace width is preferably increased for longer traces. For example,
between a first conductive trace having a first distal end and a second conductive trace
longer than the first conductive trace and having a second distal end, the second distal

end is preferably wider than the first distal end. To minimize overall impedance, the
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traces are preferably arranged in the substrate 120 such that the traces cover as much
substrate surface area as possible, while providing electrical isolation between adjacent
traces.

[0030] The plurality of conductive traces 140 may be arranged on the substrate
120 in at least one of several variations of patterns. As shown in FIGURE 8, in a first
variation, the traces 140’ are preferably arranged laterally along the substrate 120,
continuing off a lateral side of the substrate 120 and utilizing nearly the entire length of
the substrate, thereby retaining full coverage of the substrate 120 area. In this variation,
lateral traces 140’ are preferably shorter and wider due to having more available width,
and therefore have lower impedance. As shown in FIGURE 10, construction of a three-
dimensional cylindrical electrode array with lateral traces 140’ preferably includes
wrapping the planar electrode array, such that the lateral trace ends that are “free” (not
bonded to electrode sites) are wrapped within the electrode array and pre-formed into
an arrangement of circumferential rings on the carrier. This is preferably completed by
wrapping the planar electrode array, positioning the planar electrode array in a mold
and then placing the mold and electrode array in a furnace to be tempered, but may
alternatively be completed by any suitable process that alters the physical shape of the
planar substrate. In this variation, as shown in FIGURE 8, the traces 140’ are preferably
gathered in conductive interconnects 142 that transmit electrical signals toward the
proximal end of the electrode array 110. The interconnects 142 preferably pass axially in
the rolled substrate 120 and preferably continue axially within the carrier. As shown in

FIGURE 12, the interconnects are preferably insulated within the carrier. The
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interconnects are preferably made of titanium and/or gold, but may additionally and/or
alternatively include any suitable material. As shown in FIGURE 11, in a second
variation, the traces 140” preferably extend axially (e.g., extending longitudinally from
proximal to distal) along the substrate 120, continuing off the proximal end of the
substrate 120. In this variation, the traces 140” preferably are parallel to the axial edge
122 and follow the profile of axial edge 122, thereby retaining full coverage of the
substrate area to lower overall impedance. Longitudinal traces 140” are preferably
longer and therefore have slightly higher equalized impedance than the lateral traces of
the first variation. The substrate 120 in the second trace pattern variation is preferably
longer but narrower than the substrate 120 in the first trace pattern variation for the
same finished three-dimensional electrode array shape. Construction of a three-
dimensional electrode array with longitudinal traces 140” is preferably similar to that
for an electrode array with lateral traces 140’, except that the longitudinal traces 140
are preferably not wrapped within the electrode array. Although the traces 140 are
preferably arranged in one of these variations of patterns, the traces 140 may
alternatively be arranged in any suitable pattern for conducting electrical signals to the
electrode sites 150. As shown in FIGURE 12, the plurality of conductive traces 140 are
preferably patterned from the first layer of metal on the substrate 120, sandwiched
between the first and second layers of insulating polymer, and are preferably made of
polysilicon, although the conductive traces 140 may alternatively be made of any

suitable conductive material.
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[0031] The plurality of electrode sites 150 of the preferred embodiments functions
to electrically communicate with the tissue, or any other suitable substance, that it has
been implanted in or coupled to. The electrical communication is preferably a high-
frequency, pulsed electric current; electrical stimulation in monopolar, bipolar, tripolar,
and/or quadrapolar modes; a recording of electrical signals; data transmission; and/or
any suitable electrical communication.

[0032] The electrode array of the three-dimensional variation may be coupled to
the carrier. As shown in FIGURE 1, the electrode sites 150 are preferably arranged both
circumterentially around the carrier 170 and axially along the carrier 170 in a staggered,
triangular lattice pattern 152. As best shown in FIGURES 8-11, the triangular lattice 152
is preferably an equilateral triangular (sometimes referred to as hexagonal) lattice, but
may alternatively be an isosceles triangular (rhombic) lattice, or a scalene triangular
(parallelogrammic) lattice. Alternatively, the electrode sites 150 may be arranged
circumferentially around the carrier 170 and axially along the carrier 170 in a linear
rectangular or square lattice pattern, or any suitable pattern. In some embodiments, the
electrode sites 150 may be arranged in a combination of different lattices. For example,
one portion of the electrode array may include a portion of electrode sites 150 arranged
in a hexagonal lattice, while another portion of electrode sites 150 may be in a
parallelogrammic lattice. The staggered, triangular lattice pattern 152 of electrode sites
150 may provide one or more of the following advantages. First, the staggered layout
pattern is compact, optimizing use of the electrode array surface area for more electrode

sites 150 for a given area, increasing resolution of stimulation control. Having a higher
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resolution of electrode site layout also increases reliability of the electrode array through
fault tolerance, since if a particular electrode site becomes non-functional, other closely
neighboring electrode sites 150 may be utilized with little difference in therapeutic
effect. A second advantage is that the staggered layout pattern 152 includes electrode
sites arranged in a higher number of different angular positions around the electrode
array, allowing the electrode array to have more directionality than, for example, in a
linear rectangular array of electrode sites, thereby enabling finer electrode stimulation
control. As shown in FIGURE 2, a third advantage is that the staggered layout pattern
152 allows electrode sites to have equidistant edge-to-edge spacing 154, which equalizes
interaction between adjacent electrode sites 150, such that unintended effects due to
unequal or asymmetrical electrode site interaction are reduced.

[0033] The plurality of electrode sites 150 can be activated individually or in
selectable groups of electrode sites. The simultaneous activation of a group of electrode
sites creates an activation pattern, generates an electric field in the tissue medium
having a spatial distribution of current density, and influences the pattern of neural
excitation. This will provide dynamic tunable electrical stimulation ranging from
macroscale activation to more selective directional activation patterning using smaller
subarrays or groups of sites along or around the carrier. Activation patterns of the
electrode sites 150 of the electrode array 110 may be translated in several different
dimensions, as exemplified in FIGURES 3-7. The activation pattern from the electrode
array may be translated circumferentially entirely around the carrier (shown in FIGURE

3), which emulates a ring electrode for macroscale activation; circumferentially partially
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around the carrier (shown in FIGURE 4); axially along the carrier (shown in FIGURES 5
and 6); any combination thereof (shown in FIGURE 7); or any suitable or desired
activation pattern. Additionally, each of the electrode sites 150 may be activated with an
independent activation intensity. Each activation intensity may be individually distinct,
or groups of electrode sites 150 may each have the same activation intensity. This form
of multi-dimensional stimulation pattern programming, with tunable dimensions
including spatial and activation intensity, provides a large tunable range of the neural
interface system. The flexibility and precision provided by the plurality of electrode sites
150 also allows for adjustments by electrical means. Examples of adjustments include
adapting to changes in the environment surrounding the electrode array, such as altered
tissue conductivity due to tissue encapsulation or other reasons, and making slight
corrections for a malpositioned electrode.

[0034] The excitation of tissue surrounding an electrode site is determined by
factors including conductivity of the tissue, electrochemical properties of the individual
electrode site and by geometric properties of the entire electrode array and carrier
assembly. For an electrode array with several electrode sites activated simultaneously,
the activation pattern, and therefore the current flow surrounding the electrode, is
complex, resulting in an equally complex pattern of tissue excitation. At a basic level, the
spreading resistance of an electrode site may determine the ability of the site to deliver
charge to excitable tissue. When several electrode sites on an electrode array are
activated simultaneously, there is an interaction of the electrode sites and activation

patterns. For example, a first activation pattern may be modulated with the activation of
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a second distinct group of electrode sites, and multiple groups of activated electrode
sites can be overlapping or non-overlapping.

[0035] The electrode sites 150 are preferably in the shape of ellipses, which may
include circles and ellipses with an eccentricity between 0 and 1. However, the electrode
sites may be any suitable shape. For eccentric elliptical electrode sites, the minor axis is
preferably aligned axially along the -carrier (electrode sites are “stretched”
circumferentially), but the major axis may alternatively be aligned axially along the
carrier (electrode sites are “stretched” axially). In other alternative embodiments, the
lattice pattern of electrode sites 150 may be angled such that major and minor axes of
the electrode sites 150 are neither circumferentially nor axially aligned. Equidistant
spacing of electrode sites 150 may be achieved by having elliptical-shaped electrode sites
and adjusting the lengths of the major and minor axes of the elliptical shapes in relation
to the outer diameter of the carrier and/or desired electrode site spacing. Assuming a
cylindrical carrier 170, equidistant spacing, identical electrode site shape and size, and
orthogonal orientation of the electrode sites 150 relative to the carrier (axes of ellipses
running axially and circumferentially), the relationship between the eccentricity E of
elliptical electrode sites (in terms of “x” and “y”, the axis lengths in the axial and
circumferential directions, respectively), the outer diameter “D” of the carrier, and the
electrode site spacing “a” may be summarized as (y/x) ~ (D/a). In other words, the ratio
of the circumferential ellipse axis to the axial ellipse axis is preferably proportional to
the outer diameter of the carrier and inversely proportional to the electrode site spacing.

Furthermore, the amplitude of the extensions 124 on the edge 122 of the substrate 120
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(e.g., the degree to which the edge deviates from being a straight line) is preferably
proportional to the ratio y/x, For example, for a given site spacing “a”, the smaller the
carrier diameter “D”, the more eccentric the elliptical electrode sites must be,
“stretched” in the axial direction, in order to have increased circumferential spacing to
maintain the equidistant site spacing “a”. As the electrode sites become more eccentric
in the axial direction, the ratio of their axes “y/x” also decreases as the axial ellipse axis
“x” becomes longer than the circumferential ellipse axis “y”, and the amplitude of the
extensions on the substrate edge decreases as it may more closely resemble a straight
line to avoid obscuring any the plurality of electrode sites 150.

[0036] The electrode sites 150 are preferably identical in size and shape, in
particular to maintain equidistant edge-to-edge spacing and to maximize positioning
efficiency of a staggered layout pattern, but the plurality of electrode sites 150 may
alternatively include electrode sites of different sizes and/or shape. The particular size of
the electrode sites 150 preferably optimizes population of the electrode array surface
area with the electrode sites, balancing the advantages and disadvantages of larger and
smaller electrode sites. In particular, larger electrode sites may have the ability to
deliver larger stimulation currents from individual electrode sites and/or groups of
electrode sites, thereby allowing more options for current distribution and activation
patterns, such as for a wider variety of stimulations and therapies. Larger electrode sites
also may experience less electrochemical stress and lower charge densities than smaller

electrode sites for a given amount of delivered current, by distributing the energy across

a larger area. However, undesirable electrical interaction between electrode sites may be
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reduced when the electrode sites are smaller. Smaller electrode sites may also allow for
more efficient population of a given surface area and provide finer stimulation control.
The electrode sites are preferably patterned from the second metal layer 132 deposited
on the substrate, and are preferably made of platinum, although the electrode sites 150
may alternatively be made of any suitable conductive material.

[0037] As shown in FIGURE 1, one specific variation of the electrode array
preferably includes sixty-four stimulation elliptical electrodes positioned
circumferentially around and axially along the carrier, and more preferably the sixty-
four stimulation electrodes are arranged in sixteen staggered rings of four stimulation
electrodes, such that each electrode site is longitudinally aligned with one electrode site
from each of seven other rings and laterally aligned with three other electrode sites in
the same ring. The electrode array may alternatively and/or additionally include
recording electrodes or any suitable kind of electrode. As shown in FIGURE 2, the
electrode sites are preferably positioned such that they have equidistant edge-to-edge
spacing of approximately 0.20 millimeters. The electrode sites are preferably elliptical in
shape, with a major axis length of preferably approximately 0.80 millimeters and a

minor axis length of preferably approximately 0.666 millimeters.

2. The Carrier

[0038] As shown in FIGURE 1, the carrier 170 of the preferred embodiments
functions to support the electrode array. The carrier 170 may further function to shuttle

the electrode array 110 into tissue or another suitable substance. The shape of the carrier
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170 is preferably tubular with about a 1-mm diameter, but may alternatively be any
suitable shape of any suitable diameter for the desired functions. The carrier 170 may
include a sharpened end adapted to penetrate the tissue and aid in the insertion of the
carrier and the electrode array 12 into the tissue. The carrier 170 may further extend the
functionality of the system 100 y providing fluidic channels through which therapeutic
drugs, drugs to inhibit biologic response to the implant, or any other suitable fluid may
be transmitted. This provides for the precise delivery of specific pharmaceutical
compounds to localized regions of the body, such as the nervous system, and could
facilitate, for example, intraoperative mapping procedures or long-term therapeutic
implant devices. The fluidic channels may also provide a location through which a
stiffener and/or stylet may be inserted to aid with implantation. Alternatively, the
carrier may further include a separate lumen through which the stiffener or stylet may
be inserted.

[0039] The carrier is preferably one of several variations. In a first variation, the
carrier is a polymeric carrier. The carrier is preferably made of a polymer such as
polyimide or silicone, but may be alternatively made from any other suitable material.
The carrier may also include additional insulating polymers, such as parylene, that
insulate conductive interconnects. The -carrier is preferably flexible, but may
alternatively be rigid or semi rigid. In a second variation, the carrier is a metal carrier.
The carrier in this variation may be a solid metal tube or cylinder, or it may alternatively
be perforated or not solid in any other suitable fashion. In a third variation, the carrier is

a resorbable carrier, which is resorbed into tissue after a period of time, and upon
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resorption, the electrode array will be left to float freely in the brain or other suitable
tissue or material. The resorbable carrier is preferably made of implantable medical
fabric woven or knitted from a bioresorbable polymer. The bioresorbable polymer is
preferably polyglycolide or polylactide, but may alternatively be made from any suitable
bioresorbable material. Although the carrier is preferably one of these three variations,
the carrier may alternatively be any suitable element to shuttle the electrode array and

the connector into tissue or other substances and provide structural support.

3. Additional Components

[0040] The neural interface system may further include a guiding element that
positions the series of electrode arrays in a three dimensional arrangement, or the
electrode arrays may alternatively be arranged in a three dimensional manner without
an additional guiding element. The guiding element is preferably similar to the guiding
element described in U.S. Patent Application No. 11/932,903, filed on 31 October 2007
and entitled “Neural Interface System”, which is incorporated in its entirety by this
reference.

[0041] The neural interface system may further include a second electrical
subsystem that functions to operate with the electrode array. The second electrical
subsystem is preferably at least one of several variations of suitable electronic
subsystems to operate with the electrode array or any combination thereof. The second
electrical subsystem may be a printed circuit board with or without onboard integrated

circuits and/or on-chip circuitry for signal conditioning and/or stimulus generation, an
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Application Specific Integrated Circuit (ASIC), a multiplexer chip, a buffer amplifier, an
electronics interface, an implantable pulse generator (that produces a high-frequency,
pulsed electric current), an implantable rechargeable battery, integrated electronics for
either real-time signal processing of the input (recorded) or output (stimulation)
signals, integrated electronics for control of the fluidic components, any other suitable
electrical subsystem, or any combination thereof.

[0042] The neural interface system may further include a connector that functions
to couple the electrode array to the second electrical subsystem. The connector is
preferably a ribbon cable, and more preferably a polymer ribbon cable, but may
alternatively be any suitable kind of ribbon cable or other suitable element to couple the
electrode array to the second electrical subsystem, such as wires or conductive
interconnects.

[0043] The neural interface system may further include a stylet that functions to
penetrate the tissue or other suitable substance and/or to provide structural support for
the neural interface system during implantation. The stylet is preferably inserted into a
lumen of the carrier, but may alternatively be located and/or inserted into any suitable
component of the system in any suitable manner.

[0044] The neural interface system may further include a guide tube that
functions to facilitate the insertion of the electrode array and/or to provide structural
support for the neural interface system during implantation.

[0045] In addition to the above details, the second electrical subsystem,

connector, stylet, and guide tube are preferably similar to those described in U.S. Patent
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Application 11/932,903, as referenced above, but may alternatively be of any suitable

design, structure and/or build.

4. Method of Implanting a Neural Interface System

[0046] A method of implanting an neural interface system, as shown in FIGURE

14, preferably comprises any combination of the following steps (or any other suitable

steps):
« attaching a chamber 180 to the skull (preferably in a cranial burr-hole) of a
patient;
- implanting, through the guide tube and/or with a stylet, an electrode array
coupled via a connector to a second electrical subsystem;
« removing the guide tube over the second electrical subsystem and/or
removing the stylet;
« placing the second electrical subsystem within the chamber 180; and
« sealing the electrical subsystems within the chamber 180.
[0047] Although omitted for conciseness, the preferred embodiments include

every combination and permutation of the various electrode arrays, the various carriers,
the various electrical subsystems and connectors, and the various guide tubes and

stylets.

5. Method of Making a Neural Interface System
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[0048] In general, the techniques for fabrication of the electrode array and the
electrode sites are preferably similar to those used to create integrated circuits and
therefore preferably use similar substrate, conductor, and insulating materials. Except
as described below, the fabrication process and materials for the electrode array and
electrode sites are preferably similar to those described in U.S. Patent Application
11/932,903, as referenced above, but may alternatively be any suitable process and/or
be made of any suitable materials. As shown in FIGURES 10 and 13, the method of
making a neural interface system 200 preferably includes the steps of providing a
flexible substrate S210 having an edge shaped with a set of extensions; depositing a first
polymer layer on the substrate S220; building on the first polymer layer a plurality of
conductive traces that conduct electrical signals S230; depositing a second polymer
layer on the substrate S240; building a plurality of electrode sites, coupled to the
plurality of conductive traces, in a triangular lattice S250; and rolling the substrate
towards the edge S260 to form a three-dimensional electrode array such that the
plurality of electrode sites face externally and the set of extensions interleave with a
portion of the plurality of electrode sites, thereby allowing the triangular lattice to be
uninterrupted.

[0049] The step of providing a flexible substrate S210 having an edge with a set of
extensions functions to provide a base material onto which subsequent layers are
deposited and patterned to form an electrode array. Step 210 of providing a flexible
substrate preferably includes providing a substrate and removing selected portions of

the substrate to form the set of extensions. The set of extensions are preferably shaped
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as described above in Section 1. Removal of substrate material to form the set of
extensions may be performed by cutting, grinding, sanding, polishing, and/or any
suitable process. Alternatively, the set of extensions may be formed by molding the
substrate, or any suitable process. The flexible substrate may include two or more edges
with a set of extensions.

[0050] The step of depositing a first polymer layer on the substrate S220
functions to provide a lower layer of insulation for conductive materials including the
conductive traces. The step of depositing a first polymer layer preferably includes
depositing at least one layer of silicon dioxide and/or silicon nitride. As shown in
FIGURE 12, the first polymer layer preferably includes multiple layers of silicon dioxide,
silicon nitride, and/or any suitable insulating polymer, and more preferably in an
alternating manner. The layers are preferably approximately 10 micrometers thick, and
deposited generally uniformly on the substrate.

[0051] Step 230, which includes building a plurality of conductive traces that
conduct electrical signals on the first polymer layer, functions to form conductive
interconnects that communicate with the plurality of electrode sites. The step of
building a plurality of conductive traces preferably includes depositing a first layer of
metal onto the first polymer layer and patterning the metal layer to form the plurality of
conductive traces. The layer of metal preferably includes polysilicon, but may
additionally and/or alternatively include any suitable material for conducting electrical
signals. Patterning the metal layer may be one of or a combination of several variations.

In a first variation, patterning the metal layer includes forming a plurality of lateral
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conductive traces arranged in a lateral direction generally orthogonal to the edge. In
other words, in this variation, the lateral direction is preferably one such that a line
drawn in the lateral direction divides a proximal portion and a distal portion of the
electrode array. In a second variation, patterning the metal layer includes forming a
plurality of longitudinal conductive traces arranged in a longitudinal direction generally
parallel to the edge. In this variation, the longitudinal direction is preferably one such
that a line drawn in the longitudinal direction may pass from a proximal portion to a
distal portion of the electrode array. In a third variation, patterning the metal layer
includes forming a plurality of angled conductive traces arranged in a non-orthogonal
angle relative to a proximal end of the electrode array.

[0052] The step of depositing a second polymer layer on the substrate S240 is
preferably similar to the step of depositing a first polymer layer on the substrate, except
that portions of the second polymer layer preferably cover the plurality of conductive
traces to contain the plurality of conductive traces between the first and second polymer
layers for insulating purposes. In some embodiments, the method may further include
the step of building a plurality of bond pads that couple the electrode sites to the
conductive traces. The bond pads may be patterned from gold or any other suitable
conductive material in a manner similar to the conductive traces and electrode sites.
[0053] Step 250, which includes building a plurality of electrode sites coupled to
the plurality of conductive traces, functions to construct electrodes that provide neural
stimulation and/or recording. The step of building preferably includes depositing a

second metal layer on the substrate S252 and patterning the second metal layer to form
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a plurality of electrode sites S254. The electrode sites are preferably formed in a
triangular lattice, and preferably have equidistant edge-to-edge spacing. As described in
the neural interface system in Section 1, the triangular lattice is preferably an equilateral
triangular (hexagonal) lattice, but may alternatively be an isosceles triangular (rhombic)
lattice, or a scalene triangular (parallelogrammic) lattice. Alternatively, the electrode
sites may be arranged arcuately around the carrier and axially along the carrier in a
linear rectangular or square lattice pattern, or any suitable pattern. In some
embodiments, the electrode sites may be arranged in a combination of different lattices.
For example, one portion of the electrode array may include a portion of electrode sites
arranged in a hexagonal lattice, while another portion of electrode sites may be in a
parallelogrammic lattice.

[0054] The method preferably further includes the step of building an external
polymer layer S270, which preferably includes depositing a third polymer layer on the
substrate and patterning the third polymer layer to expose the electrode sites. The
polymer layer is preferably an insulating polymer such as parylene, but may
alternatively be any suitable material.

[0055] Step 260, which includes rolling the substrate towards the edge to form a
three-dimensional electrode array, functions to form a three-dimensional electrode
array. The step of rolling the substrate preferably enables the plurality of electrode sites
to be arranged facing externally. The step of rolling the substrate allows the set of
extensions on the edge of the substrate to interleave with a portion of the plurality of

electrode sites, thereby allowing the triangular lattice to be uninterrupted
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circumferentially around and axially along the electrode array. The electrode array is
preferably cylindrical, but may have any suitable cross-sectional shape, such as an
eccentric ellipse, a v-shape, or crescent cross section. In a first variation, in which the
conductive traces are arranged in a lateral direction, the step of rolling the substrate
preferably includes wrapping the lateral conductive traces arcuately within the rolled
substrate such that the lateral conductive traces are arranged in circumferential rings.
In rolling the substrate towards the lateral edge, the lateral edge is the “free” end
overlapping a portion of the substrate. In a second variation, in which the conductive
traces are arranged in a longitudinal direction, the step of rolling the substrate
preferably includes allowing the longitudinal conductive traces to pass axially along the
three-dimensional array, running from a proximal end to a distal end of the electrode
array. The method preferably further includes placing the rolled substrate in a mold and
tempering the rolled substrate, such as in furnace.

[0056] The method preferably includes coupling a carrier to the electrode array to
support the electrode array, which functions to assemble components of the neural
interface system. Coupling a carrier to the electrode array may include any of the
following steps, any suitable additional steps, and any combination of steps thereof:
connecting the electrode array to the connector, connecting a second electrical
subsystem to the connector, pre-forming the electrode array, connecting a set of
interconnects, and injection molding a silicone element.

[0057] As a person skilled in the art will recognize from the previous detailed

description and from the figures and claims, modifications and changes can be made to
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the preferred embodiments of the invention without departing from the scope of this

invention defined in the following claims.
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CLAIMS
We Claim:
1. A neural interface system, comprising;:
* an electrode array including:
o asubstrate rolled into a three-dimensional shape;
o a plurality of conductive traces patterned on the substrate and adapted to
transmit electrical signals; and
o a plurality of elliptically shaped electrode sites, coupled to the plurality of
conductive traces, that electrically communicate with their surroundings,
wherein the plurality of electrode sites includes at least one of a recording
electrode site and a stimulation electrode site; and

* acarrier that supports the electrode array;

* wherein the plurality of electrode sites are arranged in a triangular lattice
circumferentially around and axially along the carrier; and wherein the substrate
includes an edge that extends axially along the carrier and is constrained between
a first axial row portion of the plurality of electrode sites and a second axial row

portion of the plurality of electrode sites adjacent to the first axial row portion.

2. The neural interface system of Claim 1, wherein the edge includes a set of

extensions that intersperse with at least one of the first and second axial row portions of

the plurality of electrode sites.
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3. The neural interface system of Claim 2, wherein the set of extensions are curved,

such that the edge is wave shaped.

4. The neural interface system of Claim 1, wherein the edge overlaps a portion of the

rolled substrate.

5. The neural interface system of Claim 1, wherein the substrate further includes a
second edge opposite the first edge, wherein the second edge extends axially along the

carrier and complementarily joins with the first longitudinal edge.

6. The neural interface system of Claim 1, wherein the plurality of conductive traces

are arranged in circumferential rings around the carrier.

7. The neural interface system of Claim 6, wherein the plurality of conductive traces
includes a first conductive trace having a first distal end and a second conductive trace
having a second distal end, wherein the second conductive trace is longer than the first

conductive trace and the second distal end is wider than the first distal end.

8. The neural interface system of Claim 1, wherein the plurality of conductive traces

extend axially along the carrier.
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9. The neural interface system of Claim 8, wherein the plurality of conductive traces

are parallel to the edge of the substrate.

10.  The neural interface system of Claim 8, wherein the plurality of conductive traces
includes a first conductive trace having a first distal end and a second conductive trace
having a second distal end, wherein the second conductive trace is longer than the first

conductive trace and the second distal end is wider than the first distal end.

11.  The neural interface system of Claim 1, wherein at least one of the plurality of

electrode sites is eccentric and has a minor axis and a major axis longer than the minor

axis.

12.  The neural interface system of Claim 2, wherein the minor axis is aligned axially

along the carrier.

13.  The neural interface system of Claim 1, wherein the triangular lattice is an

equilateral triangular lattice.

14.  The neural interface system of Claim 13, wherein the plurality of electrode sites

are distributed in the triangular lattice with equal edge-to-edge spacing.
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The neural interface system of Claim 14, wherein the longitudinal edge of the

substrate includes a set of undulatory extensions, wherein the ratio of the major axis of

the plurality of electrode sites to the minor axis of the plurality of the electrode sites is:

16.

proportional to the amplitude of the set of undulations;
proportional to an outer diameter of the three-dimensional shape; and

inversely proportional to the edge-to-edge spacing.

A method of making a neural interface system, comprising the steps of

providing a flexible substrate having an edge shaped with a set of extensions,
depositing a first polymer layer on the substrate;

building on the first polymer layer a plurality of conductive traces that conduct
electrical signals on the substrate;

depositing a second polymer layer on the substrate;

building a plurality of electrode sites, coupled to the plurality of conductive
traces, in a triangular lattice; and

rolling the substrate towards the edge to form a three-dimensional electrode
array such that the plurality of electrode sites face externally and the set of
extensions interleave with a portion of the plurality of electrode sites, thereby

allowing the triangular lattice to be uninterrupted.
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17.  The method of Claim 16, wherein the step of providing a substrate with an edge
includes providing a substrate and removing selected portions of the substrate to form

the set of extensions.

18.  The method of Claim 16, wherein the step of building a plurality of conductive
traces includes depositing a metal layer on the first polymer layer and patterning the

metal layer to form the plurality of conductive traces.

19.  The method of Claim 18, wherein the step of patterning the metal layer to form
the plurality of conductive traces includes forming a plurality of lateral conductive traces

arranged in a lateral direction generally orthogonal to the edge.

20. The method of Claim 18, wherein the step of patterning the metal layer to form

the plurality of conductive traces includes forming a plurality of longitudinal conductive

traces arranged in an axial direction generally parallel to the edge.
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