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Longitudinally incise epineurial sheath 2100 of nerve, without severing the nerve 

Extend a plurality of fascicles of the 
nerve Via the incision 2102 

Dispose each extended fascicle in a 
respective micro-channel of a base 2104 

of an electrode array 

Attach a lid to the base, thereby surrounding 
each extended fascicle in its respective 2106 

micro-channel 

Penetrating each extended fascicle with 2108 
a plurality of micro-wire electrodes 

Electrically coupling ones of the micro-wire 2110 
electrodes to a signal analysis circuit 

Processing signals from the ones of the 
micro-wire electrodes to analyze 2112 
Corresponding nerve signals 

In response to detecting a predetermined 
signal from at least one of the micro-wire 2114 
electrodes, activating a prosthetic device 

FIG. 2 IA 
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Electrically coupling ones of the micro-wire 2116 
electrodes to a signal generation circuit 

Receiving a signal from a sensor of 2118 
the prosthetic device 

In response to receiving the signal from the 
prosthetic device, generating a signal and 2120 
sending the generated signal to at least one 

Of the micro-Wire electrodes 

FIG 21B 
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ARRAY OF MICROELECTRODES FOR 
INTERFACING TO NEURONS WITHIN 

FASCICLES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefit of U.S. Provi 
sional Patent Application No. 61/936,541, filed Feb. 6, 2014, 
titled 'Array of Microelectrodes for Interfacing to Neurons 
within Fascicles, the entire contents of which are hereby 
incorporated by reference herein, for all purposes. 

TECHNICAL FIELD 

0002 The present invention relates to nerve electrode 
arrays and, more particularly, to nerve electrode arrays that 
define micro-channels, each micro-channel including a plu 
rality of micro-wire electrodes. 

BACKGROUND ART 

0003) Limb amputations can significantly negatively 
impact amputees lives. Fortunately, prosthetic devices can 
partially compensate for loss of limb structure (bone, skin, 
etc.) and actuation (muscle). An ideal, albeit not yet devel 
oped, prosthetic device would include a separate motor for 
each lost muscle or degree of limb freedom, and each Such 
motor would be driven by a discrete signal from the ampu 
tee's nervous system. Similarly, the ideal prosthetic device 
would include a sensor (touch, temperature, etc.) correspond 
ing to each sense signal the amputated limb would otherwise 
have sent to the amputee's nervous system. 
0004. In a nervous system, efferent axons, otherwise 
known as motor or effector neurons, carry nerve impulses 
from a central nervous system to effectors. Such as muscles 
and glands. On the other hand, afferent axons, otherwise 
known as sensory nerves or receptor neurons, carry nerve 
impulses from receptors or sense organs towards the central 
nervous system. Neural interfaces are, therefore, important 
for coupling efferent and afferent nerves to motors and sen 
sors, respectively, in prosthetic devices. 
0005 Interfacing with efferent and afferent axons is diffi 

cult, at least in part due to their Small sizes. In general, as 
illustrated in FIG. 1, a peripheral nerve 100 includes blood 
vessels 102 and several fascicles 104, each fascicle contain 
ing a bundle of axons 106. A typical mammalian fascicle is 
about 500 um in diameter, but the diameter may vary depend 
ing on location and function of the nerve fiber. Fascicles in 
other animals may be other sizes. 
0006. In some prior art nerve interfaces, three electrodes 
are disposed longitudinally along a nerve or a fascicle. Two of 
the electrodes are used to establish an electrical reference 
Voltage, and the third electrode provides an electrical mea 
Surement signal. However, the electrical measurement pro 
vides an integrated signal, i.e., a Sum of signals from a plu 
rality of axons in the nerve or fascicle. A fascicle contains a 
combination of efferent and afferent axons, and all the effer 
ent axons typically do not control a single muscle. Thus, the 
integrated measurement signal is of limited value for selec 
tively driving a motor of a prosthetic device. 
0007 Higher density neural interfaces, i.e., interfaces that 
provide an electrical signal from a small numbers of axons, 
ideally from one axon, would facilitate finer motor control in 
prosthetic devices than is achievable in the prior art. Simi 
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larly, higher density neural interfaces would facilitate more 
granular sensory feedback from prosthetic devices to central 
nervous systems. 

SUMMARY OF EMBODIMENTS 

0008 Embodiments of the present invention facilitate 
finer motor control in prosthetic devices, and more granular 
sensory feedback from prosthetic devices to central nervous 
systems, than is achievable in the prior art. Some embodi 
ments provide sets of generally trench-shaped micro-chan 
nels, into which fascicles of a nerve may be placed, one 
fascicle per micro-channel. One or more lids may be placed 
over the micro-channels to close the micro-channels and 
secure the fascicles in the trenches. Each micro-channel has 
an associated set of micro-wire electrodes. In some embodi 
ments, the electrodes extend down from the lid(s) into the 
trenches. In other embodiments, the electrodes extend up 
from the bottoms of the trenches. In either case, the electrodes 
penetrate the fascicles and make electrical contact with axons 
within the fascicles. Several rows of micro-channels may be 
stacked to create a two-dimensional array of micro-channels. 
0009. An embodiment of the present invention provides an 
electrode array. The electrode array includes a substrate that 
includes a bio-compatible dielectric and at least one nerve 
micro-channel. Each nerve micro-channel includes a trench 
defined by the substrate. The trench is at most about 2.5 cm 
wide. Each nerve micro-channel also includes a lid associated 
with the trench. The lid includes a bio-compatible dielectric. 
The lid is configured to be attachable to the substrate so as to 
close the trench at least along at least a portion of the trench's 
length such that, when the lid closes the trench, the substrate 
and the lid collectively define a respective nerve capture vol 
ume within the trench. Each nerve micro-channel also 
includes at least three micro-wire electrodes. Each micro 
wire electrode protrudes from the substrate defining the 
trench and/or from the lid associated with the trench. Each 
micro-wire electrode has a diameter of at most about 25um 
Substantially along its protrusion. 
0010. The trench may be at most about 5,000 um wide. 
The trench may be at most about 500 um wide. The trench 
may beat most about 20 um wide. 
0011. The at least one nerve micro-channel may include a 
plurality of horizontally distributed nerve micro-channels. 
0012. The at least one nerve micro-channel may include a 
plurality of vertically distributed rows of nerve micro-chan 
nels. Each row of nerve micro-channels includes a plurality of 
horizontally distributed nerve micro-channels. 
0013 For each nerve micro-channel, the at least three 
micro-wire electrodes may be arranged in a two-dimensional 
array having a spacing between adjacent micro-wire elec 
trodes less than about 100 um. The at least three micro-wire 
electrodes may be arranged in a two-dimensional array hav 
ing a spacing between adjacent micro-wire electrodes less 
than about 40 um. The at least three micro-wire electrodes 
may be arranged in a two-dimensional array having a spacing 
between adjacent micro-wire electrodes less than about 20 
lm. 
0014 For each nerve micro-channel, the at least three 
micro-wire electrodes may be arranged along at least one 
diagonal line, relative to a longitudinal axis of the trench. 
0015 For each nerve micro-channel, at least one micro 
wire electrode of the at least three micro-wire electrodes may 
protrude at most about 125 um and less than about 250 um. 
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Another at least one micro-wire electrode of the at least three 
micro-wire electrodes may protrude at least about 275um. 
0016 For each nerve micro-channel, the at least three 
micro-wire electrodes may include a plurality of groups of 
micro-wire electrodes. Each group of micro-wire electrodes 
may include at least five micro-wire electrodes. Each group of 
micro-wire electrodes may be spaced longitudinally along the 
trench, Such that micro-wire electrodes of two adjacent 
groups of micro-wire electrodes are spaced at most about 125 
lm apart. 
0017. The electrode array may also include, for each nerve 
micro-channel, a Substantially planar electrode in the Sub 
strate defining the trench and/or in the lid associated with the 
trench and electrically exposed to the nerve capture Volume 
within the trench. 

0018. Each micro-wire electrode may include an electri 
cally conductive core and an electrically non-conductive 
layer Surrounding the core. The electrically non-conductive 
layer Surrounding the core is Substantially along the length of 
the micro-wire electrode protruding from the substrate defin 
ing the trench and/or the lid associated with the trench. The 
electrically non-conductive layer Surrounding the core 
exposes at most about a 10 um distal end portion of the core. 
0019. The electrically conductive core may include metal, 
an electrically conductive polymer and/or a carbon fiber. 
0020. The electrically non-conductive layer may include 
glass. 
0021. Another embodiment of the present invention pro 
vides a method for attaching electrodes to portions of a nerve. 
The method includes making a longitudinal incision in an 
epineurial sheath of the nerve, without laterally bisecting the 
nerve. A portion of at least one fascicle is displaced, through 
the incision, from inside the epineurial sheath to outside the 
epineurial sheath, thereby defining a displaced fascicle. At 
least a portion of the displaced fascicle is disposed in a trench 
of a nerve micro-channel. The displaced fascicle is penetrated 
with micro-wire electrodes of the micro-channel. A lid is 
attached to the micro-channel, thereby enclosing the dis 
placed fascicle in the trench. 
0022 Displacing the portion of the at least one fascicle 
from inside the epineurial sheath to outside the epineurial 
sheath may include displacing a plurality of fascicles from 
inside the epineurial sheath to outside the epineurial sheath, 
thereby defining a plurality of displaced fascicles. Disposing 
the at least the portion of the displaced fascicle in the trench 
of a nerve micro-channel may include disposing each fascicle 
of the plurality of displaced fascicles in a trench of a respec 
tive nerve micro-channel of a plurality of micro-channels. 
Penetrating the displaced fascicle with the micro-wire elec 
trodes of the micro-channel may include penetrating each 
fascicle of the plurality of displaced fascicles with respective 
micro-wire electrodes of the respective micro-channel of the 
plurality of micro-channels. Attaching a lid to the micro 
channel includes attaching the lid to the plurality of micro 
channels. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0023 The invention will be more fully understood by 
referring to the following Detailed Description of Specific 
Embodiments in conjunction with the Drawings, of which: 
0024 FIG. 1 is a perspective schematic illustration of a 
peripheral nerve, including fascicles and other items found in 
the nerve, as is well known in the art. 
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(0025 FIG. 2 is a plan view of a “jelly roll” nerve electrode 
array, according to the prior art. 
0026 FIG. 3 is an end view of the nerve electrode array of 
FIG. 2, once the electrode array has been rolled upon a man 
drel. 
0027 FIG. 4 illustrates nerve pieces being attached to the 
nerve electrode array of FIG. 3, and 
0028 FIG. 5 illustrates the nerve pieces having been 
attached to the nerve electrode array. 
0029 FIG. 6 is a schematic perspective view of a nerve 
electrode array, according to an embodiment of the present 
invention. 
0030 FIG. 7 is a schematic perspective view of a lid of the 
electrode array in FIG. 6; however, in FIG. 7, the lid is shown 
up-side-down, relative to its orientation in FIG. 6. 
0031 FIG. 8 is a schematic cross-sectional view (en 
larged, relative to FIGS. 6 and 7, but not to scale) of a portion 
of the lid and one micro-wire electrode of FIGS. 6 and 7. 
0032 FIG. 9 is a schematic cross-sectional view of the 
electrode array of FIG. 6, with fascicles disposed in the 
micro-channels of the electrode array. 
0033 FIG.10 is an enlarged schematic view of a portion of 
the micro-channel of FIG. 9. 
0034 FIG. 11 is a cross-sectional view of an electrode 
array, similar to the electrode array of FIG. 6, but including a 
multiplexor, according to another embodiment of the present 
invention. 
0035 FIG. 12 is a schematic perspective view of a nerve 
electrode array, according to yet another embodiment of the 
present invention. 
0036 FIG. 13 is a schematic top view of the lid of the 
electrode array of FIG. 6, in which the micro-wire electrodes 
are arranged in a staggered fashion, according to another 
embodiment of the present invention. 
0037 FIG. 14 is a schematic cross-sectional view of the 
lid, base, fascicle and several micro-wire electrodes of FIG. 
13. 
0038 FIG. 15 is a schematic perspective view of a nerve 
electrode array, according to yet another embodiment of the 
present invention. 
0039 FIG. 16 is a schematic cross-sectional view of sev 
eral rows of electrode arrays arranged in a two-dimensional 
fashion, according to another embodiment of the present 
invention. 
0040 FIGS. 17-20 schematically illustrate a sequence of 
operations, by which fascicles of a nerve may be connected to 
an electrode array, without severing the nerve into two dis 
connected portions, according to an embodiment of the 
present invention. 
0041 FIG. 21 (A and B) contains a flowchart schemati 
cally illustrating a process for attaching electrodes to portions 
of a nerve, according to an embodiment of the present inven 
tion. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

0042. In accordance with embodiments of the present 
invention, methods and apparatus are disclosed for interfac 
ing with nerve fibers, such as axons. These embodiments 
provide multiple micro-channels, into which individual fas 
cicles of a nerve may be placed, one fascicle per micro 
channel. Each micro-channel has an associated set of micro 
wire electrodes that penetrate the fascicle in the micro 
channel. The micro-wire electrodes are thinner than prior art 
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photolithographed micro-electrode arrays. Consequently, 
more micro-wire electrodes may interface with a single fas 
cicle, and each micro-wire electrode interfaces with fewer 
axons, than in the prior art. These embodiments thereby 
facilitate finer motor control in prosthetic devices, and more 
granular sensory feedback from prosthetic devices to central 
nervous systems, than is achievable in the prior art. 
0043. Some prior art attempts to interface with nerves 
involve inserting an electrode array between two portions of 
a severed nerve. The nerve may have been severed as a result 
of an injury, or the nerve may be severed during Surgery for 
the purpose of inserting the electrode array. FIG. 2 is a plan 
view of a prior art jelly roll nerve electrode array 200, 
before it is rolled up. The nerve electrode array 200 includes 
a flexible plate 202 defining a plurality of parallel groves 204, 
also shown in side view. Each of the groves 204 includes an 
exposed electrode, as exemplified by electrode 206 in the 
enlarged portion of the figure. Each electrode 206 is electri 
cally connected to a respective contact pad 208, for connec 
tion to an external circuit. As shown schematically in FIG. 3, 
the flexible plate 202 is rolled around a mandrel 300 to form 
an approximate cylinder 400, schematically illustrated in 
FIG. 4. Returning to FIG. 3, adjacent layers of the spiral 
wound flexible plate 202 cap the grooves 204 of the layer 
below to form channels 302 extending longitudinally through 
the cylinder. 
0044. In use, a nerve is severed into two pieces 402 and 
404, as shown schematically in FIG. 4. Each piece 402 and 
404 of the nerve is butted to, or slightly overlaps, a respective 
end of the cylinder 400, as indicated by arrows 406, yielding 
a configuration schematically illustrated in FIG. 5. Theoreti 
cally, axons from both of the severed nerve pieces 402 and 
404 regenerate through the channels 302 and rejoin within the 
cylinder 400. Thus, the cylinder provides a scaffold for the 
axons to regenerate. Once a regenerated axon reaches its 
corresponding electrode 206 (FIG. 2), theoretically electrical 
signals from the axon may be detected by a circuit coupled to 
the contact pads 208. 
0045 Problematically, the mandrel 300 (FIG. 3) blocks 
the central portion (in cross section) of the cylinder 400, 
thereby preventing axon regeneration through the core of the 
cylinder. The central portions (in cross section) of the nerve 
pieces 402 and 404 are typically the most important, in terms 
of nerve pulse transmission. Therefore, the prior artjelly-roll 
nerve electrode array 200 blocks, or at least inhibits, regen 
eration of the most important axons, and it includes no elec 
trodes to interface with these important axons. 
0046. In addition, the number of electrodes, and therefore 
channels, that can be individually electrically connected to an 
external circuit is limited by density of electrical intercon 
nects 210 (FIG. 2) between the electrodes 206 and the contact 
pads 208. In a state-of-the-artjelly-roll nerve electrode array, 
only about 20 electrical connections can be accommodated. 
To put this number in perspective, a human arm has 22 
degrees of freedom. Therefore, at least 22 distinct electrical 
connections to electrodes and a similar number of distinct 
channels are needed to drive a fully animated prosthetic arm. 
If more than one electrode perchannel and/or neural feedback 
to the central nervous system is desired, additional electrical 
connections are required. In many cases, dozens or hundreds 
of distinct electrical connections are desired. 

0047 Placing more than one jelly-roll nerve electrode 
array in parallel to accommodate additional electrical con 
nections creates additional problems, such as mismatches 
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between geometry of the nerve (essentially round) and geom 
etry of the faces of the electrode arrays (figure-8 for two 
arrays, etc.) Furthermore, if three or more electrode arrays are 
placed in parallel, gaps are formed among the cylinders 400 of 
the electrode arrays. These gaps provide no scaffolding or 
electrodes, yet axons might regenerate through them. 
0048. Furthermore, regeneration of the axons through the 
channels 302 is not specific. That is, any axon, or group of 
axons, may attempt to regenerate through a given channel 
302. Thus, it is difficult or impossible to predict which type of 
axons, for example efferent or afferent, muscle or glad, etc., 
will regenerate through a given channel 302 and, therefore, it 
is difficult or impossible to predict whether electrical signals 
should be sensed from, or injected into, the channel's elec 
trode 206, or which signals to expect to be associated with the 
channel's electrode. 

0049. If more than one efferent axon regenerates through a 
single channel 302, the electrical signals available at the 
corresponding contact pad 208 would be a combination of 
signals from more than one axon. Worse, if an afferent axon 
and an efferent axon both regenerate through a single channel 
302, electrical stimulation introduced by a circuit through the 
channel's electrode 206 could cause undesirable side effects. 

0050 Embodiments of the present invention overcome 
these and other shortcomings of the prior art, such as by 
facilitating interfacing an electrode with a small number of 
axons, ideally one axon per electrode. As noted, some 
embodiments provide multiple micro-channels, into which 
individual fascicles of a nerve may be placed, and micro 
electrodes for interfacing with axons within the fascicles. It 
should be noted that the prior art jelly-roll nerve electrode 
array is intended to repair a break in a nerve or require the 
nerve to be surgically severed in order to be connected to the 
jelly-roll nerve electrode arrays. However, advantageously, 
fascicles may be place in the disclosed micro-channels and 
electrically connected to the disclosed electrodes, without 
severing fascicles or nerves. 
0051 FIG. 6 is a schematic perspective view of a nerve 
electrode array 600, according to an embodiment of the 
present invention. The array 600 includes a lid 602 and a base 
604 made of a biocompatible dielectric material, such as 
polydimethylsiloxane (PDMS). As used herein, a dielectric 
material is a material having an electrical conductivity no 
greater than about 10 S2-m. The base 604 includes a plural 
ity of walls, exemplified by walls 606, 608, 610, 612 and 614. 
The walls 606–614 define a plurality of horizontally distrib 
uted, trench-shaped micro-channels 616, 618, 620 and 622 
between adjacent pairs of the walls 606–614. In some embodi 
ments, each micro-channel 616-622 is about 5-5,000um wide 
and about 5-5,000 um deep. The micro-channels 616-622 
may be sized in accordance with sizes of fascicles that are to 
be placed into the micro-channels 616-622. In some embodi 
ments, each micro-channel 616-622 is at most about 25 cm 
wide and at most about 25 cm deep. In some embodiments, 
each micro-channel 616-622 is at most about 25,000um wide 
and at most about 25,000 um deep. In some embodiments, 
each micro-channel 616-622 is at most about 5,000 um wide 
and at most about 5,000 um deep. In some embodiments, each 
micro-channel 616-622 is at most about 500 um wide and at 
most about 500 um deep. In some embodiments, each micro 
channel 616-622 is at most about 250 um wide and at most 
about 250 um deep. In some embodiments, each micro-chan 
nel 616-622 is at most about 100 um wide and at most about 
100 um deep. In some embodiments, each micro-channel 
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616-622 is at most about 50 um wide and at most about 50 um 
deep. In some embodiments, each micro-channel 616-622 is 
at most about 20 Lum wide and at most about 20 um deep. In 
some embodiments, each micro-channel 616-622 is at most 
about 5 um wide and at most about 5 um deep. In other 
embodiments, the micro-channels 616-622 may have other 
(larger or Smaller) widths and/or depths. Each micro-channel 
616-622 can be any convenient length. 
0.052 Each micro-channel includes a reference electrode, 
exemplified by reference electrodes 624, 626, 628 and 630. 
Only five walls 606–614 and four micro-channels 616-622 are 
shown for simplicity. However, an embodiment may include 
any number of walls and micro-channels. For example, an 
embodiment intended to interface with a peripheral nerve in a 
human arm may define on the order of tens or hundreds of 
micro-channels. 

0053. In the embodiment shown in FIG. 6, the lid 602 
contains a plurality of micro-wire electrodes, exemplified by 
electrode sets 632, 634, 636 and 638, extending down from a 
bottom surface of the lid 602. For simplicity, FIG. 6 shows 
only 12 micro-wire electrodes in each set of electrodes 632 
638. However, any number of electrodes may be included in 
each set of electrodes 632-638. For example, an embodiment 
intended to interface with a peripheral nerve in a human arm 
may include on the order of tens or hundreds of micro-wire 
electrodes in each set of electrodes 632-638. All the electrode 
sets 632-638 need not have identical numbers of electrodes. 
All the electrodes in a given set of electrodes 632-638 can, but 
need not, be of equal length. The electrodes of each electrode 
set 632-638 may be arranged in a two-dimensional array 
and/or along one or more diagonal (with respect to walls 
606-614) lines. That is, for each nerve micro-channel 616 
622, the micro-wire electrodes 632-638 may be arranged 
along at least one diagonal line, relative to a longitudinal axis 
of the respective trench. The longitudinal axis of the trench is 
parallel to the walls 606-614. 
0054. In some embodiments, the electrodes of each elec 
trode set are arranged to have a distance between adjacent 
electrodes of less than about 125um or less than about 100 um 
or less than about 40 or less than about 20 um. 
0055. The lid 602 may include tabs 640 and 642 that 
register with holes 644 and 646 in the outer walls 606 and 614 
of the base 604. The lid 602 is configured to be lowered, as 
indicated by arrows 648, onto the base 604 and mate with the 
base 604. When the lid 602 mates with the base 604, the tabs 
640 and 642 enter the holes 644 and 646, respectively, and the 
lid closes the micro-channels (trenches) 616-622, defining a 
nerve capture Volume within each micro-channel (trench) 
616-622. The lid 602 is associated with the one or more 
micro-channels (trenches) 616-622. Optionally, each micro 
channel (trench) 616-622 has its own associated lid. The 
electrodes 632-638 are configured and placed on the lid 602 
such that, when the lid 602 mates with the base 604, the 
electrodes 632-638 extend into the micro-channels 616-622. 
In some embodiments, the electrodes 632-638 protrude at 
most about 450 um from the bottom of the lid 602. 
0056. Once the lid 602 mates with the base 604, the lid 602 
may be secured to the base 604 by any suitable means, such as 
a releasable or permanent latch, an adhesive or a binding 
member (not shown) wrapped tightly around the array 600. 
Optionally, the tabs 640 and 642 may interference fit into the 
holes 644 and 646, respectively, to partially or completely 
secure the lid 602 to the base 604. Optionally, the other walls 
608, 610 and 612 may define holes (not shown), and the lid 
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602 may include corresponding tabs (not shown) that fit into 
the holes when the lid 602 mates with the base 604. 

0057 FIG. 7 is a schematic perspective view of the lid 602. 
However, in FIG. 7, the lid 602 is shown up-side-down, rela 
tive to its orientation in FIG. 6. As shown in FIG. 6, in some 
embodiments, the micro-wire electrodes 632-638 extend 
through the thickness of the lid 602 to provide electrical 
connection points, exemplified by electrical connection point 
sets 650, 652, 654 and 656, on the top surface of the lid 602. 
FIG. 8 is a schematic cross-sectional view (enlarged, relative 
to FIGS. 6 and 7, but not to scale) of a portion of the lid 602 
and one micro-wire electrode 800. The micro-wire electrode 
800 may be attached to the lid 602 in any suitable manner. For 
example, the electrode 800 may be driven through the lid 602 
and held in place by friction between the lid 602 and the 
electrode 800. Optionally or alternatively, the micro-wire 
electrode 800 may be attached to the lid via a chemical modi 
fication. For example, in embodiments in which the micro 
wire electrode 800 is made of silicon, or at least has a silicon 
outer sheath, the micro-wire electrode 800 may be covalently 
attached to the lid 602. Such as by oxygen plasma bonding. If 
the micro-wire electrode 800 is made of gold, thiol chemistry 
may be used to attach the micro-wire electrode 800 to the lid 
602. 

0058. In one embodiment, the micro-wire electrode 800 
includes an electrically conductive core 802 having a diam 
eter 803 of about 4 Lum. As used herein, electrically conduc 
tive means having an electrical resistance less than about 10 
MS2. The resistance may depend on material and cross-sec 
tional area of the electrode. Resistances above about 5 MS2 
may require suitable amplifiers. Typical metallic cores 802 
may have resistances of about 200 kS2 to about 600 kS2, 
although higher or lower resistances are acceptable. Carbon 
based electrodes, discussed herein, typically have higher 
resistances, typically greater than about 1 MS2, than metallic 
electrodes. Similarly, conductive polymer-based electrodes, 
discussed herein, may have higher resistances than metallic 
electrodes. 

0059. In some embodiments, the core 802 is made of 
metal. The core 802 is sharpened to a point 804. Optionally, 
the point 804 may be coated (not shown) with a biocompat 
ible, electrically conductive material. Such as gold. The core 
802 is electrically insulated, at least along its expose length 
805 (except for the point portion 804) by an electrically 
insulating layer 806, such as an about 5-6 um thick 807 layer 
of glass. As used herein, electrically insulated and electrically 
non-conductive mean having an electrical resistance of at 
least about 10 S2-m. In this configuration, the micro-wire 
has an outside diameter 808 of about 14-16 lum. In some 
embodiments, the outside diameter 808 is at most about 25 
um substantially along its protrusion length 805 from the lid 
602. In other words, the protruding portion is not tapered. In 
some embodiments, the uninsulated point portion 804 is at 
most about 10 Lum long, as indicated by 809. Suitable micro 
wire electrodes 800 are available from RED Micro Wire, 2 
Woodlands Sector 1, #01-18, Singapore 738068. 
0060 Optionally or alternatively, micro-wire electrodes 
may be made from bulk micro-wire. For example, bulk micro 
wire having a diameter of about 8-10 um, or other desirable 
diameter, may be cut into Suitable length pieces, and the 
pieces may be laid in complementarily-sized grooves in a 
silicon chip, and chip assemblies may be placed inside the 
respective micro-channels 616-622. Suitable bulk micro-wire 
is available from RED Micro Wire. 
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0061 Alternatively, the micro-wire electrode 800 may be 
made of a carbon fiber core, with a suitable thin film coating 
dielectric (except at its tip). Such a micro-wire electrode may 
have a diameter, including the dielectric layer, of about 8 um. 
The uninsulated tip of the micro-wire electrode can, but need 
not, be pointed. However, the tip should be coated with an 
electrically conductive polymer, such as poly(3,4-ethylene 
dioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS), or 
another suitable electrically conductive material. Such a car 
bon fiber core-based electrode is described by Takashi D. 
Yoshida Kozai, et al. in “Ultrasmall implantable composite 
microelectrodes with bioactive surfaces for chronic neural 
interfaces.” published online in Nature Materials, Vol. 11, on 
Nov. 11, 2012 by Macmillan Publishers Limited, the entire 
contents of which are hereby incorporated herein. However, 
Kozai's microelectrodes were implanted directly in brain tis 
Sue, without use of micro-channels as described herein. 
0062 Individual micro-wire electrodes are preferable to 
silicon-based three-dimensional electrode arrays fabricated 
using photolithographic processes, such as the well-known 
Utah electrode array, because individual micro-wire elec 
trodes are Smaller in diameter and relatively uniform in diam 
eter along their lengths. In contrast, Utah electrodes taper 
from a sharp point to a relatively large cross-sectional size at 
their bases. As used herein, the term “micro-wire” refers to an 
individual electrode, not part of an array of electrodes that are 
all fabricated as a solid unit, as the Utah electrode array is 
fabricated. 

0063 Returning to FIG. 8, a wire 810 may be electrically 
and mechanically connected to the conductive core 802, such 
as via a weld812. In use, a separate fascicle 900,902,904 and 
906 is placed in each micro-channel 616-622, and the lid 602 
is attached to the base 604, as shown schematically in cross 
sectional view in FIG.9. As the lid 602 is attached to the base 
604, the micro-wire electrodes 632-638 penetrate the fas 
cicles 900-906, making electrical contact with axons in the 
fascicles 900-906. FIG. 10 is an enlarged schematic view of a 
portion of the micro-channel 616 of FIG. 9. For simplicity, 
only one micro-wire electrode 1000 is shown in FIG. 10. The 
micro-wire electrode 1000 is shown having penetrated the 
fascicle 900 and having made electrical contact with an axon 
1002 within the fascicle 900. Other axons, exemplified by 
axons 1004, in the vicinity of the tip of the micro-wire elec 
trode 1000 are also shown. A portion of FIG. 10 enclosed in 
dashed circle 1006 is shown enlarged in the upper-right cor 
ner of FIG. 10. 
0064 Returning to FIG.9, wires, exemplified by wire sets 
908,910,912 and 914, provide electrical connections to and 
from the micro-wire electrodes 632-638. In addition, the ref 
erence electrodes 624-630 provide ground (reference) poten 
tials, against which signals on the micro-wire electrodes 632 
638 may be referenced. Additional wires (not shown for 
clarity) extend from the reference electrodes 624-630. The 
wires electrically connected to the reference electrodes 624 
630 and the wire sets 908-914 extending from the micro-wire 
electrodes 632-638 may be coupled, directly or indirectly, to 
an appropriate circuit (not shown) to analyze signals in the 
axons and/or to electrically stimulate the axons. 
0065 Rather than extending a separate wire from each 
micro-wire electrode 632-638 to the analysis/signal generat 
ing circuit, a multiplexer (MUX) 1100 may be included in the 
lid 602, as shown schematically in FIG. 11. In this case, the 
wire sets 908-91.4 may terminate at the MUX 1100, which 
multiplexes access to the individual micro-wire electrodes 
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632-638 via a single wire or small set of wires 1102 extending 
directly or indirectly to the analysis/signal generating circuit 
(not shown). Alternatively, rather than wires 908-914, the 
micro-wire electrodes 632-638 may be formed to extend to, 
and electrically connect to, the MUX 1100. Although FIG. 11 
shows a single MUX 1100, multiple multiplexors may be 
used. Such as separate multiplexors for multiplexing signals 
from and to the axons. 
0066. The embodiments discussed above, with respect to 
FIGS. 6, 7, 9, 10 and 11, include a lid 602 that is lowered onto, 
and attaches to, a base 604. Alternatively, as shown Schemati 
cally in FIG. 12, a lid 1202 may be hingedly attached to a base 
1204, such as by a living hinge 1206. Other aspects of the 
embodiment shown in FIG. 12 are similar to those described 
elsewhere herein. 

0067. As shown in FIG. 6, the micro-wire electrodes 632 
638 of each set of micro-wire electrodes may be arranged in 
a rectangular array. However, other arrangements are pos 
sible. FIG. 13 is a schematic top view of the lid 602, in which 
the micro-wire electrodes, exemplified by micro-wire elec 
trodes 1300, 1302, 1304 and 1306, which are associated with 
one of the micro-channels 616, are arranged in a staggered 
fashion. Dashed lines indicate sides of the walls 606-614 
(FIG. 6). Such staggering may be advantageous, particularly 
when fascicle diameter is less than inter-electrode spacing. 
Although three groups of micro-wire electrodes are shown in 
FIG. 13 (each group aligned along a diagonal), other numbers 
of groups, such as one group, two groups or more than three 
groups, may be used. FIG. 14 is a schematic cross-sectional 
view of the lid 602, base 604, fascicle 900 in the micro 
channel 616 and several micro-wire electrodes 1300-1306 of 
FIG. 13. 

0068. As shown in FIG. 14, the micro-wire electrodes 
1300-1306 may extend to different depths, so as to make 
contact with axons, exemplified by axons 1400, 1402, 1404 
and 1406, at corresponding depths within the fascicle 900. In 
some embodiments, at least one micro-wire electrode 1300 
1306 protrudes at most about 125um, but less than about 250 
um, and another at least one micro-wire electrode 1300-1306 
protrudes at least about 275 um, from the lid 602. In some 
embodiments, groups of the micro-wire electrodes, exempli 
fied by groups 1308 and 1310, are spaced longitudinally 
along each micro-channel. Such that electrodes of two adja 
cent groups are spaced apart 1312 from each other by at most 
about 100 um or at most about 125um. 
0069 Embodiments having micro-wire electrodes 632 
638 extending down from the lid 602 have been described. 
However, as noted, the micro-wire electrodes 632-638, or at 
least some of the micro-wire electrodes 632-638, may extend 
up from the bottom of the micro-channels 616-622, as sche 
matically shown in FIG. 15. In this case, the bottom of the lid 
602 may include the reference electrodes 624-630. In some 
embodiments, some micro-wire electrodes extend down from 
a lid, and other micro-wire electrodes extend up from a bot 
tom of micro-channels. These embodiments may include ref 
erence electrodes in the lid and/or in the bottom of the micro 
channels. 

0070. Several electrode arrays, exemplified by electrode 
arrays 600a, 600b, 600c and 600d, may be stacked to create a 
two-dimensional (as viewed from its face) electrode array 
1600 having a plurality of vertically distributed rows of 
micro-channels, as schematically illustrated in FIG. 16. The 
base 604a of one electrode array 600a may be integral with 
the lid 602b of its adjacent electrode array 600b, or the bases 



US 2015/0216682 A1 

604a-604c may be separate from their adjacent lids 602b 
602d. In the latter case, the electrode arrays 600a-d may be 
attached to their respective neighbors in any Suitable manner, 
as discussed above, with respect FIG. 6, in reference to attach 
ing the lid 602 to the base 604. Although four electrode arrays 
600a-dare shown joined together in FIG. 16, other numbers 
of electrode arrays may be joined together. 
(0071 FIGS. 17-20 schematically illustrate a sequence of 
operations, by which fascicles of a nerve 1700 may be con 
nected to an electrode array, without severing the nerve 1700 
into two disconnected portions, as would be necessary when 
using a prior artjelly-roll nerve electrode array (FIGS. 2-5). 
In FIG. 17, a longitudinal incision 1702 is made in the 
epineurial sheath 1704 of the nerve 1700, thereby creating 
two lips 1800 and 1802 of epineurial sheath 1704, and expos 
ing fascicles, exemplified by fascicles 1804, 1806 and 1808, 
as shown in FIG. 18. 
0072. As shown in FIG. 19, fascicles of interest, exempli 
fied by fascicles 1900, 1902 and 1904, may be extended, 
between the lips 1800 and 1802, from the nerve 1700, and 
placed in respective micro-channels, exemplified by micro 
channels 1906, 1908 and 1910, of the base 604 of an electrode 
array. The fascicles 1900-1904 that are extended from the 
nerve 1700 and placed in the micro-channels 1906-1910 may 
be a subset of, or all of, the fascicles in the nerve 1700. In FIG. 
19, one fascicle 1912 is shown not placed in any micro 
channel of the base 604. 

0073. As shown in FIG. 20, once the fascicles of interest 
have been placed in the respective micro-channels, the lid 602 
is attached to the base 604. The micro-wire electrodes (not 
visible) of the electrode array 600 penetrate the fascicles 
1900-1904 and make electrical contact with respective axons 
(not visible) in the fascicles 1900-1904, as described herein. 
An electrode array 600 having only one row of micro-chan 
nels is shown. However, as discussed herein, the electrode 
array 600 may include a plurality of rows of micro-channels. 
0074 FIG. 21 (A and B) contains a flowchart schemati 
cally illustrating a process for attaching electrodes to portions 
of a nerve. Some of the operations of the process may be 
performed as shown in FIGS. 17-20. At 2100, the nerve is 
longitudinally incised, without severing the nerve into two 
pieces. At 2102, a plurality of fascicles of the nerve is 
extended via the incision in the nerve. At 2104, each extended 
fascicle is disposed in a respective micro-channel of a base of 
an electrode array. At 2106, a lid is attached to the base, 
thereby Surrounding each extended fascicle in its respective 
micro-channel. The base and the lid collectively surround the 
fascicle. 
0075. At 2108, each fascicle is penetrated with a plurality 
of micro-wire electrodes. Each micro-wire electrode may be 
less than about 15-17 um in diameter, including any insula 
tion on the micro-wire. Each fascicle is penetrated by at least 
about 3-15 micro-wire electrodes (for example, in the case of 
a sciatic nerve). At 2110, at least some of the micro-wire 
electrodes are electrically coupled to a signal analysis circuit. 
At 2112, signals from the at least some of the micro-wire 
electrodes are processed to analyze corresponding nerve sig 
nals. At 2114, in response to detecting a predetermined signal 
from at least one of the micro-wire electrodes, a prosthetic 
device is activated. For example, a motor may be activated to 
move a prosthetic digit or appendage of the prosthetic device. 
0076. At 2116, at least some other of the micro-wire elec 
trodes are electrically coupled to a signal generation circuit. 
At 2118, a signal is received from a sensor, Such as a touch, 
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heat, moisture or pressure sensor, of the prosthetic device. At 
2120, in response to receiving the signal from the prosthetic 
device sensor, a signal is generated by the signal generation 
circuit, and the generated signal is sent to at least one of the 
micro-wire electrodes, thereby stimulating a corresponding 
portion of the nerve. 
0077. Various dimensions and numbers of rows and 
micro-channels per row may be used, depending on an 
intended use of the electrode array. Exemplary nerves that 
may be extended through embodiments of the present inven 
tion and their corresponding applications are listed in Table 1. 

TABLE 1 

Exemplary Applications 

Nerve Application 

Tongue control for obstructive sleep apnea 
Depression, epilepsy and other 
Bladder control 
Motor control 
Sleep apnea and lung control 
Interstitial cystitis 

Hypoglossal nerve 
Vagus nerve 
Cauda equina (spinal root) 
Sciatic nerve 
Phrenic nerve 
Pudental nerve 
Spinal nerves Asthma and pain 
Carotid sinus nerve Heart failure 
Bronchial nerve Asthma and COPD 

Hypertension 
Ovulation induction 
Type-2 diabetes 

Renal nerve 
Superior ovarian nerve 
Pancreatic nerve, 
CSN chemoreceptors 
Splenic nerve 
Splanchnic nerve 
Pain and touch fibers 
Motor nerve 

Rheumatoid arthritis 
Crohn's disease and ulcerative colitis 
Peripheral neuropathic pain 
Spastic hypertonia 

(0078 While the invention is described through the above 
described exemplary embodiments, modifications to, and 
variations of the illustrated embodiments may be made with 
out departing from the inventive concepts disclosed herein. 
Furthermore, disclosed aspects, or portions thereof, may be 
combined in ways not listed above and/or not explicitly 
claimed. Accordingly, the invention should not be viewed as 
being limited to the disclosed embodiments. 
What is claimed is: 
1. An electrode array, comprising: 
a Substrate comprising a bio-compatible dielectric and at 

least one nerve micro-channel, each nerve micro-chan 
nel comprising: 
a trench defined by the substrate, the trench being at 

most about 2.5 cm wide; 
a lid associated with the trench, comprising a bio-com 

patible dielectric and configured to be attachable to 
the Substrate so as to close the trench at least along at 
least a portion of the trench’s length Such that, when 
the lid closes the trench, the substrate and the lid 
collectively define a respective nerve capture volume 
within the trench; and 

at least three micro-wire electrodes, each micro-wire 
electrode protruding from at least one of the substrate 
defining the trench and the lid associated with the 
trench and having a diameter of at most about 25um 
Substantially along its protrusion. 

2. An electrode array according to claim 1, wherein the 
trench is at most about 5,000 um wide. 

3. An electrode array according to claim 1, wherein the 
trench is at most about 500 um wide. 
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4. An electrode array according to claim 1, wherein the 
trench is at most about 20 um wide. 

5. An electrode array according to claim 1, wherein the at 
least one nerve micro-channel comprises a plurality of hori 
Zontally distributed nerve micro-channels. 

6. An electrode array according to claim 1, wherein the at 
least one nerve micro-channel comprises a plurality of verti 
cally distributed rows of nerve micro-channels, each row of 
nerve micro-channels comprising a plurality of horizontally 
distributed nerve micro-channels. 

7. An electrode array according to claim 1, wherein, for 
each nerve micro-channel, the at least three micro-wire elec 
trodes are arranged in a two-dimensional array having a spac 
ing between adjacent micro-wire electrodes of less than about 
100 um. 

8. An electrode array according to claim 1, wherein, for 
each nerve micro-channel, the at least three micro-wire elec 
trodes are arranged in a two-dimensional array having a spac 
ing between adjacent micro-wire electrodes of less than about 
40 Lum. 

9. An electrode array according to claim 1, wherein, for 
each nerve micro-channel, the at least three micro-wire elec 
trodes are arranged in a two-dimensional array having a spac 
ing between adjacent micro-wire electrodes of less than about 
20 um. 

10. An electrode array according to claim 1, wherein, for 
each nerve micro-channel, the at least three micro-wire elec 
trodes are arranged along at least one diagonal line, relative to 
a longitudinal axis of the trench. 

11. An electrode array according to claim 1, wherein, for 
each nerve micro-channel, at least one micro-wire electrode 
of the at least three micro-wire electrodes protrudes at most 
about 125um and less than about 250 um, and another at least 
one micro-wire electrode of the at least three micro-wire 
electrodes protrudes at least about 275um. 

12. An electrode array according to claim 1, wherein, for 
each nerve micro-channel, the at least three micro-wire elec 
trodes comprise a plurality of groups of micro-wire elec 
trodes, each group of micro-wire electrodes: 

comprising at least five micro-wire electrodes; and 
being spaced longitudinally along the trench, Such that 

micro-wire electrodes of two adjacent groups of micro 
wire electrodes are spaced at most about 125 um apart. 

13. An electrode array according to claim 1, further com 
prising, for each nerve micro-channel, a Substantially planar 
electrode in at least one of the substrate defining the trench 
and the lid associated with the trench and electrically exposed 
to the nerve capture volume within the trench. 

14. An electrode array according to claim 1, wherein each 
micro-wire electrode comprises: 
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an electrically conductive core; and 
an electrically non-conductive layer Surrounding the core 

Substantially along the length of the micro-wire elec 
trode protruding from the at least one of the substrate 
defining the trench and the lid associated with the trench, 
and exposing at most about a 10um distal end portion of 
the core. 

15. An electrode array according to claim 14, wherein the 
electrically conductive core comprises metal. 

16. An electrode array according to claim 14, wherein the 
electrically conductive core comprises an electrically con 
ductive polymer. 

17. An array according to claim 14, wherein the electrically 
conductive core comprises a carbon fiber. 

18. An electrode array according to claim 14, wherein the 
electrically non-conductive layer comprises glass. 

19. A method for attaching electrodes to at least a portion of 
a nerve, the method comprising: 
making a longitudinal incision in an epineurial sheath of 

the nerve, without laterally bisecting the nerve; 
displacing, through the incision, a portion of at least one 

fascicle from inside the epineurial sheath to outside the 
epineurial sheath, thereby defining a displaced fascicle: 

disposing at least a portion of the displaced fascicle in a 
trench of a nerve micro-channel; 

penetrating the displaced fascicle with micro-wire elec 
trodes of the micro-channel; and 

attaching a lid to the micro-channel, thereby enclosing the 
displaced fascicle in the trench. 

20. A method according to claim 19, wherein: 
displacing the portion of the at least one fascicle from 

inside the epineurial sheath to outside the epineurial 
sheath comprises displacing a plurality of fascicles from 
inside the epineurial sheath to outside the epineurial 
sheath, thereby defining a plurality of displaced fas 
cicles; 

disposing the at least the portion of the displaced fascicle in 
the trench of a nerve micro-channel comprises disposing 
each fascicle of the plurality of displaced fascicles in a 
trench of a respective nerve micro-channel of a plurality 
of micro-channels; 

penetrating the displaced fascicle with the micro-wire elec 
trodes of the micro-channel comprises penetrating each 
fascicle of the plurality of displaced fascicles with 
respective micro-wire electrodes of the respective 
micro-channel of the plurality of micro-channels; and 

attaching a lid to the micro-channel comprises attaching 
the lid to the plurality of micro-channels. 
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