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Many attempts have been made to manufacture multi-contact nerve cuff electrodes that are safe, robust and reliable for long term
neuroprosthetic applications. This protocol describes a fabrication technique of a modified cylindrical nerve cuff electrode to meet these
criteria. Minimum computer-aided design and manufacturing (CAD and CAM) skills are necessary to consistently produce cuffs with high
precision (contact placement 0.51 + 0.04 mm) and various cuff sizes. The precision in spatially distributing the contacts and the ability to retain
a predefined geometry accomplished with this design are two criteria essential to optimize the cuff's interface for selective recording and
stimulation. The presented design also maximizes the flexibility in the longitudinal direction while maintaining sufficient rigidity in the transverse
direction to reshape the nerve by using materials with different elasticities. The expansion of the cuff's cross sectional area as a result of
increasing the pressure inside the cuff was observed to be 25% at 67 mm Hg. This test demonstrates the flexibility of the cuff and its response
to nerve swelling post-implant. The stability of the contacts' interface and recording quality were also examined with contacts' impedance and
signal-to-noise ratio metrics from a chronically implanted cuff (7.5 months), and observed to be 2.55 + 0.25 kQ and 5.10 + 0.81 dB respectively.

Video Link

The video component of this article can be found at https://www.jove.com/video/54388/

Introduction

Interfacing with the peripheral nervous system (PNS) provides access to highly-processed neural command signals as they travel to different
structures within the body. These signals are generated by axons confined within fascicles and surrounded by tightly-jointed perineurium cells.
The magnitude of the measurable potentials resulting from the neural activities is affected by the impedance of the various layers within the
nerve such as the highly resistive perineurium layer that surrounds the fascicles. Consequently, two interface approaches have been explored
depending on the recording location with respect to the perineurium layer, namely intrafascicular and extrafasmcular approaches. Intra-fascicular
approaches place the electrodes inside the fascicles. Examples of these approaches are the Utah array the Longitudinal Intra-fascicular
Electrode (LIFE) and the transverse intra-fascicular multichannel electrode (TIME) . These technlques can record selectively from the

nerve but have not been shown to reliably retain functionality for long periods of time in vivo, likely due to the size and the compliance of the
electrode

Extra-fascicular approaches place the contacts around the nerve. The cuff electrodes used in these approaches do not compromise the
perineurium nor the epineurium and have been shown to be both a safe and robust means of recording from the peripheral nervous system
However, extra-fascicular approaches lack the ability to measure single unit activity — compared to intra-fascicular designs. Neuroprosthetlc
applications that utilize nerve cuff electrodes include activation of the lower extremlty, the bladder, the diaphragm, treatment of chronic pain,
block of neural conduction, sensory feedback, and recording electroneurograms Potential applications to utilize peripheral nerve interfacing
include restoring movement to victims of paralysis with functional electrical stimulation, recording motor neuron activity from residual nerves to
control powered limb prostheses in amputees, and interfacing with the autonomic nervous system to deliver bio-electronic medicines 2

A design implementation of the cuff electrode is the flat-interface nerve electrode (FINE)21. This design reshapes the nerve into a flat-cross
section with larger circumference compared to a round shape. The advantages of this design are increased number of contacts that can be
placed on the nerve, and the close proximity of the contacts with the rearranged internal fascicles for selective recording and stimulation.
Furthermore, upper and lower extremity nerves in large animals and human can take various shapes and the reshaping generated by the FINE
does not distort the natural geometry of the nerve. Recent trials have shown that FINE is capable of restoring sensation in the upper extrem|ty
and restoring movement in the lower extremlty22 with functional electrical stimulation in humans.
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The basic structure of a cuff electrode consists of placing several metal contacts on the surface of a nerve segment, and then insulating these
contacts along with the nerve segment within a nonconductive cuff. To achieve this basic structure, several designs have been proposed in
previous studies including:

(1) Metal contacts embedded into a Dacron mesh. The mesh is then wrapped around the nerve and the resulting cuff shape follows the nerve
geometry ™

(2) Split-cylinder designs which use pre-shaped rigid and non-conductlve cylinders to fix the contacts around the nerve. The nerve segment that
receives this cuff is reshaped into the cuff's internal geometry &8,

(3) Self-coiling designs where the contacts are enclosed between two insulation layers. The internal layer is fused while stretched with an
external un-stretched layer. With different natural resting lengths for the two bonded layers causes the final structure to form a erX|bIe spiral that
wraps itself around the nerve. The material used for these layers have typically been polyethylene polylmlde and silicone rubber”.

(4) Unmsulated segments of the lead wires placed agalnst the nerve to serve as the electrode contacts. These leads are either woven into
silicone tublng or molded in silicone nested cyllnders . A similar principle was used to construct FINEs by arranging and fusing insulated wires
to form an array, and then an opening through the insulation is made by stripping a small segment through the middle of these joined wires '3,
These designs assume a round nerve cross section and conform to this assumed nerve geometry.

(5) Flexible polyimide based electrodes®® with contacts formed by micromachining polyimide structure, and then integrating into stretched silicone
sheets to form self-coiling cuffs. This design also assumes a round nerve cross section.

Cuff electrodes should be flexible and self-sizing in order to avoid stretching and compressing the nerve that can cause nerve damages. Some
of the known mechanisms by which cuff electrodes can induce these effects are the transmission of forces from adjacent muscles to the cuff
and hence to the nerve, mismatch between the cuff's and nerve's mechanical properties, and the undue tensmn in the cuff's leads. These safety
issues lead to specific set of design constraints on the mechanical flexibility, geometric configuration, and size'. These criteria are particularly
challenging in the case of a high contact count FINE because the cuff must be at the same time stiff in the transverse direction to reshape the
nerve and flexible in the Iongltudmal dlrectlon to prevent damage as well as accommodating multiple contacts. Self-sizing spiral designs can
accommodate multiple contacts cuff™, but the resulting cuff is somewhat rigid. Flexible polyimide design can accommodate a high number of
contacts but are prone to delamlnatlon The wire array design 13 produces a FINE with flat cross section, but in order to retain this geometry the
wires are fused together along the length of the cuff producing stiff faces and sharp edges making then unsuitable for long term implants.

The fabrication technique described in this article produces a high contact density FINE with flexible structure that can be made by hand with
consistently high precision. It uses a rigid polymer (Polyether ether ketone (PEEK)) to allow precise placement of the contacts. The PEEK
segment maintains a flat cross section at the center of the electrode while remaining flexible in the longitudinal direction along the nerve. This
design also minimizes the overall thickness and stiffness of the cuff since the electrode body does not have to be rigid in order to flatten the
nerve or secure the contacts.

1. Electrode Components Preparation

1. Gather four electrode components that require precision cut (laser-cut was used, Please refer to the Materials List) prior to the manufacturing
process. These components are (Figure 1):
Contacts array frame: This frame is made out of 125 ym thick Polyether ether ketone (PEEK) sheet. It covers the entire width of the cuff and
holds the middle contacts and has serpentine-shaped edges (Figure 1B). The middle contacts are wrapped in the guide channels; hence the
exposed width of the contacts is limited by the width of the channels and the spacing is determined by the spacing between the channels.
The middle contacts strips: The middle contacts are formed by wrapping these strips around the contacts array frame (Figure 1B). Cut the
strips out of the Platinum/10% Iridium sheet to the width of the guiding channels and add extra length to allow them to be fully folded around
the frame. Spot-weld the contact's lead at 0° angle with the strip's major axis.
The reference contacts: Four references are needed. The long dimension of these contacts is slightly shorter than the cuff width to fully
contain them inside the cuff. Spot weld each reference contact to a lead at 90° angle with the contact's major axis.
PEEK spacers: Spacers are used to create thinner region on the electrode to allow bending and closing (Figure 1C). All the spacers are
made from PEEK (other material could be used) and cut to the length of the electrode. The width of the middle space is equal to the height of
the electrode.

2. Contacts Array Preparation

1. Clean the components made in step 1 by sonication in ethanol for 2 min at 40 KHz and room temperature, then 2 min in distilled deionized
water under the same sonication parameters. Let dry.

2. Visually inspect the contacts for any defects like laser-cut residuals or surface deformations.

3. Position the contacts one by one under the microscope with the welding spot facing up. Hold the contact with tweezers at approximately 1/3
of length starting from the free end. Elevate the lead to a 45° angle while holding the contact to make the first bend.

4. Place the pre-bent contact underneath the array frame with the weld facing up. Hold the frame down with tweezers and elevate the lead to
a 45° angle to make a second bend. While Continuing holding the frame down, grab the free end of the contact with tweezers and bend at a
180° angle (fold toward the middle line of the frame).

5. Straighten and pull the contact toward operator and then bend at 180° angle (fold to the middle line). The spot welding point should now be
enclosed in between the two bent ends.
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6.

Repeat steps 2.3 - 2.5 for the remaining contacts. Make as tight as possible. Alternate the contact leads on each side of the array frame.

3. Cuff Layout Guide

Create a 2D diagram of the cuff in flat open position.

NOTE: Use any CAD software to produce a true-scale diagram. This diagram will determine the dimensions of the electrode and the
placement site for the various electrode components.

Print the 2D diagram on regular printing paper to scale using ordinary printing machine, and then cut out a 5 cm by 5 cm square piece with
the drawing located in the center.

Cut out 5 cm by 5 cm square piece of the thermal transparency sheet (T1) with a scalpel.

Place the transparency piece T1 on top of the diagram paper, and then place both layers on the base plate with the diagram facing up. Tape
them down to the base plate with adhesive tape.

4. Electrode Base Layer and Reference Contacts Placement

o o

7.

Cut out 5 cm by 5 cm silicone sheet with a scalpel (S1), and then place it on the transparency layer. Start by dropping one corner then slowly
lower the rest of the sheet to avoid trapping air bubbles in between T1 and S1 sheets (Figure 2A).

Mix approximately 2 g of uncured silicone as directed on manufacturer data sheet. Rigorously stir the two parts together with sterilized
wooden stirring stick. Place the mix in a vacuum chamber for 3 min. Cycle the vacuum to eliminate the bubbles as they rise to surface.
Preheat the isotemp oven at 130 °C.

Note: Latex gloves can inhibit the curing process of the silicone. Latex gloves also contain sulfur which can leave contaminants on the
working surfaces. Using nitrile gloves instead is recommended.

Using the dental pick tool, apply a thin line of uncured silicone along the middle of the spacer segments where they are located on the guiding
diagram.

Place the spacers onto the designated regions, and then press them down against the silicone sheet S1.

Partially cure the silicone in the isotemp oven for 30 min, let it cool down for 10 min.

Place the reference contacts onto designated areas. Ensure that the weld points are facing up and contact leads are routed towards the
midline of the cuff to exit at the far end. After ensuring correct positioning, press the contacts down onto the silicone layer S1. Deposit
uncured silicone into the through-holes.

Tape down the leads and then fully cure the silicone at 130 °C for 90 min, or overnight at room temperature (Figure 2B).

5. Center Contacts Array Placement

5.

Cut out 1.5 cm by 5 cm transparency piece with a scalpel (T2). Tape down the reference leads away from the middle region to prevent them
from running underneath the contacts array during the next step.

Place the contact arrays on the dedicated location with the leads side facing up. Deposit uncured silicone to tack the array in place.

Place the piece from 5.1 (T2) across the midline of the electrode and over the arrays to hold them down, and then tape the ends while
pressing down on the arrays. Manually align the array with the dedicated position. Tape down the leads outside the cuff's perimeter.

Place the small fixture bar across the center of the electrode and over the transparency segment T2. Clamp it down to the base plate with
moderate pressure to press the middle contacts against the base silicone layer S1.

Fully cure the silicone for 90 min at 130 °C, or overnight at RT.

6. Embedding the Electrode Components

Remove the small fixture bar and gently remove the transparent sheet T2 to expose the middle contact arrays. Remove all the tapes that hold
the leads for both references and middle contacts (Figure 2C).

Cut a square piece of the transparency sheet with a scalpel to the same width of the electrode and 5 cm in length (T3), and then cut a square
piece of silicone sheet to cover the entire electrode surface (S2).

Lay the silicone sheet (S2) on top of the transparency piece (T3) and stretch it to remove any waves or irregularities and to eliminate air
bubbles from being trapped in between.

Cut four pieces of silicone tubing; 5 cm long each. Place them on the exit site of the leads as assigned on the guiding diagram. Leave a 2 mm
space between the electrode edge and the tubes' edges. While holding down each pair of tubes with tweezers, tape down the tubes starting
at 1 mm away from the tube end. Repeat for the other pair.

Arrange and leads of the middle contacts and the references into bundles, and then pass them through the corresponding tube near the exit
sites. Repeat for the other three tubes. (Figure 2D).

Deposit generous amount of uncured silicone over the entire electrode body.

NOTE: Avoid forming air bubbles during this step by either slowly pouring the uncured silicone from the vacuumed mixing container or
injecting it with a syringe.

Place the structure from 6.3 on top of the deposited uncured silicone with the silicone sheet S2 facing down. Align the transparency piece T3
with the electrode while keeping the silicone sheet S2 adhered to it.

Tape down the transparency piece T3 and then apply pressure to channel out any trapped air bubbles. Place the large fixture bar across the
center of the electrode and over the transparency segment T3. Then clamp it down to the base plate with moderate pressure. Fully cure the
silicone for 90 min at 130 °C, or overnight at RT.
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7. Shielding Layer Placement (Recommended for Recording Cuffs)

1. Remove the large fixture bar and delaminate the transparency piece (T3) with tweezers. Place the shielding sheet in the center of each face
of the electrode and apply slight pressure to press them into the electrode. Deposit uncured silicone into the through-holes.

2. Partially cure the silicone for 30 min at 130 °C, and then let it cool completely to room temperature. Place adhesive tape over the outer ends
of the electrode and over the closing flanges to prevent adding extra uncured silicone to these segments.

3. Repeat steps 6.6 through 6.8.

8. Cutting out the Finished Electrode

1. Peel off and cut the excess silicone on top of the adhesive tape added in step 7.2 using scalpel blade, then carefully remove the adhesive
tape.

2. Cut out windows through the silicone to expose the spacer segments through the S2 layer. Extract the embedded spacer segments with
tweezers. This step will leave voids and form flexible single silicone sheet at these regions (originally S1).

3. Peel off the excess silicone on top of the adhesive tapes that cover the silicone tubes, and then cut it with scalpel blade to level the tubes with
the electrode body.

4. Cut around the perimeter of the electrode down to base plate.

5. Cut out a triangle between each tubes pair completely through the base plate, and on the outer side following the guiding diagram to shape
the leads' exit sites. Remove all the silicone material that was detached from the electrode body during last steps.

9. Exposing Contacts and Shielding Layers

1. Cut out windows through the silicone layer S2 that covers the shielding layer. Glide the polypropylene suture filament in between the
electrode base (layer S1) and the transparent layer T1 on the base plate to delaminate the finished cuff electrode.

2. Flip the electrode such that the center contacts and the Silicone layer S1 are facing up, and then expose them by cutting out windows through
the base silicone layer S1. Repeat for the outer reference contacts exposing 1 mm wide segments along the center of the contacts. Ensure
that the stabilizing through-holes at the sides of the reference contacts are fully embedded inside the electrode's body.

10. Soldering a Connector to the Leads

1. Deposit soldering substance onto the leads and onto the connecter pins separately, and then heat and fuse both parts together with soldering
iron.
Note: The DFT lead wires consist of silver core surrounded by an outer layer made out of the Nickel-Cobalt base alloy MP35N. Depositing the
solder substance onto these wires requires the use of specialty flux to allow adhering to the wire (please refer to the Materials List).

Representative Results

Recording neural activity was performed with a customized pre-amplifier using super-f input instrumentation amplifier (700 Hz - 7 kHz bandwidth
and total gain of 2,000). An example of the fabricated FINE electrode with the presented protocol is shown in Figure 3. Implanting the FINE
around the nerve is done by suturing the two free edges together. A demonstration of the cuff's flexibility (Figure 3B) indicates that the cuff
flattens the nerve while retaining flexibility in the longitudinal direction.

In addition to the cuff flexibility in the longitudinal direction, the cuff should also be elastic to accommodate nerve swelling, especially at the
early healing stages post-implantation. High pressure inside the cuff could constrict blood vessels and occlude blood flow inside the nerve.
Consequently, the pressure generated inside the cuff as a result of nerve swelling should not exceed the diastolic blood pressure. Figure

4 shows the response of the assembled cuff to various pressure levels inside the cuff. As the pressure increases, the electrode expands to

form a larger cross sectional area. At 67 mm Hg; the electrode expands to 1.25 times its original cross sectional area. This observation can

be interpreted as if the cuff size is at least 1.2 times the initial cross sectional area of the nerve, the nerve can expand up to 1.5 its initial cross
sectional area while the resulting increase in pressure inside the cuff remains under 67 mm Hg. Therefore the design criterion'®*® %" for a nerve
cuff electrode to exhibit a cuff-to-nerve cross sectional area ratio of at least 1.5 is satisfied.

The functionality and stability of the manufactured cuff design was examined by implanting it on the sciatic nerve of a dog (Figure 5). The study
was approved by CWRU IACUC and ACURO. Three parameters were periodically measured through the chronic implant duration: 1) the signal-
to-noise ratio (SNR), 2) the contact impedance and 3) the number of contacts that provide viable recording. The SNR is defined as the ratio

of neural activity mean power (red segment) over the mean power of baseline activity (yellow segment). 100 ms moving window was used.
Throughout the 7.5-month implant duration, the SNR remained steady with a value of 5.10 + 0.81 dB (Figure 5B).

The magnitude of contacts' impedance was measured in vivo at 1 kHz and is shown in Figure 5C. These measurements were made using the
RHD2000-Series amplifier evaluation system. The impedance was observed to be stable with a mean value of 2.55 + 0.25 kQ (33 Trials, 16
contacts (N= 528)). Finally, the number of contacts that became inactive over time is also shown in Figure 5C. The number of inactive contacts
remained under 2 for the duration of the implant. The fluctuation in the number of excluded channels resulted mostly from a bad connection
between the external connector and the amplifier and regained function during the recording sessions.
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Figure 1: Overview of the FINE and its Components. A) FINE in the open position and the four main building components that require
precision cut. These components are: Contacts array frame (1), the middle contacts strips (ll), the reference contacts (Ill), PEEK spacers (IV).
The cuff is facing downward with respect to the contacts placement against the nerve. The spacers (IV) are removed after the assembly. B)
An expanded view of the center contacts and the steps to fold and fix them around the middle frame. C) Folded configuration of the electrode.
Please click here to view a larger version of this figure.
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Figure 2: Snapshots of the Electrode during the Fabrication Process. A) The guiding diagram, T1 and S1 stacks at the end of step 4.1. B)
Mounting the spacer segments and reference contacts at the end of step 4.7. C) Adhering the center contacts array to S1 sheet at the end of
step 6.1. D) Arranging the leads and silicone tube before embedding them inside the electrode body at the end of step 6.5. Please click here to

view a larger version of this figure.

Copyright © 2016 Journal of Visualized Experiments October 2016 | 116 | 54388 | Page 6 of 11


https://www.jove.com
https://www.jove.com
https://www.jove.com
https://www.jove.com/files/ftp_upload/54388/54388fig2large.jpg
https://www.jove.com/files/ftp_upload/54388/54388fig2large.jpg

L]
love Journal of Visualized Experiments www.jove.com

Figure 3: The Nerve Cuff Electrode Described in the Protocol. A) The fabricated 16 -contacts FINE in the open position. The leads are
arranged into four bundles of 5 leads per exit site. B) An example of the placement of the cuff around the sciatic nerve in dog. The middle
segment of the FINE remained flat in the transverse direction, and the cuff body is flexible in the longitudinal direction. C) A photograph of
implanted nerve post mortem showing the flattened cross section and the arrangement of the fascicles after implanting a FINE electrode for 12

weeks. Please click here to view a larger version of this figure.

Copyright © 2016 Journal of Visualized Experiments October 2016 | 116 | 54388 | Page 7 of 11


https://www.jove.com
https://www.jove.com
https://www.jove.com
https://www.jove.com/files/ftp_upload/54388/54388fig3large.jpg

L]
lee Journal of Visualized Experiments www.jove.com

-
wn

-~
o

m
L

o
o

o
o

o
o

Estimated Cross Sectional Area (mm2)

£
w

i i i i i
0 10 20 30 40 50 €0 70
Pressure (mmHg)

sy
o

Figure 4: FINE Response to Increasing Internal Pressure. These measurements were made by placing an inflatable elastic chamber inside
a closed cuff, and then the pressure was gradually increased by a variable -length water column. The major and minor axes of the cuff's cross
section were measured at each pressure level and an elliptic cross section was assumed in order to calculate the cross sectional area (n= 20).
The error bars represent the standard deviation.
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Figure 5: The Evaluation of Cuff Functionality with Chronic Recording of Sciatic Nerve Activity in Dogs. A) A Two seconds example
of raw ENG signal recorded at one contact while the animal is voluntarily walking on a treadmill. SNR was defined as the ratio of activity and
baseline mean powers. B) Average SNR values were observed during the implant duration. C) Mean value of contacts impedance at 1 kHz
(black) and number of non-functional contacts over time (red). 14 of the 16 contacts remained functional throughout the implant duration. The
error bars represent the standard deviation. Please click here to view a larger version of this figure.

The manufacturing method described in this article requires dexterous and fine movements in order to ensure the quality of the final cuff. The
recording contacts must be placed precisely in the middle of the two reference electrodes. This placement has been shown to significantly
reduce interferences from surrounding muscles electrical activity27. Any imbalance in the relative position of the contact during the fabrication can
degrade the rejection of common mode interfering signals generated outside the cuff. However, with careful technique very little to no noticeable
imbalance in the reference contacts was observed.

Several improvements were made to the cuff design to address the failure modes encountered during initial animal trials. These modes and the
corresponding improvements are:

Lead breakage: the leads of reference contacts were observed to fail at the welding spot. This failure was attributed to the insufficient strain relief
at the site where the lead exits the electrode. This problem was solved by the including a length of reference leads inside the electrode body
before exiting.

Closing site Failure: Post-implant cuff opening was observed and attributed to the suture cutting through the silicone. This problem was solved by
adding a reinforcement mesh and using softer suture material such as silk to suture the cuff.

Motion artifacts: Large spontaneous artifacts (> 100 pV) were encountered with the first design of the recording cuffs. Similar artifacts were
previously repor‘(ed2 but have not been addressed. These artifacts were found to be triboelectric noise and were attributed to the fact that the
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two dissimilar nonconductive materials can generate charge along the lead and voltage spikes related to the movement of the lead wires. In
particular, the silicone tubing that encloses the contact leads and the leads' insulating material (polytetrafluoroethylene) have different charge
affinities, which causes charge transfer between them and into the leads' conductive core forming spikes during movement of the lead. The
validation of the nature of these artifacts was made by reconstructing the movement of similar cable structure in normal saline path and similar
artifacts were observed. To solve this problem, the insulation material must have charge affinity similar to that of the enclosing tubing material.

Electrode Shielding: A shielding layer (gold metal foil) was also added to the outer faces of the cuff to provide additional EMG reduction®®. The
foil creates a low-impedance path along the electrode body that shunts interference currents originating outside the cuff.

Connection Failure: It was observed that the transcutaneous connection through the skin was not reliable and caused discontinuity with up to 2
of the 16 contacts (red plot in Figure 5C). Therefore, the connection to the recording device should be improved to enhance the overall interface
reliability.

The electrodes produced with this protocol have been implanted in dogs. Some of the materials included in this electrode (e.g., soldering tin,
transparency sheet) have not yet been approved for human use. However, the selection of the materials that form the structure of the electrode
are included in some FDA approved devices for long term implants (e.g., silicone, PEEK, Platinum/Iridium sheet). Therefore, translating the
process into human application only requires careful selection of the tooling materials, and the fabrication under proper clean room conditions.

Three main alternative ap1proaches have been explored to produce multicontact nerve cuff electrodes that can reshape peripheral nerves. First
is the hot-knife technique ®. It has been shown to be a cost-effective approach to reliably manufacture FINEs with high contact density and high
contact placement precision (238 + 9 um contact spacing). However, the cuffs produced by this method are stiff and the overall mechanical
properties may not suitable for long term implantation. The second approach is laser patterningZ4. Nd:YaG laser have been used to form the
contacts by creating patterns in multi-layered platinum-sputtered PDMS. Although this approach is highly reproducible and yield high precision
features (30 um), the machinery required is very specialized and the long term biocompatibility of the electrodes has not been investigated. The
third approach is hand crafted contacts array made of platinum discs or spheres fixed onto silicone rubber® 2.

This approach does not require expensive equipment and uses highly biocompatible materials. The main drawbacks of this approach are the
high tolerance (> 0.5 mm) and the high dependence on human error. The manufacturing procedure described in this protocol yields precise
placement of the contacts and is highly reproducible due to the predefined geometry of the fixture frame. The spacing between the middle
contacts was measured at 0.51 + 0.04 mm (n= 70), and the dimensions of the contacts are determined by the tolerance of the laser-cutting
machinery.

The FINEs manufactured with this procedure are capable with the appropriate algorithm to detect the location of the fascicles within the nerve
and to recover the fascicular signals in freely moving animals without a Faraday cage and with SNR of 5.10 + 0.81 dB. This design is suitable for
nerve stimulation and could be used for selective stimulation using tripolar cuff configuration with minimal artifacts®®. This fabrication technique
also has the flexibility to produce a variety of cuffs for particular applications such as monopolar stimulation and nerve velocity recording.

Monopolar design can be implemented by removing the four reference contacts while keeping the center contacts. The resulting cuff can then
be shorter in length and can be further modified by routing all the leads to exit at one side (one silicone tube pair instead of two). The velocity
recording electrode can be implemented by replacing the reference electrodes with four additional contact array frames and then arranging the
leads of the extra contacts inside the electrode body toward the opposite exit site.
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