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Abstract

Objective—A neural interface system has been developed that consists of an implantable
stimulator/recorder can with a 15-electrode lead that trifurcates into three bundles of five
individual wire longitudinal intrafascicular electrodes. This work evaluated the mechanical fatigue
resistance of the branched lead and distributed electrode system under conditions designed to
mimic anticipated strain profiles that would be observed after implantation in the human upper
arm.

Approach—Custom test setups and procedures were developed to apply linear or angular strain
at four critical stress riser points on the lead and electrode system. Each test was performed to
evaluate fatigue under a high repetition/low amplitude paradigm designed to test the effects of arm
movement on the leads during activities such as walking, or under a low repetition/high amplitude
paradigm designed to test the effects of more strenuous upper arm activities. The tests were
performed on representative samples of the implantable lead system for human use. The
specimens were fabricated using procedures equivalent to those that will be used during
production of human-use implants. Electrical and visual inspections of all test specimens were
performed before and after the testing procedures to assess lead integrity.

Main Results—Measurements obtained before and after applying repetitive strain indicated that
all test specimens retained electrical continuity and that electrical impedance remained well below
pre-specified thresholds for detection of breakage. Visual inspection under a microscope at 10X
magnification did not reveal any signs of damage to the wires or silicone sheathing at the stress
riser points.

Significance—These results demonstrate that the branched lead of this implantable neural
interface system has sufficient mechanical fatigue resistance to withstand strain profiles
anticipated when the system is implanted in an arm. The novel test setups and paradigms may be
useful in testing other lead systems.
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1. Introduction

Peripheral nerve interfaces enable uni- or bi-directional flow of information between the
peripheral nervous system and a computing machine [1]. This technology has the potential
to restore function after spinal cord injury, peripheral nerve injury or limb loss [2], or for use
in autonomic control [3]. In general, a peripheral nerve interface consists of electrodes that
interface with the nervous system and are connected via an electrode lead system to a
stimulator/recorder electronics unit. Several types of electrodes are utilized for peripheral
nerve interfaces [4-13]. The lead consists of the wires connecting the electrode or electrode
array to the stimulating/recording device. Often the wires are bundled and coiled in order to
provide strain relief and the bundle is enclosed in an external sheath [14-18]. Many
peripheral nerve interfaces use a single multi-conductor lead, e.g., the fully implantable
vagal nerve stimulator or the percutaneous tibial nerve stimulator [3, 19-21]. These leads are
similar to those used to connect central nervous system electrodes to an electronics unit
placed in the periphery, such as in spinal cord [22] or deep brain stimulation systems [23].

For many clinical applications, approaches that target peripheral nervous system structures
may have advantages over those that target central nervous system structures, such as a
reduction in the risks associated with implantation [24] and providing access to simpler,
better understood neural codes [25]. One of the potential drawbacks of targeting the nerves
in the periphery is that they slide and stretch while performing routine activities [1, 26-29].
This movement presents challenges to the stability of the electrode-nerve interface and the
mechanical fatigue resistance of the leads, especially in systems where the electronics are
housed at a distance from the electrode-nerve interface. Mechanical fatigue that causes lead
breakage or cracks in the insulation or protective sheath around the electrode lead wires
could reduce system functionality, increase risk, and/or constitute device failure. Lead
systems such as those used in functional neuromuscular stimulators [30-36], spinal cord
stimulators [22], and cardiac pacemakers [37—39] have been tested extensively both in-vitro
and in-vivo to characterize the likelihood of long term survival under similar conditions.

In this work, we investigated the mechanical fatigue resistance of a branched, multi-
conductor electrode lead system designed to interface with peripheral nerves. The lead
system was developed as part of a neural-enabled prosthetic hand system designed to elicit
sensations in amputees by electrically stimulating peripheral nerve fibers based on
information derived from sensors in the prosthetic hand. At the core of this system is a
device that includes an external processor and interface unit connected to the sensors in the
prosthetic hand and an internal implantable stimulator/recorder (ISR). The ISR has a radio-
frequency transmitting coil, a can to house electronics, and a 15-electrode array lead that
trifurcates into three bundles of five individual longitudinal intrafascicular electrodes
(LIFES). The external interface unit and the internal ISR communicate via a wireless,
transcutaneous link. The lead structure enables implantation of LIFEs in fascicles of
peripheral nerves at distributed sites, e.g., in multiple nerves in the upper arm of an amputee
[5, 40, 41]. This study characterized the mechanical fatigue resistance of this distributed,
LIFE-based, branched lead system to conditions that mimic anticipated strain profiles in the
upper arm. We fabricated modular testbeds and developed procedures to evaluate the
susceptibility of the lead to damage at specific stress riser points when exposed to repetitive
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linear and angular strains. Multiple tests were performed on representative samples of the
implantable lead and electrodes for human use.

2. Methods

2.1. Implantable stimulator/recorder with a branched lead system and LIFEs

The implantable stimulator/recorder with the electrode lead bundle and LIFEs is shown in
Figure 1A. The ISR is designed to be implanted in the upper arm to interface with multiple
discrete groups of neurons distributed across fascicles in the major nerves of the arm. The
ISR, which is encased in silicone, has a radio frequency (RF) coil and a hermetically sealed
titanium can that houses the electronics for the system and has feedthroughs for 15 electrode
wires bundled as a single lead and a ground lead. The overall size of the can with RF coil
(approx. 30 mm x 50 mm) is similar to that of standard cochlear implants [42]. The
electrode lead wires are made from 23 pm diameter Pt-Ir wires with an insulation thickness
of ~4 um. As shown in the schematic in Figure 1B, the 15 electrode lead wires exit the ISR
as a single primary bundle and are coiled and ensheathed in medical grade silicone. The
diameter of the primary bundle (1.19 mm) is similar to that of the lead in standard cochlear
implants. The primary bundle extends for 15 cm from the ISR then branches at the
trifurcation junction (TFJ) into three secondary bundles each with 5 lead wires to enable
implantation of up to 5 LIFEs at each of three anatomical sites. The wires in the secondary
bundles are also coiled and ensheathed up to the secondary bundle exit point, which is where
the coiled lead wires separate into uncoiled individual wires. In each of the individual wires
the electrode active site (exposed region) is formed by removing the insulation for a length
of approximately 1 mm. The distal ends of the individual wires are welded to 75 um
diameter tungsten needles. All specimens used in this study were fabricated using materials
that are identical to, and procedures that are equivalent to, those that will be used during
production of implants for human use.

2.2. Stress Riser Points

A transition in size and/or stiffness along the length of the electrode lead can result in a
localized concentration of stress that could eventually result in material failure such as lead
breakage or cracks in the protective sheathing. [43]. Some of the stress riser points are at
locations of structural transition along the length of the lead, while others are points where
individual wires are surgically anchored. Figure 2A shows a schematic of the intended
location of implantable components in the upper arm; Figure 2B shows a schematic of the
electrode wires implanted in a nerve fascicle. During the implantation procedure, each
electrode wire from a single secondary bundle is threaded into a fascicle using the tungsten
needle, with one or more electrode wires per fascicle within the same nerve. All wires from
a bundle are implanted at approximately the same longitudinal distance between the bundle
exit and the nerve entry point, but at different locations around the circumference to access
multiple sections of the same fascicle as well as different fascicles. Once all electrode wires
from a secondary bundle are implanted at a given site, the longitudinal position of the active
area for each electrode is adjusted so that it is within the fascicle. Subsequently, the distal
portion of the wire is cut to remove the tungsten needles. The bundle exit point and the
remaining portion of the wires left outside the nerve are sutured to the epineurium as shown
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in Figure 2B. Our plan for surgical deployment is to use 9-0 nylon sutures (ETHILON
Black 2813G, Ethicon), and therefore this material was used in the tests described below.

In the ISR lead system (Figure 1B, Figure 2), five prominent transition points are of concern:
1) the point where the single primary bundle of fifteen electrode wires ensheathed in silicone
exits the distal end of the ISR can through a cone-like silicone tail; 2) the points where the
secondary bundles exit the TFJ, which is a silicone structure that is stiffer than the bundle of
electrodes; 3) the points where the individual electrode wires exit the secondary bundles; 4)
the suture point where the secondary bundle is sutured to the nerve; and 5) the points where
the individual wires are sutured in place after exiting the nerve.

2.3. Test Setups and Procedures

Fatigue testing of the stress riser points in the system required a series of setups capable of
applying repetitive linear or angular strains to the test specimens. Each test setup was
designed and built using off-the-shelf aluminum structural components and several custom-
designed 3D printed parts. These custom parts were designed and fabricated in-house and a
modular design approach was used. Aluminum parts were used in the primary load-bearing
structures; 3D-printed parts, made of standard polylactic acid (PLA) plastic, were used for
structures not exposed to substantial loads. The modular design allowed fine-tuning of the
sample attachment structures and test parameters such as the direction and amplitude of the
strain applied. The test setups were generally comprised of a motor sub-assembly to
generate repetitive rotational motion, and consisted of a speed-controlled brushless DC
motor (Anaheim Automation BLY17MDA) mounted on a 3D-printed base. A 3D-printed
flywheel coupled to the motor allowed for multiple strain amplitude levels to be selected,
using different linkage points along its radius. A linear or angular motion sub-assembly
converted the rotational movement of the motor into linear or angular actuation. Specialized
sample holders were designed to hold the test specimens and to apply strain at the stress
riser point being tested. A linear strain testbed was used to test the junction where the
primary bundle exits from the ISR can, the junction where the individual wires exit the
secondary bundle, and the nerve suture points. An angular strain testbed was used to test the
junction where the primary bundle exits from the ISR can and the trifurcation branching
junction (Figures Figure 1B, Figure 4, Figure 5)

2.3.1. ISR Bundle Exit Linear and Angular Strain Tests—Each specimen used in
these tests consisted of an ISR can, a single primary bundle with 15 coiled silicone
ensheathed wires (CS1, L = 15cm), and the ground electrode lead (Figure 3A). At the
proximal end of the specimen (i.e., the end with the ISR can), the 15 wires and the ground
electrode were shorted to form a single electrical contact. At the distal end of the specimen,
the 15 wires were attached to distinct contacts on a custom-designed printed circuit board
(PCB) for electrical continuity monitoring.

In the ISR bundle exit linear strain test setup (Figure 4A), the proximal end of the specimen
(ISR can) was clamped in one of three different orientations while the bundle’s distal end

was attached to a piston mechanism about 10 cm from the PCB. The piston mechanism used
a brushless motor with an integrated speed controller coupled to a linear motion assembly to
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apply longitudinal cyclic strain to the lead. The chosen orientations of the primary bundle
position with respect to the ISR (Figure 4B) consisted of 1) 90° twist about the Y-axis and
90° bend about the Z-axis; 2) No bend; and 3) 90° bend around the Z-axis. These amplitudes
and orientations were designed to represent worst-case scenarios in which the ISR lead exit
point might experience very high strain in different directions.

The ISR bundle exit angular strain test setup (Figure 5A) consisted of a swinging fixture
coupled to an oscillatory mechanism designed to apply repetitive angular strain to the ISR
bundle exit point. The swinging fixture consisted of an ISR-shaped enclosure designed to
hold the ISR can at two different orientations (0° and 90° about the Y-axis) in order to
produce the desired bending angle (Figure 5B). The point at which the primary bundle
exited the ISR can was placed at the center of oscillation, while the distal end of the bundle
was fixed with a clamp, without applying any tension at the resting (0°) position. However,
since the distal end of the bundle was clamped, the bundle was subjected to both angular and
linear strain simultaneously at the peak of each bending cycle.

2.3.2. Trifurcation Junction Angular Test—Each specimen used in this test consisted
of the trifurcation junction (TFJ) assembly (a single primary bundle with 15 coiled silicone
ensheathed 15 cm long wires that trifurcated into three secondary bundles of five coiled
silicone ensheathed wires each). At the proximal end of the specimen, the 15 wires were
attached to distinct contacts on a custom-designed PCB for electrical connections. At the
distal end, the wires in each of the secondary bundles were shorted together (after exiting the
silicone tubing) and attached to contact pins (Figure 3B).

In this test setup, the TFJ was clamped by a fixture that oscillated in a manner that flexed the
TFJ at the exit point for the three secondary bundles (Figure 6). The three secondary bundles
were kept in slight tension by attaching a single 3-gram weight about 7 cm distal to the TFJ;
the guide prevented side-to-side movement of the secondary bundles but did not restrict
vertical movement. At the distal end, the wires in each of the secondary bundles were
shorted with conductive epoxy (Chemtronics CW-2460) and used as a common ground. The
common ground and the PCB at the proximal end of the specimen were connected to a
system that enabled periodic measurements of individual wire resistance to assess continuity.
The PCB connector was mounted with sufficient slack in the primary bundle to avoid
significant strains on it during this test.

2.3.3. Secondary Bundle Exit Point and Nerve Suture Points Linear Strain Test
—Representing a secondary bundle, each specimen used in this test was comprised of five
electrode wires coiled and ensheathed in silicone, from which they exited into individual
wires. The individual wires had a ~2 mm long exposed region (ER) 2 cm from the point at
which they exited the sheath and tungsten needles were welded to the distal end (Figure 3C).
Each test specimen was pre-conditioned in saline at body temperature (37 °C £ 5 °C) for 10
to 15 days, based on the 1SO-14708 industry standard for active implantable medical devices
[44-47]. Prior to installation in the test setup, each electrode wire in the specimen was bent
by 180° at the bundle exit point where the individual wire exited the ensheathed bundle to
simulate the extremes of bending strain that may occur during the implantation procedure.
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The linear strain test setup (Figure 7A) consisted of three small silicone tubes (Nusil, 1.47
mm ID, 1.96 mm OD, wall thickness: ~0.24 mm), fixed next to each other at one end and
attached to a piston at the other. The silicone tubes were used to provide a compliant
substrate that could undergo longitudinal strain; the three-tube configuration (Figure 7B)
was employed in order to simulate placement of LIFEs in multiple fascicles of a large
diameter nerve, which would increase the tendency to bend at the bundle exit point. The
piston mechanism used a brushless motor with integrated speed controller coupled to a
linear motion assembly to apply longitudinal cyclic strain to the tubes. All five electrode
wires from an individual test specimen were attached to the tubes by anchoring the coiled
ensheathed bundle (CS2-4) to the middle tube with suture at point T1, then suturing the
individual wire electrodes in groups of two and three to the outer tubes. These sutures (T3
and T4) simulate the restraining effect of the epineurium on each electrode wire as it enters
and exits the nerve. Finally, all five electrode wires were anchored together to the middle
tube at suture point T2 before removing the tungsten needles. The specimen was submerged
in a bath of saline (0.9% NaCl solution) and a silver/silver chloride (Ag/AgCl) reference
electrode was inserted in the bath to allow impedance monitoring and recording.

2.4. Test Paradigms

Given the highly variable nature of activities typically performed with the arm, each test was
performed to evaluate fatigue under one of the following test paradigms: a high
repetition/low amplitude paradigm to test the effects of arm movement on the leads during
activities such as walking (GAIT paradigm). A low repetition/high amplitude paradigm to
test the effects of strenuous upper arm activities such as reaching/lifting and/or athletic
activities (REACH paradigm). Testing parameters for each paradigm are listed in Table 1.
The table indicates the cycle rate (rate at which the strain is being applied), amplitude (level
of strain and repetitions), and the number of cycles performed.

2.4.1. Testing Amplitude

ISR Primary Bundle Exit Linear and Angular Strain Amplitudes: The strains
experienced by the ISR primary bundle during walking are not expected to be substantial
due to the low amplitude of arm movement and low levels of muscle contractions. In
addition, deltoid contraction mainly happens during shoulder abduction, which does not
normally take place during walking. Furthermore, since there is ample slack in the primary
bundle (CS1), it is unlikely that it will experience significant linear or angular strains during
tasks such as walking. Consequently, tests using the GAIT paradigm were not performed for
the ISR primary bundle exit site.

However, despite the considerable slack in the CS1 portion of the lead, it may be subject to
linear and angular strains that would concentrate stress at the primary bundle exit point of
the ISR can during activities such as reaching. To investigate the fatigue resistance of the
primary bundle in the REACH paradigm, ISR primary bundle exit specimens were subjected
to a linear strain magnitude of 10% at three different orientations for this section of the
implant.
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Industry standards for cochlear implants with implantable cans and RF coils [47],
recommend angular strain testing of the lead (primary bundle) exit point at £15° for at least
100,000 cycles. Given that the ISR can is going to be placed in the arm, the primary bundle
exit from the can could be subject to more strain than that of a cochlear implant. However,
we do not expect it to be more than £15° because of the compliance of the tissue relative to
the rigidity of the ISR. Using a conservative approach, the ISR primary bundle exit angular
strain tests in the REACH paradigm were performed at +45°.

Trifurcation Junction Angular Strain Amplitudes: Based on industry standards [47], the
fatigue resistance of the TFJ to angular strain during walking (GAIT paradigm) was tested
by subjecting it to bending at £15°. For the high amplitude (REACH paradigm), specimens
were subjected to bending at +45°.

Secondary Bundle Exit Point and Nerve Suture Points Linear Strain

Amplitudes: Although the lead system is not designed to cross the elbow or shoulder,
movement of these joints contributes to the magnitude of the strain that peripheral nerves in
the upper arm and, hence, the lead system could experience. During walking, the elbow and
shoulder each undergo an excursion that is less than 1/3 that which is expected for maximum
nerve strain of around 22% [27]. Kinematic analysis during normal gait indicates that the
elbow joint goes through an excursion of approximately 20° [48]. Topp et al. have reported a
22% strain at elbow flexion of 140° [28]. The expected strain during walking was calculated
as the product of maximum strain (22%) times the ratio of the angular excursion during gait
(20°) and the maximum excursion (140°). This calculation produces an estimate of less than
3.3% strain during the gait cycle; the low amplitude tests (GAIT paradigm) were performed
at 5% strain.

To simulate the amount of strain induced by high amplitude activities such as reaching/
lifting and/or athletic activities, amplitude values were selected based on postures that
maximize strain on the nerves. Neurodynamic mobilization studies in cadavers by
Coppieters et al. [29] showed peak strain levels of approximately 6% and 9.8% in the
median and ulnar nerves, respectively, at sites about 10 cm proximal to the elbow that are
comparable to the sites where the ISR electrode wires are designed to be implanted in the
nerves. These measurements were made while performing nerve-tensioning techniques,
which put the arm in a posture designed to maximally elongate the nerve bed. For the
median nerve, this consisted of simultaneously extending the wrist from 0-60° and
extending the elbow from 90-180°. For the ulnar nerve, it consisted of simultaneously
extending the wrist by 60°, while fully flexing the elbow, and abducting the shoulder by
100° along with arm supination. Topp et al. report higher strain values of around 22% in
some cases during maximum elbow flexion as recorded from cadaver studies, however these
recordings were made near the elbow joint, which is expected to experience higher strains
than at the implant site [28].

Based on these reported values, it is expected that the implant sites in the median or ulnar
nerves, that are proximal to the elbow, would not experience strains over 10% even when
flexing muscles in the upper arm while lifting and manipulating objects. A strain level of
15% was selected for use in the high amplitude tests (REACH paradigm).
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2.4.2. Testing Repetitions and Rates—The fatigue tests were designed to assess the
viability of the electrode lead system for a minimum of 2 years, and therefore the number of
repetitions (cycles) for each test was set accordingly. For the GAIT paradigm scenario, it
was assumed that an average person will walk about 10,000 steps a day or perform less than
10,000 shoulder/elbow rotations [49]. This translates to >7.3 million repetitions over 2 years.

The REACH scenario was intended to mimic strain that might be applied during highly
strenuous reaching/lifting or athletic activity but these are well beyond the strain levels that
are anticipated to be induced during most daily activities. Based on guidelines the US
Occupational Safety and Health Administration (OSHA) [50], we anticipated that a person
might perform moderate activities (lift 25 pounds six times per minute) for 4 hours per day
or very heavy activities (lift 25 pounds more than 13 times per minute) for 2 hours per day.
These scenarios result in a maximum of 1680 cycles per day or >1.22 million cycles over 2
years.

The ISR primary bundle exit linear and angular strain tests were performed for a total of
1.55 million and 1.33 million cycles respectively, under the REACH paradigm. The
trifurcation junction angular strain test was performed for a total of 7.4 million cycles under
the GAIT paradigm, and 1.36 million cycles under the REACH paradigm. Finally, the
secondary bundle exit point and nerve suture points linear strain test were performed for a
total of 7.5 million cycles under the GAIT paradigm, and 1.28 million cycles under the
REACH paradigm.

Cycle rates of 2 cycles/sec and 3 cycles/sec were chosen for all angular and linear strain
tests, respectively. This was done in order to balance the needs of completing the tests within
a reasonable amount of time without introducing any additional failure mechanisms.
However, it should be noted that these rates were higher than the physiologically observed
value (rate of arm motion during walking < 2 cycles/sec [48, 51]).

2.5. Data collection

2.5.1. Continuity and Impedance Measurements—Lead wire continuity for the ISR
lead exit and trifurcation junction test specimens was assessed before and after each test.
This assessment was done using a digital multimeter (Meterman HD160B) to directly
measure the resistance between the contacts in the PCB DB25 connector and the distal end
of the wires, which were shorted to a common ground.

Electrode impedances were recorded using a measurement system that applied a constant
current biphasic square pulse (75 pA; 25 us) and measured the voltage drop during the first
phase. A pure silver wire embedded in a small Ag/AgCl pellet (0.8 mm x 3mm) was used as
the reference electrode.

Electrode impedances of the secondary bundle exit point and suture points test specimen
were obtained before and after installation on the test setup to confirm that pre-test handling
did not induce substantial damage. Impedance monitoring during all tests was also
performed once per minute to detect if and when an electrode failure occurred. A final
impedance measurement was performed after completion of all tests to assess lead integrity.
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The impedance values for the electrodes tested during the secondary bundle exit point and
suture points linear strain tests should be between 5kQ — 10kQ [8, 41, 52, 53]. The
impedance failure threshold for detecting wire breakage was selected by recording the
impedance values after different types of intentionally caused wire damage. In preliminary
tests, the average impedance readings collected for complete wire and insulation breakage in
a saline solution was ~34kQ (as recorded by the impedance measurement system used
throughout all tests). For samples with partial damage (wire breakage with intact insulation),
an open circuit was detected. Based on these recordings, an impedance threshold value of
17kQ was selected to detect breakage.

2.5.2. Visual Inspections—Each test specimen was carefully inspected for damage to the
wires and the protective silicone sheathing before and after installation on their respective
test setup. Pre-test (before and after installation) and post-test photographs of each stress
riser point were taken using a Nikon D3200 digital camera mounted on a zoom stereo
microscope with 10X magnification.

Fatigue testing of each stress riser point was completed using the series of modular
mechanical setups described above in order to apply repetitive linear or angular strains to the
test specimens. Depending on the testing paradigm used, the specimens were tested for
either >1.22 million or >7.3 million cycles. All test setups remained stable with no sign of
mechanical breakdown throughout the duration of the study. The mechanisms performed as
designed, applying uninterrupted linear or angular strains to the test specimens.

3.1. ISR Lead EXxit

3.1.1. Continuity measurements and visual inspection revealed no damage at
the ISR lead exit—All test specimens exhibited normal electrical continuity after
completion of the linear and angular strain fatigue tests. Table 2 shows the resistance values
collected before and after each test, which indicated that the test procedures had no effect on
wire resistance. The leads were inspected with a microscope following fatigue testing; strain
was applied around the ISR primary bundle exit in each specimen during inspection to reveal
any cracks in the silicone. Visual inspection did not reveal any visible cracks in the
protective silicone tubing around the electrode leads exiting the ISR. Based on the electrical
continuity and visual inspection, no damage was found in any of the wires.

3.2. Trifurcation Junction

3.2.1. Continuity measurements and visual inspection revealed no damage at
the TFJ—AII test specimens exhibited normal electrical continuity after the TFJ had been
subjected to the angular strain fatigue test. Table 3 shows the resistance values collected
before and after each test, which indicated that the test procedures had a very small effect on
wire resistance (< 2% change). The secondary bundles were inspected with a microscope
following fatigue testing; strain was applied around the TFJ of each specimen during
inspection to reveal any cracks in the silicone. Visual inspection did not reveal any visible
cracks on the protective silicone tubing around the electrode wires in each of the secondary
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bundles exiting the TFJ. Based on the electrical continuity and visual inspection, no damage
was found in any of the wires.

3.3. Secondary Bundle Exit Point and Nerve Suture Points

3.3.1. Impedance measurements revealed no individual wire damage—All test
specimens exhibited impedance values below the failure threshold throughout the fatigue
tests. Final impedance values were 4.04+0.44kQ for the specimens tested in the GAIT
paradigm (n=10), and 3.67+0.50kQ for the specimens tested in the REACH paradigm (n=9).
One of the electrodes in one of the samples tested during the REACH paradigm was ignored
since its pre-test impedance was more than 20kQ. This was likely caused by damage to the
electrode wire during fabrication, packaging or handling prior to the test. Based on the
electrode design specifications, the electrode itself was deemed unusable prior to testing.

3.3.2. Visual inspection did not reveal damage to the bundle exit point or
suture points—High magnification photographs of the test specimens following fatigue
testing showed that T1 and T2 sutures remained intact and all electrode wires remain sutured
at the distal end (T2). No breaks or sharp bends were found on any of the electrode wires.
Finally, there were no visible cracks in the coil sheath at the proximal suture point (T1).

4. Discussion

To the best of our knowledge, this is the first report of a study evaluating the fatigue
resistance of a LIFE-based branched electrode lead system. Some of the equipment and
procedures developed for this study were similar to those used to test other implantable lead
systems such as those found in cochlear implants. These tests, however, were designed to
expose the ISR lead system to conditions that mimic anticipated strain profiles in the upper
arm. While the test parameters described in this paper are specific to our system (ISR device
with LIFEs implanted in nerves in the upper arm), these setups and procedures can be
implemented to test other peripheral nerve electrode lead systems.

Tests were performed at various stress riser points on representative specimens of the
implantable lead system. Representative test specimens were manufactured using identical
materials and equivalent manufacturing process as that of the final device for human use.
The critical stress riser points that were identified include the ISR lead exit from the can, the
trifurcation junction, the point where the individual wires exit the bundle and the nerve
suture points. Examination of the test specimens by impedance, electrical continuity
measurements, and visual inspection under high magnification microscope did not reveal
any noticeable signs of damage due to fatigue at the different stress riser points. Since the
levels of strain applied during testing were designed to be higher than those expected at the
implant site, these results suggest that the electrode lead system would maintain
functionality after deployment in the upper arm. Confirmation of these results will require
longitudinal studies /n vive.
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4.1. Design of Test Setups

Each test setup used in this study was custom-designed and built in-house due to the lack of
suitable commercially available equipment. 3D-printed parts as well as some off-the-shelf
components were used to assemble different modules in each test setup. The modular design
allowed for adjustments on each sub-assembly as testing parameters were fine-tuned.

The TFJ test apparatus was designed to apply angular strain to the three smaller secondary
bundles of coiled wires ensheathed in silicone as they exit the trifurcation junction. General
guidelines for flexural stress testing listed in established industry standards [46, 47] were
followed to define specific testing conditions applicable to our TFJ design. The holding
fixture was made of rigid material, with a corner (in contact with the TFJ) rounded to a
maximum radius of < 0.5 mm. The branched bundles were attached together to a single 3-
gram weight in order to straighten them and simulate slight pulling by muscles and tissue. A
guiding rail around the weight prevented pendulum-like swinging of the leads as the angular
strain was applied to the junction. The specimen positioning used in this setup guaranteed
that the bending occurred exactly at the point of the trifurcation where a drastic change in
shape and stiffness could increase stress concentration.

While the secondary bundle exit point, electrode wires, and suture points were tested while
exposed to saline solution during the linear strain test, the trifurcation junction was not. The
silicone material used in the protective sheathing and trifurcation junction is the same as that
used in cochlear implants. Furthermore, the safety and reliability of all the materials used in
our implantable lead system in a physiological environment is well documented [8, 41, 42,
54] and no further testing in a saline environment was deemed necessary.

The secondary bundle exit point and suture points linear strain test apparatus was designed
using a test specimen holder with a three-tube configuration. This was done in order to
spread out the wires in a manner that is similar to what is expected during human
implantation. The nerve is slightly larger than the branched bundles and the orientation of
the secondary bundle exit point might be different from the electrode nerve entry points.
Therefore, the electrode wires are expected to fan out. For this test, the electrode wires were
installed employing procedures similar to those that will be used during surgery. However,
instead of inserting the electrode wires, inside the tube as would be done for nerves during
the surgical procedure, they were sutured to the outer surface of the tubes. The silicone
tubing wall is stiffer than what is expected in the nerve tissue [55]. Traversing the tube wall
could therefore have induced damage to the electrode wires that would not be representative
of conditions expected in the nerve. Instead, sutures were used to hold the electrode wires in
place at the points where they would have entered and exited the nerve.

4.2. Selection of test parameters

4.2.1. ISR primary bundle exit: linear and angular strain amplitude
considerations—In human implants, the ISR can will be placed on the lateral side of the
upper arm. The can will be anchored at the point where the deltoid inserts into the humerus.
This anchoring location was selected to provide good stability in a location that is near the
surface of the skin. The single primary electrode bundle (CS1) exiting the ISR can will be
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implanted to follow a path that goes distally from the can and then traverses the arm anterior
to the humerus and posterior to the brachialis and biceps. On the medial side, the bundle will
have slack, with the three prongs of the trifurcation junction pointing distally and the
branched secondary electrode bundles aligned parallel to the nerves. The primary and
branched secondary bundles with ensheathed coiled wires are flexible and will have
adequate slack to avoid concentration of stress at any single point along their length.
Nonetheless, our test design did not account for such slack in order to test for a worst-case
scenario. There are no established testing standards for this particular design and
deployment of the lead. Consequently, the selected values for strain amplitudes were chosen
based on established industry standards for comparable implantable medical devices [47].
The conservative safety factors used to account for differences in anatomical locations may
have greatly exceeded what will be experienced /in vivo.

4.2.2. Trifurcation junction test amplitude considerations—The TFJ angular strain
test for the low amplitude (GAIT) condition was performed at +15°. However, it is unlikely
that the secondary bundle branches that exit the trifurcation junction will experience
significant angular strain during low amplitude tasks such as walking. The angular strain
amplitude applied during the high amplitude (REACH) condition was +45°, which was
intended to simulate high amplitude physical activities, and is more than what is expected at
the implant location.

4.2.3. Secondary bundle exit point and nerve suture points linear strain test
amplitude considerations—In the intended application of this system, the electrode
wires will be implanted in the median and ulnar nerves approximately 10 cm above the
medial epicondyle in the upper arm, which is a region that is expected to see much less
strain than the sites closer to the elbow joint. The nerve tensioning technique used by
Coppieters et al. was meant to stretch the nerves as much as possible and a strain of 9.8%
reported was at a site proximal to the elbow joint, which is approximately where the
electrode wires will be implanted in the nerves. Studies in rodents have shown that nerve
strain occurs most prominently in the highly compliant nerve segments at the elbow and
shoulder joints, while nerve segments distant from the joints experience progressively lower
levels of strain [26]. Cadaver studies reported by Topp et al. include movements of the wrist
joint. Median nerve studies have shown that wrist movements have some effect on strain
levels [29]. Since the ISR is going to be implanted in transradial amputees who do not have a
wrist, they would not be subject to that component of strain.

4.2.4. Testing repetitions and rates—In this study, we tested specimens for over 1
million cycles in the high-amplitude paradigm and for over 7 million cycles in the low-
amplitude test paradigm. These numbers were derived for aggressive activity levels
sustained over a period of 2 years and were significantly higher than what is expected for
active implantable devices. Industry standards for comparable active implantable medical
devices [47] recommend testing electrode lead systems for at least 100,000 cycles. These are
particular requirements for cochlear devices and do not meet the specific needs for
conditions relevant to peripheral nerve interfaces as described here. Our test parameters far
exceed these industry standards and no failures were observed.
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Cycle rates of 2 cycles/sec and 3 cycles/sec were chosen for all angular and linear strain
tests, respectively. These test rates allowed us to expose the specimens to velocity and
acceleration levels that are higher than physiologically observed values. Some physical
activities involving high velocity elbow excursion could induce high velocity nerve stretch at
the implant site, affecting the secondary bundle exit point and nerve suture points. For
instance, a professional baseball pitcher experiences maximum elbow excursion angular
velocity just before the ball is released. At this point, the mean angular velocity may reach
up to 2,500 degrees per second [56-58]. These velocities are seen mostly in professional
athletes and are unlikely to be experienced by amputees. The parameters used for testing
these components under linear strains exposed the specimens to peak angular velocities of
about 30,000°/sec during the GAIT condition, and about 90,000°/sec during the REACH
condition. Finally, the ISR primary bundle exit and trifurcation junction will not be tethered
to the nerve, therefore they are unlikely to be directly affected by high velocity nerve stretch.
These lead system components were tested for peak angular velocities of 550-600°/sec.

4.3. Test measurements

The electrical and visual verification protocols used in this study may not have been
sensitive enough to determine whether micro-cracks were present in the electrode wire
insulation. This type of damage could weaken the electrode wires in a manner that would
eventually result in failure. However, the presence of micro-cracks would not significantly
affect the electrical performance of the electrodes. The micro-cracks would have a high
impedance relative to the active area, preventing the charge from leaking through the cracks.
Moreover, the protective silicone tubing used for ensheathing the wire bundles is backfilled
with silicone, which prevents wire movement and reduces the risk of damage and acts as a
barrier between the conducting material and the surrounding biological environment in case
of insulation failure. More extensive studies could include electron microscopy to investigate
the presence of microscopic damage.

4.4. Implications for other electrode lead systems

The performance of early cardiac pacing lead systems was traditionally characterized based
on hundreds of patient follow-ups over many years [39]. These studies collected information
in terms of electrical performance, number of complications and overall longevity. Other
early implantable lead systems such as those used for functional electrical stimulation were
also tested using /n vivo animal models to evaluate the mechanical and electrical
performance of the leads in growing and moving limbs, before implanting them in human
patients [35]. More recent studies have combined /7 vivo animal models, computational
models and mechanical fixtures to expose spinal cord stimulation lead systems to repetitive
stresses and investigate lead breakage and migration [22]. The results of this study may have
an impact on the design of implantable lead systems. Considering the limitations discussed,
the equipment and procedures described in this study represent an important step in the
evaluation of the mechanical performance of a lead system. The modular and customizable
design of the test setups used during this study allows for a variety of configurations that
could be used to test components (e.g. coil sheaths, lead exits, bi/trifurcations, and other
common stress points) of neural interface systems, including their lead systems. These
methods can be used to expose specimens to linear and angular strains, under an appropriate
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set of testing parameters and using suitable structures for specimen positioning.
Furthermore, the testing intensity could be increased by implementing accelerated fatigue
testing techniques such as increased loading rates and/or temperature. Assessment of the
performance of the electrode interface itself will be dependent on the type of electrode
utilized (e.g. the FINE, Utah electrode array, TIME [4, 9-13]) and depend on the
implantation procedures. For LIFEs, long-term viability had previously been demonstrated
with electrodes chronically implanted in the radial nerves of cats [8]; the setup and results
presented here for the individual wires (Section 2.3.3, Section 3.3) provide additional data to
characterize the long term performance of these electrodes in conditions designed to mimic
those anticipated in humans. To characterize other electrode types, test setups and protocols
would have to be devised to reflect the conditions anticipated for each electrode design.

5. Conclusions

We have evaluated the fatigue resistance of an implantable branched intra-fascicular
electrode lead system under conditions similar to or worse than those expected when
implanted in the peripheral nerves of upper limb amputees. The test setups and procedures
used in this study exposed the electrode lead system to strain profiles that are more intense
than those expected in the upper arm. The results presented here suggest that this set of leads
and fine-wire electrodes would maintain functionality after deployment in the upper arm of
transradial amputees. Furthermore, the test setups and procedures used here may be
appropriate for use in the evaluation of other lead systems for peripheral nerve interfaces.
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Figure 1.
Implantable components of the stimulator/recorder with a branched lead system and

longitudinal intrafascicular electrodes (LIFES). A) Picture of the implantable neural
stimulator/recorder. B) Schematic of the implantable neural stimulator/recorder showing the
stress points that were tested (dashed boxes). The device is comprised of an implantable
stimulator/recorder (ISR) unit with a 15-wire lead assembly that consists of a primary
silicone ensheathed bundle that leads to a trifurcation junction (TFJ) to form 3 secondary
silicone ensheathed bundles, each of which further separates into individual wires (LIFES).
Each LIFE is a 23um diameter insulated Pt/Ir wire with a Imm long active zone. When
implanted, the ISR primary bundle exit, the TFJ, and the secondary bundle exit are
considered to be stress riser points (dashed boxes).

J Neural Eng. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pena et al.

Page 19

A P pprt

Arm
Deltoid w@ -

Primary Frontal View
Bundle

LIFE Wires

Trifurcation
Junction

Median Nerve
Ulnar Nerve
Ninss?

Secondary

N Bundles

Needles

B Entry Point Exit Point

E_ —: = Stress Riser Points Tested Exposed Region

Figure 2.
A) Schematic showing the positioning of the implanted electrode lead system within the

upper arm. The ISR can is placed on the lateral side of the upper arm, anchored at the point
where the deltoid inserts into the humerus. The primary bundle traverses the arm anterior to
the humerus and posterior to the brachialis and biceps. The three prongs of the trifurcation
junction point distally and the branched secondary electrode bundles are aligned parallel to
the nerves. The individual LIFE wires are implanted longitudinally into a nerve fascicle. B)
Schematic showing electrode wires implanted in a nerve fascicle (indicated by dashed lines).
During the implantation procedure, each electrode wire is threaded into the nerve fascicle
using a tungsten needle attached at the distal end of the wire. Once all the electrode wires
from a given coiled ensheathed bundle are implanted, the longitudinal position of the active
area is adjusted so that it is within the fascicle. Subsequently, the distal ends of the wires are
cut to remove the tungsten needles. The bundle exit point and the remaining portion of the
distal wires left outside the nerve are sutured to the epineurium. When implanted, the point
where the individual wires exit the silicone sheath (bundle exit) and the nerve suture points
are considered stress riser points (dashed boxes).
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Figure 3.
Schematics of the test specimens used for the evaluation of the stress riser points. A) The

ISR bundle exit test specimen used in both linear and angular strain tests consisted of an ISR
can, a single primary bundle with 15 coiled ensheathed wires (CS1, L = 15cm), and the
ground electrode lead. The distal end of the specimen was connected to distinct contacts on
a custom printed circuit connector board (PCB). B) The trifurcation junction angular strain
test specimen included a primary bundle with 15 coiled ensheathed wires that trifurcated to
form three secondary bundles of five coiled ensheathed wires each (CS2-4). C) The bundle
exit and suture points linear strain test specimen included 5 LIFEs (individual wires, IW)
exiting a secondary bundle of 5 ensheathed coiled wires (CS2), with the exposed region
(ER) 2cm from the bundle exit point and the tungsten needles welded to the distal end.
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Figure 4.
Schematic of the ISR bundle exit linear strain test setup. A) The setup consisted of a

clamping assembly holding three ISR cans in a particular orientation while a portion of the
distal end of each bundle with coiled ensheathed wires (CS1) was attached to a piston
mechanism. The piston mechanism applied longitudinal cyclic strain to the bundle.
Resistance of each of the individual wires in the bundle was monitored using a custom
connector board connected to a digital multimeter. B) The three different ISR orientations at
which the linear strain was applied 1) 90° bend about the Z and Y-axis; 2) No bend; and 3)
90° bend around the Z-axis. The ISR holder (dashed box) kept the ISR can in place while
the distal end of the specimen was clamped to a linear strain system.

J Neural Eng. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pena et al. Page 22

A Vertical Axis
Angle of
rotation ? \B
> PPy
Y Digital
% N . PLaN X Multimeter
S AU !
Center of 7’ HcI:der o. &0
rotation 4 [e)
(Lead Exit Point)

Clamp sty |

\ A, \\ 7 3 /’,,
b, " > N ( —=z7
\JJ } 4 / \L )
X ¢ <

|

Y
244 Lx
z
Figure 5.

Schematic of the ISR lead exit angular strain test setup. A) The setup consisted of a
swinging fixture designed to hold the ISR at different orientations in order to produce the
desired angle of deflection. The fixture was coupled to an oscillating machine that bent the
ISR lead at the exit point. The ISR electrode lead exit point was placed at the center of
rotation of the mechanism and the distal end of the lead was fixed with a clamp. B) Two
different ISR orientations (0° and 90° about the Y-axis) at which the angular strain was
applied as the distal end of the specimen was clamped.
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Figure 6.
Schematic of the trifurcation junction angular strain test setup. The TFJ was clamped to a

rigid fixture with the three-secondary bundle exit points at the bottom edge. Each of the
secondary bundles was passed through a guiding rail (non-contacting at rest position) and
kept in slight tension by attaching an appropriate weight (about 3 grams) at the distal end of
the three coil sheath tubes to keep the bundle straight. The holding fixture was coupled to an
oscillating mechanism that flexed the TFJ at a rate of 2 Hz.
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Figure 7.
Schematic of the secondary bundle exit point and nerve suture points linear strain test setup.

A) The setup consisted of three small silicone tubes clamped together at one end (fixed
clamp) and attached to a piston (moving clamp) at the other. The piston mechanism used a
brushless motor coupled to a linear motion assembly to apply longitudinal cyclic strain to
the tubes. B) A 3-tube configuration was employed in order to simulate implantation in
multiple fascicles of a large diameter nerve. In this configuration, all five electrodes from an
individual test specimen were attached to the tubes by anchoring the coil sheath to the
middle tube with suture at point T1, then suturing (T3 and T4) the electrodes in groups of
two and three to the outer tubes, with the exposed regions (ER) in between. These sutures
simulate the restraining effect of the epineurium on each electrode wire as it entered and
exited the nerve. Finally, all five electrode wires were anchored to the middle tube at suture
point T2, and the tungsten needles were removed.
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Resistance recordings from the ISR lead exit tests.

Table 2

Strain Type  Test Specimen# Pre-Test Resistance avg +std (Q)  Post-Test Resistance avg + std (Q)  Average Change %
1 201+0.83 201+0.83 0
Linear 2 201+0.13 201+0.13 0
3 201+0.13 201+0.13 0
4 200+0.13 200 +0.13 0
Angular
5 203+0.13 203 +0.13 0
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Table 3

Resistance recordings from the trifurcation junction angular test.

Page 27

Test Paradigm  Test Specimen#  Pre-Test Resistance avg + std (Q)  Post-Test Resistance avg = std (Q)  Average Change %
1 262.3+4.9 258.1+1.2 1.57
GAIT 2 258.7+0.7 257.8+04 0.36
3 259.6 +0.6 258.6+0.4 0.39
4 262.7+0.9 262.6+0.8 0.05
REACH
5 263947 264.0+4.6 0.02
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