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The network of peripheral nerves presents extraordinary potential for modulating and/or monitoring the
functioning of internal organs or the brain. The degree to which these pathways can be used to influence
or observe neural activity patterns will depend greatly on the quality and specificity of the bionic interface.
The anatomical organization, which consists of multiple nerve fibers clustered into fascicles within a nerve
bundle, presents opportunities and challenges that may necessitate insertion of electrodes into individual
fascicles to achieve the specificity that may be required for many clinical applications. This manuscript
reviews the current state-of-the-art in bionic intrafascicular interfaces, presents specific concerns for stim-
ulation and recording, describes key implementation considerations and discusses challenges for future
designs of bionic intrafascicular interfaces.
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The peripheral nervous system offers unprecedented access for neuromodulation of the central nervous system
(CNS) or end organs. The nervous system functions by generating patterns of neural activity, which underlie
sensation and perception as well as control of movement, cardiovascular, endocrine, immune and other systems. To
influence neural activity for desired outcomes, neural interface technology must access the appropriate peripheral
nerve tissue, activate it in a focal-targeted manner and alter the pattern formation mechanisms [1]. Mammalian
peripheral nerves generally consist of several fascicles that have numerous myelinated and unmyelinated nerve
fibers, include a complex network of blood vessels and have several layers of connective tissue [2]. Hence, they
present considerable challenges and design constraints to the development of neural interfaces for recording activity
of specific fibers and/or selectively stimulating them.

Currently, the most widely used approach to interfacing with peripheral nerve fibers is to position an electrode,
or an array of electrodes, using a cuff-like structure that wraps around the nerve [3–7]. This extraneural approach
seeks to avoid disruption or damage to the anatomical structures within the nerve while utilizing a comparatively
simple implantation procedure. However, the fascicular structure of the nerve and the insulating properties of its
connective tissue impair the ability of the electrodes to selectively stimulate or record from individual or small
populations of fibers. This shortcoming may be critical for applications that require localized activation or recording
from small groups of fibers with high specificity [2].

A case in point is the use of an extraneural cuff to activate the vagus nerve. Despite showing promising signs
in the treatment for epilepsy and rheumatoid arthritis, vagus nerve stimulation treatment using extraneural cuff
electrodes is plagued by several side effects, and very modest success has been shown in recent applications for
treatment of depression [7–11]. One of the main reasons is our current inability to produce natural patterns of
activation, which may require localized stimulation across many channels in an asynchronous manner. The vagus
nerve has >100,000 nerve fibers, about 80% of which are unmyelinated afferent fibers linking the thoracic and
abdominal viscera and the CNS [12]. Of the remaining nerve fibers, 15% are large myelinated fibers and most of the
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remaining 5% are small myelinated efferent fibers innervating the thoracic viscera [12]. Techniques that have been
used for extraneural electrical stimulation of the vagus nerve preferentially activate large nerve fibers and the cuff
offers little control over the distribution of stimulation intensity within the nerve. Given the large diversity of fibers
distributed throughout the vagus nerve, it is clear that there is a possibility of unintended effects of stimulation.
In other applications of peripheral nerve stimulation, advances in the design of cuff electrodes have attempted to
overcome the problem of limited selectivity of specific fascicles by reshaping the nerve to increase its perimeter
and position fascicles near electrode contacts [4,13], by using multiple electrodes around the nerve to increase the
likelihood that a targeted structure is near a contact and to facilitate current steering [14] and by selecting specific
electrodes to shape the electric field [4,13–15]. However, these electrodes still have limited selectivity for stimulating
or recording specific sites within a fascicle and it appears unlikely that these advances in electrode design will be
sufficient to eliminate side effects such as those observed with vagus nerve stimulation.

Neural interface systems based on intrafascicular electrodes may address these limitations of the extraneural
approach. Intrafascicular electrodes offer access to the microstructures and functional microdomains of peripheral
nerves thereby allowing targeted stimulation to alter patterned output for specific end-organ control or for control-
ling activation in specific pathways to the brain [2,16]. The additional ability to record and decode neural activity
from specific neural fibers could considerably accelerate the development of advanced closed-loop control systems.

Intrafascicular electrodes: stimulation
Peripheral nerves carry bundles of afferent and efferent axonal nerve fibers that connect sensors and effectors to
the CNS [2]. The nerve fibers are separated from each other by a collagenous matrix, called endoneurium, to
form fascicles, which are encapsulated by a cellular perineurium. A nerve can have one or more fascicles, which
are embedded in a collagenous matrix and encapsulated by the epineurium. Fascicles can fuse along the length
of the nerve but still maintain some somatotopic organization [17–20] and fibers within a fascicle may also exhibit
functional organization [2,21–23]. The axonal fibers themselves can be myelinated or unmyelinated and, depending
on their diameter, have different thresholds for electrical stimulation and conduction velocities.

Several electrode technologies have been developed to establish a chronic bionic neural interface. The choice of
the electrode depends on many factors including safety, biocompatibility, long-term stability, ease of implantation,
mechanical characteristics, electrochemical characteristics and economics.

Intraneural electrodes are designed to penetrate the epineurium to lie within a nerve, with the electrode
recording/stimulation site either outside of and between fascicles or inside a fascicle itself [24,25]. The perineurium
around the fascicles plays a critical role in impacting the ability to chronically record or stimulate targeted sets of
nerve fibers [2]. The perineurium confines the current flow primarily within a fascicle thereby limiting the ability of
an extrafascicular electrode to record individual axonal discharge or population activity from functionally discrete
populations of nerve fibers [2]. In addition, the current flows easily axially in the nerve than across the nerve because
of the longitudinal arrangement of myelin in the fascicle [26]. Similarly, it limits the ability of extrafascicular electrical
stimulation to recruit specific nerve fibers within the fascicle, preferentially leading to the recruitment of larger
fibers [27–30]. Thus, anatomical and physiological constraints dictate that an effective peripheral nerve interface for
providing discrete distally referred sensations, for recruiting fibers based on size and distance from the electrode,
or for recording specific command signals from the CNS would benefit from placing electrode sites within the
perineurium of individual nerve fascicles [2,31–34].

This intrafascicular placement of the neural interface can be accomplished by using punctate penetrating arrays
such as the Utah Slanted Electrode Array (USEA) [31–37], the transverse intrafascicular multichannel electrode array
(TIME) [34,38], individual longitudinal intrafascicular electrodes (LIFEs) [32] or thin-film LIFEs [33,39]. Chronically
implanted intrafascicular electrodes can elicit discrete activation of nerve fibers on electrical stimulation, as illustrated
by reproducible and localized finger sensations or object discrimination capabilities in amputees [35,37–40].

The USEA, which is a variant of an original design to record and stimulate cortical tissue, consists of 100
electrodes approximately 1 mm in length that are arranged in a 10 × 10 array with electrodes spaced at 400 μm
and have been implanted in cat sciatic nerves for long-term evaluation [41,42]. USEAs have also been implanted in
human amputees for up to 1 month [35]. These and even higher density version [43] micro electrode arrays allow
access to a large population of fibers in the nerve and allow recording from multiple electrodes of an array. They
are implanted perpendicular to the nerve fibers and, since the slanted array has electrodes of different lengths, they
penetrate to different depths. However, while some electrode tips may penetrate a fascicle, others may land between
fascicles, and the implantation procedure also does not allow for the specific alignment of electrodes with specific
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fascicles. The delivery method and the rigid structure also contribute to an enhanced risk of nerve damage. In
addition, the implanted array has to be securely anchored to the nerve to minimize relative movement of the nerve
fibers and the electrode contacts. USEA’s with a flexible platform and a flexible interconnection cable have been
designed and they have been shown to successfully record neural activity from the canine sciatic nerve chronically
over 4 weeks; however, histopathological issues remained [44].

LIFE electrodes are implanted parallel to the nerve fibers. A sufficiently long length of the fascicle to accom-
modate the LIFE electrode is necessary. The somatotopic organization of peripheral nerves at both the fascicular
and subfascicular levels allows highly selective functional and topographical access for stimulation or record-
ing [31,33,40,45–48]. The small diameter of LIFE electrodes, which are made of platinum/iridium (Pt/Ir), and their
longitudinal orientation provide a safe and stable interface to the nerve subpopulations within a nerve fascicle [31,49].
The small diameter, which is comparable to that of the large myelinated nerve fibers, and their flexibility provide
a high degree of mechanical compatibility for the metal wires with the nerve fibers. The longitudinal orientation,
which aligns the fine wire with the nerve fibers, further reduces the potential for mechanical stress-induced damage
or movement. It is possible to place multiple LIFEs in one fascicle, in different fascicles within one nerve or in
multiple nerves to provide access to multiple sites that are distributed in a region of the body [50]. The length of
the exposed region, which is designed to be approximately equivalent to internodal spacing (1 mm), increases the
likelihood of proximity to a node; the longitudinal placement, which aligns the exposed region parallel to the fibers,
minimizes the number of fibers in close proximity. Collectively these endow the electrode with high specificity
and low thresholds for activation [51]. Their geometry can also allow very low levels of charge delivery for selective
activation of fibers within the fascicle. The need for low charge delivery is also a major advantage for the design of
implantable electronics. By coordinating stimulation pulses delivered to LIFEs, specific patterns of activity across
small groups of fibers within a given fascicle or group of fascicles could be produced.

Although LIFEs have demonstrated high selectivity and stability, for applications that require many channels of
communication, the need to place many individual wires may be prohibitive. The number of LIFE electrodes that
can be inserted within a given fascicle is limited by concerns about the overall volume of material and the potential
for fascicular damage during multiple insertions. Several groups have designed multicontact intrafascicular probes
in order to simplify deployment and increase channel counts. The thin-film longitudinal intrafascicular electrode
(tfLIFE) is a microfabricated multichannel electrode on a thin polyimide base. Patterning of platinum metal on
the polyimide base forms active electrodes, and the typical electrode contact size is approximately 100 × 40 μm.
An 80 μm diameter guiding needle attached to the polyimide base is used to implant the tfLIFE such that it
is approximately aligned with the nerve fibers [52]. The TIME also has multiple independent electrode contacts
and is implanted perpendicular to the nerve fibers with intra- or inter-fascicular placement [33]. Under visual
guidance they can be woven through specific fascicles. The biocompatibility of the TIME has been established in a
chronic implantation study where TIME were implanted in the sciatic nerves of the rats for 3 months [53]. Human
and animal studies show that TIME can be used for stimulation and recording from peripheral nerves [33,34,37,38].
Polymeric substrates to make the multielectrode arrays biomechanically and structurally compatible with peripheral
nerves have been considered [54], including the design of a self-opening neural interface [55].

While the intrafascicular approach provides opportunities for high selectivity, it also has some inherent limitations.
Since the electrodes must be placed within a fascicle, insertion requires a more detailed and lengthy surgical
procedure [50,56]. Both the insertion procedure and long-term presence within the fascicle present risks of trauma
to the nerve fibers and neighboring tissue [53]. Since highly localized access to small groups of fibers is dependent
on co-localization of the electrode contact and the fibers, movement of the electrode contact relative to the target
neural tissue could drastically alter the response properties [31,45]. Hence, use of the intrafascicular approach may
be contraindicated when the anatomical target is difficult to access or subject to very high mechanical strain. While
these limitations of the various intrafascicular electrodes have been addressed for some nerve targets, the advantages
and disadvantages of the various intrafascicular and extrafascicular approaches should be assessed for any given
application.

Intrafascicular electrodes: choosing stimulation parameters
A major advantage of intrafascicular placement of electrodes is the proximity of the nerve fibers, which can allow
low charge delivery for activating the nerve fibers and greater control of the spatial spread of the electric field. The
choice of the material with which the electrode is made also alters the capacity for charge delivery. Additionally, it
is necessary to select stimulation parameters that will avoid tissue damage and electrode degradation.
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Cogan [57] defines macro electrodes as those that are characterized by high-charge/phase thresholds and low-
charge density thresholds. Micro electrodes on the other hand have the opposite pattern. The general boundaries
for classifying neural stimulation electrodes are based on geometric surface area (GSA), with electrodes having
GSA ≥0.001 cm2 classified as ‘macro’ and electrodes having GSA ≤0.0001 cm2 classified as ‘micro’.

The USEA with small electrode tips (0.00005 cm2) or TIME electrodes with similarly sized electrode contacts
of approximately 0.00005 cm2, are both classified as micro electrodes. On the other hand, LIFE electrodes that are
made of Pt-Ir wires of approximately 25 μm diameter have an active stimulation site that is 1 mm long and a GSA of
approximately 0.0007 cm2, LIFEs are between the boundaries defined by Cogan [57], but close to the boundary for
classification as a ‘macro’ electrode. Another study by Cogan et al. [58] in which they show that the micro electrode
effects are only seen on use of electrodes with an area <0.0002 cm2 leads to the same classification for LIFEs.
Hence, the safety criterion defined for other Pt-based macro electrodes can be used as a starting point to estimate
safety of chosen stimulation parameters. In particular, one widely used criterion is the Shannon criterion [59], which
is derived from an empirical model based on the data collected by McCreery et al. [60]. The model postulates that
tissue damage due to electrical stimulation is a function of both charge density and charge per phase. The model
also provides a criterion to estimate the damage threshold based on these two parameters.

There is limited data regarding safe levels of stimulation in peripheral nerves implanted with Pt-based macro
electrodes. Although the peripheral nerve environment is different from that of the cortex, the safety criterion
defined for Pt-based macro electrodes in cortical tissue can be used as a starting point to estimate the safety of
chosen stimulation parameters for intrafascicular electrodes. Figure 1A summarizes the data on neural injury from
various studies in animal models using Pt macro electrodes. Specifically, the plot illustrates the relationship between
charge density and charge per phase with histologically detectable neural injury. A conservative damage threshold
line (Shannon criterion, k = 1.7) is extrapolated to cover all data points in the plot. Briefly, McCreery et al.
implanted Pt electrodes in the parietal cortex of cats to study stimulation-induced damage [60,61]. Yuen et al.
conducted studies to examine neural damage due to stimulation for up to 50 h using Pt disc electrodes implanted
in parietal cortex of cats [62]. Pudenz et al. implanted Pt discs in cerebral cortex of cats to investigate the cause
of neural damage due to electrical stimulation for 36 h [63]. Bullara et al. implanted an array of Pt-Ir (70–30%)
micro electrodes in the cerebral cortex of cats and showed that neurons can be activated without damage for 24 h
at charge densities ranging from 150 to 300 μC/cm2 [64]. Agnew et al. used Pt electrodes implanted in the feline
cortex to study effects of stimulation for up to 4 h or prolonged stimulation for 24 h or 23 h/day for 7 days [65,66].
Brown et al. studied tissue reactions due to stimulation with platinum electrode arrays implanted in cerebellums of
monkeys for up to 18 days [67]. Collectively, these data provide guidelines for choosing safe levels of stimulation.

Figure 1B contains a similar plot but with data from Pt macro electrodes used in human clinical applications
related to deep-brain stimulation (DBS) [60,61,63], cortical surface stimulation [68,69] and spinal cord stimula-
tion [70]. A typical DBS electrode from Medtronic consists of an electrode lead with multiple Pt-Ir contacts with
area = 0.06 cm2. Multiple human postmortem studies have indicated little tissue damage associated with chronic
DBS when the stimulus parameters are within 30 μC/cm2 [71]. In their postmortem analysis of a subject who was
treated with bilateral subthalamic nucleus (STN) DBS, Henderson et al. found mild cell loss, gliosis and vacuolation
on one of the contacts [68]. Haberler et al. found mild gliosis in eight subjects with STN DBS [69]. Burbaud et al.
reported data from a patient with chorea-acanthocytosis who was treated with DBS for 2 years. On postmortem
analysis, they also concluded that DBS has little impact on the surrounding tissue [70]. It should be noted that while
DBS typically employs continuous (24 h/day) stimulation at high pulse rates, some of applications of peripheral
nerve bionic interfaces would utilize intermittent stimulation.

The information above and in Figure 1 provides guidelines for the choice of stimulation parameters to be used
with a given electrode and can motivate the development of strategies to increase the effective surface area. Various
materials have been used to fabricate or coat micro electrodes in order to increase their effective surface area in
order to enhance their capacity for safe charge delivery [72,73].

Figure 2 contains a plot of the charge and charge density values for the stimulus parameters tested with LIFEs
in several clinical and nonclinical studies. The figure also includes the electrochemical safe limit for platinum
electrodes and demarcation between regions considered safe and nonsafe based on the Shannon criteria (k = 1.7),
and a line indicating the charge density and charge per phase values for a LIFE with an area of 0.00072 cm2. Briefly,
in nonclinical acute studies (open symbols in Figure 2) Nannini et al. implanted Teflon-coated 25 μm Pt-Ir wire
LIFEs in nerves innervating gastrocnemius and soleus muscles in cats to study muscle recruitment [74]. Yoshida et al.
used similar LIFEs to demonstrate selectivity and fatigue resistance (using interleaved stimulation) of intrafascicular
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Figure 1. Neural injury in preclinical and clinical studies as a function of charge and charge density for macro
electrodes.
(A) Data from several studies that delivered chronic stimulation via macro electrodes implanted in cortex in preclinical
animal models [57–64]. Data points from animals in which damage was observed are indicated with red triangles; data
points with no damage are indicated in blue circles; the number in each marker indicates the source of the data
point. The limit for electrochemical safety is indicated by the orange dashed line and the region characterized as safe
using the Shannon criterion is below and to the left of the solid black line. (B) Data points from electrodes implanted
for stimulation of CNS structures in humans are presented in this plot [65–67,80–82].
DBS: Deep-brain stimulation; EPI: Epilepsy; MC: Motor cortex; SCS: Spinal cord stimulation.
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intrafascicular electrodes.
These plots present data from a number of studies that delivered chronic stimulation via longitudinal intrafascicular
electrodes implanted in peripheral nerves of chronic animal preparations (nonclinical data) and in human
studies (clinical data) with durations of approximately 1 month. Neural damage was not observed in any of the
studies and the stimulation parameters are well below the limit for electrochemical safety (below the orange dashed
line) and within the region characterized as safe using the Shannon criterion (below and to the left of the solid black
line) [45,46,71–75].
Unpublished data provided courtesy of Dr. Ken Horch.

stimulation [75,76] and for ankle joint control [77]. Zheng et al. implanted a slightly modified version of LIFEs
(diameter = 60 μm) in sciatic nerves of rabbits for a period of 6 months to study the recording and stimulating
properties and biocompatibility of LIFEs [78]. In clinical studies (solid symbols in Figure 2), Dhillon et al. implanted
Teflon-coated 25 μm LIFEs in 15 human amputee subjects for periods ranging from 2 to 23 days [47,48]. In all of
these studies the average stimulation levels tested was <30 μC/cm2 which is well within levels considered to be
safe for platinum macro electrodes [71].

Intrafascicular electrodes: recording & chronic biocompatibility
A number of studies have investigated the recording properties and biocompatibility of Pt-Ir LIFEs in chronic
animal studies for the duration of several months. Malagodi et al. [32] developed the 90% platinum-10% iridium
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(Pt-Ir) LIFEs for implantation and recording in the fascicles of mammalian peripheral nerves. Pt-Ir LIFEs of
50 μm diameter with a 1–2 mm active area could be used to record intrafascicularly from peripheral nerves.
Using this length (1–2 mm) of exposed wire for the recording area maximized the signal-to-noise ratio while
minimizing electrode impedance. Recordings remained stable for 48 h following implantation in cat ulnar nerve
and no histological signs of inflammation, infection, extensive mechanical trauma, neuronal degeneration or myelin
degeneration were found. Goodall et al. [45] implanted the same type of Pt-Ir LIFEs into the radial nerve of cats and
recorded activity that was associated with discrete, nonoverlapping receptive fields. Over a period of 6 months, there
was no change in the receptive fields for each electrode. Each electrode recorded activity from about ten afferent
fibers, but the population of afferent fibers from which activity was recorded changed over time. While minor
electrode migration occurred, such that the individual axons that made contact with the uninsulated electrode
changed over time, the electrode did not migrate out of the fascicle or out of the nerve. Further, the total number
of axons that could be recorded from one electrode at any given time did not change over the 6-month period,
suggesting that the axons, fascicles and nerve were not damaged and that migration out of the nerve fascicle did
not occur.

Lefurge et al. recorded from Pt-Ir LIFEs in the radial nerves of cats for up to 6 months and conducted histological
analysis of fascicles from radial nerves with and without implants [31]. Each electrode could record from up to an
average of ten axons during the 6 months. This finding corroborates the findings from Goodall et al. [45], suggesting
that the axons and fascicles were not damaged, as they remained functionally stable. At the end of the 6-month
testing period, sections from fascicles that had been implanted and those that had not been implanted were analyzed
for: median diameter of myelinated axons at the site of implantation, and 1.0–1.5 cm proximal and 1.0–1.5 cm
distal to the implant site; number of Aα fibers near the uninsulated electrode; foreign body reactive changes at the
recording site; and foreign body reactive changes at the endoneurium. The investigators found that at the implant
site, there was a 40% reduction in axon diameter, which seemed to be the result of a decrease in myelination.
However, at the sites proximal and distal to the implant site, there was no difference in axon diameter between
implanted and control tissue. Further, ten or more Aα fibers were found near the recording site for each electrode,
even when electrodes could not record from all ten fibers. This finding suggests that axons around the electrode
were not damaged, but that the electrical properties of the connective tissue in the area may have changed over
time. Indeed, there appeared to be some minor reactive changes in the tissue surrounding the implant, with the
appearance of a thin layer of multinucleate giant cells that were not actively phagocytosing, and alternating layers
of collagen and fibroblasts with a total thickness of <50 μm. An inflammatory reaction was not evident as granular
leukocytes were not observed. In addition, there was an increase in endoneurial connective tissue around the implant
site and a reduction in myelinated axons [31].

Zheng et al. [78] implanted a slightly different version of longitudinal intrafascicular electrodes (LIFE-2–60 μm
Pt (95%)/Ir (5%) wire) in the sciatic nerve fascicles of rabbits for a period of 6 months. Over this period,
they used LIFEs to record motor-evoked potentials while stimulating the electrodes. They also recorded cortical
somatosensory-evoked potentials while using LIFEs as stimulating electrodes. At the end of 6 months, the fascicles
implanted with electrodes were histologically examined under light and transmission electron microscopes. They
found that the onset latency of motor-evoked potentials and cortical somatosensory-evoked potentials had no
obvious change during the first month, but the onset latency increased during the second month and then
stabilized after 3 months. The fascicular tissue showed mild damage on histological analysis. No inflammatory
cells or neuromas were observed around the electrode. The results from this study support the safety of chronic
stimulation using LIFEs implanted in fascicles as long as the stimulation parameters are well within the safety limits
imposed by the charge injection limits of the electrode material.

In an effort to compare biocompatibility of polyimide-based tf-LIFEs and Pt/Ir-LIFEs, Lago et al. [79] chronically
implanted both types of LIFEs in the rat sciatic nerve for a period of 3 months. The LIFEs were made from Teflon-
insulated Pt (90%)/Ir (10%) wire with a bare wire diameter of 25 μm and an effective insulated diameter of
60–75 μm. However, instead of implanting a single wire, they formed a dual channel LIFE by bending a single
wire into two halves and inserted this as one electrode. Hence, the effective diameter of the implanted electrode was
approximately 120–150μm, which is significantly larger than that used in the previous studies. Electrophysiological,
functional tests and terminal morphological analysis were conducted in order to assess changes to the nerve as a result
of electrode implantation. Nerve conduction studies compared the implanted nerve with the intact contralateral
nerve. Compound muscle action potentials and compound nerve action potentials were also recorded from both
sides to assess the functional properties of the nerves and innervation of distal targets. Functional evaluation
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studies included algesiometry test, walking track test and pinprick test [79]. The electrophysiological and functional
measurements were made at 30, 60 and 90 days postimplantation. At the end of 3 months, the animal was fixed
and perfused. Subsequently, the sciatic nerve was extracted and dissected and processed for light microscopy and
immunochemistry. The results indicated that compared with the intact nerve, the latencies of sensory and motor
nerve fibers were slightly longer at 30 days post implant but returned to normal values when recorded at 60 and 90
days post implant. The amplitudes of compound muscle action potentials and compound nerve action potentials
reduced significantly at 30 days and then increased toward normal levels at 60 and 90 days. Plantar algesiometry
tests yielded similar values for hot and pain threshold for withdrawal. There was no evidence of hyperalgesia that
might be induced by compression or nerve injury, no loss of sensitivity in any area of the hind paw under the
pinprick test and walking and no abnormalities in locomotion or differences between the right and left hind limbs
at any of the post implant times. Morphological tests showed that Pt/Ir-LIFEs induced a mild scar response and
a focal but chronic inflammatory reaction which was limited to a very small area around the nerve. The studies
by Lefurge et al. [31], and Zheng et al. [78] did not find any indication of inflammation. This difference could be
because of the significantly larger cross-sectional area and hence stiffer electrodes used by Lago et al. [79]. In general,
the results showed that Pt/Ir-LIFEs and tf-LIFEs are biocompatible and the functional loss seen at the end of 30
days was slight and reversible.

Taken together, these results indicate that axons within implanted fascicles remain functional over 6 months, and
although there was some buildup of connective tissue around the implant (as with any other implant), there was
minimal damage to the tissue as indicated by histological analysis of myelin loss, axonal (focal, nonfocal, Wallerian
type) degeneration and traumatic fibrosis of peri/epineurium [31,78,79], and no evidence of an inflammatory response
as indicated by the number of polymorphonuclear, lymphocytes and macrophages [31,78,79]. The fact that stable
neural recordings were obtained indicates the tissue and the nerve–tissue interface remained functional.

Implementation considerations: lead wires & tethering forces
A complete bionic interface system consists of multiple components, the electrode that forms the neural–tissue
interface, the electronics for recording or stimulation and connecting leads. The lead system must have the strength
and durability to withstand mechanical stresses and strains during surgical implantation and throughout years of
chronic use. Additionally, since peripheral nerves can slide and stretch, movements may impact the stability of the
electrode–nerve interface. Bench testing of the lead system can provide insight into potential failure mechanisms
and strengthen the case for long-term viability in eventual human use. These tests should be designed to mimic the
stresses anticipated in clinical use, which may include stresses induced during implantation and stresses imposed
during daily activities. For intrafascicular electrodes it is especially important to assure that tethering forces do not
damage the lead or the interface. Pena et al. have recently described the assessment of a lead system for deployment
of a branched lead with LIFEs for implantation in the upper arm of amputees [56].

Implementation considerations: bidirectional communication & power
Many designs of neural interface systems require communication between the implant and external components.
The communication may be required intermittently for system configuration (e.g., DBS [80], spinal cord stimula-
tion [81]) and/or continuously for system operation and power transmission (e.g., cochlear implants [82], Freehand
system [83]). The use of wireless transmission of power to the implant and uni- or bidirectional communication
of data can avoid the risks associated with percutaneous leads, but increases system complexity and may greatly
increase power demands.

Neural implants are usually powered either via an implantable battery or through wireless power transfer from
an external power source. The choice of power source employed is usually dictated by the application. Allowable
implant size, implant power requirements and tolerance to power interruptions are some critical factors to be
considered while deciding the type of power source for a given application [84]. Battery-powered neural implants
enable the development of a truly implantable closed loop systems with no external components. However, they may
require additional surgeries for battery replacement or a mechanism to transcutaneously recharge the battery [84].
Systems that use wireless power transfer utilize an external power source and a link (usually inductive) to transmit
power to the implant. Such systems overcome the need for repeated surgeries for battery replacement [84]. The
inductive wireless link used for power transfer can also be used for bidirectional transmission of information between
the implanted unit and external processors. Some key factors affecting the design of wireless data transfer links
are channel bandwidth and transmission range [2]. Intrafascicular electrodes are in close proximity to neural tissue

62 Bioelectron. Med. (2018) 1(1) future science group



Bionic intrafascicular interfaces for recording & stimulating peripheral nerve fibers Review

Table 1. Bionic neural interfaces: summary of trade-offs, conclusion and future trends.

Multicontact cuffs (strongest alternative to intrafascicular approaches)

Advantages: • Noninvasive to the nerve
• Comparatively simple to implant
• Proven long-term safety and stability

Disadvantages: • For stimulation, intrafascicular selectivity may be a limiting factor for some applications
• For recording, selectivity is poor
• Suitability for use on small nerves is uncertain
• Simplicity of implantation may be limited if distributed sites are targeted

Conclusion: May be best suited for applications that seek to stimulate different fascicles within a large nerve bundle

Future trends: Increased selectivity, designs for smaller nerves, integration with intrafascicular designs

Multicontact intrafascicular electrode arrays (rigid and flexible designs, e.g., USEA, tfLIFE, TIME)

Advantages: • Potential for high selectivity
• Selective access to multiple sets of nerve fibers within a fascicle with a single insertion
• Ability to access fibers deep in a fascicle

Disadvantages: • Challenging to place into a fascicle (if going into a multifascicular nerve without exposing fascicles);
challenging to place within the fascicle to obtain multichannel functionality
• Stability is uncertain: electrode/substrate degradation, movement, encapsulation (especially for rigid
arrays)
• Potential for nerve damage is comparatively high, especially for rigid arrays
• Yield on implanted electrodes may be low

Conclusion: May be best suited for sites where array can be securely anchored to the nerve bundle to minimize
potential for damage or instability of the interface

Future trends: Increased longevity and stability, improved targeting, enhanced flexibility

Sets of individual LIFEs

Advantages: • High selectivity for stimulation and recording
• Ability to access fibers deep in a fascicle
• May provide good access to small fibers within a fascicle
• Proven long-term safety and stability
• Potentially suitable for accessing distributed sites across small nerve bundles

Disadvantages: • Surgical implantation is comparatively time-consuming and challenging
• Inability to precisely target specific intrafascicular structures
• Yield on implanted electrodes may be low

Conclusion: May be best suited for applications that demand high selectivity with a moderate number of channels

Future trends: Simplified implantation, improved targeting and enhanced flexibility

LIFE: Longitudinal intrafascicular electrode; tfLIFE: Thin-film longitudinal intrafascicular electrode; TIME: Transverse intrafascicular multichannel electrode; USEA: Utah Slant
Electrode Array.

and hence require low levels of charge injection to activate surrounding tissue in stimulation applications [2]. This
in turn reduces the power requirements for the neural stimulator. For multichannel systems, the bandwidth and
power requirements will scale with channel count and therefore may push the limits of currently available battery
and communication capabilities.

Conclusion
The requirements for safety and stability of a bionic neural interface are paramount and are generally consistent
across applications. For any type of interface, the primary demand for safety includes the requirement to avoid
mechanical, electrical or chemical damage during implantation, long-term use, and explantation. For long-term use,
the functionality of the interface requires stability, which implies avoiding substantial movement of the electrode
with respect to the target tissue and avoiding substantial changes in the electrical properties of the interface.

For a given application, the selection of a suitable bionic interface will depend strongly on the specific anatomy
of the targeted site and the physiology of the intended application. Specific anatomical constraints may be derived
from the size of the nerve bundle, fascicular organization, fiber size distribution and the number and distribution
of target sites. Specific physiological needs and constraints may place high demands on selectivity and on the ability
to coordinate stimulation and/or recording across multiple sites. Application-specific safety concerns, such as the
need to avoid inadvertent stimulation of nearby sites, may increase the demands for selectivity and stability.

Table 1 provides a summary of our views on the advantages and disadvantages of three general categories of
bionic interface designs. For electrodes that are placed inside the nerve fascicle, one of the primary characteristics
is the number of electrodes per insertion. LIFEs have been designed with one electrode per wire; several other
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designs have been fabricated so that each insertion includes multiple recording/stimulation sites (e.g., USEA,
TIME, tfLIFE). The summary in Table 1 uses this very general categorization of single-wire versus multielectrode
array to contrast the primary advantages and disadvantages of the two approaches. We have included a category for
multicontact cuffs in this summary because they have undergone substantial use in clinical applications and, for
many applications in bioelectronic medicine, they may be a viable alternative to intrafascicular designs.

Table 1 also includes statements of our general ‘conclusion’ regarding each interface category. These are based on
our understanding of the benefits and limitations of each category and of the types of challenges faced for various
applications. These conclusions, as well as the summaries of advantages and disadvantages, are based on information
from the literature as much as possible, but they also admittedly rely to some degree on personal experience and on
speculation. In our opinion, multicontact cuffs may be best suited for applications that seek to stimulate different
fascicles within a large nerve bundle. This approach allows a single deployment of an array to address several
fascicles; the degree of intrafascicular selectivity that may be achieved with a multicontact cuff is likely to be lower
than that of intrafascicular designs. Multielectrode intrafascicular arrays may be best suited for sites where the array
can be securely anchored to the nerve bundle to minimize the potential for damage or instability of the interface.
The multielectrode array will achieve high channel counts and secure anchoring may be able to minimize movement
between an individual electrode and the target tissue when under mechanical stress. LIFEs may be best suited for
applications that demand high intrafascicular selectivity with a moderate number of channels. This approach can
provide high selectivity and good stability, but the inability to target specific intrafascicular structures and the fact
that an insertion is required for each electrode present substantial challenges when a large number of channels are
required.

Future perspective
Neural engineering has emerged as a paradigm that links living with nonliving systems to investigate, intervene and
harness neural plasticity to counter disease and disability. Fueled by engineering breakthroughs, the last two decades
have seen a phenomenal rise in our ability to probe the nervous system and to influence neural system activity
across scales of complexity and states of disease. Newly developed and emerging methods for precise fabrication
at the nanoscale promise to greatly improve our ability to communicate with the nervous system at the cellular
level. Neuromorphic electronic design in silicon or other organic computing platforms would allow realization of
computational neural models by fabrication of fundamental devices and circuits that can emulate neuronal behavior
at the single cell level as well as more complex circuits. These new biomimetic devices offer new platforms for
bidirectional bionic neural interfaces [85].

Many advances in the future will be achieved by enhancing existing technologies. Improvements will address
current limitations to enhance performance and to enable implementation for a wider range of applications. The
next generations of multicontact cuffs may achieve greater intrafascicular selectivity by developing techniques
to place electrodes closer to the fascicle, by creating new stimulation strategies or by integrating intrafascicular
components into the cuff design. The next generations of multichannel intrafascicular arrays may achieve longer
term stability and better placement accuracy by utilizing alternative materials for long-term survival and improved
match with tissue mechanical properties, and by developing insertion techniques to improve placement within a
fascicle. The next generations of LIFEs may achieve higher yields and more widespread adoption by developing
tools and implantation techniques that allow placement near targeted intrafascicular structures, streamline surgical
procedures, and minimize the need for specialized surgical training.

Other advances will be based on technologies that are currently being developed or are yet to be conceived.
Improved electrical interfaces may be produced by utilizing newly developed materials in electrodes, electrode
coatings or conductors to improve flexibility, reduce size and increase the capacity to focally stimulate or to record.
While most peripheral neural activation has utilized electrical stimulation, magnetic, optical or chemical signals
may also prove to be practical for focal stimulation or recording from peripheral nerve microdomains. Recently,
novel technology using magnetoelectric nanoparticles for noninvasive focal neural stimulation using low-intensity
direct current (DC) and alternating current (AC) magnetic fields has been developed [86]. In the CNS, optogenetic
techniques are being utilized to allow activation of neural cells. For peripheral nerves, infrared neural stimulation
techniques using lasers could evoke action potentials by providing a transient, targeted optical input that allows a
very high degree of spatial resolution since only tissue in the path of the laser beam is activated. Chemical sensors
or localized delivery of neurotransmitters or neuromodulators may be used to record, initiate or modulate neural
activity. These techniques, which could be used either alone or in conjunction with electrical interfaces, could result
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in systems with improved selectivity and, perhaps more importantly for applications in bioelectronic medicine,
improved ability to modulate endogenous neural activity.

Executive summary

Background
� Peripheral nerves provide gateways for modulation of the CNS and internal organs.
� Bionic interfaces can be used to induce patterns of activation or record neural activity.
� Cuff-like structures wrapped around nerves enable reliable stimulation, but some clinical applications may

require high intrafascicular selectivity.
� Bionic intrafascicular interfaces may enable enhanced stimulation selectivity and provide the ability to record

from small groups of fibers within a fascicle.
Intrafascicular electrodes: stimulation
� Several intrafascicular electrodes have been designed and utilized in preclinical and human studies: the Utah

slant electrode array, longitudinal intrafascicular electrodes (LIFEs), thin-film LIFEs and the transverse
intrafascicular multichannel electrode array.

Intrafascicular electrodes: choosing stimulation parameters
� The proximity of intrafascicular electrodes to target tissues enables low charge delivery.
� Electrodes are classified as ‘macro’ or ‘micro’ depending on their surface area.
� The safety of chronic stimulation using macro electrodes in brain structures has been investigated in several

preclinical and clinical studies.
� The safety of chronic stimulation using LIFEs in peripheral nerves has been studied in long-term preclinical studies

and in human studies with a duration of less than 1 month.
Intrafascicular electrodes: recording & chronic biocompatibility
� The recording properties and biocompatibility of LIFEs and thin-film LIFEs have been investigated in several

preclinical studies.
� Histological analysis indicates little or no signs of damage or inflammatory response.
� The stability of recording capability of LIFEs over several months is an indicator of long-term viability of the

electrode, the surrounding tissue and the tissue–electrode interface.
Implementation considerations: lead wires & tethering forces
� Electrode leads, which connect intrafascicular and cuff electrodes to implanted or external electronics, must be

durable and must not induce damage to the nerve.
� Bench testing of the leads that mimics stresses of implantation and daily use can provide insight into potential

failure mechanisms and strengthen the case for long-term viability in eventual human use.
Implementation considerations: power & bidirectional interfaces
� Communication with the implanted and external components may be required intermittently during system

configuration and/or continuously during system operation.
� Power requirements (for implanted electronics, stimulation and communication) may be met through the use of

implanted batteries or transcutaneous power transmission.
Conclusion
� For a given application, the selection of a suitable bionic interface will depend strongly on the specific anatomy

of the targeted site and the physiology of the intended application.
� The comparative advantages and disadvantages of multicontact cuffs, multicontact intrafascicular arrays and sets

of LIFEs are outlined.
Future perspective
� Advances in bionic neural interfaces will be achieved by improvements to existing electrode designs and by

exploiting new approaches to activating and monitoring neural activity.
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