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Chapter 5
Peripheral Nerve Electrodes

Yu Wu and Liang Guo

5.1  Introduction

With the goal of restoring muscle functions or recording neural signals, peripheral 
nerve electrodes have been extensively studied for decades. For restoration of lost 
motor function, in most cases, multiple groups of muscle fibers need to be electri-
cally activated. The straightforward approach is to use muscle-targeted electrodes 
(either epimysial or intramuscular electrodes (Navarro et al. 2005)), by implanting 
at least one electrode on/in each muscle (Veraart et al. 1993). Apparently, due to the 
sparse distribution of implanted electrodes, the wiring scheme is not only compli-
cated for surgical implantation procedure and maintenance but also fragile to limb 
movements. Therefore, within the options of muscular or neural interfaces, target-
ing peripheral nerves has the advantage of much lower activation thresholds, a 
smaller number of required electrodes, and higher recruiting accuracy.

In contrast to the complexity in the central nervous system, the relatively simple 
anatomical structure of peripheral nerves makes them easier to be accessed by elec-
trodes. Typically, neurons in the peripheral nervous system have their somas located 
in or around the spinal cord while extending their axons all the way to target organs. 
While eventually ending with branches and forming neuromuscular junctions with 
skeletal muscle fibers, the axons, for the most part of their lengths, are grouped 
together in fascicles that are wrapped by three protective layers: epineurium, peri-
neurium, and endoneurium (Fig. 5.1). Such a compact and clearly mapped structure 
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not only minimizes electrode size and quantity but also leaves adequate space for 
high-resolution interfaces such as intrafascicular electrodes.

The advances of peripheral nerve electrodes have been summarized in multiple 
excellent comprehensive reviews (Navarro et al. 2005; Yoshida et al. 2010; Ortiz- 
Catalan et al. 2012; Patil and Thakor 2016) which organize their discussions based 
on different types of devices. Instead, by focusing on challenges and corresponding 
design motivations, this chapter covers the efforts made in the field to improve 
issues of selectivity and noise reduction, electrode-neural interfaces, and surgical 
implantations. To provide an overview on the working principles of peripheral nerve 
electrodes, Sect. 5.2 will briefly introduce three major types of electrodes. The three 
major challenges and corresponding strategies will then be discussed in detail in 
Sect. 5.3.

5.2  Peripheral Nerve Electrodes

In this section, we discuss three types of conventional peripheral nerve electrodes 
used to stimulate peripheral nerves or record neural activity: cuff electrodes, intra-
fascicular electrodes, and regenerative electrodes.

5.2.1  Cuff Electrodes

Among peripheral electrodes, cuff electrodes are perhaps the most studied and 
investigated toward clinical applications. They work by completely encircling the 
nerve with an insulated tubular sheath and using two or more electrode contacts on 
the inner surface to either stimulate the nerve or record neural activity. These elec-
trodes can either completely encircle the nerve (circumferential) or come in contact 
with just a section of it (differential). Circumferential contacts have mainly been 
used for recording purposes, while differential contacts have been found to provide 
better stimulation (McNeal et al. 1989; Sweeney et al. 1990; Grill and Mortimer 

Fig. 5.1 Cross-sectional 
view of a typical peripheral 
nerve where nerve fibers 
are bundled into 
perineurium-ensheathed 
fascicles. (Adapted with 
permission from Yoshida 
et al. 2010)
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1998). Furthermore, differential contacts offer a variety of designs as they can be 
placed in a bipolar, tripolar, or short-circuit tripolar configuration to reduce noise or 
current leaks. However, the use of differential contacts for recording has been rarely 
reported in the current literature.

The flexibility of cuff electrodes allows them to avoid the problems of mechani-
cal stress and displacement that are common in muscle-based electrodes, thereby 
reducing the possibility of electrode or lead failure. They also have a higher accu-
racy when recording data because they increase the resistance of the extracellular 
return path, which increases the amplitude of the recorded signals (Sahin et  al. 
1997; Struijk et al. 1999).

Although several issues with cuff electrodes have been observed, they were often 
remedied in subsequent investigations. For example, it was found that cuff elec-
trodes caused a loss of myelinated fibers, but these fibers regenerated to a smaller 
diameter over time without any signs of control or strength loss (Larsen et al. 1998). 
It was also found that the self-sizing spiral cuff electrode could cause demyelination 
and axon losses, perineurium thickening, increased intraneural tissue, or axonal 
swelling (Naples et al. 1988). However, a different study found that these effects 
could be circumvented by placing the cuff farther away from a joint (Romero 
et al. 2001).

5.2.2  Intrafascicular Electrodes

An intrafascicular electrode is directly inserted into the peripheral nerve for direct 
contact with the nerve tissue that they are intended to activate or record. This direct 
contact enhances the selectivity and increases the signal-to-noise ratio (SNR) of the 
recording. Stimulation on a certain nerve fascicle has less effect on adjacent ones. 
More than one intrafascicular electrode can be implanted to stimulate multiple areas 
along the nerve.

Longitudinally implanted intrafascicular electrodes (LIFEs) are implanted 
parallel to the nerve fibers and are inserted a few millimeters into the endoneurium 
before exiting. The active section inside the nerve can have multiple contacts placed 
in different orientations to improve selectivity comparing to the transverse intrafas-
cicular multichannel electrodes (TIME).

Studies of metal and polymer LIFE show no damage caused by the electrode or 
biocompatibility issues and good selectivity for stimulation and multiunit extracel-
lular recording (Nannini and Horch 1991; Goodall et al. 1993). They also have long- 
term reliability, being used for studies for over 6 months (Goodall et al. 1991).

Furthermore, the electrical stimulation produced by LIFE is able to elicit sensa-
tions of touch, joint movement, and position, potentially allowing amputees to have 
prosthetic limbs with a more natural feel and control. However, the selectivity is 
challenging to achieve, as it is difficult to implant multiple LIFEs in different 
fascicles to stimulate the appropriate muscle groups (Dhillon et al. 2004a, b).
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5.2.3  Regenerative Electrodes

Unlike cuff and intrafascicular electrodes that passively access intact nerves, regen-
erative electrodes employ a completely different strategy in which nerve fibers of 
interest are severed first and then regenerate through micro via-holes or channels to 
reconstruct neural connections. Probes or stimulation electrodes are integrated in 
the channels to directly interface with regenerated fascicles, giving rise to highly 
intimate electrode–tissue interface as well as excellent selectivity to individ-
ual fibers.

Due to its highly aggressive nature, however, many factors should be considered 
during design to ensure successful nerve regeneration. For example, appropriate 
channel dimensions should be customized so that regenerated nerve fibers will not 
be damaged by compression force. Additionally, it may also require trophic factors 
to facilitate regeneration.

5.3  Challenges and Strategies on Electrode Design

5.3.1  Toward Better Selectivity and SNR

Selectivity and SNR are the two most important properties of peripheral neural 
interfaces regarding to functionality. For both stimulation and recording purposes, it 
is always desired to recruit or record a smaller group of nerve fibers with less inter-
ference from others. Higher selectivity in stimulation enables finer and more coor-
dinated control over many muscle fibers, yielding a more effective motor prosthesis 
process.

Although recording peripheral nerve activities cannot improve neural modula-
tion directly, it provides important information on the functionality and mechanism 
of peripheral nervous system and can be used for controlling an external prosthesis. 
In addition, neural recording is an indivisible part of feedback control that enhances 
the neural modulation effectiveness. Therefore, the goal of recovering action poten-
tials while suppressing noise from muscle activities and stimulation artifacts has 
been pursued for any type of electrodes.

 Selectivity

Steering electric fields with cuff electrodes Selectively activating nerve fascicles 
can be realized in two ways: (1) manipulating the electric field inside a nerve trunk 
and (2) directly accessing individual fascicles by electrodes. The first method, also 
referred as electric field steering, was developed for cuff electrodes which have 
no direct access to axons inside a nerve. And it can be considered as a remote 
control of electric field distribution by electrodes wrapping around the nerve trunk. 
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This technique is based on two findings: (1) the excitability of a myelinated axon is 
determined by longitudinal electric field rather than transverse field (Rushton 1927; 
Coburn 1980; Rattay 1986); and (2) a transverse current could be used to steer the 
longitudinal current, restricting the region of excitation (Sweeney et al. 1990). As 
shown in the longitudinal tripolar configuration (Fig. 5.2a), by passing a transverse 
current flow at a subthreshold level from a “steering” electrode (anode) 180° oppo-
site to the central cathode, the longitudinal current can be repelled away from the 
steering electrode and into the region near the cathode. In this way, only a portion 
of the nerve trunk is stimulated rather than the entire region. Based on this longitu-
dinal tripolar configuration, further modifications have been proposed and investi-
gated (Fig. 5.2b) (Veraart et al. 1993), in which double tripolar configuration shows 
the best selectivity to activate fascicles that could not be activated selectively by a 
single tripole, at the cost of more electrodes and lead wires that complicate the sys-
tem. To achieve the best selectivity for a given muscle, it is necessary to modulate 
the amplitude of both longitudinal and transverse current, which means the stimula-
tion conditions are not predictable and highly sensitive to electrodes’ relative posi-
tion to nerve fascicles. In clinical practices, however, such a trial-and-error process 
may result in unstable implantation because changes in electrodes’ position may 
invalidate the preset stimulation parameters.

As an alternative approach, arranging electrodes transversely can achieve the 
same selectivity without compromising on robustness and simplicity. Such concept 
originates from studies of longitudinal configurations where spatial selectivity is 
maximized when the transverse current constitutes a high proportion of the total 
current (Goodall et al. 1996; Deurloo et al. 1998). Accordingly, this suggests that 
100% transverse current would result in maximum spatial selectivity. In that case, 
the two anodes from the longitudinal tripole are effectively eliminated (Goodall 
et al. 1996). This has been tested and confirmed in modeling works (Parrini 1997; 
Deurloo et al. 1998) and cat sciatic nerve implantations (Tarler and Mortimer 2003; 

Fig. 5.2 Electric field-steering techniques for cuff electrodes. (a) Schematic view of longitudinal 
tripolar cuff with field steering where the transverse current serves as steering current. (Adapted 
with permission from Sweeney et al. 1990). (b) Four longitudinal configurations based on field 
steering. Adapted with permission from Veraart et al. (1993). (c) The configuration of four-contact 
transversal cuff electrode. (Adapted with permission from Tarler and Mortimer 2004)
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Tarler and Mortimer 2004). A representative device is the four-contact cuff electrode 
(Fig. 5.2c) (Tarler and Mortimer 2004). By modulating anodic and cathodic steering 
current to hyperpolarize undesired fascicles and excite the target fascicle, respec-
tively, each of the four motor fascicles in the cat sciatic nerve can be recruited selec-
tively and independently. However, since nerve fibers are more sensitive to 
longitudinal electric fields, the activation threshold is significantly higher for trans-
verse configurations than for longitudinal ones (Goodall et al. 1996).

Reshaping Nerve Trunk with Flat Interface Nerve Electrode (FINE) While 
selective recruitment of cat nerve fascicles can be achieved by a field-steering cuff 
interface, the circular distribution of electrode sites reduces their ability to selec-
tively access central axon populations due to a significant distance to inner fascicles 
(Veltink et al. 1988, 1989a, b; Altman and Plonsey 1990). Different from the simple 
structure of cat sciatic nerve, human peripheral nerves typically contain more fas-
cicles and may not have a cylindrical cross-section. For example, a human femoral 
nerve (12 mm wide, 4 mm thick) is composed of at least 20 fascicles (Schiefer et al. 
2008), making it difficult for field-steering cuffs to work effectively. As an evolu-
tion, a noninvasive FINE was proposed to form a rectangular cross-section. By 
slowly squeezing the nerve trunk into an elongated and flattened oval, fascicles are 
lined up on a two-dimensional flat surface instead of a three-dimensional cylinder 
(Fig. 5.3a, b), resulting in more exposure of smaller and inner fascicles under stimu-
lating electrodes. The nerve reshaping process may take from hours to days, depend-
ing on the force applied on nerve trunk.

In comparison with conventional cuff electrodes, this design exploits the oblong 
cross-section of the nerve and takes advantage of the nerve’s ability to reshape 
(Tyler and Durand 2002). Since electrodes are more intimate to individual fascicles, 
they are theoretically more effective to recruit a certain fascicle without causing 
cross-talks to other fascicles (Choi et al. 2001; Schiefer et al. 2005). Using simple 
monopolar stimulation without field steering, acute experiments on cat and beagle 
have shown high degree of selectivity for major fascicles (Fig.  5.3c) (Tyler and 

Fig. 5.3 FINE. (a) Schematic cross-section of a FINE on a nerve. (b) Relative position of the 
electrodes and the nerve fascicles. Electrical contacts giving functionally equivalent torque outputs 
are circled. (c) Example of selective recruitment of four fascicles within the sciatic nerve. The lines 
with symbols show recruitment curves of individual branches having electrodes distal to the 
FINE. The recruitments from the FINE contacts are shown with the thin lines. The contacts are 
listed next to their respective recruitment trajectories. (Adapted with permission from Tyler and 
Durand 2002)
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Durand 2002; Leventhal and Durand 2004; Yoo et al. 2004), and even subfascicular 
recruitment can be achieved with optimized electrode design (Leventhal and Durand 
2003). Moreover, studies on human peripheral nerves also proved the effectiveness 
of FINE design. Modeling and simulation predicted that eight-contact FINE is 
enough to selectively stimulate each of the six muscles innervated by the proximal 
femoral nerve (Schiefer et al. 2008), which was further confirmed for femoral, tib-
ial, and peroneal nerves in human subject implantation carried by the same group 
(Schiefer et al. 2010; Schiefer et al. 2013).

However, with a flat interface to nerve trunk, the high selectivity and the simple 
monopolar stimulation without complicated field steering are actually achieved at 
the cost of greater possibility of nerve damage by pressure. Although chronic 
implantation on cat sciatic nerves up to 3 months suggested that moderate reshaping 
caused no axonal damage (Daniel et  al. 2006), the chronical biocompatibility of 
FINE still needs to be confirmed with human subject test.

Subfascicular Selectivity with Intrafascicular Electrodes To further enhance the 
selectivity, either field-steering cuff or FINE has seemed to be reaching their limits 
due to the inherent disadvantage of remote stimulation. The need for finer neural 
modulation interfaces promotes intrafascicular electrodes that are placed within 
individual fascicles to directly access the nerve fibers, instead of manipulating elec-
tric fields outside the nerve fascicles. These electrodes are usually composed of an 
insulated conducting wire with small openings at stimulation sites. Essentially, it is 
the proximity to nerve fibers and restricted current flow in space that give rise to 
their excellent selectivity and low-activation threshold.

A variety of designs have been developed for intrafascicular recording and mod-
ulation. Based on the implanting orientation, they can be categorized into LIFEs and 
TIMEs. As indicated by the name, LIFEs are designed to be implanted in parallel to 
the nerve fibers (Fig. 5.4a) (Malagodi et al. 1989). Basically, it is a conductive wire 
wrapped by an insulation layer, with several stimulation sites where insulation is 
removed to expose the conductive core. During the surgical implantation, an inser-
tion of micro-needle will penetrate the nerve tissue and lead the wire through the 
nerve trunk (Fig. 5.4b). Since stimulating sites are physically in contact with indi-
vidual nerve fibers within a certain fascicle, this interface has shown high selectivity 
with low-activation threshold (Yoshida and Horch 1993; Micera et al. 2008; Jordi 
et al. 2011) and little cross-talk to adjacent fascicles (Navarro et al. 2005) in acute 
animal studies, as opposed to field-steering cuff electrodes.

The major disadvantage of LIFEs, however, is the challenging task to access 
multiple fascicles with just one device. Based on the guiding-needle method of 
implantation, it is difficult to implant a few wires in different fascicles without caus-
ing substantial tissue damage or device malfunction (Navarro et al. 2005). Therefore, 
TIMEs are designed to address this issue and further enhance the selectivity. By 
inserting the wire transversally to the nerve trunk, a single TIME is able to interface 
with several fascicles (Fig. 5.4a), thus reducing the number of implanted electrodes 
required by LIFEs (Boretius et al. 2010). Aside from positive confirmation from 
computational modeling (Raspopovic et al. 2011), acute studies on rat sciatic nerve 
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and human amputee have also shown remarkable selectivity of TIME, despite the 
small distance between active sites and the small size of the nerve (Boretius et al. 
2010; Jensen et al. 2010; Badia et al. 2011; Boretius et al. 2012; Kundu et al. 2014; 
Harreby et al. 2015).

With similar principles of TIMEs but much more recording/stimulating chan-
nels, the Utah electrode array (UEA) can be customized for peripheral nerve inter-
facing, though originally developed for use in the cerebral cortex (Branner and 
Normann 2000). Benefiting from microfabrication technologies, 25 probes can be 
fabricated on a single device (Fig. 5.4c), significantly improving the accessibility to 
nerve fibers comparing to LIFEs and TIMEs. Furthermore, the planar array was 
improved by the Utah slanted electrode array (USEA) to avoid a nerve fiber being 
recruited by many electrodes along the axis (Fig. 5.4d, e) (Branner et al. 2001). The 
three dimensional structure of USEA with electrodes of varying length can provide 
access to more individual fibers in each fascicle and enhance graded recruitment of 
force in muscle groups in a highly selective fashion (Branner et al. 2001).

Axonal Selectivity with Regenerative Sieve Electrodes Regenerative electrodes 
are designed to precisely interface with each axon in a nerve fascicle, which reaches 
the highest resolution a peripheral nerve electrode can get. Ideally, as mentioned in 

Fig. 5.4 Longitudinal and transversal intrafascicular electrodes. (a) Schematic diagrams and 
sciatic nerve implantations of TIME, LIFE, and cuff electrodes. (Adapted with permission from 
Jordi et al. 2011). (b) Structure of a longitudinal intrafascicular electrode. (Adapted with permis-
sion from Malagodi et al. 1989). (c) Electron microscopic picture of the Utah electrode array with 
25 probes on a 2 mm by 2 mm base. (Adapted with permission from Branner and Normann 2000). 
(d) Schematic comparison of planar UEA and USEA. The varying length of electrodes allows 
more nerve fibers to be recruited. (Adapted with permission from Branner et al. 2001). (e) Scanning 
electron microscope image of the USEA. (Adapted with permission from Branner et al. 2001)
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Sect. 5.2, by guiding transected axons to grow through an array of microscale 
via- holes, individual axons can be selectively stimulated or recorded by the conduc-
tive layer deposited around the holes (Fig. 5.5). Practically, since the nerve trunk has 
to be severed before implantation, this method actually reorganizes nerve structure 
rather than simply accessing target axons. Therefore, successful application of 
regenerative electrodes depends on robust axonal regeneration that is remarkably 
affected by the dimensions of via-holes. Excluding the feasibility of the ideal one- 
axon- one-hole design (Navarro et al. 2005), most chronic tests on animals found the 
optimal diameter to be 30–60 μm (Navarro et al. 1996; Wallman et al. 2000) for rat 
sciatic nerve. However, 5 μm designs with higher selectivity have also been realized 
and proved successful in recording afferent signals from a rat glossopharyngeal 
nerve (Bradley et al. 1992, 1997).

Although regenerative electrodes offer the highest selectivity among peripheral 
nerve devices, their traumatic implantation procedure brings more risks than others. 
Such design requires high regenerative ability of peripheral nerves, and it takes a 
long period of time for severed nerve fibers to regenerate and recover. Moreover, it 
is challenging to perfectly and coherently match the number, size, and layout of via- 
holes with the intact nerve structure, resulting in functional loss and instability from 
case to case. For example, thermal and taste responses were lost (Bradley et  al. 
1997) using the nearly same device that successfully recorded tactile, thermal, and 
taste signals (Bradley et al. 1992). Also, due to the variety in neuron types, each 

Fig. 5.5 Regenerative sieve electrodes. (a) Schematic diagram. (Adapted with permission from 
Bradley et al. 1997). (b) Photo of implantation of the sieve electrode. (Adapted with permission 
from Lago et al. 2005)
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nerve fiber does not have the same or even similar regenerating capability. 
Implantations in rat sciatic nerve reveal that regeneration is much less successful for 
myelinated axons than unmyelinated ones, that motor axons regenerate more poorly 
than sensory axons, and that some subclasses of sympathetic fibers regenerate better 
than others (Negredo et al. 2004; Castro et al. 2008).

 SNR

For cuff electrodes, noise rejection can be realized by optimizing electrode configu-
ration and dimensions or an external shielding layer. Based on the simple principle 
of Ohm’s law, the innovative design of tripole configuration has significantly 
improved the quality of recorded signals (Stein et al. 1975; Hoffer and Marks 1976). 
Instead of detecting the voltage between two electrodes, three equally spaced elec-
trodes are placed along the nerve trunk (Fig. 5.6a) (Stein et al. 1975), and the two 
terminal ones are electrically shorted. In principle, such a design eliminates the 
potential gradient for external sources outside the cuff, allowing noises to bypass 
the device. In the meanwhile, action potentials that propagate inside the nerve trunk 

Fig. 5.6 Noise rejection for cuff electrodes. (a) Original tripolar configuration where two terminal 
electrodes are shorted. (Adapted with permission from Stein et al. 1975). (b) Variations based on 
the original tripolar configuration. (Adapted with permission from Ortiz-Catalan et al. 2013). (c) 
Schematic diagram of split-contact design. (Adapted with permission from Ortiz-Catalan et  al. 
2013). (d) Noise amplitude comparison between conventional cuff and a shielded cuff. (Adapted 
with permission from Sadeghlo and Yoo 2013)
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are still able to be detected using the central contact. However, this tripolar configu-
ration is based on the assumption that the potential gradient of noise is linearly 
distributed along the cuff, which is often compromised in clinical applications due 
to cuff imbalance and connective tissue (Rahal et  al. 2000a; Triantis and 
Demosthenous 2008; Sadeghlo and Yoo 2013). Therefore, several variations on wir-
ing scheme with amplifiers have been reported to achieve a robust recording perfor-
mance (Fig.  5.6b) (Pflaum et  al. 1996; Rahal et  al. 2000b; Demosthenous et  al. 
2004; Jun-Uk et al. 2012). In addition to focusing on electrode configurations, stud-
ies on electrode dimensions found that splitting the ring-shaped central contact into 
discrete electrode pads (Fig.  5.6c) leads to considerable enhancement on SNR 
(Ortiz-Catalan et al. 2013). Moreover, inspired by the principle of electromagnetic 
shielding, a conductive shielding layer has shown its effectiveness on external noise 
rejection (Fig. 5.6d) (Perez-Orive and Durund 2000; Sadeghlo and Yoo 2013) and 
can simplify the circuit complexity by working with bipolar cuffs (Parisa et  al. 
2017). Conductive shielding has also been integrated with thin-film LIFE (tf-LIFE) 
to reject electromyogram (EMG) artifacts (Djilas et al. 2007).

Compared to cuff electrodes, intrafascicular electrodes typically have a higher 
SNR due to the insulating effect from the perineurium. The currents of EMG from 
nearby muscles tend to go around the fascicle rather than into it (Clark and Plonsey 
1968). However, conventional monopolar scheme that records potential difference 
between intrafascicular space and extrafascicular space can still result in substantial 
EMG pickup. Based on the concept of differential recording, bipolar recording was 
proposed on LIFEs where axonal signals were detected between two intrafascicular 
electrodes (Yoshida and Stein 1999), eliminating the interference from extrafascicu-
lar sources. Moreover, the interelectrode spacing of 2 mm was found to provide an 
optimal SNR (Fig. 5.7) (Yoshida and Stein 1999).

The recording of sieve electrodes relies on close proximity of the ring electrode 
to the axons and the corresponding nodes of Ranvier; therefore, not all electrodes 
record equally well and are subject to cross-talk (Lago et al. 2007a). Microchannel 
regenerative interface combines the electrode–axon proximity of sieve electrodes 
and the snug enclosure of cuff electrodes. Instead of going through via-holes, the 
regenerated nerve fibers are enclosed by electrically insulated microchannels 
(Fig. 5.8) (Ivan et al. 2012) that restrict the amount of extracellular fluids. Such an 
encircle of axons works as a natural amplifier due to the restriction of extracellular 
current return path (Ivan et al. 2012). In addition, an axon is intimately interfaced by 
multiple recording sites. Consequently, it is easy to pick up weak axonal signals and 
obtain a high SNR up to four (Ivan et al. 2012; Musick et al. 2015).

5.3.2  Toward a Better Tissue–Device Interface

Clinical applications require not only high selectivity and noise suppression but also 
a good tissue–device interface that maintains the stability over long-term implantation. 
The implanted neural interface should be able to adapt to local motions and mini-
mize neural damage without significant degradation on the  stimulation/recording 
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capability. Taking advantages on microfabrication techniques and material advances, 
the quality of tissue–device interface can be improved through structural optimiza-
tion, flexible base materials, and high-performance electrode materials.

 Innovations on Structural Design

tf-LIFE and ACTIN  tf-LIFE (thin-film longitudinal intrafascicular electrode) was 
proposed to improve not only selectivity but also mechanical matching of the neural 
interface (Yoshida et al. 2000). Using micromachining process, electrode sites can 
be fabricated on a flat ribbon of polyimide substrate (Fig. 5.9a, b). Comparing to 

Fig. 5.7 Relative bipolar LIFE SNR as a function of interelectrode spacing (Yoshida and Stein 
1999). (Adapted with permission from Yoshida and Stein 1999)

Fig. 5.8 Microchannel regenerative electrodes (Ivan et al. 2012). (a) Schematic diagram of the 
microchannel device interfaced with root L5. (b) Photo of the implanted device during recording. 
(c) Circuit diagram of recording sites and amplifiers. (Adapted with permission from Ivan 
et al. 2012)

Y. Wu and L. Guo



107

metal wire LIFEs, such a 2D structure allows for more recording sites and a much 
smaller interfacial area, which significantly enhances the selectivity without apply-
ing intensive spike-sorting algorithms (Mirfakhraei and Horch 1994). More impor-
tantly, the flexibility of the polymer substrate relieves the mechanical stress between 
the implanted electrodes and endoneural tissue (Yoshida et al. 2010). While a fibrous 
response is inevitable, tf-LIFEs produced less axonal damage than conventional 
LIFEs or polyLIFEs during a 3-month implantation (Lago et al. 2007b).

To address the issue of formation of encapsulation layer in chronic implantation, 
the concept of “movable interface” has been proposed and tested by embedding 
microactuators in the core of a polyLIFE device, referred to as actuated intraneural 
(ACTIN) electrodes (Bossi et al. 2009) (Fig. 5.9c, d). The ACTIN is actuated by the 
deforming of a TiNi thin film sandwiched by top and bottom polyimide layers. 
When applying voltage to the TiNi actuator, the bending force of the TiNi core (due 
to heating) causes the entire interface to turn from flat to corrugated. In addition, the 
memorized shape of TiNi microactuator is optimally designed so that its peaks coin-
cide with the active sites of the interface, maximizing the displacement of active 
sites without undesired movements of the rest of the structure. With displacement of 
up to 60 μm, such micro-adjustment after implantation is very helpful to recover the 
lost connection between electrodes and nerve tissue. However, in vivo test of this 
design has not been reported yet, and due to the cytotoxicity of pure Ni, the biocom-
patibility of TiNi microactuator still remains unknown.

Fig. 5.9 tf-LIFE, ACTIN, and SELINE designs. (a, b) tf-LIFE and its implantation on a rat sciatic 
nerve. (Adapted with permission from Lago et al. 2007b). (c, d) Corrugated structure of ACTIN 
and its thermal responses under applied voltages. (Adapted with permission from Bossi et  al. 
2009). (e) The wing-shaped anchoring structure of SELINE. (Adapted with permission from 
Cutrone et al. 2015)
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SELINE The issues with LIFEs and TIMEs inspire the development of SELINE 
(self-opening intrafascicular neural interface), an evolution of LIFEs and TIMEs. 
The electrode has a main shaft with two lateral wings on each side (Fig. 5.9e). After 
insertion into a nerve and gently being pulled back, the two wings open transversely 
and remain anchored to the nerve tissue, making the implanted device more stable 
over long-term implantation (Cutrone et al. 2015). In addition, since there are active 
stimulation sites on both the main shaft and opening wings, axons from different 
sub-fascicles can be accessed in a three-dimensional way. Comparing to LIFEs and 
TIMEs, this design significantly improves the mechanical stability of the tissue–
device interface, while inheriting the outstanding selectivity from TIMEs.

For regenerative electrodes that have more intimate contact with nerve fibers, an 
implantable interface must be able to facilitate healthy axonal regeneration and mat-
uration while maintaining the close contact with axons (Srinivasan et  al. 2015). 
Moreover, the mixed motor and sensory fibers after transection make it even harder 
to separately record motor signals and stimulate sensory nerves. Rigid sieve elec-
trodes fall short on these requirements due to the difficulty of designing a suitable 
layout for the complicated axon populations (Thompson et al. 2016). Even with the 
flexible polyimide polymer, the thin-plate structure can generate substantial com-
pressive force on a small area to cause damage to nerve fibers. Likewise, the low- 
channel density also limits chronic applications of the flat microchannel electrode. 
Therefore, several three-dimensional microchannel interfaces have been proposed to 
promote the chronic performance by combining sieve and microchannel structures. 
Rolling a flat microchannel device for implantation not only increases channel den-
sity significantly (Fig. 5.10a) (Srinivasan et al. 2015), but also forms a more friendly 
interface with the  nerve fibers, as its tubing structure provides more support to 
relieve localized compressive force and mimics the natural cross-sectional architec-
ture of a nerve. With modifications, such tubing microchannel structure can also 
realize guided growth of motor and sensory fibers, separately. As shown in Fig. 5.10b, 
the Y-shape tubing together with nerve growth factor (NGF) and neurotrophin- 3 
(NT-3) has preferentially enticed specific axonal populations into separate compart-
ments (Lotfi et al. 2011). Alternatively, multiple nerve fibers have been guided into 
wider channels first and then grow into bifurcated channels with diminished sizes 
(Fig. 5.10c) (Irina et al. 2013), which facilitates the separation of the regenerating 
axonal bundles in a more gradual and effective way than sieve electrodes.

Expanding the principle of in situ amplification of microchannel electrodes, a 
biohybrid regenerative peripheral nerve interface (RPNI) has been proposed by 
inclusion of living muscle grafts (Fig. 5.11) (Stieglitz et al. 2002; Urbanchek et al. 
2011; Kung 2014; Langhals et al. 2014a; b; Urbanchek et al. 2016). This design 
integrates muscle grafts and recording electrodes together and then interfaces with 
transected nerves. Consequently, nerve fibers will grow toward these muscle grafts 
and regenerate neuromuscular junctions to form new innervations. In this way, 
action potentials from regenerated nerves give rise to contraction of muscle cells 
whose membrane potentials are picked up by recording probes. Comparing to sieve 
and microchannel devices, RPNI innovatively exploits the tendency of neurons to 
form neuromuscular junctions, which serve as biological amplifiers as muscular 

Y. Wu and L. Guo



109

ionic currents are much larger in amplitude than those of neurons. In addition, since 
axons are interfaced by the RPNI in a natural way rather than going through a pas-
sive structure, foreign body reactions and traumas are significantly alleviated. 
However, nerve fibers innervating artificial muscle grafts cannot engage again with 
natural muscles, thus this strategy only applies to amputees whose original muscles 
are already beyond repair.

Fig. 5.10 Microchannel electrodes as an improved neural interface. (a) Schematic view of micro-
channel structure consisting of PDMS substrate, SU8 walls, and gold electrodes (up); cross- 
sectional view of the device rolled for implantation (down). (Adapted with permission from 
Srinivasan et al. 2015). (b) Mixed nature of regenerative nerve in the absence of any molecular 
cues (up); specific growth factors attract a subtype of neurons to the modality-specific compart-
ment (down). (Adapted with permission from Lotfi et  al. 2011). (c) Three stages of bifurcated 
microchannels with diminished sizes for axons to grow through. (Adapted with permission from 
Irina et al. 2013)

Fig. 5.11 Biohybrid muscle graft regenerative electrode. (Adapted with permission from 
Urbanchek et al. 2016). (a) Schematic view of RPNI in which the peripheral nerve is wrapped by 
acellular muscle with PEDOT and the device is populated with cultured myoblasts (b) RPNI after 
4 months of implantation on rat peroneal nerve
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 Innovations on Materials

The development of more stable and biocompatible materials is crucial to improv-
ing tissue–device interface and often serves as the basis of novel design on electrode 
structures. For peripheral nerve interfaces, material innovations are often used for 
either the skeleton of devices or recording/stimulation sites, in which the former 
focuses on mechanical and biological properties while the latter on electrical 
characteristics.

For chronic implantations, the high stiffness of conventional Pt-Ir LIFEs com-
pared to surrounding neural tissue often leads to relative motions of electrodes, 
causing nerve damage and fibrous encapsulation (Lefurge et al. 1991). To minimize 
the mechanical mismatch, flexible polymers are used as core structures to replace 
pure metal wires (Yoshida et  al. 2010). Based on the metalization techniques 
(McNaughton and Horch 1996), metalizing a 12-μm Kevlar fiber and insulating it 
with silicone (Fig. 5.12a) can make a polyLIFE device 60 times more flexible than 
Pt-Ir electrodes, without a significant loss in the recording capability (Lawrence 
et al. 2003). Similarly, the tf-LIFE mentioned before uses flexible polyimide as the 
substrate material to reduce the structural rigidity. These efforts have demonstrated 
reduced nerve damage and high degree of biocompatibility in chronic implantations 
(Malmstrom et al. 1998; Lawrence et al. 2002; Dhillon et al. 2004a, b; Dhillon and 
Horch 2005; Dhillon et al. 2005). In addition, flexible polyimide has shown better 
long-term stability in sieve electrodes and promotes faster axonal regeneration than 
traditional silicon-based devices (Navarro et al. 1998; Lago et al. 2005). To further 
increase the flexibility, liquid GaIn alloy as electrode material has been proposed to 
fabricate stretchable peripheral nerve interfaces (Rui and Jing 2017) similar to cuff 
electrodes (Fig. 5.12b). While liquid metal cannot be surpassed by solid materials in 
terms of mechanical flexibility, whether it is suitable for intrafascicular applications 
is still unclear.

The critical stimulation/recording sites that electrically interact with nerve fibers 
also benefit from the advances of biomaterials. Among four popular electrode mate-
rials, Pt, IrOx, poly(3,4-ethylenedioxythiophene) (PEDOT), and platinum black (Pt 
black), acute and long-term stimulations with cuff electrodes have demonstrated Pt 
black as the best candidate for chronically implantable electrodes, due to its excel-
lent performance on charge delivery capacity, charge injection capacity, interfacial 
impedance, and most importantly the stable electrochemical properties (Lee et al. 
2016). Although tested on cuff electrodes, the application of Pt black can also be 
extended to smaller and more invasive interfaces that demand higher charge deliv-
ery capability for stimulating sites.

In contrast, the application of ion-selective membrane (ISM) stands out of the 
traditional electron–ion interfaces by directly modulating ion concentrations along 
the nerve (Fig. 5.12c) (Song et al. 2011). Since the essence of action potential is the 
motion of different ions into or out of plasma membrane, such innovative design 
actually works the same way as neurons and eliminates the electron–ion conversion 
process at the neural interface, resulting in 40% reduction of stimulation threshold 
on a frog sciatic nerve.
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5.3.3  Toward Easier Surgical Operation and Implantation

Surgical operation is not only the very first step of peripheral nerve electrode 
implantation but also determines the performance and stability of implanted devices. 
Since this process is very likely to introduce neural trauma and displacement of 
electrodes, it is critical to make surgical protocols as simple and robust as possible 
when designing a neural interface. Therefore, this section will discuss the strategies 
for easier surgical implantation, from the improvement on electrodes and device 
wirings.

 Modification of Electrodes

Since cuff, intrafascicular, and regenerative electrodes are significantly distin-
guished from each other in both structure and working principles, the corresponding 
surgical procedures should also be discussed individually. As discussed before, a 
conventional split-cylinder cuff interface is made of silicon rubber with metal con-
tacts on its inner side, which requires sutures to secure the device around the target 
nerve during implantation. Not only does the suturing complicate the surgical instal-
lation but causes a non-intimate interface as well (Naples et al. 1988). Spiral cuff 
and shape memory alloy (SMA) cuff are therefore proposed to eliminate the sutur-
ing process using self-closed scheme. By bonding two pieces of silicone sheet with 
different resting lengths, stress is stored in the spiral cuff, and the device can 

Fig. 5.12 Innovative neural interfaces based on advanced materials. (a) General design of 
polymer- based intrafascicular electrode. (Adapted with permission from Lawrence et al. 2003). (b) 
Flexible cuff electrode using liquid alloy as the electrode core. (Adapted with permission from Rui 
and Jing 2017). (c) Neural modulation using ion-selective membrane. (Adapted with permission 
from Song et al. 2011)
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spontaneously coil into a spiral tube once released (Fig. 5.13a) (Naples et al. 1988). 
With a similar strategy, the SMA cuff utilizes the shape memory effect and super 
elasticity of NiTi alloy to make the device self-closed at 37 °C while self-opening at 
10 °C (Fig. 5.13b) (Crampon et al. 1998; Crampon et al. 1999). Benefitted from 
advances on microfabrication and flexible materials, various new designs have been 
reported under the concept of self-closed cuff (see the table in Kang et al. (2015)). 
A typical example is the microfabricated parylene-based cuff electrode (Fig. 5.13c), 
which further reduces mechanical mismatch and increases the number of channels 
to 16 (Kang et al. 2015). Compared to the original design, these modifications help 
the cuff wrap snugly around nerve trunk and adapt to size changes, significantly 
enhancing the quality of the neural interface and its recording/stimulating efficiency.

Compared to cuff electrodes that only need to wrap the entire nerve trunk, the 
surgical installation of intrafascicular electrodes is much more complicated and 
easier to cause tissue damage. According to the basic design of intrafascicular elec-
trodes (Malagodi et al. 1989), the device can be introduced into a nerve fascicle by 
an electrosharpened tungsten needle that is cut off after implantation (Fig. 5.14a). 
However, this apparently leaves the electrode unsecured and subject to longitudinal 
movements. This was addressed by anchoring the device on a silicone tube (Lefurge 
et al. 1991). Specifically, medical-grade Silastic adhesive was injected into the tub-
ing to anchor the electrode wires and suture (Fig. 5.14b). Furthermore, since elec-
trodes are glued with the introducing needle, the entry terminal of a wire LIFE has 
to be cut off when removing the needle, and this may cause further longitudinal and 
rotatory motion of already positioned electrode, as well as the exposure of the metal 
core to body fluids. The creative dual electrode from a single insulated wire can 
solve this issue by eliminating the need of gluing (Fig. 5.14c, d). By breaking the 

Fig. 5.13 Self-closed cuff electrodes. (a) Spiral cuff electrode is fully closed when stress is 
released, forming snug and adaptive wrapping on a nerve trunk. (Adapted with permission from 
Naples et al. 1988). (b) Structure of the shape memory alloy electrode. (Adapted with permission 
from Crampon et  al. 1998). (c) Fabrication procedure of self-closed parylene cuff electrode. 
(Adapted with permission from Kang et al. 2015)
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metal contact between two interfacial sites and stretching the insulation layer, the 
device can be folded into a loop and linked with a sacrificial polyaramid loop glued 
to the needle. In this way, the needle can be released after implantation by simply 
cutting off the sacrificial loop rather than the electrode body.

 Modification of Device Wirings

In addition to the implantation of the  device itself, wiring and accessories of a 
peripheral nerve interface, especially those with multiple channels, also constitute 
substantial liability to surgical operation as well as chronic implantation after sur-
gery. On the one hand, it is highly desired to minimize the overall dimensions of the 
implanted device using integrated circuit technology. For FINE, despite plenty of 
leads required for electrode contacts, the wiring scheme could be significantly sim-
plified by integrating a multiplexer (Lertmanorat et al. 2009) with the electrodes. 
Similar integration design can also be implemented in sieve electrodes to enable 
chronic recordings (Bradley et al. 1997).

On the other hand, wireless transmission has been proposed to completely elimi-
nate the need for tethered communication as well as powering of implanted devices. 
Based on electromagnetic energy coupling and communication, many systems have 
been developed using radiofrequency (RF) electromagnetic transmission. Wireless 
powering for in vivo stimulation can be realized by direct antenna harvesting (Park 
et al. 2015), resonant cavity (Montgomery et al. 2015), or midfield regime transfer 
(Tanabe et al. 2017). Through capacitive coupling between an adjacent serpentine 
antenna, RF power can be harvested to provide electricity for LEDs that are 

Fig. 5.14 Surgical implantation of intrafascicular electrodes. (a) Schematic representation of 
implantation process for LIFE and TIME. (Adapted with permission from Yoshida et al. 2010). (b) 
Anchoring of LIFE using a tube filled with Silastic adhesive. (Adapted with permission from 
Lefurge et al. 1991). (c, d) Implantation of LIFE (Lago et al. 2007b) and TIME (Boretius et al. 
2010) without gluing to the introducer needle (Lago et al. 2007b). (Adapted with permission from 
Lago et al. (2007b) and Boretius et al. (2010))
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implanted to optogenetically stimulate rat sciatic nerves (Fig. 5.15a). Alternatively, 
electromagnetic energy can be uniformly localized on an aluminum resonant cavity 
to power LEDs implanted on mouse peripheral nerve endings (Fig. 5.15b). In addi-
tion to optogenetic probes, RF transmission has also been applied to cuff electrodes 
on the vagus nerve using midfield regime that significantly enhanced transmission 
efficiency (Fig. 5.15c).

However, further miniaturization of electromagnetic wireless electronics is bot-
tlenecked by their poor efficiency at dimensions lower than 5 mm due to the ineffi-
cient RF coupling within tissue (Rabaey et  al. 2011). To overcome this inherent 
limitation, ultrasonic transmission has been proposed to replace the electromagnetic 
strategy. With much smaller wavelength and less attenuation within tissue, ultra-
sonic wave is able to achieve higher spatial resolution and penetration depth, yield-
ing excellent power efficiency at smaller dimensions compared to its electromagnetic 
counterparts (Seo et al. 2015). By integrating a piezocrystal to convert ultrasonic 
energy into electricity, the recording transistor can be electrically powered, and neu-
ral potentials can be detected by the transistor’s gate, modulating the current flow-
ing through the piezocrystal (Fig.  5.15d) (Seo et  al. 2016). In turn, this current 
modulation affects the vibration of the crystal and the reflected ultrasonic wave that 
is then reconstructed externally. This technology, named Neural Dust, is well known 
for its sub-mm size and high efficiency, which makes the surgical operation easier 
and reduces trauma caused by micromotion of the electrodes during chronic 
implantation.

Fig. 5.15 Electromagnetic wireless powering for peripheral nerve electrodes. (a) Soft and wire-
less optogenetic stimulation device based on capacitive coupling through serpentine antenna. 
(Adapted with permission from Park et al. 2015). (b) Resonant cavity-based light delivery system 
and implanted devices (subfigure). (Adapted with permission from Montgomery et al. 2015). (c) 
Schematic diagram (left) and photos (right) of the wireless cuff, which consist of electrode sites, a 
meandered antenna, and integrated circuits. (Adapted with permission from Tanabe et al. 2017). 
(d) Neural Dust mote implanted on rat sciatic nerve. A piezoelectric crystal, a transistor, and two 
recording electrodes are assembled on a flexible PCB. (Adapted with permission from Seo 
et al. 2016)
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5.4  Conclusion

Directly acting on nerve fibers, peripheral nerve interfaces can modulate muscular 
activity with less activation energy and more compact structure. Decades of exten-
sive studies on electrode-based interfaces have witnessed significant progress on 
selectivity, noise rejection, tissue–device interface, and surgical implantation. 
Although the challenges are discussed individually here, they are inherently corre-
lated to each other, particularly between the functionality and tissue–device inter-
face. Both higher resolution of recruitment and lower noise level require more 
intimate interface between the implanted probes and nerve fibers, which inevitably 
brings issues of scar encapsulation, neural trauma, and instability of recording/stim-
ulation during chronic implantation. While difficult to be perfectly eliminated, these 
side effects have been much alleviated through more stabilized device structures, 
the application of flexible materials, and robust implantation procedures. Moreover, 
the emergence of muscle-graft interface and ion-selective membrane has opened up 
the possibility of accessing peripheral nerves in a more natural way than conven-
tional electrodes.
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