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Medical Bionics

The term ‘‘bionics’’ is synonymous with ‘‘biomimetics’’ and in this context
refers to the integration of human-engineered devices to take advantage of
functional mechanisms/structures resident in Nature. In this book, we refer
to the field of bionics, and in particular medical bionics, as that involved with
the development of devices that enable the effective integration of biology
(Nature) and electronics to achieve a targeted functional outcome.

Since the early experiments of Luigi Galvani and Alessandro Volta
(see insets), the use of electrical conductors to transmit charge into
and out of biological systems to affect biological processes has been the
source of great scientific interest. This has inspired many to explore the
possible use of electrical stimulation in promoting positive health out-
comes. Some of the earliest examples of using electrical stimulation in
a controlled manner to achieve specific clinical outcomes were devel-
oped by Guillaume-Benjamin-Amand Duchenne (see inset) (Figure 1.1).
Duchenne’s interests in physiognomic esthetics of facial expression led to
the definition of neural conduction pathways. During this important period
in the history of science, Duchenne developed nerve conduction tests using
electrical stimulation and performed pioneering studies of the manner in
which nerve lesions could be diagnosed and possibly treated.

To date, medical bionic devices have been largely targeted toward the
primary ‘‘excitable cell’’ systems, muscle, and nerve, whose functions are
inherently capable of being modulated by electrical stimulation. There
have also been numerous studies of the use of electrical stimulation for
bone regrowth and wound healing. The effects of electrical stimulation are
thought to be promoted through the induced movement of positive and
negative charged ions in opposite directions (polarization) across cells and
tissues that activates sensory or motor functions [2].

Landmark developments such as the artificial heart in 1957 (Kolff and
Akutsu) [3, 4] the external (1956) [5] and then implantable (1958) [6] cardiac
pacemaker; the artificial vision system (1978) [7]; the cochlear implant (1978)
[8, 9] deep brain stimulation (DBS) electrodes (1987) [10]; and, more recently,
electroprosthetic limbs [11] are now being used along with a broad spectrum
of parallel developmental projects that aim to alleviate human afflictions.
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Luigi Galvani was born 9 September, 1737, in
Bologna, Italy. He was educated at Bologna’s
medical school and in 1762 was appointed as a
public lecturer in Anatomy. In 1791, he published
the ‘‘Commentary on the Effect of Electricity
on Muscular Motion’’ in the seventh volume of
the Proceedings of the Institute of Sciences at
Bologna.

Galvani was dissecting a frog on a table near
a wheel that generated static electricity, which he
had been using for a physics experiment. As Galvani put the scalpel to the
sciatic nerve, which innervates the muscles in the frog’s legs, a spark was
discharged from the wheel and the frog’s legs jerked. The static electricity
was picked up by the scalpel and passed to the nerve. Galvani conducted
other experiments in this area, one of which used the electricity from a
thunderstorm to enable a frog’s legs to appear to ‘‘dance.’’

Alessandro Volta was born 18 February 1745, in
Como, Italy. He was appointed as a Professor
of Physics at the Royal School of Como. Around
1790, Volta took an interest in the ‘‘animal elec-
tricity’’ discovered by Galvani. Volta built on this
experimental observation, replacing the frog’s
legs with a more traditional electrolyte to create
the world’s first galvanic cell and subsequently
the battery. Volta also had an interest in things
pertaining to medical bionics. He recorded an
experiment wherein he placed metal rods attached to an active electrode
circuit into his ears and reported a sound similar to boiling water.

Guillaume-Benjamin-Amand Duchenne (de
Boulogne) was born 17 September 1806, in
Boulogne-sur-Mer, France. Duchenne was a
French neurologist who followed on from Gal-
vani’s research, making seminal contributions to
the clinical area of muscle electrophysiology.

After practicing as a physician in Boulogne
for four years, in 1835, Duchenne began exper-
iments on the potential of subcutaneous ‘‘elec-
trotherapy’’ to treat various muscle conditions.
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Duchenne returned to Paris in 1842, where his research yielded a non-
invasive electrical technique for muscle stimulation that involved the
delivery of a localized faradaic shock to the skin (‘‘faradization’’). He
articulated these theories in his work, On Localized Electrization and its
Application to Pathology and Therapy, first published during 1855 [1].

Graeme Milborne Clark was born 16 August,
1935, in Camden, Australia. He studied medicine
at the University of Sydney and continued his
studies in general surgery at the Royal College of
Surgeons, Edinburgh.

In 1927, at age 22, his father, a pharmacist,
noticed a decrease in his hearing and was fitted
with a hearing aid in 1945. Graeme’s fascination
with medical science and his father’s plight led
him on a journey to create the multielectrode
bionic ear implant, which has now been implanted in more than 100 000
adults and children around the world.

Clark’s story [1] is an inspiration not only in the science behind the
invention but also in the tenacity and determination shown in building a
multidisciplinary research team while ‘‘securing’’ funding and traversing
adversity.

Alan MacDiarmid was born in Masterton, New
Zealand, on 14 April, 1927. He developed an in-
terest in chemistry at around age 10 and taught
himself from one of his father’s textbooks. For-
mally educated at Hutt Valley High School and
Victoria University in Wellington, New Zealand,
MacDiarmid obtained his first Ph.D. degree from
the University of Wisconsin-Madison in 1953. A
second Ph.D. degree was awarded to him from
Cambridge, United Kingdom, in 1955.

MacDiarmid went on to discover organic conducting polymers (OCPs)
and, together with his colleagues, Hideki Shirakawa and Alan Heeger,
was awarded the Nobel Prize in the year 2000. MacDiarmid continued
to pioneer applications for OCPs until he passed away in 2006. He was
an inspiration to all researchers young and old, mentoring all with his
view on success published in his Nobel Prize autobiography: ‘‘Success is
knowing that you have done your best and have exploited your God-given
or gene-given abilities to the next maximum extent. More than this, no
one can do.’’
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Figure 1.1 Demonstration of the mechanics of facial ex-
pression using electrical stimulation. The test subject, a
cobbler by trade and a patient of Duchenne’s, is ‘‘faradized’’
by Duchenne (right) and his assistant (left). The stimulation
was applied to the cobbler’s mimetic (facial) muscles and
caused a change in his facial expression.

Advances in medical bionics technology are dependent on eliciting precise
control of the electrical energy to deliver beneficial health outcomes. The
advent of carbon-based organic conductors, through the pioneering works
of Alan MacDiarmid, Alan Heeger, and Hideki Shirakawa (see inset), now
provides the platform for unprecedented possibilities by which electrical
energy can be used to modulate the function of medical devices.

There are three main application paradigms where the use of organic
conductors as electrodes or electrode arrays in medical bionic devices could
be beneficial – where the organic polymer is used to functionally stimulate
the target tissue, stimulate a regenerative event in the target tissue, or
stimulate communication between the nervous system and an electronically
driven prosthesis.

1.1
Medical Bionic Devices

1.1.1
Electrodes and Electrode Arrays

Electrodes may be surgically implanted within the body to record (e.g.,
brain activity) and/or stimulate (i.e., cardiac pacing, DBS, and bone growth)
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function. The specific material requirements for these electrodes will differ
markedly in accordance with their proposed interaction with the tissues that
they are intended to stimulate. In all instances, the conducting surface needs
to be able to facilitate control of the electron flux, without the promotion
of adverse effects on the implant’s tissue environment. Furthermore, for
some applications, the conducting surface needs to be in direct contact
with the surrounding tissue, while in other applications, no direct contact
is required. It is in the modulation of the interaction between the target
tissue and conducting surface that nonmetallic conductors, such as OCPs
and/or conducting carbon materials, are able to add value toward further
optimization of electrodes [12].

Neurophysiologists have used sharpened wire metal (e.g., tungsten) elec-
trodes for over 50 years to study brain function [13], and recently, neural
probes have been fashioned from silicon [14], ceramic [15], and flexible
substrates [16, 17]. However, in all cases, the surfaces from which the
bioelectrical impulses are transferred between tissue (e.g., neural) and elec-
tronic circuitry remain predominantly metallic. Traditionally, the materials
of choice for implantable electrodes have been based on inert metals.

The type of metal, its area of exposure, and the texture of the metal
surface determine the properties of the electrodes and therefore the area
of application. Activated Ir oxide has been shown to have excellent charge
transfer properties (3000 C μm−2), making it the material of choice for
microelectrodes, but the surface is chemically unstable [18].

To enhance the metal electrode sensitivity or increase the electrode’s
capacity to conduct charge for use in stimulation or sensory monitoring,
the impedance must be lowered [18]. This step generally involves increasing
the geometric surface area of the electrode tip, often associated with a
concomitant loss in resolution or either the stimulatory or recording process.
Larger area electrodes cause increased tissue damage during insertion [19]
or, if required, during removal.

Platinum (Pt) has been employed in cochlear implant electrodes as well as
in other functional stimulation electrodes, such as pacemakers, early DBS
electrodes, and vision stimulator applications. Gold, iridium (Ir) oxide [20],
and alloys of Pt and Ir have likewise been incorporated into bioelectrodes
for a wide variety of applications [21–23].

1.1.1.1 Bionic Hearing
The earliest report of electrical stimulation of the nervous system to elicit
auditory sensations has somewhat inauspicious, yet subtly elegant, origins.
In 1779, Italian physicist Volta made several discoveries of great importance
relating to electricity, including the electrochemical battery. During this
period (1800s), Volta argued with Galvani over Galvani’s ‘‘animal electricity’’
postulation and famously performed an experiment on himself in which he



6 1 Medical Bionics

attached batteries to two metal rods, each of which he then inserted into his
ears. On closing the circuit, he described receiving a sharp jolt to the head,
followed by ‘‘a kind of crackling, jerking, or bubbling as if some dough or
thick stuff was boiling’’ [24].

Almost two centuries later, after it was reported that a deaf patient
undergoing neurosurgery heard a noise in response to electrical stimulation
of the auditory nerve [25], significant scientific interest focused on the
possibility that hearing could be restored by electrical stimulation. This
led to the first implant for stimulation of the saccular nerve in milestone
experiments by Djourno and Eyries [26] who used an induction coil that
connected an electrode in the inner ear with an electrode in the temporal
muscle. In this elegant experiment, a second external induction coil was
used to transmit signals (pulse rates between 100 and 1000 Hz) generated
from a microphone. The subject was then able to accurately identify changes
in signal pulse stimulus frequency, and reported a sensation of background
noise as well as specific sounds resembling ‘‘the chirping of a cricket and
the spinning of a roulette wheel.’’

This landmark finding was the first instance in which it was specifically
demonstrated that hearing could be restored in bilaterally deaf subjects by
stimulation of the auditory neural pathways. Subsequent experimentation
saw the parallel development of single-channel electrodes from two groups
[27, 28] and their application to cochlear nerve stimulation. Resulting from
this, a cochlear stimulation system developed by House [29], involved a
single gold electrode that was initially adopted for production by 3M and
was subsequently implanted in some 1000 people worldwide. As this device
was undergoing U.S. Food and Drug Administration (FDA) approval for
use in humans, Graeme Clark and coworkers [30] continued their work
on the development of a multichannel implant. The multichannel cochlear
implant, first implanted in a human subject in 1978, was marketed world-
wide by Cochlear Pty Ltd. and has since restored hearing in more than
100 000 people worldwide. Figure 1.2 shows the integration of the main
components of the cochlear implant. During its operation, sound picked up
through an external microphone is encoded through a speech processor and
delivered to a receiver stimulator. Resulting electrical impulses are deliv-
ered in appropriate spatiotemporal patterns to electrodes within the cochlea
that stimulates the auditory neurons within the brain. The stimulatory
system utilizes an array of 22 platinum microelectrodes, individually ad-
dressed through connections integrated throughout a silicon-rubber-based
housing. The receiver electronics are housed in a titanium casing. The
implantable component of the device was initially the receiver/stimulator
package, but, recently, Cochlear developed a totally implantable cochlear
implant (TICI) device in which the entire transmitter is implanted within
(Figure 1.3).
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Figure 1.2 Bionic ear: cochlear implant
[30]. (Image obtained with permission from
http://www.advancedbionics.com.)

(a) (b)

Figure 1.3 The totally implantable cochlear implant (TICI)
system from Cochlear (a) is all internally implanted, includ-
ing the power source and a subcutaneous microphone. (b)
The TICI system (right device) compared to the 22-electrode
‘‘standard’’ cochlear implant (left device).
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1.1.1.2 Bionic Vision
In 1755, some 36 years before Galvani communicated his ‘‘animal electric-
ity’’ theory, the French chemist and physician Charles le Roy used a Leyden
jar capacitor to noninvasively apply transcranial electrical stimulation to
the head of a 21-year-old blind patient in the hope that this would restore
the man’s vision [31–33]. In what may be the first known example of a
therapeutic bioelectrode system, three electrodes were anatomically aligned,
two juxtaposed to the supraorbital ridges (Q in Figure 1.4) and one on
the occupant (P in Figure 1.4), to stimulate the primary visual nerve tracts
[32, 33]. The electrodes were connected by brass or iron wire and wound
two to three times around the head; a wire leading to the right leg and a
Leyden jar capacitor completed the circuit. While the patient reported sensa-
tion of phosphenes (percepts of light) after being shocked, he nevertheless
remained blind despite several subsequent applications of the procedure.

Despite these early heroic forays into attempting to restore vision using
electrical stimulation, no successful strategies, let alone therapies, emerged
until the mid-twentieth century. Nevertheless, in terms of medical bionic
developments, it is within the field of vision bionics that the most intensive
research activity has occurred.

In the present day, significant advancement in knowledge on the biological
and engineering prerequisites for the restoration of vision has resulted in
the evolution of multiple approaches that can provide significantly greater
scope for success than has been attainable in the past. Collectively, these

Q

P

P

Figure 1.4 Charles le Roy’s electrical stimulation experiment to restore vision.
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approaches provide unprecedented choice as to where along the optic
neural circuitry an electrode may be applied to effect visual percepts in
blind subjects. Such choices currently being explored include stimulation
of existing functional neurons in the retina [34–36] or direct stimulation of
the optic nerve [23, 37, 38]. In cases where these regions are functionally
compromised, the neurons within the visual cortex of the central nervous
system (CNS) [39, 40] provide another target of interest.

Current strategies for restoring lost vision by electrical stimulation of
visual neural pathways within the visual cortex involve more complex
electrode configurations ranging from a four-contact single cuff [37], a
relatively thrifty (up to 16 electrodes) multielectrode array (MEA) [23] for
optic nerve stimulation, and ‘‘higher order’’ silicon-based MEAs (initially an
81-electrode array) [41] for cortical stimulation and cover several target foci
along the neuroptic pathway.

These well-established approaches are bolstered by ongoing developmen-
tal strategies, such as suprachoroidal transretinal stimulation with electrodes
between the sclera and the vitreous chamber [42], that have yet to be applied
to human subjects.

Stimulation at the Retina In some cases of blindness, the neural deficit
occurs at the start of the neuroptic pathway. Conditions such as retinitis
pigmentosa and age-related macular degeneration affect the retina, but
the cones and rods that transfer visual signaling to the CNS are left
intact. These conditions require (arguably) the least neuroinvasive prosthetic
interventions and, as such, bionic prosthetics for such conditions focus on
electrical stimulation at the retina.

Numerous animal studies indicating that the visual cortex could be
stimulated in the absence of photoreceptors and characterizing the currents
required to stimulate retinal ganglia [43–45] inspired scientific interest
in the possibility that epiretinal (i.e., on the retina) electrical stimulation
could restore vision in conditions where the point of neurological damage
or deficit was the retina itself. This was confirmed in subsequent human
studies, which demonstrated that stimulation of the retinal surface of blind
subjects was able to generate phosphenes [46]. These phosphenes were able
to be spatially characterized, such that the visual perception was sufficient
for the blind subject to perceive movement after the implant. Follow-up
experiments showed vast improvements on the earlier results, allowing the
individual to perceive shapes [47]. This landmark finding spurred substantial
research activity in this area, during which time much improvement on the
initial application of the concept was achieved [48, 49].

There are five major initiatives to deliver retinal prostheses to blind
humans. Three of these programs (Second Sight Argus, EPI-RET, and Intel-
ligent Medical Implants) utilize epiretinal approaches, while the remaining
two (Boston Retinal Implant and Retina Implant AG) adopt subretinal
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approaches. All of these systems generally utilize thin-film MEAs, with
the electrodes made from platinum, platinum/iridium, iridium oxide, or
titanium nitride [50].

One system, developed as part of the United States’ Department of
Energy Artificial Retina Project, consisted of a small camera and transmitter
mounted in spectacles that communicated visual fields to the brain via
an implanted receiver electrically stimulating a 16-channel MEA (initially)
attached to the retina. The system was powered by a battery pack worn on
the belt via a wireless microprocessor (Figure 1.5).

In 2002, the Argus I (a 16-channel MEA) was implanted onto the retina of
a 77-year-old blind man as part of a microelectronic artificial vision system
(Figure 1.6a,b). As a result, the man, who had been blind for the past 50
years, was able to perceive motion, distinguish objects, and distinguish
patterns of light and dark [52]. Between 2002 and 2009, a further five people
were implanted as part of the first phase of clinical trials with the Argus
I device. Since 2009, some 30 legally blind subjects have been implanted
with a second-generation device utilizing a 60-electrode MEA (Argus II) [51]
as part of phase II/III clinical trials sponsored by Second Sight Medical
Products Inc. The ultimate goal is to design a device that contains hundreds
to more than a thousand microelectrodes (Figure 1.7). If successful, this
device will help restore vision to people blinded by retinal disease, and
enable reading, unaided mobility, and facial recognition.

The Boston Retinal Implant Project is focused on developing a system
for restoration of vision and is based on a visual prosthesis that receives
two types of input, namely, (i) information about the visual scene (‘‘visual
signal’’) and (ii) power and data to run the electronics and stimulate the
retina in order to generate the corresponding visual image (Figure 1.6c,d).
This system uses wireless communication utilizing radiofrequency (RF)
to transmit data and power to receiving coils located on the prosthesis.
Electrical current passing from individual electrodes (implanted within the
retina) stimulate cells in the appropriate areas of the retina corresponding to
the features in the visual scene. The results of initial trials were encouraging
although the prosthesis has only been trialed on six human patients in a
controlled surgical environment, with each trial lasting several hours. These
tests showed that the stimulating electrode placed over the retina was able
to stimulate enough retinal nerves in the patients who had been legally
blind for decades, so they were able to see relatively small spots of light (i.e.,
like a ‘‘pea’’ as if viewed at arm’s length). Occasionally, they were able to
distinguish two spots of light from one another and ‘‘see’’ a line.

Stimulation of the Optic Nerve Emanating from the Université Catholique
de Louvain (Brussels, Belgium), a four-contact cuff electrode was used
by Claude Veraart for stimulation of the optic nerve and implanted into a
52-year-old woman who had lost her vision as a result of retinitis pigmentosa
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Figure 1.5 US Department of Energy Artificial Vision
System: (a) schematic of the system components and (b)
schematic of the system’s function to stimulate neurons in
the retina. (Adapted from Chader and coworkers [51].)
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Figure 1.6 The implanted electrode
array with electrode positions is shown
two weeks after surgical implantation on
the retina (a). The black arrow indicates
a clinical reference point. Representa-
tion of the percepts elicited by stimu-
lation of the electrodes relative to the
implanted subject’s visual field (b). Not

all electrodes are included because of is-
sues with the threshold current required
to elicit a response at these initial stages
of the implant’s application. Picture (c)
and schematic (d) of the Boston Retinal
Implant System for Restoration of Vision.
(Image adapted with permission from
Humayun and coworkers [52].)

[53]. In this application, the intracranially implanted electrode was connected
through the skull and skin to an extracranial stimulator. Phosphenes
were generated by mono- and bipolar electrical stimulation paradigms.
This continues to be developed as the Microsystems Visual Prosthesis
(MiViP) system (Figure 1.8) by Veraart and colleagues [54] and is the
only system that has reported any color modulations associated with the
stimulation.

In another approach to optic nerve stimulation, the C-Sight program [23]
has adopted the use of penetrating platinum/iridium MEAs by which to
stimulate the optic nerve. In this adaptation, the vision capture device will
be implanted into the subject’s eye, rather than using spectacles with an
inbuilt camera/lens (Figure 1.9).
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Figure 1.7 Milestone map for the US DOE’s Artificial
Retina Program. (Adapted with permission from the
Department of Energy newsletter, 5 January 2008; taken from
Chader and coworkers [51].)

Stimulation of the Visual Cortex After research identified that stimulation
of the calcarine cortex produced visual sensations in humans with nonfunc-
tional eyes in 1967, Brindley and Lewin [41] implanted an 81-electrode array
(platinum encased in silicon) of subdural nonpenetrating electrodes over the
occipital cortex of a 52-year-old woman who lost her vision because of retinal
detachment (Figure 1.10). In these experiments, which laid the foundation
for cortical electrical stimulation to restore lost vision, approximately half of
the implanted electrodes were functional and produced phosphenes within
the subject’s visual field.

Indeed, it was this electrode/stimulation methodology that ultimately
led to the first reported case of ‘‘useful’’ sight in blind humans via a
64-electrode (platinum encased in a teflon substrate) intracranial MEA sys-
tem developed by William Dobelle et al. [7]. After the implant, Dobelle’s
subjects were able to read ‘‘Braille’’ images perceived as phosphenes that
were reproducibly controlled according to the combination of electrodes
stimulated. Although this approach increased the speed with which Braille
could be read, it was seen only as a transitional indicator that this tech-
nology could provide ‘‘useful’’ sight in the blind and was not adopted for
common use.



14 1 Medical Bionics

Video camera

Skin

Optic
nerve

Spiral cuff
electrode

Neurostimulator

Neurostimulator

Implanted antenna Nerve electrode contacts

Connector

Telemetry

Video
camera

Leads toward
camera and
telemetry

Optic
nerve

electrode

External
processor

External
processor

(a)

(b)

The M.V.P concept

Figure 1.8 (a) Schematic of visual prosthesis for optic
nerve stimulation using a four-channel self-adjusting cuff
electrode and (b) X-ray image of the system in place in a
blind human. (Adapted from Veraart and coworkers [54].)
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Figure 1.9 Schematic of visual prosthesis for optic nerve
stimulation using microelectrode arrays from the C-Sight
program (a), with 16 probes of 0.2 mm in length (b) scale
bar is 1 mm. (Adapted from Boockvar and coworkers [21].)

Figure 1.10 The 81-electrode array implanted by Brindley
and Lewin. (Adapted from Brindley and Levin [41].)

Dobelle’s cortical MEA was also implanted into two humans, one who was
able to ‘‘see’’ sufficiently to navigate effectively by sight [55] and one who
never perceived phosphenes (Figure 1.11). Nevertheless, while both these
people sustained their implants for 20 years without issue, the functioning
of the former individual’s electrode array eventually deteriorated, requiring
removal. This need for a device to be accepted by the surrounding tissues
perhaps highlights one of the key challenges facing electrode implants in
the human body.
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Figure 1.11 Dobelle’s sub-cranial, nonpenetrating cortical
implant (a,b) was the first prosthetic device that restored
lost ‘‘useful’’ vision in a human subject (c,d). (Adapted from
Dobelle [55].)

Utah Artificial Vision Systems will be designed to essentially transform
light from within an incident field of vision captured by a camera and
integrate the light, via a pair of spectacles, into electrical signals. These
electrical signals will then be translated by a signal processor into electrical
stimulation patterns for the visual cortex, that will, in turn, elicit ordered
phosphene percepts (25 × 25, or 625 points of stimulation) [56] sufficient to
give the sensation of ‘‘seeing’’ objects in the field of ‘‘sight.’’ The application
of the Utah Electrode Array (UEA) (Figure 1.12) within this system will
be to deliver the electrical stimulation to the visual cortex and the current
100 probe configuration will be further developed into a 625 microelectrode
configuration [57].
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Figure 1.12 (a) The Utah Elec-
trode Array (UEA). (b) The Utah
Slanted Electrode Array (USEA). Each
of the electrodes in these arrays
is made of insulated (silicon) gold
wires tipped with platinum (initially) or

iridium oxide. They can be implanted in
regions of the central or peripheral ner-
vous systems. (c) Schema for cortical
stimulation using the UEA in the Utah
Artificial Vision System. (Adapted from
Normann [57].)

The UEA and Utah Slanted Electrode Array (USEA) consist of gold wires
insulated with silicon, tipped with platinum, or, more recently, iridium
oxide. Each of the silicon probes are 80 μm in diameter at their base,
around 1.5 mm in length (UEA) and spaced from each other at distances
of 0.4 mm. The slanted version of the array differs from the UEA by a
progressive gradation in the length of the individual probes from 0.5 to
1.5 mm in length (Figure 1.12), primarily for use in peripheral nerves.
Essentially, the UEA systems have been designed to integrate with neural
tissue, which raises the important question (relevant to any other similar
implantable electrode array) as to how they can be removed if they show
signs of failure. In particular, how the removal of such electrodes will affect
the function of that tissue into which they had been implanted is a major
consideration that still needs to be addressed within the medical bionics
area.

Within the backdrop of enormous pressure driving rapid technological
improvement, significant advances have been made in all aspects of artificial
vision technologies. It is at the point of transaction between the neural and
electronic circuitry, for example, the electrode/neural tissue interface, that
perhaps the most rapid development has taken place since the 1950s.
There are proposals to expand Dobelle’s original 68-electrode MEA system
to 516 electrodes [55] and, as mentioned, the UEA system to at least
625 microelectrodes (the minimum electrode number sufficient to allow
reading and effective navigation) [58]. The Michigan Electrode Array has
already achieved as many as 1024 microelectrodes [59, 60] but is, at present,
limited by the spatial requirements of the tissue into which it is intended to
be implanted and availability of sufficient wiring to address each electrode.
It is thus not surprising that neuroelectrode fabrication technologies and
protocols developed in the highly dynamic area of vision restoration have
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provided a technological platform for the development of many other
neuroprosthetic applications.

1.1.1.3 Neural Prosthetic Applications
MEA systems designed to interact with excitable cell systems will inevitably
undergo further development to incorporate significantly greater numbers
of individual electrodes by which to stimulate discrete cellular entities.
These designs will undoubtedly enhance the resolution of neurostimulation,
and/or monitoring signals, and will better meet the challenges of the
environment into which they are to be implanted. In view of the major
advancements in the spatial resolution with which electrodes can interface
with the human nervous system, concurrent technologies in connecting
and acquiring the neural signals with the electronic circuitry will also need
to improve [61].

With a few exceptions (e.g., DBS in Parkinson’s disease, vagal nerve stim-
ulation (VNS)), in most applications of CNS stimulation and monitoring,
single electrodes generally provide limited therapeutic opportunities. There
are significant advantages afforded by high-density/resolution interfacing
between the electrodes and neurons. This is particularly evident for human
vision studies that have been a driving force behind the design of highly
engineered MEAs, which are much smaller, precise, and effective in their
ability to address the tissue, hence improving their functionality.

The elegance of current cortical stimulation MEA designs is exemplified
by the UEA [62] and USEA [63] described above. The UEA design accommo-
dates applications beyond the restoration of vision, such as connection of
volitional thought toward movement with electronic prosthetic limbs [64].
The first step where the connection of thought with electronic prostheses
was successfully achieved was in humans with tetraplegic spinal cord in-
juries [65]. Using the Neuroport� Array (Cyberkinetics Neurotechnology
Systems Inc., Foxborough, MA), a commercial version of the UEA was
implanted in patients who then demonstrated their ability to move cursors
on a computer screen. This initially promising result has been extended in
a recent initiative supported by the Defense Advanced Research Projects
Agency (DARPA) to connect volitional movement thoughts with electronic
prosthetic limbs that may even be able to deliver touch sensation to people
who have had one or more limbs amputated.

The versatile ‘‘modular’’ thin-film three-dimensional array (Michigan 3D
Electrode Array) consisting of individual modules containing 16 probes
with 8 electrodes per probe (total of 128 electrodes per module) that can
be attached to each other to form 3D arrays, containing as many as 1028
electrodes [60] (Figure 1.13), could likewise be applied for prosthetic limb
control.

This ‘‘many birds with few stones’’ approach and capability, demonstrated
initially by the UEA but nevertheless applicable to most of the existing
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(a) (b)

Figure 1.13 The Michigan 3D electrode array. A
1028-electrode, 12-channel array (a) and individual probe tip
(b). (Adapted from Wise and coworkers [59].)

electrode systems, delivers major advantages in hugely expanding the
scope of medical bionics applications able to be effectively targeted by a
relatively few devices. This broad applicability to medical bionic devices
thus significantly reduces the research and developmental costs required to
translate a device into the clinical setting.

1.1.1.4 Vagus Nerve Stimulation (Epilepsy and Pain Management)
Since the earliest observations that stimulation of the vagus nerve (also
known as the pneumogastric nerve, cranial nerve X , the Wanderer, or the
Rambler) evoked responses in the ventroposterior complex and the thalamus
[66], there has been increasing clinical scientific interest in using this
approach for controlling epileptic seizures. This was ultimately confirmed
in experiments by Zabara who was able to abort seizures in a strychnine
dog model of epilepsy in 1985 [67]. Three years later, five patients with
programmable ‘‘NeuroCybernetics Prosthesis’’ stimulators produced by
Cyberonics were implanted in humans as part of two pilot studies [68].
These studies showed that electrical stimulation of the vagal nerve led to
a 46% mean reduction in the seizures experienced by the tested subjects.
After a decade of animal experimentation and clinical trials, in 1997 the
vagal nerve stimulator received regulatory approval from the US FDA for
use in people older than 12 years of age who are affected by refractory
partial-onset seizures. All VNS systems are similar in design. For example,
the Cyberonics ‘‘NeuroCybernetics Prosthesis’’ (Figure 1.14) consists of a
titanium-encased generator powered by a lithium battery that is implanted
within the chest cavity [69]. A lead wire system with platinum–iridium
electrodes in a triple coil cuff configuration is wound around the vagus
nerve, where it is sutured in place (Figure 1.14c). To date, more than 30 000
people have been treated with VNS [70].
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Figure 1.14 NeuroCybernetics vagal nerve stimulator
system with a 102 pulse generator and 302 bipolar cuff
electrode (a). (b) Diagram of the distal electrode, and
(c) its implantation around the vagus nerve. (Adapted
from Santos and [69] and Nemeroff and coworkers
[70].)

During early VNS trials, observations were made that the moods of
epileptic test subjects improved with stimulation. This led to a potential role
for VNS therapy in depression. A focused study of depression symptom
severity rating scales in subjects with epilepsy confirmed that VNS therapy
was directly associated with positive mood changes [71, 72]. In addition,
there was physiological evidence of reductions in the metabolic activity
in CNS regions (i.e., amygdala, hippocampus, cingulate gyrus) associated
with mood [73]. However, while science indicates benefits in using VNS to
treat unresponsive depression, it is generally accepted within the field that
there is still much to be learned before VNS is used to treat a depressive
disorder. VNS has also been reported to reduce experimentally induced
pain [74], and migraine [75], although again, through largely undefined
pathways.



1.1 Medical Bionic Devices 21

1.1.1.5 Transcutaneous Electrical Nerve Stimulation
Devices used for pain management utilize electrical impulses aimed at
blocking nociception (pain). For example, surgical placement of epidural
electrodes along the dorsal columns allows spinal cord stimulation. This
approach is hypothesized to work through the gate-control theory of Wall
and Melzack [76], whereby the strategically placed electrodes stimulate the
dorsal columns to inhibit the incoming nociceptive input via the so-called A
delta or C fibers in the spinal cord.

1.1.1.6 Cardiovascular Applications
Cardiac pacing involves the implantation of a medical device called a
pacemaker (or artificial pacemaker, so as not to be confused with the heart’s
natural pacemaker), which uses electrical impulses delivered by electrodes
to promote timed contraction of heart muscles and thus regulate the beating
of the heart (Figure 1.15).

A cardiac pacing lead is just a simple cable that connects the pulse
generator to the heart. The size, longevity, and features of the pulse generator
and the patient’s safety depend on the performance of the lead. The leads
are generally thin, insulated wires that are designed to carry electricity
between the battery and heart. Depending on the type of pacemaker, it
will contain either a single lead for single-chamber pacemakers, or two

Pacemaker
leads

Pacemaker

Right
atrium

Right
ventricle

Figure 1.15 Image shows the location of the leads and
electronics (including power source) for the implantable ar-
tificial pacemaker. (Image obtained with permission from
www.education.science-thi.org.)
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leads for dual-chamber pacemakers. With the constant beating of the heart,
these wires are chronically flexed and hence must be resistant to fracture.
There are many styles of leads available, with primary design differences
found at the exposed end. Many of the leads have a screw-in tip, which
helps anchor them to the inner wall of the heart. Pacing leads typically
have an electrode pair at the tip comprising a tip electrode and a ring (or
band) electrode, both of which are used for sensing intracranial electrical
activity and administering low-voltage pacing stimuli (Figure 1.16). These
pacing electrodes are commonly made of platinum–iridium (Pt alloyed with
10–20% Ir) [77].

The pacemaker must assure that the heart will contract with each stim-
ulus. Thus, the pacemaker must deliver a controlled pulse of voltage with
sufficient duration to assist the patient to cope with any minute-to-minute
variations that may occur in their heart beat during daily life. At the same
time, it is necessary for the device to use minimal current to maintain battery
longevity. The most common approaches to reliably deliver stimuli, within
adequate safety parameters while decreasing the current drained from the
battery, have traditionally centered around electrode size and material, sur-
face structure and shape and, more recently, glucocorticosteroid sustained
release [78].

1.1.1.7 Orthopedic Applications
The use of electrical bone growth stimulation (EBGS) is an accepted clinical
approach to promote bone growth and heal fractures. In the early days of
electrically induced bone growth, a range of metal electrode materials were
investigated. In 1982, Spadaro [79] employed six different metallic cathode
materials in a rabbit medullary canal and applied cathodic currents of 0.02
and 0.2 μA mm−2 for 21 days. This stimulation resulted in quantitative
differences in new bone growth. That is, platinum, cobalt-chrome (F-90),
and silver led to more bone relative to control implants at the lower geometric
current density, while stainless steel (316L) and titanium cathodes were more
effective at the higher current. On average, there was a significant increase
(46–48%) in new bone formation for the active versus control implants, for
either current level. In today’s market, the electrode material of choice used
for internal stimulation is titanium.

There are three types of EBGS available:

1) Noninvasive EBGSs are externally worn devices (Figure 1.16) that gen-
erate a weak electric current within the target site, using either pulsed
electromagnetic fields, capacitive coupling, or combined magnetic
fields.
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Figure 1.16 Orthofix external bone growth stimulator. (Im-
age obtained with permission from www.orthofix.com.)

2) Semi-Invasive (semi-implantable) EBGSs that use direct current
supplied by an external power generator and percutaneously placed
electrodes.

3) Invasive EBGSs that use direct current require surgical implantation
of both the current generator and an electrode (Figure 1.17). Usually,
the generator is implanted in an intramuscular or subcutaneous space,
and the electrode is implanted within the target bone site. The device
typically remains functional for six to nine months after implantation.
On completion of treatment, the generator is removed in a second
surgical procedure. The electrode may or may not be removed.

OsteoGen®

Bone Growth
Stimulator*

Figure 1.17 OsteoGen internal bone growth stimulator.
(Image obtained with permission from www.biomet.com.)

One of the most commonly used external stimulating bionic devices on the
market today is the transcutaneous electrical nerve stimulation (TENS) sys-
tem (Figure 1.18a). TENS is a noninvasive, safe nerve stimulation intended
to reduce pain, both acute and chronic. While controversy exists as to its ef-
fectiveness in the treatment of chronic pain, a number of systematic reviews
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(a) (b)

Figure 1.18 (a) A handheld LogiSTIM TN11 TENS machine
and (b) associated electrodes. (Image obtained with permis-
sion from www.tens.com.au.)

or meta-analyses have confirmed its effectiveness for postoperative pain, os-
teoarthritis, and chronic musculoskeletal pain [80]. The electrode materials
used in the TENS system is typically a nonwoven activated carbon cloth
(Figure 1.18b). To ensure efficient stimulation to the desired area, a conduc-
tive gel is applied to the stimulation area before placement of the electrode.

Another external stimulation device is the electromuscle stimulation
(EMS) system, which is often confused with the TENS system. EMS and
TENS devices look similar, with both using long electric lead wires and
electrodes. However, TENS is used for blocking pain, whereas EMS is
used for stimulating muscles. The EMS system is the modern day version
of Galvani’s electrical myostimulation system in that it applies electrical
current to muscles to induce a response. EMS is commonly used for both
medical rehabilitation and training purposes, for instance, in the prevention
of disuse muscle atrophy, which can occur after musculoskeletal injuries
such as damage to bones, joints, muscles, ligaments, and tendons. As such,
the EMS provides a philosophical basis for the use of electrical stimulation
for promotion of a regenerative response in diseased and/or damaged
muscles.

1.2
Key Elements of a Medical Bionic Device

All of the medical bionic devices discussed above comprise stimulating
electrodes that are wired to and controlled by electronics within appropri-
ate insulating materials. While advances in each of these components are
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critical, here we focus on the electrode–cellular interface and the use of
organic conductors as alternatives, or complementary materials, to metals.
The organic conducting materials used to provide effective cellular com-
munications must, at first, have appropriate electronic properties, provide
high or otherwise unfettered conductivity and low impedance in order to
minimize the energy drain required to power the system. Low impedance
is particularly important for increasing the charge-injection capacity so as
to avoid potentially toxic nonfaradaic reactions at the electrode–cellular
interface. The materials must also have appropriate mechanical properties.
For some applications, flexible electrodes are preferred and so the conductor
itself should be flexible or easily fabricated into a flexible device. The chemi-
cal properties, including hydrophobicity and hydrophilicity, of the conductor
should be biocompatible, noncytotoxic, and sufficiently stable to undergo
sterilization without deterioration of the above properties. Long-term ma-
terial stability (e.g., years) in vivo may also be a requisite. For regenerative
medical bionics applications, the stability demands are more complex in that
the implantable elements of the device should preferably be biodegradable,
with no side effects from breakdown products, over an appropriate time
frame for the application. Finally and critically, the electrode materials to
be used should be processable in such a way that they lend themselves to
fabrication into practical devices that can assist the patient.

It is in all of these above aspects of electrode design that organic conducting
materials may provide new and exciting opportunities for the development
of bionic technologies.

1.2.1
Organic Conductors

As previously discussed, to date, the electrode materials used in bionic device
implants include platinum (Pt), iridium (Ir), iridium oxide, and titanium (Ti).
Bionic devices need to be able to effectively transmit across the cell–electrode
interface [12] and all of these materials have demonstrated this capacity over
several decades. However, there remains a need to develop the materials
inventory for medical bionics. The prospect of bionic materials that can
deliver electrical stimulation, allow integration or attachment of bioactive
molecules, and have tunable mechanical properties is an exciting one.

Organic conductors, a class of materials that are conductive and predom-
inantly composed of the element carbon (C), have emerged as excellent
candidates for use in medical bionic devices [12]. Carbon can exist in a
number of allotropes (different solid forms) commonly known as diamond,
graphite, carbon nanotubes (single-walled nanotubes, SWNTs and multi-
walled nanotubes, MWNTs), or fullerenes. The wide-ranging physicochemical
properties of these carbons are discussed in more detail in Chapter 2.
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Figure 1.19 SJM Masters HP Valved Graft. (Image obtained
with permission from www.sjmprofessional.com.)

Carbon in the form of pyrolytic carbon (PyC) and diamond-like carbon
(DLC) are routinely investigated as implant coatings because of their bio-
compatibility, superior wear resistance, and chemical inertness. PyC and
DLC are often deposited as a coating applied to a substrate. The use of
PyC in biomedical applications dates back to the early 1960s when it was
used to fabricate heart valves because of its low blood clotting properties.
For artificial heart valves that contain both metal and carbon components,
vapor-deposited carbon is often used to coat the metallic components and the
sewing rings in order to reduce wear and thrombus (blood clot) formation
(Figure 1.19). Dacron, polypropylene, and Teflon can also be coated with
vapor-deposited carbon for use as vascular grafts. The presence of the
thin carbon surface reduces thrombus formation, while maintaining the
pliability of the graft [81].

The biocompatibility of DLC was investigated in the early 1990s [82, 83]
through cell culture techniques and observing biotolerance after implanting
in laboratory animals. Later studies that exposed DLC coatings to human
fibroblast and human osteoblast-like cells for several days [84] showed
promising results for the use of DLC as a hemocompatible material [85, 86].
Other studies, testing the possibility of DLC as a biocompatible material
[87], have indicated that DLC may be an alternative to current materials for
biomedical applications. One challenge is that coatings are often subject
to severe external forces during an implant’s lifetime in the body environ-
ment. For example, in medical implants for orthopedic and cardiovascular
applications, the body environment can sometimes lead to delamination
and spallation of the coatings. To attain superior biocompatible properties
adapted for a specific biological function, DLC films have been successfully
doped and alloyed with elements such as Si, P, Ti, N, F, Cu [88, 89], and
compounds like Ca–O [90].

The introduction of carbon materials for use as implantable electrodes
continues to rapidly expand. Most of the research surrounding the use
of carbon as the electrode material has focused on lowering the electrode
impedance while maintaining biocompatibility. The biocompatibility of
carbon for implantable electrodes has been studied using a range of cell
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types such as nerve [91], muscle (including skeletal [92] and smooth types
[93]), and stem cells [94–96].

1.2.1.1 Neural Stimulation and Recording
As has been previously outlined in this chapter, electrical stimulation of
nerve cells is widely employed in the development of neural prostheses
(including hearing [97], vision [98], mood, and limb movement restoration
[99]), with some having translated into clinical therapies (e.g., for Parkinson’s
disease, dystonia, and chronic pain [100]). In all of these applications, an
implanted microelectrode array stimulates the neurons and modulates
their behavior. Research into utilizing carbon as an electrode material has
resulted in a large number of publications outlining the usefulness of carbon
nanotubes [101–103] and carbon fibers in similar applications.

The current state of the art in treating neurological disorders such as
epilepsy or Parkinson’s disease involves either drugs or open-loop electrical
stimulation of neurological tissue. Carbon fibers are increasingly being used
as electrodes for recording brain activity [104] because of their lower electrical
impedance compared to standard metal electrodes, which provides the
advantage of better signal-to-noise resolution. Another advantage of carbon
fiber electrodes is the size in which they can be fabricated. Typically, carbon
fiber electrodes have smaller geometric dimensions than metal electrodes,
providing the ability to obtain brain activity data with finer spatial resolution.
This design has been further improved over the years by introducing new
methods of etching the carbon fiber tip [105, 106].

Another group of organic conductors, OCPs, have emerged as promising
materials for bionic applications [107–109]. OCPs provide versatility in com-
position, which has thus far been unavailable from traditional conducting
materials. Their unique properties and relatively new ‘‘entry’’ into medical
bionics [110] is discussed in greater detail in Chapter 3. The most studied of
the OCPs are the polypyrroles, polythiophenes, and polyanilines (structures
1, 2, and 3, respectively, in Chapter 3). The ability to produce the polypyrroles
at neutral pH from aqueous media has meant that, to date at least, the use
of this OCP backbone has attracted most attention from those interested in
the development of new materials for medical bionics.

Using polypyrrole, a significant proportion of the material can be rendered
‘‘biological’’ in nature through the incorporation of appropriate biomaterials
such as biological polyelectrolytes or even living cells [111, 112]. Some of the
biological polyelectrolytes incorporated into conducting polymers during
synthesis are shown in Figure 1.20. In all cases, electronically conductive
polymers are produced. An interesting and beneficial consequence of in-
corporating polyelectrolytes as the dopant is that often gellike (high water
content) electronic materials are formed spontaneously on formation of the
conducting polymer.
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Another exciting feature of OCPs is the ability to create the electrode
assembly under physiological conditions, permitting fabrication in the
presence of living cells. Wallace and coworkers [113] employed facile
polymerization conditions to incorporate red blood cells into a polypyr-
role matrix, while more recently Martin and coworkers [114] developed an
ingenious protocol that allows the formation of a conducting polymer in the
presence of living cells (neuroblastoma-derived cells) in vitro. These novel
approaches enable the seamless integration of an electrode with a func-
tional network of living cells. The electronic conductivity of these organic
materials, combined with a composition that is biological in nature, provide
a unique platform for medical bionic applications. Although a significant
step forward, OCPs such as polypyrrole provide further dimensions in our
desire to create more effective electrode–cellular interfaces.

1.2.2
Emerging Areas of Application for Medical Bionics

There are a number of treatments for nerve- and muscle-based diseases
or injuries, in addition to existing implantable technologies based on
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nonconductive materials, that could benefit from the introduction of a
bionics dimension; some of these are discussed below.

1.2.2.1 Bionics for Peripheral Nerve Injury
It has been estimated that more than 1 million people in the United States
suffer serious peripheral nerve injuries arising from lower limb trauma alone
every year [115]. On an annual basis, over 50 000 procedures are performed
in the United States to correct problems associated with such injuries,
costing more than US$7 billion [116]. The incidence of neuropathies or
nerve dysfunction due to other pathological processes such as diabetes [117]
furthers the socioeconomic impact of peripheral nerve injury.

Thus, a need has emerged for the design of bionic prosthetics that can
repair damaged nerve tissue itself, giving rise to the recent design, fabrica-
tion, and evaluation of peripheral nerve repair tubes or conduits. Arguably,
the most successful peripheral nerve conduits have been fabricated from bi-
ological tissue-based materials including nerve, blood vessels, and amniotic
tubes [118–121]. Overall, these materials have been incorporated in various
combinations or on their own into nerve repair conduits as electrospun
webs [121], fibers [122], sponges [123], and hydrogels [124], but again, these
structures do not employ OCPs. Likewise, conduits provide an alternative
for the treatment of acquired nerve defects such as diabetic neuropathy. Nev-
ertheless, there are still considerable challenges and room for improvement
in the development of synthetic conduits for nerve repair, particularly for
longer nerve repair applications [125], and selective incorporation of OCPs
into this landscape may provide appropriate augmentative alternatives that
may facilitate greater control of neuroregenerative response in peripheral
nerve injury.

Improvement of nerve guides for effective repair of longer nerve lesions
has focused on the incorporation of neurotrophins [126], but for peripheral
nerve repair, factor release through electrical stimulation has by and large
been overlooked in existing applications under development. Neurotrophins
and other bioactive molecules provide further options for the control, ex-
tent, and nature of conduit-mediated nerve repair, and OCPs may be the
most appropriate underlying materials platform by which complex multi-
modal delivery paradigms may be developed and employed. In particular,
neurotrophic molecular factors such as neurotrophin-3 (NT-3) [127] and
brain-derived neurotrophic factor (BDNF) [128] provide neuroprotective ef-
fects. While some of these factors have been successfully incorporated into
OCPs such as polypyrrole, and subsequently shown to be able to promote
nerve growth in vitro and in vivo [129–131], other such factors require re-
finement of the fabrication technologies to enable their incorporation into
OCPs.

In conjunction with the ability to promote electrically stimulated release,
more or less ‘‘on demand,’’ these specificities of neurobiological activation
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provide an opportunity to tailor the control of nerve repair with multicompo-
nential conduits that contain multiple factors that ‘‘build’’ the regenerative
environment to a tightly controlled bioreactive and biointeractive chamber.
This opportunity to specify axonal regeneration can be further augmented
by the development of OCP-mediated trophic control of neuroglial nerve
components. Finally, advances in polymer fabrication technologies in recent
times have enabled the fabrication of scaffolds with combined therapeutic
modalities, as highlighted by coincorporation of glial growth factor (GGF)
and Schwann cells within a nerve repair conduit [132], although, again, these
studies did not utilize OCPs. It is nevertheless evident that incorporation of
OCPs within contemporary peripheral nerve repair conduits stands to vastly
improve nerve repair outcomes in the future.

1.2.2.2 Bionics for Damaged or Diseased Muscle
As a tissue composed of excitable cells, muscle bears similarities in the
applicability of OCPs to the repair of damaged and diseased muscle tissue.
There are a number of target areas that OCPs may add value to the
restoration of function in muscle tissues. These include delivery of factors
that generate a promyogenic environment in damaged or diseased muscle
to enable effective myoregeneration. OCPs may also act as conduits for
electrical stimulation to promote muscle regeneration.

As a clinical group, neuromuscular disorders (NMDs) are a heterogeneous
set of hereditary disorders that are collectively characterized by progression
of clinical symptoms and ongoing muscle degeneration (loss), which in
some cases leads to premature death. Indeed, the electrical myostimulation
pioneer Duchenne is credited with the characterization of one of the most
severe NMDs, Duchenne muscular dystrophy. The common denominator
of progressive muscle loss in NMDs can be caused by degenerative effects
in muscle directly or by degenerative changes in the nerves innervating
the muscle, which result in a lack of physiological challenge to and the
subsequent breakdown of the muscle.

Myoregenerative factors such as leukemia inhibitory factor (LIF),
and insulin-like growth factor 1 (IGF-1) and the myoregulatory growth
differentiating factor 8 (GDF-8; i.e., myostatin) are known to improve
cell-mediated muscle remodeling in dystrophic muscles [133–136].
Furthermore, cell-mediated muscle remodeling is vastly improved in the
presence of controlled release of one or another of these factors [133]
compared to cells injected alone. From such studies, it is also evident that
pretreatment (conditioning) of cells with one or another of these factors
before implantation improves the myoregenerative response of the cells
when introduced into the degenerating muscle. These findings have been
recently highlighted by improvements in transplanted cell engraftment by
coinjection of nerve growth factor (NGF) in the dystrophic muscle of mdx
mice [137].
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Observed beneficial promyogenic effects of electrical stimulation [138] and
mechanical stress on muscle, and subsequently on myogenic development,
involve enhanced myoregeneration [139] and activation of promyogenic
pathways [140, 141], including upregulation of growth factors such as IGF-1
[141]. The future development of polymer-based electrode systems to assist
in the regeneration of muscle heralds an exciting new dawn of organic
bionics that will undoubtedly benefit from advances in electromaterials in
the near, mid, and long term.

1.2.3
Outline of the Book

Here, we introduce the reader to the world of organic conductors and their
potential application in the development of highly effective medical bionic
devices.

In particular, we focus on the emerging field of nanostructured carbons
in Chapter 2 and OCPs in Chapter 3. Biological studies involving these
materials are discussed in Chapter 4.

As with all areas of materials science development, the field is confronted
by the issues of processing and device fabrication. We tackle the challenges
and opportunities in front of us at this point in time in Chapter 5.

Finally in Chapter 6 – with eyes wide open – we dream of what might be
in the not too distant future.
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