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Gerald E. Loeb

NEUROPROSTHETIC INTERFACES –
THE REALITY BEHIND BIONICS

AND CYBORGS

History and Definitions

The invisible and seemingly magical powers of electricity were employed as early
as the ancient Greeks and Romans, who used shocks from electric fish to treat
pain. More technological forms of electricity became a favorite of quack medical
practitioners in the Victorian era (McNeal, 1977), an unfortunate tradition that
persists to this day. In the 20th century the elucidation of neural signaling and
the orderly design of electrophysiological instrumentation provided a theoretical
foundation for the real therapeutic advances discussed herein (Hambrecht, 1992).

Nevertheless, neural prosthetics continues to be haunted by projects that fall
along the spectrum from blind empiricism to outright fraud. That problem has
been exacerbated by two historical circumstances. The first was the rejection
by »rigorous scientists« of early attempts at clinical treatment that then turned
out much better than they had predicted (Sterling et al., 1971). This tended
to encourage the empiricists to ignore the science even when it was helpful or
necessary. The second was the inevitable fictionalization by the entertainment
industry, which invented and adopted terminology and projects in ways that the
lay public often did not distinguish from reality.

The terms defined below are increasingly encountered in both scientific and
lay discussions. I have selected the usages most relevant to this discussion; other
usages occur:

– Neural Control – The use of electronic interfaces with the nervous system both
to study normal function and to repair dysfunction (as used by Dr. Karl Frank,
founding director of the Laboratory of Neural Control at the US National
Institutes of Health in 1967)

– Neural Prosthetics – The subset of neural control concerned with replacing and
repairing neural function via electronic interfaces

– Functional Electrical Stimulation (FES) & Neuromuscular Electrical Stimula-
tion (NMES) – The use of electrical stimulation to reanimate paralyzed muscles
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and limbs directly to perform motor tasks (FES) or more generally including
therapeutic benefits from electrically induced exercise such as improved strength
and fatigue resistance (NMES)

– Neuromodulation – The use of electrical stimulation to change the operating
state of neural circuits, typically to alter dysfunctional states such as chronic
pain and epilepsy

– Plasticity & Trophism – The ability of biological systems (including the adult
brain) to reassign functions among parts (plasticity) and the factors and rules
that govern such transformations (trophism)

– Biomimetic – The design of engineered systems according to principles iden-
tified in biological systems (as coined by Otto Schmitt in the 1950s and used
widely today)

– Bionics – An older term appropriated by the fictional television series »Six
Million Dollar Man« in 1974 to describe the fusion of electronic and biological
components to restore and/or augment human function; eschewed by serious
researchers until the 1990s and now used increasingly by both industry and
academia

– Cyborgs – Fusions of artificial and organic systems (contraction of »cybernetic
organism«) that achieve high levels of function (as coined by Manfred Clynes
in 1960); used almost exclusively in science fiction, frequently to describe evil
entities.

This article provides a very broad overview of the technology, applications and
ethical issues related to neural prosthetics. The references are a mixture of historical
milestones and accessible reviews, but the reader is cautioned that this field is
evolving fairly rapidly.

Biophysical Principles

The nervous system transmits information using all-or-none impulses of current
and voltage called action potentials. These are logically analogous to the bits of
information transmitted in digital electronic systems. The main difference is the
medium: electrical currents in the body are carried as the flow of ions (sodium,
chloride, etc.) in water whereas in electrical devices they are carried by electrons
flowing in metals and semiconductors.

The direct current (DC) electrical devices of the late 18th and early19th century
were actually based on the aqueous electrochemistry of batteries and electroplat-
ing. Those depend on chemical reactions of oxidation and reduction between
electrons and ions that are generally toxic to living tissue. The major breakthrough
of the mid-20th century was the application of pulsatile or alternating current
(AC) methods both to record and to stimulate bioelectric signals. AC signals can
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cross the barrier between metal electrodes and the saltwater of the body by the
mechanism of capacitive coupling without oxidation-reduction reactions. Current
flow on one side of the barrier induces current flow on the other side because
opposite charges attract and like charges repel each other. For example, electron
current flow into a metal electrode results in a negative charge that attracts positive
ions (e.g. sodium) to move through the tissue towards the electrode. If the current
induced in the tissue has the appropriate spatial and temporal properties, it can
excite nearby neurons to fire action potentials. Conversely, a depletion of sodium
ions in the tissue caused by the passage of an action potential in a nearby neuron
results in a negative charge that repels electrons in the electrode, resulting in a weak
voltage and current that can be amplified to measure the event. Thus we have the
basis for bidirectional communication between biological nervous systems and
computational machinery, as illustrated schematically in Figure 1.

Figure 1: General system design for a neural prosthesis. The interface with the nervous system consists
of various electrodes (black dots at far right) that can be configured by the implanted electronics to record
or to stimulate bioelectric activity. Both data and power are conveyed across the skin by radio frequency
inductive coupling, in which matched coils in the transmitter and receiver act like a transformer.

The capabilities of any communication system, whether biological or synthetic,
can be quantified according to information theory and its subfield of signal theory.
In neural prosthetic (bionic) systems, the limiting factor is often the amount
of information that can be conveyed across the interface between electrodes and
neurons. From signal theory, this depends on the number of independent channels
available and the rate at which information can be conveyed on each channel.
Compared to electronic computers, the nervous system uses very large numbers
of parallel but slow channels, with bit rates (i.e. frequency of action potentials)
usually well under 300 pulses per second. These channels are packed very close
together in electrically conductive body fluids, which makes it difficult either to
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record from or to stimulate them independently. Clinical neural prostheses are
currently limited to 1–20 electrode channels whose dimensions are in millimeters,
whereas the target structures include thousands of neurons whose dimensions
are in microns. Many of the more advanced applications being researched such
as vision and cognitive function will probably require hundreds or thousands of
functionally separate channels to achieve high levels of function. Several groups
are working on arrays of microelectrodes whose tips can be implanted into brain,
spinal cord and peripheral nerves to record or stimulate individual or small clusters
of neurons (Branner et al., 2004; Rousche and Normann, 1998; Wise and Najafi,
1991), but the body tends to wall them off with connective tissue, reducing their
efficacy over a few months.

Current Clinical Devices

1.1 Sensory Replacement

1.1.1 Hearing

Cochlear implants represent the most successful neural prosthesis to date in
terms of sophisticated function and clinical availability. Over 150,000 patients
have received implants over the past 25 years. Almost all obtain useful sensory
function and most achieve sufficient speech recognition to participate in hearing
society (e.g. main-stream schools, telephone conversations, regular jobs, etc.).
Current implants generally use an electrode array with 16–20 contacts surgically
implanted into the scala tympani of the cochlea, although evidence suggests that
they provide only about 6–8 effective channels of information (Wilson and Dor-
man, 2007). It has long been known that most of the important speech information
is conveyed by temporal information in a limited number of channels (Halsey and
Swaffield, 1948), which accounts for the high level of function of these neural
prostheses. This is now a mature technology, with research focused on potential
advantages of binaural implants and improved algorithms to convert sound into
stimulus patterns that will improve the quality of sound in noisy environments
(Wilson and Dorman, 2008).

1.1.2 Vision

Restoring functional vision by direct electrical stimulation of the nervous system
was one of the first dreams of neural control researchers in the 1960s, but it remains
unclear when clinical and commercial success will be achieved. Initial efforts
to stimulate the visual area of the cerebral cortex were encouraging (Brindley
and Lewin, 1968; Bak et al., 1990) but were largely abandoned as the large
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technical challenges became apparent (Normann et al., 1996). More recently,
several research groups with commercial partners have worked on stimulation of
the retina, again with encouraging but as yet limited success (Weiland et al., 2005).
In contrast to hearing, vision depends on relatively slow data rates in a very large
number of parallel channels. Current technologies can provide 16–60 electrodes
but the stimulation pulses from closely spaced electrodes tend to interfere with
each other, reducing the effective number of separate channels (Girvin, 1988).

1.2 Motor Reanimation

1.2.1 Disuse and Atrophy

Loss of voluntary control of muscles leads to a host of clinical problems, many
of them related to long-term changes in the muscles and reflexes rather than the
paralysis itself. Many physical therapists occasionally use transcutaneous electrical
nerve stimulation (TENS) delivered via electrodes applied temporarily to the skin
over various nerves and muscles (Baker et al., 2000). The electrically induced
muscle contractions are effective in maintaining muscle strength, bulk and range
of motion but the stimulation also tends to excite the sensory nerves of the
skin, often producing unpleasant sensations. This problem can be overcome by
implanting the stimulation electrodes near the nerve branches that innervate only
the muscles but the surgery can be tedious and the wires are vulnerable to breakage
from the motion of the muscles (Smith et al., 1998). Advances in microelectronics
and hermetic packaging have made it possible to build single channel stimulators
that are small enough to be injected into muscles, where they can be powered and
individually controlled by radio frequency magnetic fields generated outside the
patient (Loeb et al., 1991). There have been several successful clinical trials of such
technology (Loeb et al., 2006) but it is not yet available commercially.

1.2.2 Assisted Locomotion

The original goal of functional electrical stimulation (FES) was to allow spinal-
cord injured patients with paraplegia to be able to walk (Vodovnik and Grobelnik,
1977; Marsolais and Kobetic, 1987). Extensive research with both TENS and
surgically implanted multichannel stimulators has identified just how difficult this
task is. Achieving energy efficiency, maintaining balance and support, recovering
from falls and myriad other practical problems have so far prevented more than
limited laboratory demonstrations. However, there are several manufacturers of
both TENS and implanted stimulators specifically targeting much more limited
locomotor deficits in stroke patients. Such patients lose only a portion of their
voluntary motor control (e.g. inability to flex the foot at the ankle during the swing
phase of walking) in only one leg. Providing one or two channels of stimulation
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triggered by the rhythm of the voluntary movements has proven to be very helpful
(Lyons et al., 2002).

1.2.3 Reach and Grasp

Patients lose arm and hand function in two different ways: loss of neural command
signals to the muscles or amputation of the extremity itself. FES methods can
reanimate paralyzed muscles (subject to the limitations described above), but
performing complex tasks requires a source of command signals specifying the
user’s intentions and a source of feedback signals to adjust the muscle activation
according to the actual movements and interactions with objects. Both classes
of signals are actually present in the nervous system of most paralyzed patients,
but technologies to detect and interpret them remain primitive. Replacing an
amputated arm with a mechatronic prosthesis has been possible since the 1950s
but performance has been limited for similar reasons. Myoelectrically controlled
prostheses obtain their command signals from the electrical signals recorded from
muscles (EMG) in the amputated stump that the patient can still activate (Stein and
Walley, 1983). The obvious problem is that the higher the amputation, the more
separate mechanical functions must be built into the prosthesis but the fewer
remaining muscles to control them. One solution is to redirect the amputated
muscle nerves surgically to reinnervate muscles in the stump, where the resulting
EMG signals can be recorded to control motors in the prosthesis (Kuiken et al.,
2004). Microelectrode arrays implanted directly in the motor cortex of the brain
can provide some command information but their installation is highly invasive
and the signal quality tends to deteriorate over a period of months to years
(Hochberg et al., 2006). Obtaining sensory information from a prosthetic limb
requires prosthetic sensors, which have been difficult to design with sufficient
sensitivity and robustness for the unstructured environment in which hands are
typically used (Wettels et al., 2008).

1.3 Neuromodulation

1.3.1 Chronic Pain

Every person who has ever rubbed the skin around an injury is aware of the
fact that pain sensations can be »gated« (i.e. reduced) by non-noxious mechanical
stimuli (Melzack and Wall, 1965). In patients who have chronic pain, the beneficial
effects of such stimulation can be obtained automatically by electrical stimulation
of the cutaneous sensory neurons that respond to the mechanical stimulation.
Commercial devices are readily available for TENS of peripheral nerves (Bertoti,
2000) and for surgically implanted stimulation of the main projection of these
neurons to the brain via the spinal cord (Holsheimer, 2002).
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1.3.2 Parkinson’s Disease

Degeneration of a particular group of neurons in a deep brain structure called the
basal ganglia results in this distinctive motor disorder characterized by inability
to initiate voluntary movements and involuntary tremors. In the 1970s, it was
found that lesions produced surgically in specific parts of this structure could
reduce symptoms, sometimes markedly. Interestingly, electrical stimulation of
some of the same structures can have a similar effect (Benabid, 2003), with the
advantage that stimulation can be adjusted in strength and location, as opposed to
the fixed and permanent lesions. Improved methods for targeting the proper site
and adjusting the stimulation electronically have led to greatly improved success
rates and widespread application of this technology.

1.3.3 Epilepsy

Some patients suffer from frequent epileptic seizures that cannot be controlled
with drugs. Various sites in the nervous system have been the targets of electrical
stimulation based on the notion that their outputs might have inhibitory effects at
the trigger site for the seizures. The results have been highly variable and difficult
to interpret, given the labile nature of epilepsy in many patients (Van Buren et al.,
1978). The situation may not improve until the underlying pathophysiology of
epilepsy is better understood.

Opportunities and Challenges

1.4 Integrated Sensorimotor Function

Neuroscientists tend to separate the physical brain and mental functions into sen-
sory, motor and associative parts. In fact, most tasks require close integration of
all three. For example, our »mind’s eye« view of the world is actually synthesized
from frequent high-resolution but tiny snapshots obtained via precisely directed
gaze movements called saccades. Similarly, our ability to identify and manipulate
objects depends on the tactile information from our fingertips during frequently
updated voluntary movements of the hand and arm. Replacing such functionality
will necessarily require much more complex prosthetic systems. Instead of one
set of stimulating or recording electrodes in one site, both types of interfaces will
probably be required, and multiple implanted subsystems will have to commu-
nicate with each other as well as with the nervous system. Because the patients
suffering from these disorders tend to be heterogeneous, these will not be »one
size fits all« solutions. The implant technology will have to be supported by expert
systems that assist clinicians with characterizing the disability, suggesting useful
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combinations of technology, simulating and optimizing the expected function of
the proposed system, and training the patient to use it (Hauschild et al., 2007).

1.5 Augmented Plastic Recovery

One of the important recent advances in neuroscience is the realization that adult
brains are capable of substantial reorganization (Merzenich et al., 1983) and even
regeneration of some neurons (Johansson et al., 1999). In the past, patients with
strokes, traumatic brain injuries and spinal cord lesions were taught to live with
their disabilities, but now the emphasis is on trying to recover function. Physical
therapists now employ increasingly aggressive exercise and training programs,
often augmented by robotic machines that continuously adjust their physical sup-
port and the level of challenge for the patient (Volpe et al., 2000). As neuroscientists
elucidate the trophic factors that influence such recovery, it will become practical
to use neural prosthetic and other technologies to provide more precisely targeted
and intensive stimulation than can be achieved by voluntary efforts alone. Suitable
technology may be relatively simple to deploy because it need not perform com-
plete functions in everyday life and it needs to function only temporarily rather
than for the rest of the patient’s life (e.g. the Wii gaming interface from Nintendo;
Huilgol & Huilgol, 2009). The long-term benefits would be analogous to those
obtained with NMES of atrophic muscles. In many patients, the technology may
be the same – electrical stimulation of muscle nerves inevitably produces pat-
terned electrical activity that projects back to the spinal cord and brain, where it
may provide at least some of the desired neurotrophic effects.

1.6 Psychological Disorders

The basal ganglia responsible for Parkinson’s disease and its successful treatment
by electrical stimulation (see above) are also involved in a very wide range of
mental functions, most of which are not well-understood by neuroscientists.
Nevertheless, now that the technology for deep brain stimulation exists, clinical
pioneers are using it largely empirically to try to find target sites that can relieve a
wide range of clinical problems potentially related to intention, such as obsessive-
compulsive disorder, obesity and chronic depression (Yan, 2008). It is important
to keep in mind, however, that such electrical stimulation works by »jamming«
aberrant transmission in a complex neural system and/or modulating both the
normal and pathological functions of that system. In patients with truly debilitating
disorders, the net effects may be useful, but such neural prosthetic technology is
certainly not replacing the normal function, so there are likely to be side-effects.
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1.7 Cognitive Function

A real neural prosthesis for higher neural functions such as memory and learning
must receive neural data from the functional parts of the brain, compute the
missing transformation, and activate the normal recipients of the transformed
data. This requires highly sophisticated neural interfaces and reasonably complete
information about the transformation to be performed. Both are still primitive
but applied research has already begun (Berger and Glanzman, 2005).

Potential Social and Ethical Issues

1.8 Cost-Benefit Analysis

The successes to date of neural prosthetics were achieved largely through relatively
simple interfaces that fortuitously produced limited but useful benefits in patients
with severe disabilities. Many of them were pioneered in the 1970s, before medical
devices were regulated at all and when insurance schemes were much less pressed
to contain costs. Even then, the investment required to bring them to market
was large (tens of millions of dollars) and the length of time for a return on that
investment was long (10–20 years). The more ambitious applications now under
development are likely to require more complex technology and more invasive
surgery, leading to higher costs and risks. At least initially, their success rates may
be low, with many failures amplifying the cost to obtain a given therapeutic benefit.
History has shown that society at large and even biomedical experts are rather
poor at predicting the ultimate impact of nascent technologies. Decisions that
appear prescient retrospectively often depended more on the politics of disability
or the stubbornness of champions than on systematic peer review at the time.
These problems are common to all high technology endeavors, of course, but
they pose special ethical concerns of »justice« and »equality« when the lives and
well-being of a relatively small number of beneficiaries depend on success.

1.9 Socioeconomic Disruption

In their early days, cochlear implants were implanted exclusively in patients who
lost functional hearing as adults. The technology was largely ignored by the stable
communities of prelinguistically deaf individuals, who communicated well using
sophisticated sign languages. As implant technology started to achieve widespread
acceptance in the 1990s, there were vigorous, organized protests from groups rep-
resenting the »Deaf culture«. They claimed that this was a form of genocide,
particularly because it was effective in deaf children only if implanted at a very
young age, relying on the informed consent of hearing parents rather than the Deaf
child (Balkany et al., 1996). As the benefits and inevitability of cochlear implants
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in children became clearer, the rhetoric has toned down, but the discussion illu-
minates many difficult issues that are likely to recur as other neural prosthetic
interventions become successful.

It is easy to dismiss the concerns of leaders of the deaf community, many of
whom had professional reputations and livelihoods linked to the viability of sign
language and private schools for the deaf. Cochlear implants in deaf children have
deprived that culture and those businesses of a critical mass of clientele. Unfortu-
nately, a minority of deaf children have contra-indications to cochlear implants.
They face growing up severely disabled and without the Deaf culture that devel-
oped to protect the deaf from widespread misunderstanding and discrimination
in the hearing world.

1.10 Visibility

One barrier to effective prosthetic technology has been the general desire of
patients to make their disabilities as inconspicuous as possible. Patients with mod-
erate hearing loss have often elected to rely on limited lip-reading capabilities or
use tiny hearing aids with less-than-optimal performance. Patients with amputated
arms and hands are often fitted with nearly passive cosmetic arms that hang by
their sides rather than the sophisticated mechatronic linkages and noisy motors of
modern prostheses. Interestingly, this fashion may be undergoing a sea change.
Consumers are becoming accustomed to wearing and even showing off visible
technology such as cell-phone headsets and exercise monitors. The general trend
in society to accept diversity of all types (ethnic, religious, medical, etc.) has
reduced the demand for conformity to arbitrary, local norms. This will have a
profoundly liberating effect on the design and efficacy of medical prosthetics of
all types, particularly in their early stages of development where they inevitably
tend to appear primitive or complex rather than »natural«.

1.11 Privacy

As medical records become more informative, complete and accessible, patients
inevitably become concerned about the security and potential misuse of the infor-
mation. This concern is likely to grow when the information is derived from
neural prosthetic interfaces linked to their daily activities and even their thoughts,
emotions and memories. One popular discussion has centered on the potential of
brain imaging and electronic interfaces to enable »mind reading.« Recently there
have been some demonstrations of relatively crude inferences that can be drawn
from such data, usually involving identifying one of a small set of emotions,
motor intentions or nouns by comparison to patterns obtained previously from
the same subject (Mitchell et al., 2008). In the absence of a compelling theory for
how the contents of thoughts are represented in neural activity, it remains unclear



1. Korrektur/PDF - Mentis - Schleidgen - Human Nature / Rhema 23.12.10 / Seite: 173

Neuroprosthetic Interfaces – The Reality Behind Bionics and Cyborgs 173

how much further this can go. Philosophers have long speculated that the inter-
nal representations of external reality are unique to individuals because each new
experience depends on the context of all previous experiences of that individual.
If true, then high-tech mind reading may not pose much of a risk to privacy.

Electronic prosthetic devices of all sorts may pose a substantial and immedi-
ate risk to privacy that has been largely overlooked, however. As semiconductor
memory becomes cheap and ubiquitous, it is natural to embed it to record infor-
mation about the moment-to-moment function of electronic systems, which can
be invaluable in making adjustments to improve function and diagnosing malfunc-
tions. Implanted cardiac pacemakers and defibrillators already log time-stamped
details of heart rhythms that physicians download during follow-up visits; home-
based wireless systems are now being deployed that automatically acquire and
relay such information over the internet to the prescribing clinic or even to the
manufacturer of the device. Imagine the potential legal value of such information if
such a patient is the victim or perpetrator of a crime in which the circumstances are
disputed. If the data reside on the patient’s home computer or with their internet
service provider or the medical device manufacturer, it is not clear whether they
are protected by conventional doctor-patient privilege. Now imagine that the data
include the sounds that were transmitted via a cochlear implant or the images seen
by a visual prosthetic camera or the commands sent to a prosthetic hand by the
brain.

1.12 Autonomy

Early research on neural control of the brain’s »pleasure center« (Olds and Milner,
1954) provided the inspiration for Michael Crichton’s »Terminal Man« (novel
1972; film 1974), a dark examination of the unintended consequences of using
deep brain stimulation to alter emotions and motivation. In the event, it took
30 years for DBS to be applied clinically to the relatively straightforward motor
disabilities of Parkinson’s disease. It has yet to be applied to the frontal lobe epilepsy
afflicting Crichton’s fictional patient. The new DBS applications discussed above,
however, will certainly raise questions about the responsibility of patients for
their »voluntary« behaviors that are enabled or prevented by such technology;
similar questions have already been raised about drugs for treating depression and
insomnia. The philosophy of free will seems due for a serious reexamination in
light of such technologies.

There are even broader questions of autonomy when decisions are made to
treat children with developmental conditions such as attention deficit hyperactivity
disorder (ADHD), dyslexia and autism. These are probably not specific disorders
but rather spectra of functionality that may simply not be desirable in certain
societies. There are many examples of talented individuals who succeeded despite
and perhaps because of these untreated conditions. Treatments that are obviously
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useful and desirable in extreme cases will inexorably be extended to treat those
who are only modestly outside cultural norms. They may even be applied to shift
individuals between states that are all demonstrably »normal«, much as human
growth hormone is increasingly being administered to children who simply have
late puberty or inherited short stature.

Conclusions

Virtually all physiological functions are under the control of the nervous system
and virtually all neurons use similar components and principles to transmit infor-
mation from and to sensors and effector end-organs. Recent advances in both
fundamental science and applied technology have provided a rational basis for the
orderly development of increasingly sophisticated interfaces between biological
nervous systems and electronic computers. These circumstances have resulted
in rapid growth of both academic research and commercialization of medical
products directed toward a wide range of disabilities. Such development, in turn,
provides resources and opportunities for basic scientists to test and extend their
knowledge of such neural control, thereby completing a virtuous circle that leads
to new treatments. This accelerating trend is countered, however, by the increas-
ing difficulty of the remaining clinical and scientific challenges and the increasing
regulation imposed by society on the approval of and payment for ever more
complex and expensive treatments.

Complex medical technology is like a glacier, moving almost imperceptibly
but inexorably to change the landscape profoundly over time. Societies value
philosophy because it helps them to anticipate and cope with such changes. Many
of the social and ethical issues raised above were originally fashionable during the
heady, early days of neural prosthetic research, when the participants thought that
all things were possible and progress would be rapid. It is understandable that
this discussion lost steam during the intervening decades of slow progress and
frequent disappointments. It is timely to resume this discussion now, in the light
of much new science and technology.
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