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Improving Brain-Computer

Interfaces

Researchers are demonstrating advances in restorative BCI systems
that are giving paralyzed individuals more effective ways to communicate,
move, and interact with their environment.

PECULATIVE FICTION HAS lODg

entertained the idea of

humans interfacing with

machines at the level of

thought, resulting in en-
hancement technologies that not only
sidestep the limitations associated
with the fragile human body, but also
supplement the brain’s own short-
comings in processing information
or accessing data. While fictional ren-
derings of human-machine interfaces
typically take the form of supplemen-
tary enhancements for healthy indi-
viduals, scientists doing research in
brain-computer interface (BCI) tech-
nologies have been developing inno-
vative restorative strategies for those
who have lost basic functions, such as
sight, hearing, and movement.

BCI research, which draws on sev-
eral fields, such as neuroscience,
computer science, physics, and elec-
trical engineering, has led to new
developments in nontraditional ap-
proaches to the physiological prob-
lems that have been resistant to tra-
ditional medical solutions. These
developments include deep brain
stimulators for those who have Par-
kinson’s disease, cochlear implants

Brain-computer interface researcher Dawn Taylor at the Cleveland VA Functional Electrical
Stimulation Center.
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for those who have lost their hearing,
and communication devices for those
who are paralyzed. Today, researchers
are demonstrating real-world restor-
ative BCI systems, both invasive and
noninvasive, that are giving paralyzed
individuals more effective ways to
interact with their environment and
even move.

The complex issues that scientists
deal with in this area are numerous,
and include challenges ranging from
practical lab logistics, sensor hard-
ware, and data-processing systems
to team members who have come to
the work from very dissimilar disci-
plines, making it difficult for the field
to establish and maintain consistent
terminology. For Dawn Taylor, a re-
search scientist working in this area,
such problems are not insurmount-
able. “With a close-knit lab, everyone
learns a common vocabulary fairly
quickly,” says Taylor, who conducts
her research at the Cleveland Clinic
Department of Neurosciences and the
Cleveland VA Functional Electrical
Stimulation Center.

Despite the ongoing challenges,
research in BCI technologies is result-
ing in real help for people with severe
disabilities, says Taylor. In her cur-
rent work, Taylor is focusing on us-
ing brain signals to trigger movement
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in paralyzed individuals, bypassing
damage in the spinal cord. “We are
getting pretty good at decoding some-
one’s intended arm and hand move-
ments from recorded brain activity,”
she says, noting that her colleagues
are now able to restore arm and hand
function in paralyzed individuals by
using implanted stimulators to ac-
tivate paralyzed muscles. The main
goal for her at this point is to link
these two technologies—on the one
hand effectively decoding the brain’s
movement intentions and on the
other hand successfully stimulating
paralyzed muscles to produce move-
ment—to enable paralyzed people
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Neural activity from a 16-channel electrode array for a BCI system. Each spike indicates
a firing neuron. The software determines which neuron generates each detected spike by
attributing each spike to the neuron whose wave shape is most similar to its own.
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to move their limbs just by thinking
about doing so.

To devise a brain-controlled typing
system for a patient who is unable to
communicate, one method would be
to display a keyboard on a screen and
have the patient think about moving
his or her fingers to each letter. While
it would be possible to decode the
movement path the patient is imag-
ining and use that data to control a
mouse on the screen, Taylor says it
might be more efficient to decode the
final goal of each pointing movement
and select each letter directly. Or, Tay-
lor explains, decoding each muscle’s
activation level might be the most ef-
ficient strategy when using the brain to
control an implanted stimulation sys-
tem that activates paralyzed muscles
to restore arm motion.

Depending on where the electrodes
are implanted in the brain’s informa-
tion-processing stream, BCI research-
ers can decode the goal of the move-
ment itself, the trajectory in 3D space
that a hand follows during a move-
ment, the angular motion of the joints,
or even the force in each muscle. The
type of device that the BCI system con-
trols will impact which aspect of move-
ment to decode and where it would be
best to acquire data from the brain’s
processing stream.

What is clear from Taylor’s research
and other BCI studies is that users can
improve their device-movement skills
with practice. “The brain is an adapt-
able learning machine,” says Taylor.
“We learn to do a new dance move or
play tennis through practice. Learning
to control the movements of a device
directly with the brain is no different.”

Taylor says such learning can be ac-
celerated by using smart algorithms
that learn in parallel with the brain.
Taylor’s latest algorithm, which she
calls “co-adaptive,” is designed to de-
code muscle activation levels from the
brain to restore arm and hand func-
tion via implanted stimulators. The
algorithm, which must be set up in
an initial supervised training phase
where it is clear what the patient is
trying to accomplish, is designed to
modify itself on the basis of how accu-
rate recent past movements were. Tay-
lor likens this update process to how
supervised learning occurs in neural-
network algorithms.



However, unlike most neural-net-
work applications, the algorithm’s in-
put (that is, the brain activity) is also
learning in parallel to the decoding
algorithm. “This co-adaptation pro-
cess can be powerful in that adjust-
ing the decoding algorithm allows
the person to explore new and poten-
tially easier ways to think about mov-
ing that will generate stronger brain
activity patterns and ultimately result
in more robust decoding of the ap-
propriate muscle activity,” explains
Taylor. “In any parallel adapting sys-
tem, finding an appropriate adap-
tation rate is key to ensuring stable
rapid improvement.”

While decoded brain activity has
been used to activate muscle stimula-
tors in a few studies and the ground-
work is now being laid for U.S. Food
and Drug Administration endorse-
ment, suggesting that the techniques
and technologies associated with BCI
systems are finally maturing, Taylor
notes there is still a long way to go. She
cites two main technical challenges,
in particular, as bottlenecks for fur-
ther progress. One is that researchers
working in this area need better brain-
recording technologies to extract high-
resolution brain activity reliably. The
other is the actual physical compo-
nents that go into a complete BCI sys-
tem must be made smaller and more
portable, and must also be simple
enough to use so they can be adjusted
without the aid of a research engineer.

Platform Standardization

Another major issue facing the BCI
field as a whole is the lack of platform
standardization and interoperability.
One scientist who has been working
to address this issue is Gerwin Schalk,
a researcher at the Wadsworth Cen-
ter in Albany, NY, and director of the
BCI2000 project. Schalk says he be-
came interested in BCI technologies in
the late 1990s, when most BCI teams
were writing custom software because
there was no common platform to fa-
cilitate BCI implementations. In 1999,
Schalk and his colleagues began work-
ing to develop such a platform, which
they named BCI2000.

At present, the software is being
used by some 600 laboratories around
the world. “BCI2000 has supported ex-
periments in about 150 peer-reviewed
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publications or theses,” says Schalk.
“Some of these papers are among the
most influential studies in the field of
BCIresearch.”

At its core, BCI2000 is a general-pur-
pose software system designed to sup-
port many data-acquisition and feed-
back formats through an interface that
allows for interaction with external
programs. For example, a robotic arm
application that is external to BCI2000
can be controlled in real time with
brain signals processed by BCI2000.
As another example, BCI2000 can be
used to store behavioral-based inputs
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such as eye-tracker coordinates. The
software is free, and is available with
full source code. While the application
is currently Windows-based, Schalk
says he and his team are developing
BCI2000 code for other operating sys-
tems, including Linux and Mac.

With labs regularly developing
both new sensor technologies and
new methods for interacting with the
brain’s data stream, work on BCI2000
remains ongoing. “We are working
hard to prepare BCI2000 for the grow-
ing complexity of the experiments in
BCI research, for the increasing num-
ber of clinical applications of BCI
technology, and for new applications
of BCI technology in areas other than
communication and control, such as
clinical diagnosis,” says Schalk, noting
that he and his team are committed to
keeping the software evolving to the
latest developments in BCI research.

The biggest challenge at this point
in the BCI community, says Schalk, is
the lack of a noninvasive sensor that
can robustly measure brain signals at
high fidelity. For noninvasive options,
Schalk says he expects this sensor is-
sue to remain a substantial problem
for the foreseeable future. But he says
he remains optimistic. “Without the
limitations associated with current
sensors, and with a more complete
understanding of brain function,
it may be possible to create brain-
computer interfaces that seamlessly
connect our nervous system with ma-
chines,” says Schalk. “We are far from
this goal, but many in the research
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Diagram showing a brain-computer interface setup with implanted and external components.
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community, myself included, dream
about this possibility every day.”

Such seamless interactions might
not be achieved for many years to come,
but Schalk says it is realistic to see im-
pressive demonstrations of functional
restoration, such as full control of robot-
ic arms with actuation of individual fin-
gers, in the near term. Despite the chal-
lenges, the potential benefits to ongoing
work in this area remain clear. “Using
conventional methods, our brain’s nor-
mal input and output pathways limit the
amount of information that can be com-
municated to about 50 bits per second,
such as for spoken speech,” says Schalk.
“Using BCI technology, it may be possi-
ble to substantially increase this rate of
communication, and thus allow for an
ideal symbiosis of the human brain and
artificial machines.”

Taylor also offers a similar per-
spective on the future of BCI technol-
ogy, suggesting that more adaptive
systems will be emerging in the near
term. “When you have a less-than-
perfect means of controlling your
computer, it is imperative that your
computer interface make the most
of the limited information coming in
from the user,” she says. In this sense,
necessity may lead to significant in-
terface improvements designed to be
more intelligent and dynamic in re-
sponding to human input.

The prospect of more intuitive
input mechanisms has been a key
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motivation for interface designers,
who have long expressed excitement
about the potential for BCI research to
change the way humans interact with
computers. Still, most BCI scientists
are careful to offer only guarded opti-
mism, cautioning that the field is still
relatively young in its methods and
results, making it unlikely the average
person will be using BCIs to interact
with computers in the near term. At
this point, noninvasive ways of record-
ing brain activity provide only low-
fidelity data. But for somebody who is
paralyzed, even gaining a slow method
of interacting with a computer can

make a significant improvement in
quality of life.

“In a truly ideal future, BCI technol-
ogy will make it so that you wouldn’t
be able to tell if someone has a physi-
cal disability,” says Taylor. ”Paralyzed
individuals would move and interact
with their environment just like every-
one else.”
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Skin-like Electronic Patch Unveiled

In an emerging field called
epidermal electronics, a
multidisciplinary team of
University of Illinois researchers
has crafted a skin-like,
wearable electronic patch that
could transform such diverse
fields as medical monitoring,
wound treatment, covert
communication, and human-
computer interfaces.

The researchers demonstrated
a system that integrates tiny
sensors, transistors, radio-
frequency inductors, capacitors,
and other electronic devices into
an ultra-thin, flexible artificial
substrate with physical and
chemical properties that make

the patch barely distinguishable
from the user’s own skin. The
work was first reported in the Aug.
12 issue of Science.

The practice of affixing
electronic sensors and probes
to the human body—for
monitoring heart activity, for
example—dates back decades.
But it has relied on bulk
electrodes attached by adhesive
tapes, conducting gels, and
mechanical fasteners, connected
by wires to external boxes of
computing and power devices.

A key to making a
comfortable and durable
wearable alternative was to
fashion a skin-like substance
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that is so thin and so flexible—it
stretches, compresses, and
resists punctures—that it tightly
conforms to the tiny bumps and
craters on the skin’s surface. The
patch developed by the scientists,
which can be as thin as 1 micron
resting on a 30-micron elastomer
substrate, adheres closely to

the skin solely via van der Waals
forces, those that bind surfaces at
the molecular level.

In a demonstration, the
researchers showed it was
possible for their device, attached
to the throat, to identify muscle
activity with sufficient accuracy
to form the basis of a speech
recognition system, possibly

then controlling computer
games, PCs, or surreptitious
communication devices.

“We’ve figured out a way to
configure silicon electronics—
conventionally built on the
rigid, brittle surfaces of silicon
wafers—into formats that are
soft, curvilinear, and stretchy,”
says John Rogers, a professor of
materials science and chemistry at
the University of Illinois and leader
of the project. “The outcome
blurs the distinction between
electronics and biology and opens
up new modes for integration, with
significant potential benefits to
human health.”

—Gary Anthes





