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Multidisciplinary Approaches to Limb Loss: A Chain of
Events Leading to a Single Step

The device is a transfemoral ex-
ternal knee prosthesis. We call it
the Rheo Knee™ System (Ossur,
Reykjavik, Iceland), because it
uses magnetorheological fluid.

How does it work? The device
contains carrier oil and small iron
particles suspended in that car-
rier fluid. We modulate the mag-
netic field inside the knee, and
by doing so, we can vary knee
resistance, or damping, quickly
and quietly. So, this is a variable
damping technology.

We recently compared the Rheo
to two systems that have been
on the market for quite some
time: the Mauch S&S® (Mauch,
Dayton, Ohio), a passive hydrau-
lic system, and the C-Leg® (Otto
Bock, Minneapolis, Minnesota),
which we all are familiar with.
The C-Leg® is also a hydrau-
lic unit, like the Mauch, but it’s
controlled by a microproces-
sor. In the study, we found that
the amount of food energy the
above-knee amputee requires
to move from point A to point B
is affected by these distinct knee
designs. We got a small but sig-
nificant effect with the Rheo, a
reduction in metabolic cost or
an increase in walking economy.
We've looked into the biome-
chanical mechanisms that might

explain this difference, and what
we've found is that the Rheo, be-
cause of its different strategy for
developing knee resistance or
damping, is able to reduce the
muscular effort at the hip on the
affected side.

In terms of control, the Rheo
knee is fairly adaptive. It often
does not require a human to
program the knee to the patient.
The knee adapts its damping pa-
rameters to the patient, allowing
the patient to walk at different
speeds and across different ter-
rains. The Rheo essentially does
experiments and optimizes itself
to the patient.

Patients with a dumb knee, with
no computational intelligence
whatsoever, no sensors or what-
not, will have a highly patho-
logical gait for ascending or de-
scending stairs. This is true even
for patients who have adapted
quite well, whose unaffected,
biological limb is quite strong.

With the Rheo, patients are able
to walk up steps foot-over-foot.
The knee recognizes that patients
are going up steps and outputs
the appropriate algorithm. Pa-
tients are also, of course, able to
go down steps. Recently, Ossur,
the second-largest prosthetic



manufacturer in the world—they're in Iceland—
launched the Rheo as a product. It's now avail-
able to amputees throughout Europe and the
United States.
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Rheo Knee™ being used on uneven ground
Moving on, now I'm going to make fun of what | just
told you about. What'’s the opportunity for making
advances in this area? What are the issues?

Commercially available above-knee prostheses are
variable damping mechanisms. What do | mean by
this? | call them fancy car brakes. All they're able to
do is dissipate mechanical energy.

The human knee is capable of dissipating mechan-
ical energy, but additionally it's capable of actually
supplying a motive force or torque and also acting
like a spring and varying its stiffness. We need to
do better in the prosthetic knee department.

In the foot/ankle department, current commer-
cially available systems are completely passive,
typically spring, devices. In a Flex-Foot design, you
don’t see an actuator or sensors. Therefore, the
system has no ability to adapt to the amputee.

Biologists tell us there’s a lot going on in the
healthy human ankle. During the early stance
phase in level-ground walking, even at a con-
stant walking speed, the stiffness of the ankle
is constantly being updated by the central ner-
vous system. In late stance, the ankle supplies a
tremendous amount of positive power, a motive
moment, which is believed to be very important
to human ambulation.

Given the passive nature of today’s commercially
available prostheses, how does that affect the pa-
tient? It causes a pathological gait, a limp, which
typically causes excessive impact forces to the
musculoskeletal system, which can trigger diffi-
culties later in life, i.e., back problems and what-
not. Normally, amputees also require a greater
amount of food energy to go from point A to
point B, substantially greater. The Rheo knee im-
proved that somewhat, but we have a great deal
to go from here.

To really push this area of medicine, we need to
merge body with machine, to create an intimacy
between the human body and the prosthetic
device.

In the interest of time, I'd like to describe two key
areas, although other critical issues exist. First, we
need better motor systems, better actuators that
are muscle-like. Second, we need distributed sens-
ing and intelligence.

Beginning with muscle-like actuation, why are
muscles so fabulous? Why do we desire to have
muscle-like actuators? Muscle tissue has excel-
lent functional characteristics. It's very mechanically
powerful given its size. You can typically get 50
watts per kilogram of muscle tissue for continu-
ous operation.

And muscle is functionally adaptive. We all know
this. If we're couch potatoes and we do not ex-
ercise, then our muscles become weak. But if we
work out, they scale to the task. Muscles are very
scalable. They're in small critters all the way up
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abstract sense because what
you have is an electric motor
in series or next to a compliant
spring, kind of like a muscle belly
in series with a tendon.

“To really push this area
of medicine, we need to
merge body with machine,
to create an intimacy be-
tween the human body
and the prosthetic device.
... In my group we're ac-
tually designing hybrid
devices, where part of the
device is living tissue and
theremaining component
is synthetic.”—Hugh Herr

To control the device, we sense
the amount of energy that’s
stored in the series spring, simi-
lar to an artificial golgi tendon
organ, and the control system
basically controls how much en-
ergy is in the series spring or the
spring deflection. By doing that,
we can accurately control the
forces that the system exerts on
the world. It's very shock-toler-
ant, and very force-controllable.

This was originally developed
for legged robots. We have a di-
nosaur robot we call Trudy that
is autonomous, carries its own
power supply, and walks in 3-D
space. Trudy uses these series-
elastic actuators. Recently, we've
also used the actuators for rehab
in my group. We had a gentleman
who had suffered a stroke. He had

this classic drop-foot condition
where the muscles of the ante-
rior compartment of the leg were
weak, so he'd hit the ground on his
left side with his forefoot instead
of his heel.

We developed a robot that
wraps around his leg that push-
es on him and restores his gait.
With the device, there’s a better
symmetry between affected and
unaffected sides and he’s able to
walk at a faster speed.

That's one possibility. But this
system relies on electric motors.
Electric motors are not silent.
They're better than gasoline-
powered engines, for sure, but
you can still hear them.

Electric motors also require a pow-
er supply. We're often constrained
to use battery technology, which
has a rather poor energy density.

What about artificial muscle? This
doesn’t help us in the efficiency or
the transduction efficiency arena,
but it may help us in terms of the
fact that artificial muscles are lin-
ear and they're also very quiet.

There is a series of muscles,
electroactive polymers, that has
been developed by SRI Interna-
tional in California, by Roy
Kornbluh and his colleagues. In
my view, their artificial muscles
are extremely impressive.

They've done sort of a finger-
type embodiment. It's activat-
ed by applying high voltages.
They've already used the muscle



in biomimetic-type robots. They also have a giant
fly, where the muscles are distorting the thorax
of the machine, which flaps the wings. The fly can
actually get off the ground, but they have no idea
how to control it.

What are the remaining issues? One is a scaling
issue. At SRI, they're very good at building mus-
cles the size of your middle finger, but to build
a gastrocnemius is more difficult. Also, there’s a
cycle life issue. If you keep the strains very mod-
est, just a few percent, you can get a million cycles.
However, at physiologic strains of 20 percent, the
muscle breaks down quickly.

The muscle requires high voltage, as | mentioned,
but if you keep the currents very low, a human can
safely interact with the muscle. This is exciting, and
| believe researchers in this area will solve these re-
maining problems.

So, we have muscle-like actuators, and that’s indeed
important. But how we use the muscle actuators,
the muscle/skeletal architecture, is also critical.

It would indeed be a mistake to simply put one
motor per degree of freedom. In our body, as we all
know, some of our muscles span a single joint and
some muscles span two joints and other muscles,
polyarticular muscles, span more than two joints.
Biologists tell us that this is important for having
lightweight limbs, especially distally. Polyarticular
actuation is important to have muscles that are
proximal that do work and exert control distally.

I'm going to quickly take you through a walking
step and give you a sense of how this works and
why it's important. A typical walking step has seven
stages, from heel-strike to toe-off. At stage three,
the hip extends, which, since the foot is on the
ground, straightens the knee. As the knee straight-
ens, since we have the gastrocnemius that spans
both the ankle and the knee, and that’s linked to
this massive tendon, the Achilles tendon, that ac-
tion of actively extending the hip using hip exten-
sors actually pumps energy into the Achilles spring.

Then that energy can, in turn, power the ankle.
This is very intriguing because we can think of
an above-knee prosthesis in which we actually
harness the muscles of the amputee and we use
those energies, we transfer those energies past
the knee to power the ankle. That's very compel-
ling because in principle one could do this with
very small motors and variable damper and pas-
sive spring systems. This approach would lead
to a low-mass, fairly quiet system. Again, it's not
only the muscle-like actuators but also how we
use them that is critical.

I'm going to finish with distributed sensing intel-
ligence. Again, I'm going to make fun of my own
design.The Rheo is adaptive and it adapts because
it knows something about walking—biomechani-
cal knowledge—and it knows something about
how prosthetists can adjust alignment and knee
resistance to get an amputee to walk better. But
the knee doesn't have a direct measure of what the
person wants, the user intent. With the Rheo or the
C-Leg, or all these systems, the amputee has no way
to tell his or her knee that there are stairs up ahead,
or there’s a pothole.

Rheo Knee™

We, too, are beginning to work with the Alfred
Mann Foundation, and—as we all know—they've
developed this wonderful technology called the
BION. We just heard a talk about functional
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going to face is this issue of an
afferent sensory signal. With the
BION, I'll have my eyes, my visual
system, to look down and to tell
me what the position of my an-
kle is, roughly. And we'll perhaps
embed tactile vibration into the
socket to give me an additional
afferent signal.

What would be fun is to think
about the sieve electrode where
we transsect a peripheral nerve
and we get it to grow through
the electrode. With this, you have
bidirectional controllability, in
which you can actually close the
loop.

Imagine a future with this type
of technology that an ampu-
tee would not only be able to
walk across a sandy beach but
also could actually feel the sand
against his prosthetic foot.

I'd like to thank my various spon-
sors. We are beginning to work
with the Department of Veter-
ans Affairs (VA). In the future,
the Alfred Mann Foundation will
supply us with BIONs and engi-
neering support. The Defense
Advanced Research Projects
Agency (DARPA) is also a con-
tributor to this work and other
projects in my laboratory. And,
as | mentioned earlier, Ossur, a
for-profit manufacturer of pros-
thetic components, helped us in
the artificial knee development.

To summarize, advances in mus-
cle-like actuators, neuropros-
theses, and biomimetic control
strategies are necessary to in-

crease the merging of body and
machine to create an intimacy
between the human body and
prostheses. It's our thesis that
such an intimacy will create a
paradigm shift in this area of
medicine. Thank you very much.
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