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INTRODUCTION

Most mobility aids for physically handicapped
individuals seek to restore and improve function
that primarily relates to basic lifestyle needs.
This is an appropriate priority. With the lower
limb amputee, this objective means stable, biped-
al standing, and walking on unobstructed level
surfaces . These elementary needs should be ac-
complished with comfort and with reasonable
energy output (7, 19) . Presently available lower
limb prostheses effectively satisfy these needs in
most instances. However, as the mobility de-
mands of an individual with amputation expand,
conventional prostheses in general perform Poor-
ly. This circumstance is most evident whe
amputee attempts to run . Incremental inch
in speed through fast walking, jogging
running rapidly cause gait alterations in whu 9
with increasing speed, the unilateral amputee
spends less and less time and weight on the
deficient limb, which results in the sound limb
largely propelling the body through the gait
cycle. This, resulting high-energy consuming,
uncomfortable, unstable, and unsightly gait pat-
tern is thus generally avoided . Very few bilateral
leg amputees are able to run . For these reasons
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most amputees do not walk rapidly or run, and
many have never even attempted to do so (5, 6,
13, 14).

The ability to move quickly and especially to
run is a basic need for most physical recreation.
It is also important to physical and mental well
being and as a defense against injuries such as
falling and avoiding threatening environmental
situations.

The Prosthetics Research Unit has inves-
tigated in depth over the past seven years the
running capabilities of a number of types and
levc - s c lc Ter limb amputees . Research

iolo of the University of Washington
—nation; , with the Prosthetics Research Unit
by conduct-hag extensive investigation over a 5-

period of amputee running (9, 10).
Lt became evident that the state-of-the-art

lower limb prostheses would have to be redesign-
ed if real progress in amputee running was to be
accomplished. No amount of muscle conditioning
and training alone could be expected to accom-
plish major change in running performance . The
prosthetic foot, which is the subject of this
article, is an outgrowth of this amputee gait
performance research (Figs . IA and 1B).

DESIGN OF THE SEATTLE FOOT

The VA Seattle foot conceptually provides
storage of potential energy and is converted to
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kinetic energy throughout the weight-bearing
phase of the gait -v ole. This stored energy is
progressively rele :c d as the foot continues
through the toe-

	

to rebound and propel
the body forward .

	

1ple terms, weight de-
flects the keel through a predetermined range,

the keel "springs back" as weight is removed

Specifications were determined mathematical-
ly using information from the gait studies and
transferring it to the bench testing of keel
materials which could meet requirements (1–3, 8,
11, 12, 15-18).

The first foot was fabricated from leaves of
fiberglass combined with a light metal (4) . When
the foot was tried on patients, their response was
one of remarkable acceptance. Continued use on
test subjects brought out the problem areas:
weight, I akage, individual amputee prefer-
ences for iecific performance needs . After a
series of

	

iaements it became evident that the

most satisfactory keel design would be monolith-
° That is, with fewer component parts, the
production cost would be lower, there would be
less maintenance, and the response would be
more uniform.

The present monolithic keel is composed of the
acetal homopolymer, Dupont's Delrin" . Its design
form and physical performance are described in
the engineering section of this article . Foaming
was initially in the general shape of a foot and
suitable for shoe fitting This shape corresponded
to the one ordinarily u
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initial review of available space constraints
within the foot shape the large deflections re-
quired to simulate n ial-foot A-P plane mo-
tions, and available mu °ial properties led to the
following developm€ approach: 1) uniform
stress monolithic cantilever spring keel ; 2) modu-
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(load = 1 .4 x body weight) ; n ) less than 0 .06
inch permanent set at 3 x body weight; 8) in-
crease damping in the spring.

Early structural analysis of moldable materials
showed that obtaining a sufficiently soft spring to
allow required deflection
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F!GUKh "
Bilateral '

	

amputee runni - th VA Seattle
foot

100 combinations of thermoset and themoplastic
matrices and reinforcements . A constant width,
parabolic tapered-depth beam was picked as the
basic section for isotropic materials . Straight
taper was used for oriented fiber composite
candidates. A general keel shape consisting of a
hook posterior to the bolt centerline and then
descending to the metatarsals was selected be-
cause it would move the apparent "center of
rotation" of the cantilever spring deflection as
close as possible to the natural ankle center. It
was also felt that increasing the outer extreme
tension fiber length would improve fatigue life of
the highly stressed keel materials . Load deflec-
tion testing of 1 inch thick sections of the keel
("toes") was conducted early to guide design and
analysis . Toe testing allowed quick
material and process combination

mechanical properties were not available . Over
50 of these representative sections were tested
(Fig. 4).

When required load-deflection characteristics
were obtained, a fatigue test was run on the
candidate material toe section . The 2-cycle-per-
second fat i gue test device is shown in Figure 5.
The test
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als which were strong
en : lgh were too stiffs ' had insufficient damping
to allow a natural feel for the amputee . One of the
shortcomings of the epoxy-fiberglass keel was
that walking amputees felt "hurried" by the too-
quick release of the stored spring energy. The
significantly higher damping of Oelrin , has elimi-
nated this problem. Three-dimensional keels
were then fatigue tested on the same device . A
design was finally derived which met the fatigue
criteria, although permanent set at the end of the
conservative "straight-through" fatigue cycles
was larger than desired (0 .2 inch actual verses :

objective of 0 .06 inch) . Subsequent patier
ing on the natural intermittent loading cycle has
not yet uncovered any creep problems.

FIT PROTOCOL

Clinical testing helped reveal
been corrected. Major probe.
1) anterior keel tip ("toe") 'ailu
corrected by pre-bendit
and thinning the sectior
by the approximate'
demanded du-in- +
tachment bolt
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sulted in high satisfaction for
amputation.

_f a keel for an exceptionally high
1 might require the next stiffer keel

breakage or to provide better feel
(higl energy storage). Similarly a next softer
keel might be prescribed for an inactive amputee.
We have noted cases where an inactive patient
(sometimes a bilateral amputee) has been fitted
with a softer keel than body weight would
dictate, and then found his activity level increas-
ing to the point where he was able to break the
keel. Since the keel is highly stressed during use
by active amputees, all VA Seattle foot units are
subjected to the rigorous acceptance test proce-
dure presented in Figure 8.

FIGURE 2
How the foot works.

FIGURE 3
A: VA Seattle foot ; B: Simulated
cosmetic foot (Otto Bock); C: Stand-
ard SAM-I foot mold .

Extensive acceptance clinical testing and eval-
uation was performed using 36 subjects (34
below-knee and 2 above-knee amputees) . The
high level of satisfaction/acceptance is recorded
in Figures 9A, B, and C.

The foot was then placed into further evalua-
tion with 500 volunteer amputees in 44 desig-
nated Veterans Administration Medical Centers
across the United States . The feet were fitted to
both new and currently worn prostheses by the
subjects' prosthetists of choice as designated by
the clinic prosthetic teams at participating sta-
tions. This study is being conducted by the
Rehabilitation Research and Development Eval-
uation Unit under the direction of James B.
Reswick, Sc .D., in collaboration with the Veter-
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FIGURE 4
Some of the keel designs and materials evaluated.

FIGURE 5
Bench-testing of keel for fatigue.
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PROSTHETIC CONSIDERATIONS

The VA Seattle foot was designed for use with
conventional lower limb prostheses and is inter-
changeable with existing components . To accom-
plish this feature, the foot is attached to the
prosthetic shank, endoskeletal or exoskeletal,
with a single rigid bolt . Interchangeability, dura-
bility, simplicity, and cost were all addressed.
Earlier designs, which involved a number of
components, have been refined to the present
monolithic keel . Minimizing components reduces
servicing and cost . The VA Seattle foot has only
three components: the keel, the external foam,
and the toe reinforcement pad.

Weight of the appliance is a critical factor.
Currently, prosthetic feet weigh between 1/2 and
1½ pounds . The VA Seattle foot weighs approxi-
mately 1 pound, varying a small amount depend-
ing on the size used.

PRESCRIPTION CRITERIA

While the VA Seattle foot was initially de-
signed for running, it can also be used for walking
and is not necessarily contraindicated for less-
active people . Gait studies have shown that
because the foot is flexible in the metatarsal area,
it does not limit the forward travel of the tibia as
it rotates over the foot, thus making the transi-
tion between foot-flat and toe-off smoother. By
combining the ability to increase push-off
through deflection of the keel, the foot improves
both walking and running . When walking on
uneven ground, the VA Seattle foot does not
provide as much forefoot flexibility in the medial!
lateral plane as in the Greissinger or SAFE foot.
Therefore, if the patient requires this motion,
another foot should be selected. Continuing re-
search is being directed to increase component
compensation in additional planes as required by
irregular surfaces, inclines, and steps . We desire
to incorporate additional force-motion character-
istics within the material rather than add or
modify components.

As stated earlier, the VA Seattle foot can be
used with success on athletic and less-active
amputees, including individuals with bilateral
amputation . The foot can also be used on all levels

FIGURE 6
Current design using Delrin'" keel and Kevlar ® toe
extension.

of lower-extremity amputation, with the excep-
tion of the Symes level . While the foot was
designed to. be interchangeable with existing
prosthetic units, at the present time it cannot be
used with a Hydra-Cadence, an R .O.L . rotator,
or a Symes prosthesis.

The VA Seattle foot is designed to be worn
with a shoe with a '/4 inch heel. If the patient
wants to wear shoes with a lower heel, the foot
should be wedged accordingly so that when it sits
in the shoe, the top of the foot is parallel to the
floor.

ALIGNMENT

Optimal performance of the VA Seattle foot is
generally more difficult to achieve when it is
attached to an existing prosthesis . Therefore it is
recommended that the VA Seattle foot be re-
aligned when applying it to a prosthesis . Generally
speaking, the alignment of the VA Seattle foot is
closer to that of the SAFE and Greissinger feet
than the SACH foot . The amount of socket
flexion or plantar-flexion differs considerably
between the Seattle and SACH foot, as does the
anterior and posterior position of the foot with
respect to the socket.

As the foot is moved into plantar-flexion, the
patient will be able to notice the level of push-off
increase . However, as the level of push-off in-
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FIGURE 7
Fit protocol/load stroke chart.

creases, this increases the hyperextension mo-
ment of the knee during midstance and considera-
ble effort needs to be taken to walk over the foot.
In alignment, plantar-flexion must be balanced
with knee hyperextension . The patient will also
notice the amount of push-off or spring increase
as the foot is moved posterior with respect to the
socket. The prosthetist should find a compromise
between the hyperextension moment pt mid

stance and the level of push-off requ
knee should not be forced into hype ;

F T PROTOCOL
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FIGURE 8
Acceptance test procedure .
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FIGURE 9A
Changes in walking versus changes in running with the
VA Seattle foot : test subjects' responses to whether they
had noticed any changes in these 2 activities.
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FIGURE 9B
Endurance : test subjects' responses to whether they
could perform their sports activities for less, same, or
greater amounts with this foot design.

FIGURE 9C
Improved prosthesis : test subjects' respct-3es to wit,
er the Seattle foot was an overall impn
pared with their previous foot.

NO
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This preloads the keel and makes the pylon
vertical during midstance . If the knee becomes
unstable, the prosthetist can either increase the
toe lever by plantar-flexing the foot or moving
the knee center posterior to the TKA line .
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CLINICAL EVALUATION

In the field of mobility aide
ance is the final measure
especially so with
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ial evaluation of the VA Seattle foot
carried out over a 3-year period with 36

iiputees . All had previously worn a prosthesis.
They were selected because of interest and desire
to increase physical capabilities, primarily
sports. Motivation was not a problem . None were
paid for participating in the program . The experi-
mental feet, and when necessary, prosthetic ad-
justment were furnished without cost to the test
subjects . Personal interviews and questionnaires
completed by prosthetists and amputees were
summarized.

The amputee acceptance rate was high. When
a failure occurred, test subjects often refused to
give back the failed foot for study unless a
replacement was proN '
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ing to the use of

	

lot
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The
remarkable level of acceptance
enhanced performance, o fr t>Itel

most instances, comf(

CONCLUSIONS

A prosthetic foot
a monolithic composite keel engin
potential energy and release kine
(force) during ground contact . Extensive clinic
evaluation indicates high user acceptance. Tie
present design is stabilized . Technology transfer
for commercial availability has been carried out.
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