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Synthesis of a cycloidal mechanism of the prosthetic ankle

M. R. PITKIN

Departinent of Physical Medicine and Rehabilitation, Tufls University Medical School, Boston, USA

Introduction

Most prosthetic feet are designed to mimic
shock absorption and push-off (Gitter et al.,
1991). Such materials as fibreglass and carbon
graphite in Seattle Foot, Flex-Foot, Carbon
Copy II, so-called Epergy Storing (ES)
prosthetic feet, cnable a greater portion of
energy of the “falling” body to be accumulated
and released before plantar flexion (Barticus et
al., 1994). The ES feet provide some amount of
eversionf/inversion as well in the Genesis Foot,
Seattle-Light, and Dual Ankle Springs (DAS),

Certain positive outcomes of using ES feet
have been reported, e.g. improved ankle range
of motion and gait symmetry (Wagner ef al.,
1987); a smaller number of skin problems like
abrasions compared to the “conventional”
SACH foot (Alaranta et al., 1994). The
amputees preferred ES feet as transmitting less
shock and having greater damping properties
(Wirta et al., 1991).

Nevertheless, ES feet have mnot shown
sufficient improvement in overall performance
(Childrcss et al., 1974, Torbum ef al.,, 1990;
Lehmann et al., 1993) in comparison with the
conventional SACH foot (Goh ef al., 1984). No
significant differences in frequency of stump
pain were observed (Alaranta ef al., 1994). No
improvements have been found in such amputee
gait characteristics such as the performance of
the existing knee in trams-tibial patients
(Edelstein, 1990). During the early stance, the
patient’s knee bends notably less than normal
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because the prosthetic foot, either conventional,
or ES does not produce the controlled plantar
flexion obtained naturally by eccentric
contraction of dorsiflexors. Knee flexion is also
less than normal Jduring late stance.

The author believes, that the reason for this is
that both SACH and ES feet have a similar
mechanical outcome in the dorsiflexion phase,
namely, the moment of resistance to
dorsiflexion, and this characteristic does not
mimic the moment of resistance to dorsiflexion
in normal gait,

The moment of resistance (resistive curve) to
dorsiflexion in a normal ankle typically has a
concave downwards shape shown in Figure 1a
(Scott and Winter, 1991). The beginning of
dorsiflexion during regular level gait occurs
with practically no resistance from plantar
flexor muscles. Then, resistance slowly
increases as the dorsiflexion progresscs, while
at the end of dorsiflexion the resistance rapidly
increases nonlinearly. In contrast with this
concave shape of resistive curve seen in the
normal ankle, existing prostheses demonstrate a
convex shape of their resistive curves (Fig. 1b).

If one agrees that a concave resistive curve in
the prosthetic ankle is beneficial for an
amputee’s gait and wants to build an initially
compliant prosthesis, the conflict between
compliance and durability must first be
overcome. Mechanically there are two basic
structures employed in the ES foot design. The
first is an L-shaped leaf spring (Scattle Foot,
Flex-Foot, Carbon Copy II}. The second is a
multi-bar linkage with elastic elements (Genesis
Foot, DAS, College Park Foot). Both types of
mechanisms have similar resistive curves (Fig.
1b) with at least non-concave shape {convex or
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where r is a distance between parallel lines of
action of F and -F. The moment M, results in a
heel lift of the prosthetic foot. The force of
gravity mg with centre of mass elevated at L,
gives a moment M,=mg! about the point B,
where [ is a distance from the projection of the
force of gravity on a horizontal plane to the
centre of a metatarsal joint B. The moment M,
acts in the opposite direction relative to the M,,
and the heel could be lifted when M, becomes
greater than M :

M,> M, (1

Ground reaction forces in the configuration
presented in (Fig. 2) when the heel is just lifled.
are applied to the metatarsal area through the
point B. Their moments around point B yicld
zero, and do not contribute to the condition of
heel-off (1}. The feet with solid ankle (Fig. 2a)
provide heel-off with a leg position close to
vertical, when the { has its maximal value. If the
prosthetic ankle has a greater initial compliance
to allow heel-off at 5° of dorsiflexion (Fig. 2b)
it would give a new lever arm I, for the force of
gravity:

1, = 1— Lsin (5°). 3}

Averaged anthropometric data (McConville
et al., 1980) for elevation L of the male adult’s
centre of gravity, suggest L = 1 m; and for the
length ! of the portion of the foot from ankle to
metatarsal joints: I = 0.2 m. Due to (2), we have
{, almost half [, Therefore, the moment My,
which lifts the heel, and consequently forces
F,-F, could be approximately half of M, and
F.-F comrespondingly. In accordance with
Newton's third law, forces of the same
magnitude act on the stump from the socket.
Hence, the longer heel off can be delayed due to
greater ankle compliance (more dorsiflexed
ankle at the moment of heel-off), the less
pressurc would be applied to the patients’
stump. The tendency of facilitating rollover by
permitting more dorsiflexion before heel-off,
has however a natural limitation. When the
maximal angle of dorsiflexion exceeds a
maximal normal value (13°-15°%), as in the Flex-
Foot with (19.8°£3.3°) (Torbum et al., 1990),
the force of gravity acts anterfior to the
metatarsal joint projection, and the moment of
the force of gravity acts in the same direction as

the bending moment from the stump. This
results in an excessive delay in heel-off, which
leads to an excessive lowering of the centre of
mass due to the continuing second rocker
(Perry, 1992). To compensate for this lowering
of the centre of mass, some additional
movements of the body segments are needed.
Amputees might associate this with discomfort.
Thus, excessive compliance of the ankle zone in
the Flex-Foot at the later dorsiflexion phase
could be a reason why amputees, when they had
a choice, showed a preference for other energy
storing feet in the study by Torburn et al.(1990).

The importance of reducing normal and shear
stresses on the stump in a prosthetic socket has
been widely discussed in the lierature, and
experimental and model studies have been
conducted (Sanders er al., 1993; Vannah and
Childress, 1993). Stress magnitude ranges have
been reported: up to 205 kPa for normal stress
and 54 kPa for shear stress with the highest
stresses on the posteroproximal or lateral sites
of the stump. Waveforms of stresses were
double-peaked, with the first and greater peak
25-40% into stancc. This timing of the first
peak of the stresses corresponds to the initiation
of the dorsiflexion phase, which is affected by
the level of the ankle joint compliance.
However, there has been no discussion on the
connection of these measurements to the design
of prosthetic feet.

Even more important would be a reduction of
normal and shear stresses on the stump in the
perspective of direct skeletal attachment for leg
prostheses (Eriksson and Brinemark, 1994). It
seems reasonable to suggest that a terminal
device (foot prosthesis) which produces less
moment to a connector with bone will better
prolong a sound “connector-bone” attachment,

Mathematical model of a new rolling ankle

A new rolling joint prosthetic foot and ankle
(RJA) with self-adjustable rigidities in the
hinges has becn invented (Pitkin, 1994a). A
mathematical modeling of the prosthetic cam
rolling ankle joint has been conducted to
determine the design parameters, which provide
the match with the biomechanical aim.
Limitations: a) the model represents not the real
ankle joint, but a mechanism which simulates
one characteristic of the real ankle, namely, its
resistive curve or moment of resistance to
dorsiflexion in level walking; b) the mechanism




Point of initial contact
Sa "S;
Point of contact
after tibia deflection _

d __
3

141

rr.,.'.?;j’ s

FI = B+ Bosiinngy ¢ =4

where the angle o I8 dereemined throogh the

I3

el =B, — A+ R, sy f= -

g = (R, + Bosinfe,) + Boosizl,
Ml



Tibial/talar surfaces’ analytical design
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