Prosthetics and Orthotics Internaiional, 1996, 20, 159-171

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
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position along with an intermediate position e’ -
hf" of the tibial contacting surface. The talar end
of spring (point S,} betongs to the base wheel
and does not move. Parameters R, R, R. Ry
o, M, a, and a, determine dimensions and
mechanical outcome (moment M{a) of
resistance to dorsiflexion) of the ankle unit. The
particular values of parameters for the plots in
Figure 5 were: @, = n/16; R, =0.28 m; R, =0.16
m; R, = 0.14m; R, = 0.18 m; p = 3x10° N/m; a,
= a, = 0.03m. This set of the model’s
parameters, as can be seen further, provides a
desired match to the biomechanical target and is
acceptable from the technological point of view.
An analytical dependence M(«) comprises two
dependencies: M, () and M, a) which
correspond to the consecutive inverted and
regular hypotroichoidal parts of the trajectory of
the tibial end 8, of the spring:

Mye) = (To + pAlfe))L, (),
9
M (@) = (T, + uAl (o)) (),

where elongations Al fa) and Al (o) of the
spring in two consecutive rollings, generating
inverted and rcgular hypotrochoids for the tibial
end S, of the spring are:

Alf@) = Nxaf + (R, - a,)— yu(e)f

—{a, + a,),

Al = Nx faf + ((R,— a,) — yuf)f
—(a, + a),

and corresponding instantaneous lever arms L, (o)
and L {o) are:

R a)cosr%)
L:ﬁ( o ) = —b
Alfa) + (a, +a,)

RAIR, — ay) — yula))sin (%)
b

+
Al(a) + (a, +a,)

(R, a,) x,(a) ‘

Al (@) + (a, +ua,) ! .

‘ Vgl @) + Xod (R — @) = yul )
Lia)=|

Al () + (a, +a,)

(R, —a,)x, o)
Al fa) + (a, +a,)| .
with substitutions:

X {a) = (R, + Rjsin (a,,l%)
&

. R, R
— R, sin (o, —'— ==
b o

o),

R,
Yoda) = (R, + Rycos (a, Eh)
b

R, R
— R, cos (@, — — == a).
: R, R,

B

T, in (9} is an initial tension of the spring
5,5., necessary for durability and integrity of the
whole ankle-foot assembly. It is important that
the value of 7, does not atfect an initial zero-
value of the moment M, (o} (M,(0) = 0), since
Ly=0.

The analytical representation of the
contacting surfaces (equations 3-6) and the
outcome function M(a) (equation 9) permits the
synthesising of a mechanism, which mimics the
resistive curve in the real ankle.

Synthesis of the cyclvidal mechanism of RJIA

Hartenberger and Denavit (1964) define the
synthesis of a mechanism as the determination
of the parameters that will vyield an
approximation to a desired function hetween the
input and output. The synthesis could be
approached by geometric and algebraic
methods.  Algebraic methods are based on
displacement equations, i.e. equations relating
the input and output variablcs of a mechanism
in terms of its fixed parameters. In this work the
algebraic approach is used with equations (9).
These equations hnk the displacement of the
tibial end of the connecting spring with the
moment of resistance to the relaled ankle
articulation.

The problem of “four accuracy points”
synthesis of a planar joint (Freudenstein and
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more similar to the norm. An additional elastic
O-ring in the rear is provided which is Ioose
during most of the midstance. It contributes to
the moment of resistance to dorsiflexion at the
final stage of midstance, prior to heel-off, and
increases the frontal stability of the entire
assembly.

Two principal requirements have been
fulfitled in this design: relatively free
articulation in the artificial ankle joint at the
beginning of dorsiflexion, and nonlinearly
increased resistive counterforces at the end of
the dorsiflexion phase.

Results
Verification of the model and mechanical tests

Mechanical tests of the RJA prototypes were
conducted by the Ohio Willow Wood
Company. The tests included verification of the
mathematical model and comparison of the
resistive curves of the RJA prototype and some
feet and ankle units in the market.

The existing prostheses were Carbon Copy 1I
Symes with regular toe resistance and fixed
ankle; Carbon Copy II Symes with Endolite
Multiflex Ankle; Carbon Copy II Symes with
DAS MARS ankle unit 1401; Carbon Copy T
Symes with DAS MARS ankle unit 1402. All
feet except RIA were 26 cm long. The RJA is
15 ¢m in length. Each foot and ankle unit was
mounted to an Interlaken servohydraulic test
frame at angles of 0, 5, 15 and 20 degrees, and
loaded wsing displacement control (0.3
mun/second} until a given load or positicn was
reached. The amount of displacement at each
angle increased significantly.

In Figure 6 there are three resistive curves
which relate to the biomechanical target, to the
RJA prototype and to the mathematical model]
(equation (9)). The curve of the RJA is in
reasonable agreement with the mathematical
model, and with the nonlincar moment of
resistance in the real ankle {Fig. 1b). The other
result is that by easily acquiring a foot flat
position, the RJA would seem to provide greater
stability throughout the stance period. The ease
with which foot-flat is achieved may be
controlled by varying the geometry of the foot
and the elasticity of the RJA’s elastic bands.

Pilot gait study
Ome subject, & male bilateral traumatic trans-
tibial amputee, 27 years of age, wearing Flex-

Feet, was involved in the pilot biomechanical
gait study. In the experiment, knee and ankle
angles were measured during the stance phase
of level walking. The RJA was attached to the
left prosthetic socket, and the Flex-Foot was
attached to the right socket. Paralle]l use of the
new and existing designs gave the subject and
investigators quick feedback and data for a pilot
comparison of the gait parameters, The subject
was accustomed to using both prosthetic feet.
He walked down a 10m runway at a
comfortable speed of 1.3 m/s+10%. A hgh
speed video camera mounted perpendicular to
the runway at hip height was used to film the
subject’s gait. The video data were digitised
manually at a frequency of 50 Hz using the
computer interfaced system LabVIEW, In
Figure 8 an increased ROM in the knee during
the first half of the stance period 15°+1.2° for
the RJA versus 6°+0.6° for the Flex-Foot is
presented. Times of foot-flat and heel-off are
shown. In addition, an increase in the ankle
plantar flexion with the RJA immediately after
heel strike is shown. This effect of the rolling
joint foot and ankle on existing knee
performance seems to be normalising.

In addition, the subject felt that the stress on
his stump was lower when he used the RJA
prototype than when he used the Flex-Foot
(Pitkin, 1994b).

Two additional subjects have qualitatively
tested the RIF prototypes at the OWW site in
November 1994, They also reported lowering of
stress at their stumps, and pointed on high
rotational compliance as a benefit of the new
prosthesis.

Discussion

A mechanism of the angle of dorsiflexion
adjustment in the normal is controlled by calf
muscles and lost by trans-tibial amputees along
with plantar flexion. Many attempts have been
made to improve plantar flexion of the
prosthetic foot (Hittenberger, 1986; Phillips,
1989; Knstinsson, 1992; Colwell, 1994).
However, the amputee’s performance might be
of greater normality if more attention was given
to emulating normality dorsiflexion.

The moment of resistance to deflection
(resistive curve) in the ankle joint during the
stance period of gait s considered in this study
as a determinant or mechanical outcome of
normal dorsiflexion. The pattern of that
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anatomical basis for reduced flexion of the
existing knee in stance. A pilot gait study of the
subject with trans-tibial bilateral amputations
has proved an increased range of motion in the
knee (15° wversus 6°) with the RIA in
comparison with the Flex-Foot (Fig. 8).

The second positive consequence of using the
rolling joint prosthetic foot and ankle prototype
was the subject’s feeling of easiness in the
beginning of tlexion in the ankle during the first
third of the stance period. A smooth transfer to
the area of the metatarsals took place at the end
of the second third of stance, and the heel of the
RJA was lifted. One should recognise that it is
not exclusively the magnitude of the stress that
causes skin breakdown. The combination of
such parameters as magnitude, frequency, and
loading in other directions, tissue conditions,
etc., may all simultancously contribute to skin
breakdown (Radcliffe and Foort, 1961; Sanders
et al., 1993). The reduction of normal and shear
stresses on the stump would be even more
important in the perspective of direct skeletal
attachment for leg prostheses (Eriksson and
Brinemark, 1994).

There might bc a concem that the RJIF does
not mimic the resistive curve of the ankle at
different walking speeds and under conscious
control of the amputee. A mathematical model
of a mechanism developed is not “sensitive” to
the speed of ambulation, since the nonlinear
resistive curve was intentionally provided by a
linear elastic tie included in a rolling structure.
However, the design of the RIF has an ability to
respond to spced and correlated load changes.
The distance between points of attachment of
the elastic tie (and consequently the resistive
curve) depends not only on the angle of
dorsiflexion as in the mathematical model, but
also on vertical loads from the prosthetic tibial
connector (Fig. 6). This additional component
of the moment of resistance might become a
means for self-adjustment of the prosthesis to
changes in speed. Further research and
prototyping work is required (o establish this.

Conclusions

I. The technique of synthesis of a cycloidal
prosthesis mechanism with a given outcome
has been developed, which would be useful
for the design of prosthetic devices.

2. Further investigation in cam rolling
(cycloidal) prosthetic joint design and usage

should be conducted, since a morc
biological output appears possible.
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