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EDITOR’ S NOTE

_ The human ankle-foot system is still far more compfex and functional than existing

; ‘commerc;a!ly available prostheses In the fol!owmg article the author provides a
~‘-“i‘pre¥;msnary report on an experiment usmg articulated cadavertc bones as a structural
_ endoskeieton in an ankle- foot prosthesas The report is prekmmary and does not

‘ support any final conclusions.

However, the study is unusuatiy orrgma{ and is publtshed to stsmutate thought and

Thns paper;addresses a s;gmflcant probtem in
: pros’chettcs~»that of replacing the compiex
functfon of the human foot thh a prosthetlc
~‘~feot The author has presented a novel, enticing
idea for solwng this probiem Whtte the concept
_may be vahd thts repart kS toc prehmmary to ;
_ﬁaﬁaw conclusions. - ‘
Bosied dried bcnes are obv;ousiy devo;d af
sansory receptors and are devoid of remodelli ing

fcapacﬂ:y Human bones, even with the capabmty ‘
~ movements at various artlcufattons and
__comparisons made of such movements with

normal walking and other human funct:ons A
__quantitative comparison of the articulated bone
~_ prosthesis to the Jaipur Foot is a[so needed.

to remodel, are known to fatigue and fail
“espec:laﬂy when devoid of dynamtc muscle
‘stabmzanan Further, human bones, part;cular%y
in the foot when devoid of sensory input are
known to suffer degeneratton in the form of
Charcot joints, with marked destructton of the
boney archltec’cure

Research needs to be done on methods of
effecttve art:culatton between bone surfaces.
Possible methods include maintenance of human
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urther research The comments of two leading tesearchers are presented to help : -
:‘readers p ace the merlts and hmztatmns of this work m perspect!ve - .

Se/don P. Todd, Jr, Edfiér |

kcartt%age and the vu%camzatron of rubber -

~ compounds into artxcuiatmg surfaces Unless the‘
‘ f“comp%ex arttcutattons present in the human

‘ankie -foot compiex are precisely duptscated ina

prosthes;s normai motion will not occur,

especnal!y at the ;omts Abnormal motion is ;
‘ bound to lead to destruction of the joint surfaces

_and further destructkon of the bones will occur o

_under repetitive foadmg conditions.

Quanntatxve measurements are neecﬁed on

Harry B. Skinner, M. D Ph. D.

_ Department of Orthopedic Surgery ;
University of California/San Francisco
Rehabilitation R&D, VA Medical Center
Fort Miley. San Francisco
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Abstract—This report describes the construction and
evaluation of an ankle-foot prosthesis using human
cadaveric bones as the endoskeleton inside a fiber-
reinforced vulcanized rubber shell. Cadaveric bones and
exhumed skeletal bones were used. Three designs were
fabricated, subjected to radiographic evaluation, and
underwent 4-week field trials of normal daily use by a
unilateral below-knee amputee. The rubber shell retained
the position of the bones, permitted movements at the
joints in various stages of the stance phase, and restored
the bones to their neutral position when the foot was
unloaded. The cadaveric prosthesis provided for plantar
flexion of the foot when the heel was loaded and for
locking of the joints to restrain excessive movement when
the foot came to rest. While fresh cadaveric bones
withstood all the stresses of active walking, exhumed
macerated bones fractured and fragmented with use.

Key words: ankle-foot prostheses; cadaveric bone endo-
skeleton, fiber-reinforced vulcanized rubber shell; Jaipur
Joot; SACH foot; SAFE foot.

INTRODUCTION

The ankle-foot portion of the human lower
limb is structurally and functionally a highly com-
plex unit. It consists of 28 bones and 33 articula-
tions. It has over 150 ligaments as elastic restraining
structures and is under the active voluntary control
of 31 suitably positioned muscles of varying power.
The shapes of the tarsal and metatarsal bones, and
their complex articulations into longitudinal and
transverse arches, provide a versatile structural base
for the independent, sequential, and associated
movements that accompany human walking, run-
ning, jumping, and lifting of loads. These skeletal
elements elegantly reconcile the two contradictory
functional requirements of the foot: strength and
rigidity for weight transmission, and resilience and
flexibility for graceful gait. The skeletal articulations
allow a large number of independent movements in
different axes, but are structurally designed to
provide for optimum range of motion at appropriate
stages of the walking cycle. Thus, a part of the
restraining attribute is inherent in the shape of the
articulations themselves.

Address all correspondence and reprint requests to: Dr. S.G. Kabra,
Director, Rehabilitation Aids and Limb Fitting Centre, Santokba
Durlabhji Memorial Hospital, Bhavani Singh Marg, Jaipur, India 302
015.
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The development of the cadaveric ankle-foot
prostheses has proceeded in two directions: articu-
lated and non-articulated ankle-foot units (2,4). In
the articulated units, an attempt has been made to
provide various movements by the incorporation of
different types of uniaxial and multiaxial joints
coupled with restoring devices. In the non-articu-
lated ankle-foot units, selective flexibility and com-
pressibility have been provided to the different parts
of the prosthesis by incorporating variable stiffness
materials, giving them functional attributes that
simulate movements when the foot is loaded.

Several varieties of articulated and non-articu-
lated ankle-foot prostheses are available. Among the
most popular of the non-articulated type is the
SACH (Solid Ankle Cushioned Heel) foot (1). In
India, a unit called the Jaipur Foot is preferred. In
articulated ankle-foot units, joints of different com-
plexities provide for desired movements, while re-
straining and restoring attributes are provided by
additional components. However, currently avail-
able articulated units are costly and their mainte-
nance requirements, weight, and necessity of protec-
tion against dust when the ankle joint is externally
located, limit their utility. At the present time, a
low-cost, lightweight, and low-maintenance articu-
lated ankle-foot unit simulating all the joints of a
natural foot seems impossible.

OBJECTIVE

It was felt that a functionally near-natural
prosthetic foot could be fabricated by replacing the
wooden and microcellular rubber (MCR) inserts of a
conventional Jaipur foot with an endoskeleton of
articulated human ankle-foot bones. The present
study was undertaken to explore the utility of such a
prosthesis, addressing in particular the following
questions:

1) Do dried bones have enough strength to
withstand the stresses induced during walking and
other activities?

2) Will the tire-cord reinforced rubber shell
adequately retain the articulated ankle-foot bones in
their respective appositions?

3) Do the required movements occur at the
various articulations?

4) Does the external shell restore the bones to
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their neutral position after movement is complete
and the foot returns to a resting condition?

5) How does such a foot compare functionally
with the conventional Jaipur foot?

FABRICATION MATERIALS AND METHODS

Two types of articulated bones of the ankle and
foot were obtained from the anatomy department of
a medical college. They were: 1) exhumed, macer-
ated cadaveric foot bones which were cleaned,
boiled, dried, and re-articulated with copper wires;
and 2) freshly dissected cadaveric feet, cleaned to
the joint ligaments which held the bones in position,
then boiled and dried. (No articulation with copper
wires was required for these bones.) MCR sheets of
hardness Shore A 35 were procured from local
producers of rubber slippers. Rubber compounds
for vulcanization were the same as used for tire-
retreading, and were procured locally.

The method of fabrication was based on the
method used for the fabrication of the Jaipur foot
(3), in which the three inserts (i.e., fore-foot and
heel of MCR sheets, and an ankle of laminated
wood) are covered with a layer of rayon or nylon
cord-reinforced unvulcanized rubber, and then vul-
canized (Figure 1). However, in this study, three
different designs were fabricated, with variations in
the materials used in each.

Fabrication of the three designs

In design I, only the fore-foot MCR insert was
replaced by an articulated distal row of tarsals, with
metatarsals and phalanges. The heel insert and the
ankle-block carriage-bolt assembly were the same as
used in the Jaipur foot.

In design II, an entire articulated foot was used
to replace both the heel and the fore-foot inserts. In
this design, the Jaipur ankle-block carriage-bolt
assembly was used but altered by shaping its lower
end to conform to the articulating surface of the
talus.

In design III, the tibiofibular mortise of the
ankle joint was used along with the fore-foot and
heel bones, replacing all the inserts. The ankle-block
carriage-bolt assembly of a suitable reduced height
was used. Its lower end was shaped and slotted to
engage the upper ends of the tibia and fibula.
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Figure 1a (left) and 1b (right).

The Jaipur foot. (a) Diagram of components. (b) Sagittal section of actual foot.

One ankle-foot assembly of each of the three
designs was made using fresh cadaveric bones. One
assembly of the design Il was made using exhumed
macerated bones. In each design, a suitably shaped
microcellular rubber sheet was used below the
calcaneum and to fill the concavity of the arched
articulated foot bones.

The articulated skeletal elements of each design
were painted with vulcanizing cement and then
covered with a layer of black unvulcanized rubber
compound. Reinforcing cord strips were laid across
all joints. Two layers of black tread compound
constituted the sole of the foot component. Two
layers of skin-colored unvulcanized rubber were
used as a cosmesis over the ankle and upper of the
foot. The assembled feet were then vulcanized in
steam for two hours at 120 degrees C at 175 kN/m”
pressure. The completed ankle-foot assemblies
weighed 800 to 830 g each. All of the designs
conformed to a number 7 foot size.

TESTING

After gross physical testing of each foot for
flexibility and complete vulcanization, dorso-ventral
and lateral radiographs were taken. Figures 2 and 3
show design II, using exhumed bones articulated

with copper wire as endoskeleton. Figure 4 shows
design III, using fresh cadaveric bones as endo-
skeleton.

The subject who participated in the testing of
the prostheses was a long-term unilateral below-knee
amputee, who had been wearing a Jaipur Foot and
aluminum socket. The fabricated ankle-foot pros-
theses were fitted to the aluminium shank of the
subject’s socket. After checking the alignment, each
of the ankle-foot assemblies was evaluated by field
trials. The subject used each of the assemblies for a
period of 4 weeks. He walked an average of 5 km
and cycled 15 km daily. He also wore the prostheses
while performing various household chores, which
involved lifting heavy loads.

In addition to the dorso-ventral and lateral
radiographs of loading while standing, lateral radio-
graphs of the same design II and IIl assemblies
(shown in Figures 2-4) were taken under loading in
four stance phase positions of the walking cycle:

1) The subject was asked to load the heel with
his body weight (Figures Sa and 5b).

2) The subject then stood with the prosthetic
foot fully grounded and the sound foot lifted off the
ground (Figures 6a and 6b).

3) The subject stood on the prosthetic fore-foot
while the sound foot was lifted off the ground
(Figures 7a and 7b).




47

KABRA: Articulated Cadaveric Bone Endoskeleton

Figure 2.
Lateral radiograph of design 1l (exhumed bone endoskeleton articulated with copper wire). The design does not have an ankle joint.
The wooden ankle-block is shaped to fit directly over the talus.

Figure 3.
Dorsoventral radiograph of design 1I. The position of the five rays is seen.
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Figure 4.
Lateral radiograph of design III (fresh cadaveric bone endoskeleton). The articulations of the bones are retained in the same position

in which they are present in the human foot.

4) The subject was asked to load the foot while
a wooden block was placed under its lateral border
(Figures 8a and 8b).

The subject was generally satisfied with the test
units. He specifically commented upon the greater
flexibility of these prostheses as compared to the
Jaipur foot and on the locking of movements at the
right time provided by the test units.

RESULTS

Design 1 (fore-foot endoskeleton only replaced)
showed greater pronation and supination when
tested by loading the fore-foot against a wedge
placed under the lateral or the medial border,
respectively, of the foot. Design II (human bone
fore-foot and heel) revealed greater eversion, inver-
sion and dorsiflexion. Design III (human bone
fore-foot, heel, and ankle joint tibiofibular mortise)
showed plantar flexion in the heel-loaded position as
well as eversion, inversion, and dorsiflexion. No

differences in walking cycle and gait were noted
when the endoskeletal prosthesis was compared to a
standard Jaipur foot.

Radiographic studies of the human bone pros-
thetic feet revealed that the positions of the articula-
tions paralleled those of the bones in a normal foot
during the observed walking cycles. When loaded in
various stages of the stance phase, the bones of the
prosthetic foot showed movements at the different
joints, as illustrated in Figures 5-8. When unloaded,
the bones were restored to normal positions.

After the 4-week trial period of normal daily
use, lateral radiographs were again taken of each
foot. The repeat radiographs showed that the bones
in design III (using fresh cadaveric bones) had
remained intact and in their normal position (Figure
9). However, the exhumed macerated bones used in
design II showed multiple fractures and fragmenta-
tions (Figure 10).
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Figure 5a (left) and 5b (right).
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(a) Design II. Lateral radiographic view showing heel of prosthetic foot loaded as sound limb is lifted. (b) Design IlI. Lateral
radiographic view with heel of prosthetic foot loaded as sound limb is lifted, showing plantar flexion.

Figure 6a (left) and 6b (right).

(2) Design II. Sound limb is lifted and prosthetic foot is fully loaded. (b) Design I1l. Sound limb is lifted and prosthetic foot is fully
loaded. The bones maintain their position and the longitudinal arch is maintained.

DISCUSSION

These preliminary experiments indicate that
fresh, cadaveric ankle-foot bones possess sufficient
strength to withstand the stresses of normal walking
when used as an endoskeletal support inside a
fabric-reinforced rubberized prosthetic foot. Ex-

humed macerated bones were shown to be unsuit-
able for this purpose.

The rubberized exterior, while being strong
enough to retain the articulated bones in their
respective apposition, is elastic enough to allow their
movement when the foot is loaded and to restore
them to a neutral position when unloaded. Thus, the
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Figure 7a (left) and 7b (right).

(a) Design II. Fore-foot is loaded as sound limb is lifted. (b) Design 11I. Fore-foot is loaded as sound limb is lifted.

Figure 8a (left) and 8b (right).
(a) Design 1I. Lateral border of the foot is loaded against a wooden block placed under it. (b) Design 1I1. Lateral border of the foot
is loaded against a wooden block placed under it. The two bent nails show the thickness of the wooden block.

articulations perform their functions in a virtually
normal manner.

The effect of continuous friction at the articu-
lating surface when the prosthesis is used for periods
longer than four weeks remains to be evaluated. If
necessary, the bones could be coated to improve
their function. Alternatively, synthetic bones of
suitable lightweight, abrasion-resistant material
could be used. Should the dried bones prove to be

fatigue-resistant when used as endoskeleton in a
prosthetic foot for a sustained period of time, this
kind of foot could be planned for those who are to
undergo an amputation, using their own amputated
limb as a source for the ankle-foot prosthesis.

The shape and congruence of the articulating
surface of the human foot bones provide indepen-
dent movements in different planes and around
different axes. Moreover, they have the inherent
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property of locking the joints when the needed range
of motion is reached in conformity with the require-
ments of the sequential stance phase stages of the
gait cycle. They also are light in weight and provide
nearly-normal joints.

The excellent flexibility of the conventional
Jaipur foot enables wearers to walk barefoot on
uneven, rough terrain and also to squat, sit cross-
legged, and even to climb trees (3). The human-
cadaveric-bone-endoskeleton foot reported on here
retains all the qualities of the Jaipur foot, and
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Figure 9.

Design 1. Lateral

radiograph taken after 4-week field test by subject.

The bones are all intact and maintain their articulations.

Figure 10.

Design 11. Lateral and dorsoventral

radiogram taken after 4-week field test by subject.
The bones show multiple fractures and fragmentation.

provides for improved functional attributes. Its joint
surfaces restrain movement after the optimum range
is reached, and thus change the foot’s flexibility
(like the SAFE foot) to perform different functions
during the stance phase. By allowing the sole of the
artificial foot to conform to different terrains,
impact forces between the socket and residual limb
are greatly reduced. The present design is felt to
closely simulate the musculoskeletal architecture of
a normal human foot.
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