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Development of a Passive Ankle Foot Pros- ~ Major advancements have been made in the field of prosthetics, but devices
thesis with Manually Adjustable Ankle Stiff-  remain largely out of reach for the amputee population domiciled in the de-
ness. Open Journal of Therapy and Reha- veloping nations, which makes up 80% of the entire amputee population of
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that do not mimic the behavior of the natural lost limb, with the long-term
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1. Introduction

Amputations are mainly as a result of trauma injuries, congenital deformities
and also due to infectious diseases, with the risk of amputations being increased
by prolonged armed conflict, natural disasters as well as the breakdown of health
services and the inability to control the progression of some diseases [1] [2].
According to the World Health Organization (WHO), there are about 30 million
amputees that live in developing countries, with 95% of them having no access
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to prosthetic devices [3].

Current prosthetic foot development does not target the majority of the end
users, with approximately 80% of the amputee population residing in developing
countries [3]. Due to the lack of access, many amputees resort to pole and crutch
limbs that are not conducive for activities of daily living and lead to complica-
tions such as contracture and upper limb dysfunction [4]. Thus, amputees with-
in the developing world face a variety of challenges due to the lack of the pros-
theses. This includes the limitation to their mobility as well as making it difficult
for the amputees to earn a living, and in some cases being turned into beggars
for survival [5].

The most common prosthetic foot in the developing world is the solid ankle
cushion heel (SACH) foot, which is a passive flat foot prosthesis designed for
household and limited community use [6]. The long-term use of such flat foot
prostheses leads to physical injuries for the users such as osteoathritis, osteope-
nia and subsequent osteoposis, due to musculoskeletal imbalances or pathologies
[7]. The high cost of better performing prosthetic devices further hinders the
accessibility of the devices due to the economic challenges faced within the de-
veloping world [5].

Advanced prosthetic technologies have been developed, but this is realistically
available for users in developing countries where there are insured consumers,
service members and veterans. These designs are not feasible for the developing
world because of the cost, as well as due to the required maintenance from
skilled technicians, inadequate adaptation to adverse conditions, and the inabili-
ty to obtain and maintain a reliable power supply [6].

The stiffness of a natural ankle varies according to the task being undertaken,
with the natural ankle exhibiting lower quasi-stiffness during controlled dorsif-
lexion of stair descent than in level ground walking [8]. The SACH, which is
commonly used has a fixed ankle stiffness as the ankle is fixed to the foot and
has degree of freedom [9], and as such was designed only for limited mobility.
Thus, a device whose stiffness properties can be altered will be of great value to
the amputees. To this end, Shepherd and Rouse [10], developed a quasi-passive
prosthetic foot, whose stiffness can be altered for different mobility tasks, with
the use of a control system and motor. The work of Shephered and Rouse is
adopted in this paper, with the aim of developing a passive ankle-foot prosthesis,
whose stiffness can be adjusted manually, thereby not requiring controllers or
motors that increase the cost, as well as the technical requirements for fitting
and maintenance of the device. The manual modulation of the ankle stiffness by
the amputee is desirable as they can adjust to a preferred stiffness for different
ambulation tasks. This work addresses the issue of low access to prosthetic de-
vices within the developing world, by providing a solution that is aimed at the

majority of the amputee population.

2. Materials and Methods

The proposed prosthesis has a manual adjustment mechanism for the ankle
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stiffness as well as encompassing a forefoot section. The aim is to make a less
complex but functional ankle-foot prosthesis that mimics the functionality of the
lost limb. The following were the design requirements for the prosthesis:

1) Light weight such that the weight of the prosthesis does not surpass that of
the natural limb.

2) Closely mimicking the dimensions and structure of the natural limb.

3) Incorporation of a fully mechanical adjustment mechanism for the adjust-
ment of the ankle stiffness.

4) Ability to store energy in the forefoot such that it can aid in propelling the
leg forward in terminal stance.

The design is presented in three parts. The first and second parts discuss the
architecture and development of the adjustment mechanism and forefoot re-
spectively, while the third part presents the complete architecture of the prosthe-

sis. The design and simulation were carried out in SolidWorks®.

2.1. Design of Adjustment Mechanism

The changing of the ankle stiffness is based on a system of a cam transmission
and a leaf spring whose support can be altered [10]. In this current design, the
adjustment mechanism is based on a lead screw which is used to move a support
slider for the leaf spring. The adjustment is made possible by a radial knob at the
back of the foot, which when rotated, will result in the translational motion of
the support slider.

Figure 1 shows a schematic of the adjustment mechanism. In this figure, the
screw is constrained at both ends in such a way that when rotated, a translational
movement of the support attached to it is achieved. The spring is deflected by force
Pemanating from movement of the cam transmission that forms the ankle joint.
The movement of the support slider causes a change in the stiffness of the spring.
This change in the stiffness of the spring will result in a corresponding change in
ankle stiffness as described by Shepherd and Rouse [10]. The distance x, moved by

the slider support upon rotating the screw through an angle 6, is given by

x=10/2x (1)

where /is the lead. The mechanism is designed to have the maximum travel dis-

tance of the support slider as 80 mm. The number of rotations of the screw for

P

o ﬂ

] /Knob
Support Slider \Lead Screw

Figure 1. Schematic of adjustment mechanism.
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this travel was arbitrarily taken as 10, and therefore the lead of the screw was de-
termined as 8 mm. Thus, for a complete revolution of the screw, the slider

moves through a distance of 8 mm, as described by the relation in Equation (1).

2.2. Forefoot Design

The forefoot section is incorporated in the design of the foot in order to mimic
the functionality of the toe section in the natural foot. In normal gait, the foot
rocker occurs when the heel is raised from the ground, while the toes remain un-
til the end of the late stance where toe-off occurs [11]. Late stance begins from
the moment the heel leaves the ground until the toes also clear the ground. In
order to achieve the functionality of the toe section, the design is based on a can-
tilever attached at the front end of the prosthesis. As such, the forefoot section is
modeled as a cantilever beam that deforms (deflection of the beam) and stores
energy in the form of strain energy, which is released at toe-off, in order to pro-
pel the leg forward.

Figure 2 shows an illustration of the designed prosthesis as it progresses from
midstance to toe-off. As the heel begins to rise, the foot rocker occurs, where the
foot rolls over the metatarsophalangeal joint. Since the forefoot is a compliant
fixture, it will deform as the heel rise continues, thus storing energy in the fore-
foot. This energy will be released at toe-off, towards the end of late stance, where
the foot completely leaves the ground and begins the swing phase of the gait
cycle. The forefoot is to be made from Nylon material, as this material exhibits a
high strength to weight ratio, as well as high strain energy density [12]. The ma-
terial is readily available and easy to machine. Energy stored in the forefoot in

the form of strain energy, is given by,
U =F*’/6EI )

where Fis the ground reaction force at the terminal stance, /is the length of the

forefoot beam, F'is the modulus of the materialused and 7is the moment of inertia.

2.3. Mechanical Structure of Ankle-Foot Prosthesis

The full structure of the ankle-foot prosthesis is made up of the forefoot section,

the adjustment mechanism and a cam and leaf spring transmission for the ankle

L4 44

(a) (b) (c) (d)

Figure 2. Illustration of the progression of the foot in late stance. (a) Midstance; (b) Heel

rise with toe deflection; (c) Toe-off; (d) Swing.
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joint. The prosthesis has one rotational degree of freedom about the ankle joint,
while the forefoot is compliant. The dimensions of the proposed prosthesis are
such that they closely resemble the dimensions of a natural ankle-foot complex
of a 1.73 m tall human subject [13]. The dimensions of the natural limb and
those of the designed prosthesis are presented in Table 1.

The solid model of the designed prosthesis is shown in Figure 3. Most of the
parts of the mechanical structure are made of Aluminium 7075, with the excep-
tion of the forefoot, which is made of Nylon for greater flexibility and energy

storage.

3. Results and Discussions

3.1. Structural Analysis

Structural analysis was conducted in order to assess the strength of the structure
and to ascertain that the structure is strong enough to withstand the loads to
which the prosthesis will be exposed to in use. The analysis was conducted on
critical parts of the final model of the prosthesis.

The maximum force, which is achieved at heel strike is used as this is the
maximum force that the foot will be exposed to during use. This heel strike im-
pact force used is equivalent to 110% of the body weight as per literature [14]

[15] [16]. The impact force, F,,,, was therefore obtained using the conversion,

Table 1. Human foot and prosthesis dimensions.

L. Human Foot Prosthesis
Description
(m) (m)
Foot Length 0.26 0.287
Toe Length 0.09 0.05
Horizontal distance from back of foot to ankle joint 0.05 0.055
Vertical distance from bottom of foot to ankle joint 0.07 0.085

Figure 3. 3D model of the mechanical structure of the designed prosthesis.
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F,. =11mg 3)

where m is the body weight in kg, and gis acceleration due to gravity, taken as
10 m/s*. For this study, a body weight of 75 kg is taken as the design criterion,
and as such the value of the vertical Ground Reaction Force (GRF) that the
prosthesis would be exposed to on impact with the ground is 825N. This is the
force used in the analysis. Von Mises yield stress criterion was used to analyze
the design and the results obtained are presented in Figures 4-7.

Figure 4 shows the stresses of the ankle component based on Von Mises yield
strength criterion, as well as the resulting displacement during static loading.
The maximum stresses within the part are 4.69 MN/m? with the yield strength
of the material used being 95 MN/m’ thus giving a safety factor of 20. The
maximum deformation of the part is seen to be 1.593 pum, which for practical
purposes, is negligible.

For the foot base, as shown in Figure 5, the maximum stress was found to be
0.79 MN/m’, resulting in a safety factor of 119. There is no significant deforma-

tion within the part, as the maximum deformation is 16.66 um.

von Mises (N/m?) URES (mm)
4.690e+06 1.593¢-03
| pE W asrens
_ 3.909e+06 ~ 1.328e-03
- 3.518e+06 _ 1.195e-03
_ 3.127e+06 _ 1.062e-03
_ 2.736e+06 _ 9.295e-04
2.345e+06 . 7.967e-04
h!. 1.954e+06 -T 6.639-04
_ 1.564e+06 . 5312e-04
_ 1.173e+06 _ 3.984e-04

7.819e+05
3.910e+05
1.954e+02
—) Yield strength: 9.500e+07
(a) (b)

2.656e-04
1.328e-04
1.000e-30

Figure 4. Stress distribution and resulting deformation for the base of the ankle part. (a)

Stress distribution; (b) Deformation.
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— Yield strength: 9.500e+07
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(a) (b)

Figure 5. Stress distribution and resulting deformation for the base of the foot. (a) Stress
distribution; (b) Deformation.
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Figure 6. Stress distribution and resulting deformation for the fore foot. (a) Stress distri-
bution; (b) Deformation.
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Figure 7. Stress distribution and resulting deformation for the ankle bracket part. (a)
Stress distribution; (b) Deformation.

In the results of the analysis of the forefoot section shown in Figure 6, the
maximum stresses are 88.7 MN/m?, as compared to the yield strength of 103.6
MN/m?’ of the material used, resulting in a safety factor of 1.2. The large defor-
mation observed is accepted as the forefoot is designed such that it emulates the
flexibility of the toe section in a natural foot. The energy stored during this de-
formation of the section, as discussed in earlier sections, will then be released in
order to assist in propelling the leg forward.

Another critical part on which analysis was carried out is the ankle bracket.
The force used in analysis was half of the GRFs (412.5N) as there are two brack-
ets that share the total load of 825N. The results are shown in Figure 7 above.
The maximum stresses of 16.58 MN/m? within the bracket are significantly low-
er than the yield strength of the material, which is 95 MN/m’, resulting in a
safety factor of 5.7. This shows that the brackets are able to withstand the loads
that they are exposed to during use. The maximum deformation is 4.617 pm,

which is an insignificant.

3.2. Properties of the Prosthesis

The designed prosthesis was also evaluated for other properties, using the work
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by Zaier and Al-Yahmedi [13] as a standard for the natural human foot proper-
ties. The designed prosthesis closely resembles the dimensions of the natural an-
kle-foot complex. This is desirable as the prosthesis would mirror the missing
limb. Another property which was evaluated is the weight of the prosthesis. The
achieved weight, with all appropriate materials applied in the 3D model, was
found to be just above 1.1 kg. For the natural foot, the weight is taken to be
1.37% of the body weight [13], and thus applying the 75 kg as before, the com-
parable weight of an intact ankle-foot complex would be about 1 kg. Thus, the
prosthesis also closely mimics the weight of the natural limb.

4. Conclusions

In this paper, the design of a passive ankle foot prosthesis was presented. The
designed parameters of the prosthesis closely resemble the parameters of an in-
tact human ankle-foot complex. The prosthesis incorporates a forefoot section
that can store and release energy in late stance, as well as offer the wearer the
ability to alter the stiffness of the prosthesis easily. Structural analysis was con-
ducted on critical parts of the prosthesis and it was shown that the design can
withstand the ground reaction forces that the prosthesis would be exposed to in
use.

This design is part of an on-going research and the prototype of the prosthesis
is being fabricated, which will be experimentally characterized. The main aim is
to provide a low-cost ankle foot prosthesis that can closely mimic the functional-
ity of the missing limb. A prosthesis that allows for more functionality and
mimics the lost limb as compared to the commonly used prosthetic feet within
the developing world, ensures the restoration of ambulation capabilities as well

as confidence for the prosthesis users.
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