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Abstract

The foot prostheses that are most often prescribed to individuals with a K3 or K4 am-
bulation level are the Energy-Storing-and-Releasing (ESR) feet. The ESR feet are char-
acterized by elastic composite elements, generally carbon and/or glass fiber. The energy
is stored by these elastic elements during the first phase of the stance phase and then
released during the push-off. The higher the energy stored by these elastic elements, the
lower the metabolic energy consumed by the user. In a first phase, in this project the
work involved the optimization of an ESR foot whose elastic elements are in carbon fiber
composite materials. According to the author’s knowledge, the state of the art showed
that there was still no systematic methodology in literature regarding the design of foot
prostheses. With the aim of optimizing the stiffness of an ESR foot following a method-
ological procedure, a design and functionality verification methodology based on finite
element analysis and standardized human subject testings on foot prosthesis prototypes
was developed. This methodology included a design phase, based on structural finite ele-
ment analyses, a validation phase through standardized tests on prototypes of foot pros-
thesis, and finally, a functionality verification phase through dynamic simulations, again
by means of finite element analyses. The design methodology was validated by applying
the same methodology to design a first ESR foot: MyFlex-y. MyFlex-§ was developed
upon MyFlex-v with the addition of the spherical ankle joint to provide ground condi-
tions adaptability. The design methodology allowed the optimization of MyFlex-¢§ for five
different stiffnesses, having as objective to provide prostheses with desired stiffness for
users who weigh between 60 and 100 kg. The five prototypes of MyFlex-9, once optimized
using the methodology, were subsequently produced, certified through mechanical tests
that verify their integrity when they are loaded with critical loads and functionally tested
in the clinic by three participants with transfemoral amputations. The human subject
testings for each of the participants was about one day, divided into 4 hours of famil-
iarization with the new prosthesis and five minutes of walking on a treadmill equipped
with pressure sensors to measure the ground reaction forces. During the familiarization
phase, the participants tested two or three different stiffnesses, and then selected the one
best suited to them. Finally, they tested the chosen prosthesis on the sensorized treadmill.
During treadmill testing with pressure sensors, ankle and knee rotations were also mea-
sured using markers placed at specific points in both the healthy leg and prosthetic leg
and cameras that capture the displacements of these markers. Human subjects testings
were evaluated both quantitatively through ground reaction forces and kinematics mea-
surements, and qualitatively through the feedbacks of the three participants. Regardless
of the pre-rotation that the prosthesis foot must have before touching the ground in a walk
on stairs, on an inclined plane or on uneven surfaces, a prosthesis must have a different
stiffness for each of these situations. Walking on a regular and horizontal plane at differ-
ent speeds entails a variation of the stiffness of the prosthesis. Even walking at the same
speed but carrying a heavy object requires variation in the stiffness of the prosthetic foot.
From these needs and based on the quantitative and qualitative results coming from the
human subject testings, the semi-active prosthesis with variable stiffness was developed.
The first prototype of foot prostheses with variable stiffness was MyFlex-¢, whose stiffness
adjustment was done manually. A prototype of MyFlex-¢ was produced and tested to see
if the advantages identified during the simulations were true. The results of finite element
analyses were confirmed by mechanical properties testing. As a next step, MyFlex-( was
designed, a prosthesis with the same principle of operation as MyFlex-e but with the
addition of an actuator that can actively adjust the stiffness of the prosthesis.
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Chapter 1

Summary

1.1 Current Prosthetic Feet and General Objectives

This section describes in a very general way the current state of the art of foot prosthesis
to understand what are the objectives of the work presented in this thesis. Currently
there is a range of types of foot prostheses, each suited for the functional needs of a
particular type of amputee. On the one end of the spectrum, there are the bionic feet for
active walkers. On the other end, there are the conventional feet for non-active walkers or
wheelchair-bound amputees. A middle ground for these two ends, there are the Energy-
Storing-and-Releasing (ESR) prosthetic feet and variable stiffness foot prostheses. More
in-depth study and description of these types of prostheses and of the state of the art in

general are reported in Chapter 3.

Although relatively advanced despite being passive, the ESR feet are generally opti-
mized for a specific horizontal ground walking speed. An amputee could be prescribed two
or more ESR feet with different stiffnesses to perform different tasks. However, getting
two or three ESR feet may become expensive, as well as having to unmount one device
each time to fit another one. This means that every time it is necessary to carry out
the alignment of the prosthesis. Generally, to perform the alignment in an almost perfect
way, the support of a prosthetist and their tools are required. Being too expensive for
many, bionic feet may not be the most appropriate choice. A middle ground between the
ESR feet and the bionics are the semi-active feet, foot prostheses equipped with a smaller
motor or actuation system compared to bionic feet that is able to vary the stiffness of the
foot. The semi-active feet, according to the author of this dissertation, could be the best
compromise, in terms of costs and variability of properties and therefore of the activities
that can be carried out.

Therefore, it can be said that the final objective of this work is to provide a semi-active
prosthesis that is able to vary its stiffness relatively widely so as to allow future users to

perform as many activities as possible in everyday life. However, there are also interme-
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diate goals. The fact that currently the most common prostheses on the market are the
ESR feet has not gone unnoticed to the author of this thesis. The ESR feet have, as al-
ready mentioned, the advantage of accumulating elastic energy with their elastic elements
and then release it at the end of the stance phase in order to reduce the consumption of
metabolic energy by the amputee. The idea is therefore to develop the semi-active pros-
thesis with variable stiffness based on an ESR foot. That is, the idea is to take an ESR
foot with elastic elements already optimized for a given weight category and to integrate
a new system, the one that varies the stiffness. The author, however, does not want to
just take an already optimized ESR foot, with its configuration of elastic elements. A
semi-active prosthesis may not be desired by a user or may still be too expensive and
cannot be affordable. The idea is therefore to have a prosthesis that, in the absence of the

system that varies its stiffness, can still work as a passive ESR foot.

The intention is therefore to design a foot prosthesis with the stiffness desired by
the users for their most common activity, and then, if change of stiffness is desired, the
variable stiffness system can be integrated. However, there is never an unique stiffness
that would suit two patients even with the same physical characteristics. It is therefore
necessary, to satisfy the patient, to design a prosthetic device ad hoc. However, designing
a different prosthesis for each user could become very expensive both in terms of time
and money for the companies and designers in general, especially if the customers can
become hundreds, or even thousands. From here the second objective came out, which in
time orders comes before the first objective (remember: the realization of a semi-active
prosthesis with variable stiffness): it concerns the implementation of a methodology of
design of foot prostheses that follows a systematic procedure with the aim of reducing

design times and costs, avoiding the realization of multiple prototypes.

As can be seen later in this thesis, there is one thing that emerged during the study of
the state of the art of foot prostheses: the little attention given to the other movements of
the foot around the ankle that are not the rotation in the local sagittal plane of the foot
itself. As the author thinks these out-of-plane rotations are important for comfortable
gait, they made it a design objective to develop a prosthetic foot, whether ESR or semi-
active with an ankle with spherical joint that allows passive adaptation to the ground

condition also in the frontal and transverse planes.

The project developed and presented inside this thesis belongs to a larger project
that covers different fields of engineering and medicine. The project in question is the
MyLeg Project. The main objective is to have a light and strong and at the same time
technologically advanced transfemoral prosthesis. The transfemoral prosthesis will include
the prosthetic knee and the prosthetic ankle-foot, and in the middle the pylon that works
as shank. To create lightness, in addition to the composite elastic elements, the ball joint
at the ankle will be designed in such a way as to use composite materials. For more details,

in-depth descriptions are made in the following sections.
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1.2 Summary of the Objectives

Summarizing what has been said so far, the general objective of this thesis is to design
a semi-active foot prosthesis with variable stiffness which, in the absence of the
system that varies its stiffness, can also be used as an ESR passive prosthesis. A further
objective is the development of a systematic design methodology that can be reused
to design as many prostheses as possible. The final prosthesis must be light-weight and,
even when it is passive, must be able to adapt to the conditions of the ground: for this
purpose,composite materials will be used for both elastic elements and for as many

structural components as possible, including the ankle with spherical joint.

1.3 The MyLeg Project Constraints

As previously mentioned, the project of this thesis belongs to a larger project: Myleg.
This MyLeg Project includes several Dutch universities and research centres (University
of Groningen - Groningen, Radboud University of Medical Center - Nijmegen, Roessingh
Research and Development - Enschede, University of Twente - Enschede), an Italian uni-
versity (University of Bologna) and an Icelandic company, one of the leaders in the field
of prosthetics (Ossur).

The European project Myleg (Smart and intuitive osseointegrated transfemoral pros-
thesis embodying dynamic behaviors) was funded by the Horizon 2020 programme. It
started in January 2018 with an original duration of four years. The aim is to design an
osseointegrated transfemoral prosthesis with a high level of user control. MyLeg Project
seeked to exploit new technologies and innovative materials that could help to make this
type of new generation prostheses simpler to use and more efficient than prostheses cur-
rently available in the market. One of the main objectives of the MyLeg project is precisely
to lower the metabolic cost necessary for the amputee patient to walk.

The parts that needed to be carefully designed were multiple, such as a joint that can
osseointegrate the missing component of the femur bone with the prosthesis itself; the
mechanical components of the knee and ankle joints; the actuation and control system.

Below, the objectives and contents of the Myleg Project will be briefly presented, and

the most important project constraints will be briefly explained.

1.3.1 Project Constraints

The project constraints can be divided into three main categories: construction constraints,

functional constraints, and environmental constraints.
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Construction Constraints

Construction constraints give minimum and maximum dimensions of the device, its weight
and composition. The final result shall be subjected to an approval test according to the
reference standard ISO 10328:2016. This regulation requires the execution of a series of
static, dynamic and cyclic tests to be carried out in the laboratory on the prosthetic
device so its stiffness and strength can be evaluated. Successful completion of these tests
will be crucial for the prototype of the prosthesis to be tested by users with amputated
legs.

In general, the initial dimensions were as follows:

e Length of the leg (340-600 mm)
e Distance of the knee joint axis from the ground (405-700 mm)

e Length of the foot (22-30 cm)

However, during the project, also because of the patients who could be available to
carry out human subject testings with future prototypes, to facilitate their identification
and the design of the prostheses, regarding the size of the foot, the length was limited to
27 cm (external size of the foot shell that corresponds to the size of the healthy foot, not
to be confused later in the texts with the maximum length of the elastic elements).

Another very important constructive constraint regards the weight that the whole
device can support, including knee and pylon. The final prosthesis should be able to with-
stand critical loads of use by a user with a body weight of 125 kg. According to ISO 10328,
the maximum critical load should be around 400% of the user’s body weight. Therefore,
the final prosthesis can, according to ISO 10328, present damage when it is loaded with
about 5000 N. However, damage, if any, should be limited to plastic deformation and not
include definitive breakage of the device.

Another aspect to consider that can decrease the comfort of use is the noise generated,
due to bumps and scratches, by the mechanical components in motion. To maintain the
right level of well-being, the noise level must be less than 64 dBA at a distance of one
meter. In addition, it is necessary to ensure that the leg does not produce periodic sounds
that could be annoying to the user and the people close to them.

As a last constructive constraint the prosthesis must be totally waterproof and must
be able to face and tolerate the most common climatic conditions without being damaged

or losing functionality.

Functional Constraints

Functional constraints are necessary because they involve and ensure possibility to carry

out all those tasks that would allow the patient to have no limits of activity. By inserting
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and respecting these constraints, the user is guaranteed the most complete independence,
eliminating all the limitations that can affect freedom of movement. The first fundamental
constraint of the first prototype is that it must be a totally passive device, that is, without
any kind of actuation but composed entirely of elastic or mechanical elements. For a
prosthesis of this type it is very important to determine the degree of mobility. This
parameter discriminates against prostheses based on their ability to allow the user to
perform more complex tasks.

This parameter divides the prostheses into four main levels:

e K1: low degree of mobility, suitable for people who move inside indoor environments
and do not need high performance. A prosthesis of this level allows a slow walk

movements on regular surfaces;

e K2: low degree of mobility, suitable for people who move within indoor and do
not need high performance. A prosthesis of this level allows a slow walk to drink

movements and on regular surfaces;

e K3: high degree of mobility, suitable for people who need high performance who
must move in outdoor spaces without any kind of limitations. The prostheses of this
level allow the overcoming of most obstacles and allow the patient to carry out work

or sports activities such as trekking;

e K4: very high degree of mobility, suitable for people in need of very high perfor-
mance. This level of prosthesis allows the user a unlimited use and allows partici-

pation in demanding sports activities.

The Myleg prosthesis should have a mobility level comparable to the last two levels:
K3 and K4 and should ensure a maximum speed of 1.4 m/s (5 km/h).

One of the fundamental aspects on which the entire Myleg project is based is the
reduction of the metabolic cost of the user during the use already starting from the
passive prototype. The prosthesis should be able to release at least 80-85% of the total
energy absorbed during roll-over to be able to effectively ensure energy saving to the user
and allow to insert in the prototypes later small and light engines in order to maintain
low the weight of the same.

The prototype shall also ensure correct dorsiflexion and plantarflexion in the various
stages of the gait to prevent the patient from stumbling because of the prosthesis itself.
To avoid this type of problem the prosthesis must guarantee what is called foot clearance,
that is simply the distance between the foot and the ground that occurs in the swing
phase and the mechanism of the prosthesis will have to ensure keeping all the components
of the prosthesis raised from the ground for as long as necessary to complete the swing

phase.
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Some aspects that the prosthesis will have to maintain in order to maximize the
comfort during use. The first is that the artificial leg must avoid generating excessive
moments of force in the interface area between the prosthesis and the remaining part of
the limb. The second aspect is to ensure the balance to the patient, both when resting and
when walking, taking away the annoying feeling of being able to fall at any moment. The
last aspect concerns the kinematics, which must be studied in such a way that it does not
generate mechanical shocks (for example, in the end-of-stroke zones of the mechanism), so

it will be necessary to provide damping systems of the components and locking systems.

Environmental Constraints

In this subsection the environmental constraints are presented. These constraints have
been considered because the mechanical components and, in the case of subsequent pro-
totypes, the electronic components are sensitive to the environment in which they operate.
There may be particular conditions of temperature, pressure and humidity that would lead
to accelerated deterioration or even malfunction of the device. It is therefore important
that these conditions do not compromise the operation of the device that we are going to
design, remembering that these environmental conditions are not extreme, are those that

we are used to dealing with in everyday life. These constraints in detail are:

e Temperature: from -10°C to 40°C
e Humidity: from 0% to 100% of relative humidity

e Pressure: from 700 hPa to 1060 hPa

1.4 Research Questions and Dissertation Outline

Considering the final objective of obtaining a semi-active foot prosthesis with variable
stiffness, designed with a systematic methodology, and equipped with a spherical ankle
joint and a foot group consisting essentially of an ESR foot made of elastic composite

elements, in this dissertation the following Research Questions (RQ) will be adressed.

1.4.1 Research Question RQ1

Designing a prosthetic foot means having to know what are the behaviors of the healthy
human foot. So, the first question that arises is:

RQ1 - "What are the biomechanical requirements for designing a prosthetic
foot?"

To this question, the author answers by making a study of the biomechanics of walking.

The results of their studies of the literature were then reported in Chapter 2. The various
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stages and sub-phases of the gait cycle and the parameters were presented in that chapter.
Finally, the kinematics and kinetics of the human foot were defined during normal walking,

then adopted as design requirements of the foot prosthesis.

1.4.2 Research Question RQ2

To be able to make a contribution in the field of prosthetic feet, it is necessary, however,
to know the state of the art of these devices. A second question that arises is, therefore,
the following;:

RQ2: "Technologically speaking, what is the current state of the develop-
ment of foot prostheses, and what are the types of prosthetic feet currently
existing?"

The state of the art of foot prostheses has been studied in literature by the author.
The results of the study were then reported by the same author in Chapter 3. In this
way what is currently the existing technology can be understood, both in market and in
the academic field. In addition, it can be understood where MyFlex prostheses can be

placed.

1.4.3 Research Question RQ3

The ultimate goal is to have a lightweight and durable device. For this purpose the use of
composite was planned, not only for the elastic components of the prosthetic feet, but also
for the structural components, where it was possible. Adding perhaps the goal of reducing
costs, an aspect that might not go well with the use of composite materials, the following
two questions could be asked, which could be combined in a single research question:

RQ3: "What are the existing production technologies for composite compo-
nents? Is there any way to reduce prototyping and manufacturing costs?"

To answer this question, the author gives a brief presentation of the various composite
component manufacturing technologies in Chapter 4.

The first three questions are all of a generic nature and have been answered through the
Part I of this dissertation. The following questions will be answered through the so-called

technical chapters in Part II and Part III, where the author’s works are presented.

1.4.4 Research Question RQ4

Another goal that the author has set is to create a methodology of prosthesis design that
can be followed in general to optimize and realize prosthetic foot devices. The target is
to reduce as much as possible the design times, but also the number of prototypes to be

produced and physical tests. The fourth question is therefore:
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RQ4: "What are the techniques used by the author to achieve these goals?
How did they reduce the design time? How will it be possible to reduce the
number of prototypes to be produced?"

To answer this question, the author presents in Chapter 5 the design methodology
that they developed and subsequently validated in collaboration with colleagues through
experimental tests on a prototype of foot prosthesis (Chapter 6). Validation of numerical
techniques was necessary to confirm that the same numerical techniques can then be
reused minimizing the number of prototypes to be produced and tested physically. Once
validated, the design methodology was then exploited to optimize different stiffnesses for

the same design of foot prostheses. The results obtained are presented in Chapter 7.

1.4.5 Research Question RQ5

Another feature that the prosthesis that the author wants to propose must have is the
adaptability to the conditions of the ground. The author hypothesized that it would be
advantageous to include a spherical joint.

RQ:"What are the advantages of a spherical joint at the ankle? How can
its advantages be evaluated?"

These questions are answered in Chapter 7, where, in addition to presenting the
results of mechanical properties testing of a foot prosthesis, human subject testing is also
presented, performed on the Myflex-§, an ESR prosthesis characterized by an ankle with
a spherical joint. The human subject testings were carried out at Radboud University
Medical Center in Nijmegen, The Netherlands, in collaboration with other PhD students

and Professors.

1.4.6 Research Question RQ6

The final prototype must be a light prosthesis (using composite materials presented in
Chapter 4), must be designed according to the methodology presented in Chapter
5, must have a spherical ankle having studied the effects on walking (human subject
testings presented in Chapter 7) and finally, must have a system of variable stiffness.
In the introduction the author mentioned that the final prosthesis will have to function
as a normal ESR foot in the absence of the variable stiffness system or in the field of
malfunction of the system. The system must therefore be built on ESR foot already
validated and tested.

RQ6: How, then, can a system of variation of stiffness be inserted in the
prostheses that has already been presented in the previous chapters? And above
all, what are the variations in terms of stiffness, brought about by the new

system? How were these variations evaluated?
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To these questions, enclosed in a single mega-research question, the author gave answer
in Chapter 8 and Chapter 9 where they presented the two versions of variable stiffness

foot prostheses.
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Chapter 2

Biomechanics of Human Ankle-Foot

Abstract

In order to design an ESR prosthesis made of elastic elements, it is necessary to know the
stiffness they must have to make the prosthesis work like a healthy human foot. To know
the necessary stiffness, it is necessary to know the rotations that a healthy human foot
has during the walk. In addition, it is also necessary to know the loads to which the foot
is subjected during the stance phase. In order to determine the abovementioned stiffness
and to understand in general the biomechanics of human gait, in this chapter anatomical
terms including reference planes, axes and directions of motion, degrees of freedom of the
ankle-foot system will be defined. In addition, a brief description of the gait cycle will be
given, subdividing it into sub-phases and events. After defining some walking parameters,
the values of the foot rotations in all directions of rotations and ground reaction forces
exchanged between the foot and the ground during the stance phase will be provided.
This latest information will subsequently be reconsidered as biomechanical requirements

for prosthetic design.

2.1 Introduction

Human biomechanics is a branch of bioengineering that focuses primarily on the study of
human movement involving various types of physical movements. It has a multidisciplinary
nature and involves the simultaneous application of knowledge in the medical, biological
and engineering fields. The term gait analysis is the biomechanical research area that
deals with shedding light on the functioning of human locomotion: walking. Walking can
be defined as "a method of locomotion that involves the use of two legs, alternatively, to
provide both support and propulsion" [1] and is one of the most natural expressions of
motion behavior. Although the act of walking is a spontaneous gesture in our daily lives,
it is a complex activity and is the result of a synergy involving structures and functions

of the neuro-musculoskeletal system of the human body [2]. The objective of the analysis

13
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of the gait is to study the movements of the body segments participating in the motion,
or how they are performed, to derive the moments and forces acting at the level of the
articulations together with the joint kinematics that they generate. The final result can
be expressed by a set of main parameters that characterize the gait cycle, useful objective
means to discriminate a normal gait from an abnormal one.

The set of quantitative and qualitative information obtained from the analysis of the
gait are useful in the two main applications of biomechanics: (i) in the medical field, where
clinical evaluations based on quantitative parameters obtained from an analysis of the path
taken on the pathological subject can take decisions and intervene in the correction of
the cycle before the occurrence of potential injuries, or the worsening of pathology; (ii) in
the field of robotics, where the results obtained from the kinematic and dynamic study of
human walking become useful information for the design of humanoid robots or prosthetic
limbs. For the present work, the interest is on the design, optimization, realization and

testing of prostheses for the lower limb, in particular of the ankle-foot complex.

2.2 Anatomical Terms

A reference to human anatomy is necessary to highlight the spatial distribution of the
constituent parts of the human body. In describing the motion of the body segments during
gait, anatomical terms are used that define their orientation: position terms are used for
the characterization of any part of the body, and in terms of movement to indicate the
type of movement and the direction in which it occurs. Both terms are defined in reference
to a condition whereby the human body is in the anatomically neutral position, namely:
standing upright, with the upper limbs applied to the sides of the trunk and the lower
limbs aligned [3]. From this anatomical position, the axes and reference planes can be
defined.

2.2.1 Reference Planes and Axes of Motion

Frontal Plane

e

Transverse Plane

I _ Ground

~ <— Sagittal Plane

Figure 2.1: Anatomical Planes of the Human Body.
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The position of any part of the human body can be defined by reference to three orthogonal
planes [3,4]: the sagittal, frontal and transverse planes, shown in Figure 2.1. The sagittal
plane is considered the most relevant, since it includes the direction of motion. Taking
into consideration the bilateral symmetry of the human body (it is also called plane of
symmetry), the sagittal plane is orthogonal to the ground and divides the body into the
two right and left halves, approximately symmetrical. The frontal plane is also vertical,
orthogonal to the previous one and divides the body or the body segment into a front and
a rear. Finally, the transverse plane is orthogonal to the two previous planes and parallel
to the ground: it divides the body into an upper and a lower part.

In relation to a conventionally established centrality point at the intersection of the
three anatomical planes, two useful terms may be defined to describe the position of the
body segments in relation to the transverse plane, namely proximity or distance from
it [4]: the proximal term and the distal term. Proximal is used to denote a body segment
closer to the point of origin, i.e., closer to the center of the body. Distal is used to indicate
a body segment located further away from the point of origin, i.e., 'farther away from the
centre of the body’.

The axes of motion (or anatomical axes) are identified by the intersection of the
planes previously considered and constitute an orthogonal tern of axes that originates in
the center of body mass. The sagittal axis is defined by the intersection of the sagittal
and transverse planes. The longitudinal axis is formed by the intersection of the frontal
and sagittal planes. And finally, the transverse axis is situated at the intersection of the

frontal and transverse planes.

2.2.2 Ankle-Foot Degrees of Freedom

(a) Sagittal Plane Motions (b) Frontal Plane Motions (c) Transverse Plane Motions
Dorsiflexion .
l Abduction
N
Sy ~
Plantarflexion Eversion Inversion

Figure 2.2: Ankle-Foot Degrees of Freedom.

The relative motion between the body segments in the sagittal plane is characterized by
the following terms [4]: (i) flexion and (ii) extension. Flexion and extension correspond
to the decrease and increase of the inner angle formed by two adjacent segments, re-
spectively. In the case of the rotation of the ankle-foot system in the sagittal plane, the

flexion is called dorsiflexion, while the extension is called plantarflexion. The two rota-
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tions are shown in Figure 2.2a. The ankle-foot system rotates also in the frontal and
transverse planes, and these motions are also key movements |5]. The inward rotation of
the foot in the frontal plane is called inversion, while the outward motion is called eversion
(Figure 2.2b). Concerning the transverse plane, the inward rotation of the foot is called
adduction, while the motion in the opposite direction is called abduction (Figure 2.2c).
Considering the axes of motion shown in Figure 2.1, if the foot is approximated as a sin-
gle rigid segment, the dorsiflexion-plantarflexion rotations occur around the y-axis, while
the inversion-eversion and adduction-abduction occur respectively around the z-axis and

Z-axis.

2.3 Gait Cycle

Having defined reference planes, axes and directions of movement, the gait cycle can be
described. The gait cycle represents the functional unit of reference in the analysis of the
walk. The basic requirements for walking are two [6]: (i) Periodic movement of each foot
from one supporting position to the next. (ii) Sufficient ground reaction forces applied
through the feet to support the body.

For a healthy subject, the periodicity of the walk is considered a valid initial hypothesis
from which to start. It can therefore be traced back to the study within a single cycle
of walking since it is assumed that these characteristics are repeated cycle after cycle. In
reality this is not exactly accurate, they are expected to differ slightly in previous and
subsequent cycles. With this hypothesis, the counter-lateral limb will assume half-cycle
offset values from the homolateral limb [6].

The gait cycle is defined as the time interval confined between two successive initial
contacts of the same foot, and represents the temporal reference in which all other mechan-
ical events and muscle activity are described. For the study of a normal walk it is usual
to first identify the temporal event of beginning of the cycle of the step, conventionally

taken as the instant of initial contact (heel-strike) of the heel of the right foot.

2.3.1 Main Phases of the Gait Cycle

The stance phase indicates the time interval in which the foot shares at least one point
of contact with the ground. It goes from the initial contact of the heel to the detachment
of the toe from the ground. This stage usually represents about 60% of the walking
cycle, as average. The swing phase indicates the interval of time that elapses between two
successive steps of stance, that is during the oscillation that is making the limb raised
from the ground in the direction of walking, that ends in the instant of support to the
ground, coincident with the beginning of the next phase of stance. This phase usually

occupies the remaining 40% of the gait cycle.
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Subdivision of the Stance Phase in Initial Double Support, Single Support
and Final Double Support

The limb in contact with the ground performs the function of supporting the weight of
the body, while the counter-lateral limb advances in the direction of motion swinging up
to the support. This motion alternately follows between the two limbs to compose what
it is called 'walk’ |7]. The gait cycle starts with an initial double support (initial double
support) where both limbs are in contact with the ground; the reference limb (black leg
in Figure 2.3) is starting the stance phase while the opposite limb (grey leg in Figure
2.3) is preparing for the start of the swing phase (Figure 2.3a and Figure 2.3b). This
phase is important because there is an exchange of support roles from one foot to another
while they are both in contact with the ground. Usually this interval covers the initial
10% of the cycle. The single support phase (single support) begins with the detachment
from the ground of the counter-lateral limb (Figure 2.3c), ready to swing to allow to
carry forward the center of gravity of the body. Normally this interval covers 40% of the
cycle. Finally, there follows a phase of double terminal support (final double support) in
which the limb taken as a reference is in the final stage of the stance phase (Figure 2.3f

and Figure 2.3g) while the opposite limb is in its initial stage of the stance phase.

Initial Double Support Single Support Final Double Support

Figure 2.3: Subdivision of the Stance Phase.

Sub-Phases of the Gait Cycle

A further subdivision of the two main phases of the cycle is made taking as discriminating
the main events of the step. The purpose of this subdivision is to identify the functional
meaning of events within the cycle of walking. It is essential to analyze in detail the
mechanics of movements between the various rigid limb members at the level of the main
joints, such as the hip, knee and ankle joint. In fact, a correct gait requires a correct
correlation between the relative movements and the functionality that the locomotor
apparatus intends to pursue in each sub-phase (synergic movement of participants in the
motion). The acceptance of the load, the single support and the advancement of the limb
are the necessary conditions for the cycle to occur [7].

The subphases with which the cycle of walking can be divided can be obtained by
adopting one of the following two terminologies: the traditional terminology and the Ran-

cho Los Amigos (RLA) system [8].
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Traditional terminology has developed as an interest in the rehabilitation of gait de-
veloped after World War II in an effort to improve the quality of lower limb prosthetics.
It describes walking in terms of discrete and momentary events, such as heel contact (heel
strike) and toe detachment from the ground (toe-off). It has been shown to be valid also
for cases of transfemoral amputees, while it is not applicable for some pathological sub-
jects, where for example the contact with the heel may not occur in the initial contact.
The RLA terminology that describes the walk more in terms of processes and features,
such as loading response or initial contact. Its use is becoming more and more a standard
due to the fact that being more generic allows a better understanding of the common
characteristics of the normal and abnormal gait and favors the comparison. It is valid and

applicable to any type of gait.

Sub-Phases of the Gait Cycle according to RLA

Initial Loading Mid Terminal .
Contact Response Stance Stance Pre-Swing |
I
(a) (b) (C) (d) (e)

Figure 2.4: Sub-Phases of the Stance Phase according to RLA.

The sub-phases of the stance phase, according to RLA are:

e Initial Contact: the limb is positioned so as to begin the support with the rolling of
the heel. It includes the first moments when the foot comes into contact with the
ground, marking the beginning of the support phase (Figure 2.4a). The relative
position that the body segments assume at the impact promotes initial stability and
determines the mode of response to the load, which during the double support is
shared with the counter-lateral limb. The hip is flexed, the knee is extended and the

segment of the foot is neutral, ready to facilitate the rolling of the heel.

e Loading Response: impact absorption, stability under load and preservation of pro-
gression. From the initial contact (Figure 2.4a) until the end of the double support
(Figure 2.4b), the complete transfer of the weight on the homolateral limb hap-
pens thanks to the bending of the knee, necessary for the absorption of the energy
procured by the impact, together with a foot plantarflexion, accompanied by the
rolling of the heel, which is interrupted by the complete support of the surface of
the foot on the ground (flat foot condition).
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e Mid Stance: progression on the foot in support and stability of the trunk and limb.
The phase of single support begins Figure 2.4b), the opposite limb (grey leg in
Figure 2.4) advances in its swing phase (Figure 2.4c) while the extension of the
knee and hip of the homolateral limb allow the progression of the body on the
support foot.

e Terminal Stance: progression of the body over the foot in support. The final stage
of the single support includes the final swing of the opposite limb (Figure 2.4c)
and the heel lifting (called also heel-off) of the considered limb (Figure 2.4d). The
knee continues the extension and then flexes slightly. The simultaneous extension of
the hip, together with the rolling of the forefoot allow to bring the center of gravity
of the body forward beyond the foot in support.

e Pre-Swing: positioning of the limb for the swing. It goes from the initial contact of
the contralateral limb (Figure 2.4d) to the detachment of the toe of the considered
foot (Figure 2.4e). It begins the transfer of the load on the opposite limb, while
the reference limb prepares to the oscillation increasing the bending of the knee and
the plantarflexion of the foot, configuration adopted to generate a thrust necessary

to the forward thrust of the limb that takes place in the next step.

Initial Mid Terminal
Swing Swing Swing

(@) (b (© (d)

Figure 2.5: Sub-Phases of the Swing Phase according to RLA.

The sub-phases of the swing phase, according to RLA are:

o [nitial Swing: advancement of the limb and lifting of the foot from the ground. It
starts with the lifting of the foot from the ground (Figure 2.5a) and includes the
initial progression of the limb characteristic of the swing phase. At the same time as
this progress, the hip is flexed and the knee is flexed. This phase ends approximately
when the limb in progression is parallel to the foot in support (Figure 2.5b).

o Mid Swing: advancement of the limb and lifting of the foot from the ground. In
this phase the progression movement continues, where the swinging limb is carried
beyond the line of gravity of the body thanks to the flexion of the hip. It ends with a
movement of extension of the knee that allows to bring the tibia in an approximately

vertical position (Figure 2.5c).
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Terminal Swing: complete advancement of the limb and preparation of the limb for
support. The last subphase of swing phase begins with the vertical tibia and ends
with the beginning of a new cycle, that is with the support of the heel on the ground
(Figure 2.5d). The further extension of the knee prepares the limb for support.

Sub-Phases of the Gait Cycle according to Traditional Terminology

Heel Strike: moment during which the heel of the foot projected forward is in contact

with the ground at a single point. It gives rise to the beginning of the cycle.

Flat Foot: instant when the entire sole of the foot is in contact with the ground, and
is identified by the support of the Metatarsal and Toe Strike, that for simplification

can be assumed contemporary.

Mid Stance: the moment when the swinging counter-lateral limb exceeds the sup-

porting foot.
Heel Off: the moment when the heel terminates contact with the ground.
Toe Off: the moment when the contact of the toes from the ground ends.

Farly Swing: interval that is placed in the initial phase of swing, confined between
the Toe Off and the Mid Swing. The limb is lifted from the ground and accelerated

forward.
Mid Swing: the moment when the homolateral limb in swing passes the body;

Late Swing: interval that is placed in the final phase of swing, confined between the
Mid Swing and the initial contact of the new cycle. The limb is decelerated in the

forward direction in preparation for impact.

Events and Sub-Phases of the Stance Phase defined by the Author

Early Mid Late

Stance Stance Stance
[ Ir i l
Heel Toe Heel Toe

Strike Strike Off Off

(d)

Figure 2.6: Events and Sub-Phases of the Stance Phase defined by the Author.
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In this Section, the author provides the terminology for the stance phase that will be
used to explain in the following Chapters the working principle of prosthetic feet. The
terminology used by the author is very similar to traditional terminology. Only the stance
phase is taken into consideration as the swing phase is not interesting for the design of

the foot prosthesis and for the optimization of its stiffness.

Before defining the sub-phases of the stance phase, events are first defined. To better

understand, both events and sub-phases are shown in Figure 2.6:

o Heel Strike:, shown in Figure 2.6a, is the moment during which the heel of the
foot projected forward is in contact with the ground at a single point. It is basically
the first contact (through the heel) between the foot and the ground, therefore it is
considered the beginning of the gait cycle.

e Toe Strike:, shown in Figure 2.6b, is the moment when the toe of the foot comes in
contact with the ground. For simplicity, metatarsal strike and toe strike are assumed

as a contemporary event. From here on, only toe strike will be mentioned.
e Heel Off:, shown in Figure 2.6c¢, is the moment when the heel comes off the ground.

e Toe Off:, shown in Figure 2.6d, is the moment when the toe comes off the ground.
As for the metatarsal strike and toe strike, also in this case, the metatarsal off and
toe off are considered by the author as two events that take place simultaneously.

Therefore, from here on, only the toe off will be mentioned.
Defined the events, then also the sub-phases of the stance phase can be defined:

e Farly Stance: it’s the sub-phase that goes from the heel-strike (Figure 2.6a) to the
toe-strike(Figure 2.6b). As can be seen later, presenting the rotation of the foot
around the ankle in the sagittal plane, during this sub-phase, the foot rotates in

plantarflexion (extension).

e Mid Stance: is the sub-phase that begins when the toe-strike (Figure 2.6b) occurs
and ends when the heel comes off the ground (heel-off — Figure 2.6¢). During this
sub-phase, you have the so-called flat foot, i.e., the foot is entirely resting on the
ground, from the toe to the heel. During this sub-phase, the foot changes from being
in plantarflexion to being in dorsiflexion, performing a flexion movement (the frontal

angle between the tibia and the foot is reduced).

e Late Stance: this sub-phase starts from the moment the heel-off (Figure 2.6c¢)
takes place and ends when the toe-off also takes place (Figure 2.6d). During this

sub-phase, the healthy leg muscles inject energy to accomplish the plantarflexion
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that serves to complete the stance phase of the current gait cycle and facilitate the
continuation of the gait cycle of the other foot. In literature and biomechanics in

general, this sub-phase is also called push-off.

2.3.2 Gait Cycle Parameters

Time Parameters

(a)

Stride Time Reference Leg

Step Time Reference Leg Step Time Opposite Leg
r I 1
Double Support Time Single Support Time Double Support Time  Single Support Time
(Initial) Reference Leg (Final) Opposite Leg
J 1 I 10 1
(b) (c) (d (e)

Figure 2.7: Gait Cycle Time Parameters.

The gait cycle is characterized by several temporal parameters, where the main ones
are [9]:

Step Period or Step Time: is the time interval, expressed in seconds, between the
heel-strike (Figure 2.7a) of the reference foot and the analogous opposite limb

event (Figure 2.7c).

Stride Period or Stride Time: is the time interval, expressed in seconds, between
two consecutive heel-strike events of the same foot, which means the time from the

event shown in Figure 2.7a to the event shown in Figure 2.7e.

Single Support Time: is the time interval in seconds during which only a single foot
touches the ground. It is confined between toe-off (Figure 2.7b) and the heel-strike
(Figure 2.7c) of the counter-lateral limb.

Double Support Time: is the time interval in seconds during which both feet are in
contact with the ground. The initial double support interval is limited by the events:
heel-strike of the reference limb (Figure 2.7a) and the toe-off of the opposite limb
(Figure 2.7b). With the periodicity hypothesis it will be equal to the final double
support interval (From Figure 2.7c to Figure 2.7d)).
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Space Parameters

Stride Length Reference Leg

Step Length Reference Leg Step Length Opposite Leg

(a) (b) () (d) (e)

Figure 2.8: Gait Cycle Space Parameters.

The gait cycle is also characterized by spatial parameters, where the main ones are:

e Step Length: it’s the distance covered in the progression direction during a step
period, which means the distance covered from the heel-strike of the reference leg
(Figure 2.8a) to the heel-strike of the opposite leg (Figure 2.8b).

e Stride Length: it’s the distance covered in the progression direction during a stride
period, which means the distance covered from the heel-strike of the reference leg

(Figure 2.8a) to the next heel-strike of the same leg (Figure 2.8e).

With the hypothesis of the periodicity of the walk , if the person is walking in a straight
line it can be said that the length of the stride corresponds to twice the length of the step
and will be equal for both limbs.

2.4 The Ankle-Foot Rotation

2.4.1 The Ankle-Foot Range of Motion

In Section 2.2.2; the rotations of the foot around the ankle were briefly presented. In
a simplified representation, the ankle is taken as a spherical joint with a single rotation
center. Actually, the foot is not just a segment attached to the shank through the ankle
joint. It is composed in total of 26 bones, if also the two bones of the lower leg are
considered, i.e. tibia and fibula, for a total of 33 joints (Figure 2.9). Each with its own
range of motion, but in theory the foot undergoes rotations around these joints, when the
foot is resting on the ground and is loaded by the weight force and inertia force.

In [10], Brockett reported that many authors consider the tibiotalar joint as a hinge
with axis parallel to the transverse axis, and thus a joint around which the foot rotates

only in the sagittal plane. According to Brockett, other authors have suggested that the
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tibiotalar joint is multi-axial, as in their studies they found that the foot rotates inwards
during dorsal rotation, while it rotates outwards during plantarflexion. However, according
to [11] and [12] these rotations occurring during dorsiflexion and plantarflexion are simply

due to the (single) tibiotalar axis not parallel to the transverse axis (Figure 2.10).
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Figure 2.9: The Ankle Joints and Bones.

According to one study, the range of motion of the ankle varies significantly between
individuals due to the different activities of daily living [13|. The predominant degree of
freedom of the ankle occurs in the sagittal plane, with the dorsiflexion/plantarflexion oc-
curring mainly around the tibiotalar joint. Several studies have shown that in the sagittal
plane, the foot rotates around the ankle for a total of 65-75 degrees [13,14]. In the frontal
plane, the total range of inversion/eversion is about 35 degrees. However these values are
not achieved in the various activities of the daily living, and especially in the regular gait
on a horizontal surface. In the next section, the ankle ranges of motion during normal

gaiting on a horizontal plane are reported.

Figure 2.10: The Tibiotalar Joint [10].
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2.4.2 The Ankle-Foot Rotation in a Gait Cycle

2.4.3 Dorsflexion and Plantarflexion

Many studies of normal walking have been reported in the literature. Several conditions
have been studied to see their influences on ankle rotation. Most of these studies concerned
almost only the sagittal plane. From these studies, it has been shown that the ankle range
of motion while walking on normal ground is significantly influenced by several factors,
such as walking velocity, age and gender [15-22] - Figure 2.11. However, the curves that
describe the behavior of the ankle rotations for different conditions follow the similar path.
Thus, the healthy human ankle rotation has an initial plantarflexion during early stance
(from 8% to 12% of the gait cycle) that goes from —1° to —8°. The maximum dorsiflexion
before heel-off occurs from 60% to 70% of the gait cycle and goes from 6° to 16° of ankle

rotation.
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Figure 2.11: Dorsiflexion-Plantarflexion during Normal Gait for several walking conditions.

2.4.4 Inversion and Eversion
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Figure 2.12: Inversion and Eversion during Normal Gait.



26 CHAPTER 2. BIOMECHANICS OF HUMAN ANKLE-FOOT

For rotation in the frontal plane of the foot, during a gait cycle on horizontal and regular
plane, the maximum values of eversion and inversion of the foot change, as the points with
respect to the gait cycle in which these maximum values are reached change. However, as
seen in the graph of Figure 2.12, as it happens for the dorsiflexion and plantarflexion,
these values have a similar course both during the stance phase and the swing phase.
Unlike the dorsiflexion and plantarflexion, the design of MyFlex feet do not aim to achieve
these objectives of rotation in the frontal plane. However, as will be seen in the following
chapters of this thesis, the prostheses have been designed with the aim of not having
torsional stiffness in the frontal plane and in the transverse plane tending to infinity.
Plotted values in Figure 2.12 were taken from the public dataset published in Fukuchi
et al.’s article [19]. The lightest grey curve, SO1 in the legend, represents the progression
of the rotation of the foot in the frontal plane at the lowest walking velocity, while the
darkest grey curve, SO8 in the legend, represents the highest walking velocity. The other

curves represent intermediate walking velocities.

2.4.5 Abduction and Adduction
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Figure 2.13: Abduction-Adduction during Normal Gait [19].

Without repeating, the concept explained for foot inversion/subversion also applies for
abduction /adduction.

Plotted values in Figure 2.13 were taken from the public dataset published in Fukuchi
et al.’s article [19]. The lightest grey curve, SO1 in the legend, represents the progression
of the rotation of the foot in the transverse plane at the lowest walking velocity, while the
darkest grey curve, SO8 in the legend, represents the highest walking velocity. The other

curves represent intermediate walking velocities.
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2.5 Vertical Ground Reaction Force
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Figure 2.14: Vertical Ground Reaction Force.

Like kinematics, the ground reaction force is influenced by several factors. Normalizing
with respect to weight, it has been seen how the ground reaction force is strongly influenced
by the walking speed [19], as also shown in Figure 2.14. The lightest grey curve, S01
in the legend, represents the progression of the vertical ground reaction force at the
lowest walking velocity, while the darkest grey curve, SO8 in the legend, represents the
highest walking velocity. The other curves represent intermediate walking velocities. The
behaviour of the ground reaction force curves remains the same, even if the maximum
and minimum values change and when these values are reached during the gait cycle. And
again, as we have seen, the ground reaction force has an M-shape. The first peak occurs
during early stance, while the second peak occurs at the end of mid stance. The first peak,
according to the data considered, is between 95% and 130% of the body weight of the
person walking, while the second peak measures between 95% and 105% of body weight.
The question that could arise spontaneously could be how the ground reaction force is
lower than the body weight: this happens when the peak is reached when the other foot is
still (first peak) or already in contact (second peak)which means the condition of walking

is in double support.

2.6 Conclusion

In this chapter, anatomical terms including reference planes, axes and directions of motion,
degrees of freedom of the ankle-foot system were defined. In addition, a brief description
of the gait cycle was given, subdividing it into sub-phases and events to make the ex-
planations clearer about the working principle of prosthetic feet, explanations given in
the following chapters. After defining some walking parameters, the values of the foot

rotations in all directions of rotations and ground reaction forces exchanged between the
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foot and the ground during the stance phase were provided. This latest information will
subsequently be reconsidered as biomechanical requirements for prosthetic design.
In short, and to respond also to R()1 (Section 1.4.1), the rotations that a prosthetic

foot must have and the loads to which it is subjected during a gait cycle are the following:

o Plantarflexion at Toe-Strike: between 1 degree and 8 degrees.
e Dorsiflexion at Heel-Off: between 6 degree and 16 degrees.

e Ground Reaction Force first peak: between 95% and 130% of the body weight of the

user.

e Ground Reaction Force second peak: between 95% and 105% of the body weight of

the user.

The values of dorsiflexion and plantarflexion and of the loads corresponding to them
vary according to the final user; therefore, the biomechanical objectives in the design of
prosthetic feet can vary. However, they must be included in these values of rotations and
ground reaction forces if the aim is to replicate the healthy human foot behavior during

stance phase.



Chapter 3

State of the Art

Abstract

In order to develop a new prosthesis that can introduce new features or that combines
features that other prostheses have but separately, it is necessary to know what already
exists on the market or what has already been studied and proposed in the literature.
For this purpose, the state of the art of foot prostheses is presented in this chapter. The
four categories of foot prostheses found by the author will be described and the most
important prosthetic devices in the literature will be presented. From the analysis of the
state of the art it may be useful to understand what to propose as a new prosthesis, with
new or existing technologies but put together to ensure that the prosthesis can replicate

as much as possible the behavior of the healthy human foot.

3.1 Introduction

3.2 Lower Limb Amputation Types

The object of this thesis is an ankle-foot prosthesis that replaces the part of the leg
removed in a transtibial amputation. Transtibial amputation is one of several types of
amputation of the lower limb. In general, amputation means surgical removal or accidental
loss of a limb. The amputation involves the removal of all the tissue components of the limb
involved, specifically: skin, subcutaneous tissue, nerves, blood vessels, muscles, tendons
and bones. The amputation of a limb and specifically of a leg can be of two macro-types:
minor amputations and major amputations. Figure 3.1 shows the different types of lower
limb amputations. The minor amputations, briefly listed and described in Section 3.2.1,
are the represented in Figure 3.1a and Figure 3.1b. The major amputations, briefly

listed and described in Section 3.2.2, are represented from Figure 3.1c to Figure 3.1g.

29
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Figure 3.1: Lower limb amputations.

3.2.1 Minor Amputations

Lower limb amputations are categorized as minor amputations when amputation occurs
at or below the ankle joint, and include partial foot amputations (Figure 3.1a — when
the amputation occurs below the ankle joint) and ankle disarticulation (Figure 3.1b —
when the amputation occurs at the ankle joint). More specifically, the various types of

partial foot amputations and akle disarticulation are:

e Toe amputation: this type of amputation occurs when part of the phalanges are cut
off from the foot.

o Metatarsophalengeal amputation: this amputation occurs at the joints that join the

metatarsal and phalangeal bones.

o Transmetatarsal amputation: the amputation takes place by cutting the metatarsal

bones.

e Tarsometatarsal amputation (Lisfranc): it is called tarsometatarsal amputation or
Lisfranc amputation, the amputation that occurs by cutting away the bones of
the foot from the joints that join cuboid, lateral cuneiform, medial cuneiform and
intermediate cuneiform with metatarsal bones onwards. Basically, the metatarsal

bones and phalanges are removed from the foot.

e Midtarsal disarticulation (Chopart): in this type of amputation, the navicular, cuboid,
lateral cuneiform, intermediate cuneiform, medial cuneiform, metatarsal, and pha-

lange bones are removed from the foot.

e Syme amputation: a Syme amputation is a disarticulation at the tibiotalar joint
with resection of the malleoli. The foot is removed, saving however the heel pad,
which is used to cover the end of the tibia, so the patient can put weight on the leg
without a prosthesis [23-25].
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e Pirogoff amputation: the same bones removed in the Chopart amputation are also
removed in this type of amputation with the addition of the talus bone. The cal-
caneus is not removed, but is screwed to the tibia after having removed the talus.
Compared to Syme amputation, the total length of the limb after the removal of
the above-mentioned bones is greater in this case thanks to the preservation of the

calcaneus [26,27].

e Boyd amputation: Boyd amputation refers to the amputation at the level of the ankle
with preservation of the calcaneus and heel pad. As for the Pirogoff amputation, the
calcaneus is fixed to the tibia. It allows for complete weight bearing and provides

both stabilization of the heel pad and suspension for a prosthesis [28].
Some of the mentioned partial foot amputation types are shown in Figure 3.2.

Tibiotalar Joint
Talocalcaneonavicular Joint

Tarsometatarsal Amputation (Lisfranc)

Syme Ankle DM. / }ansmetatarsal Amputation

- : o Metatarsophalengeal Amputation
mE i
& i i
i

Cuboid Toe Amputation or

Subtalar Joint Disarticulation

Midtarsal Disarticulation (Chopart)

Figure 3.2: Sagittal plane view of the foot bones, joints and the where the different partial foot
amputations occur.

3.2.2 Major Amputations

All other amputations of the lower limbs which are above the tibiotalar joint are catego-
rized as major amputations. Below, the various types of major amputations are listed in

order from the amputation closest to the foot to the pelvis.

o Transtibial amputation: called also below-knee amputation, is a surgical procedure
performed by removing the entire foot and part of the tibia, fibula and corresponding
soft tissue structures [29] (Figure 3.1c). The part of the limb removed is replaced
by an ankle-foot prosthesis. The connection between the remaining part of the shin

and the prosthesis is explained in Section 3.5.
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e Knee disarticulation: tibia, fibula and the entire foot are removed. In this type of am-
putation, the femur and patella remained untouched. It is considered non-traumatic
surgical procedure since no bone and muscle tissue is to be dissected(Figure 3.1d).

Furthermore, the thigh muscles are preserved [30].

e Transfemoral amputation: called also above-knee amputation, is a surgical procedure
performed to remove the lower limb above the knee joint, by cutting through both
the thigh tissue and femoral bone [31]| (Figure 3.1e).

e Hip disarticulation: it is the surgical removal of the entire lower limb from the hip
joint in which the ball is separated from the socket of the same hip joint [32] (Figure
3.1f).

o Transpelvic amputation: this type of amputation is a surgical procedure performed
by removing the entire lower limb and a portion of the pelvic bones (Figure 3.1g).
In the amputation, the acetabulum, ischium, rami, ilium and sacrum can be included
[32].

In all these amputations, the removed lower limb part will be replaced by a prosthesis

that will include an ankle-foot prosthesis.

3.3 Causes of Lower Limb Amputations

An amputation of one or more limbs can be mainly caused by a traumatic event (accident),
diabetes, peripheral arterial disease (PAD), cancer or severe infection [33-35]. In the

following sections, brief descriptions of these causes are given.

3.3.1 Diabetes

The high blood glucose level in diabetics is the main reason why wounds heal slowly:
the higher the blood glucose levels, the more inflammatory processes can increase. In
addition, hyperglycemia compromises the normal activity of the immune system, as well
as the normal metabolism and oxidative state of human cells [36]. According to Gordois
et al., about 15% of diabetics then develop foot ulcers and some of them are then forced
to be amputated to prevent the spread of infection due to the ulcer [37]. Many people
with diabetes have an immune system that fails to activate promptly. Moreover, the cells
responsible for healing wounds are reduced in number and are unable to perform their
activity efficiently: this results in delays in the healing process [38]. Impaired immune
system makes infection more likely. In addition, the higher the level of blood sugar, the
greater the risk of infection: fungi and bacteria complicate even more the state of the

wounds of those who have diabetes and the treatment of the same.



3.4. REHABILITATION PROCESS AFTER AMPUTATION 33

3.3.2 Peripheral Arterial Disease (PAD)

PAD can occur in any blood vessel of the limbs, although it is much more common in
the legs or lower limbs. PAD is a common circulatory problem in which narrowed arteries
reduce blood flow from the heart to the limbs. The accumulation of fat deposits in the
arteries (atherosclerosis) can narrow the arteries and reduce blood flow to the legs and,
occasionally, the arms. Fatty deposits (atheromas) consist of cholesterol and other waste
substances [39-41|. People who smoke, diabetics, individuals with obesity problems, those
with high blood pressure or those with high cholesterol levels are the subjects who have
the greatest risk of developing PAD [41]. To reduce risks, it is recommended to exercise,

eat a healthy diet, quit smoking and reduce alcohol consumption [40,41].

3.3.3 Cancer

Amputation due to cancer is necessary when the removal of the same cancer is no longer
possible. When bone cancer starts from the same bone it is called primary bone cancer,
while when it starts from other tissues and then has spread into the bones, it is called

secondary bone cancer [42].

3.3.4 Severe Infection: Meningococcal Bacteria

An example of severe infection is the entry of meningococcal bacteria into the bloodstream.
It can cause a severe blood flow infection called septicaemia. Bacteria multiply and release
toxins into the blood, which can damage blood vessels, resulting in reduced oxygen flow
to organs and skin tissue. In the human body itself gives priority to vital organs in
providing blood, often giving less importance to the extremities (limbs). Damage to the
blood vessels caused by the release of toxins by bacteria, the extremities may not get
blood, and therefore oxygen with the consequent death of tissues. Because of this, fingers

and toes or limbs in general are amputated [43].

3.4 Rehabilitation Process after Amputation

Post-amputation rehabilitation includes general training exercises, hip and knee traction
and strengthening of all muscles. The subject is encouraged to start exercises in an upright
and balanced position with parallel bars as soon as possible. Endurance exercises are
needed. The specific program prescribed depends on the amputation of one or both limbs
and the level of amputation. Muscles adjacent to the amputated limb or surrounding the
hip or knee joint tend to contract. These contractions usually result from prolonged time
spent sitting in a chair or wheelchair or from lodging with the body out of alignment.

Contractures limit the range of motion. In case of severe contraction, the prosthesis may
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not be adaptable, or the patient may lose the ability to use it. Ways to prevent contractures
are taught to the subject. Therapists help patients learn how to treat the stump, to
facilitate the natural process of reduction. The stump must shrink before the prosthesis can
be applied. An elastic bandage to reduce the size of the stump, worn 24/7, can help shape
it and prevent the accumulation of fluid in the tissues. Immediately after amputation, a
temporary prosthesis can be applied in such a way as to allow early walking and thus
facilitate the reduction of the size of the stump. A subject with temporary prosthetics
can start with parallel walking exercises and continue walking with crutches or a stick
until the permanent prosthesis is available. Physiotherapy continues even after the patient
has received the permanent prosthesis, preferably by a team of specialists, with the aim
of improving strength, balance, flexibility and cardiovascular shape. Walking begins with
direct assistance and progresses with walking with a walker and then with a stick. Within
a few weeks many subjects are able to walk without a stick. The subject is also taught how
to use stairs, to climb and descend slopes and to cross other uneven surfaces. Progress is
faster for athletic subjects, while it is slower and more limited in subjects with amputation

above the knee, in the elderly and in weak or poorly motivated patients [44].

3.5 Osseointegration vs Socket

After a brief description of the various types of amputations of the lower limb and how the
rehabilitation process takes place to get the patient used to the use of a prosthesis, in this
section the author intends to briefly present how the connection between the prosthetic
device and the remaining part of the limb involved in amputation occurs. The presentation
is limited to transfemoral and transtibial prostheses.

Considering mainly the transtibial and transfemoral prostheses, the two main modes
of connection between the prosthetic device and the healthy part of the amputated limb
is through osseointegration and socket (Figure 3.3).

The socket connection is definitely so far the most used compared to osseointegration.
The socket transfers the weight of the amputate to the ground via the prosthetic compo-
nents. Fit, comfort and suspension are the features that a socket must ensure. A socket
must be light, with high mechanical properties, and typically the same bone properties to
provide the same stress distribution in the area where the amputation took place. Carbon
fiber composites with thermosetting polymer matrix are typically used. Having to practi-
cally go in direct contact with the remaining healthy part of the limb, the socket is built
by the prosthetist directly on the leg of the user [45].

However, despite improved socket materials and designs, at least one third of the trans-
femoral amputees that have a socket as a connection between the remaining healthy part
of the limb and the prosthesis have chronic skin problems associated with this type of

connection [46-48| and these problems reduce mobility and quality of life [48-51]. Osseoin-
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tegration, already widespread in the dental field [52,53], has become more widespread also
in the prosthetic field of limbs [54-59] As reported in the literature of the effects of the
osseointegration [60], the osseotegration would bring improvements in stability, attach-
ment with the remaining limb, maximum sitting comfort, a wider hip range of motion,
quick donning and doffing [58,61], better body perception [62], better observance [63-65],
increased walking ability [66], better functional ability [67,68] and a general improvement
in the quality of life [58,62,69]. Osseointegration was discovered in the 1950s by Swedish
Professor Per-Ingvar Branemark and is based on the ability of human bone cells to attach
to a metal surface. Currently osseointegration is used to allow the permanent anchoring
of artificial limbs to the human skeleton. During surgery, a metal implant (titanium) is
inserted into the bone of the amputated limb and released from the skin by wrapping
an opening called a stoma. The prosthesis is easily connected to this implant with a

connector [70].
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Figure 3.3: Osseointegration vs socket.

Figure 3.3a shows the main components of a transtibial prosthesis with the osseoin-
tegration system, while Figure 3.3b shows the main components of the same type of
prosthesis with socket. Concerning the transfemoral prosthesis, Figure 3.3c and Figure
3.3d show the main components the main components for a transfemoral prosthesis using

the osseointegration system and socket respectively.

3.6 Levels of Ambulation

Perhaps it is thought that nowadays most amputees wear or prefer to wear robotic feet.
Actually, the choice or preference is not so automatic. There are several factors that push
the amputee to choose one type of foot prosthesis over another. Leaving aside the economic
nature, the most influential factor on the choice of prosthetics to wear is certainly the level
of activity, also called level of ambulation. The four of the five levels of ambulation are
shown in Figure 3.4. According to the American Academy of Orthotistis and Prosthetists,

there is still no method that can be called a gold standard to determine the level of activity
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of the amputee, or determine the K-level. However, 5 activity levels can be generically
identified, from KO to K4. With KO, the amputee has no ability or potential to move safely
without the aid of an external device and a possible prosthesis is not able to improve the
quality of life or mobility of the patient K0. K1 patients, on the other hand, are able to
move using a prosthesis, even if their ambulation is limited to constant speed walking and
flat grounds. K2 patients are able to walk on steps of a staircase or on uneven surfaces,
while maintaining a fairly steady gait. An amputee with a K3 activity level is able to
move with a prosthesis with variable cadences, while amputees K4 are able to perform

even relatively difficult movements: in fact, K4 is usually the level of activity of athletes.

b4 AX

Level K1 Level K2 Level K3 Level K4

Figure 3.4: Levels of Ambulation.

3.7 General Classification of Transtibial Prostheses

‘ Ankle-Foot Prostheses ‘

‘ Conventional Feet H ESR Feet H Semi-Active Feet H Bionic Feet ‘

Figure 3.5: Classification of Ankle-Foot Prostheses.

Once presented the types of amputations, the levels of surgery and the types of con-
nection between the prosthesis and the stump, from this section onwards we move on to
the presentation of the results of the state-of-the-art study on foot prostheses. Cherelle
et al. [71] categorized the foot prostheses in Conventional Feet, ESR Feet and Bionic
Feet. For the meaning of ESR, see Section 3.7.2. The author of this thesis classifies the
foot prostheses, from the mechanical point of view, in a similar way to Cherelle et al.,
presenting briefly the characteristics of the prosthetic devices considered the most inno-
vative. Basically, the categories identified are Conventional Feet, ESR Feet, Semi-active
Feet and Bionic Feet (Figure 3.5). In the following sections, these various categories will

be described in more detail.
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3.7.1 Conventional Feet

’ Conventional Feet ‘
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Standard Conventional Feet ‘ ’ SACH Feet ‘ ’ Articulated SACH Feet

Figure 3.6: Classification of Conventional Feet.

The Conventional Feet (Figure 3.6) are the simplest foot prostheses both from the
point of view of construction and from the point of view of the activities allowed. SACH
(Solid Ankle Cushioned Heel) feet are the most common of those classified as Conven-
tional Prosthetic Feet (Figure 3.7). The SACH feet are equipped with a sort of heel
cushion that provides an absorption of the impact of the prosthesis with the ground and
a "pseudo-plantarflexion". The main body of the prosthesis, the keel, is made of wood or
a rigid material that ensures stability during the mid stance. Other prostheses belonging
to the category of conventional feet are those equipped with an ankle joint that allows
a rotation of the foot in the sagittal plane. Paradisi et al. also studied the effect and
possible improvements of a multiaxial SACH foot compared to a non-articulated SACH
foot: they found out that multiaxial SACH feet could be used as alternative to standard
SACH feet for hypomobile transtibial amputee users [72]. In another work, Zmitrewicz
et al. observed that hypomobile old transtibial amputees found more benefits in a multi-
axial SACH foot prosthesis than an ESR foot [73|. Improvements brought by multi-axial
foot prosthesis were also observed by Marinakis [74]. However, the SACH feet remain,
as already mentioned, the most common conventional feet, thanks also to the fact that
they are the cheapest and lightest of these provided with sagittal joint [75]. The SACH
Feet, and the Conventional Feet in general allow to carry out the simplest activities: in
fact, even if already on the market even before the 80s, they are still the most prescribed

prostheses for amputated users with a K2 ambulation level.

Rigid Keel

// Filler

Heel (o)

Figure 3.7: (a) The Otto Bock SACH+ Foot and (b) schematic representation of a SACH foot.
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Figure 3.8: Classification of ESR Feet.

3.7.2 ESR Feet

Current commercially available prostheses which are the most prescribed for individuals
with K3 and K4 levels of ambulation are the ESR Feet. ESR stands for Energy-Storing-
and-Releasing. The name comes from the fact that the ESR Feet are passive devices made
of elastic elements that accumulate elastic energy during the mid stance and then release
it during the late stance for the push-off [76,77]. The elastic elements are generally leaf
springs, also called blades, made of composite materials (carbon fiber-reinforced plastic—
CFRP; or glass fiber-reinforced plastic—GFRP). The stiffness of the elastic elements is a
crucial characteristic of foot prostheses, and in particular, of ESR Feet. The stiffness of
prosthetic feet depends on the geometries and the material properties, especially for ESR
feet [78,79]. The stiffness that the elastic elements must have is related to the weight of
the person who will use it and their level of ambulation and type of activities. [80].
Cherelle et al. [71] split the ESR Feet into Early ESR, Advance ESR and Articulated
ESR. The first ESR Feet were a middle ground between the SACH Feet and the Advance
ESR, with elastic elements added to accumulate elastic energy. The latter are foot pros-
theses composed of elastic elements in composite carbon fiber or fiberglass. The rotation
of the foot during the gait cycle is entirely based on the flexibility of its elastic elements
and no ankle joint is present in the device. Articulated ESR, on the other hand, are like
Advance ESR, still composed of elastic composite elements but are equipped with joint to
the ankle. A commercial example of ESR foot prostheses with ankle joint is the Pro-flex

Pivot of Ossur.

ESR Feet vs SACH Feet

ESR feet are better than SACH feet in terms of energy [81], gait symmetry in ascending
stairs [82], ankle range of motion and impact absorption during weight bearing [83|. How-
ever, SACH feet are considered more stable and safer by hypomobile amputees [84-86|.
In SACH feet the early stance (from heel-strike to toe-strike) lasts twice as long as in a
normal gait, while the mid-stance (flat foot) is very short: this could be a disadvantage
for uneven terrain [86], but also for descending stairs [87]. For hypomobile amputees, the

energy return coming from the elastic elements of ESR feet is perceived as unstable [86].
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3.7.3 Semi-Active Feet

’ Semi-Active Feet ‘

Variable Configuration ‘ ’ Variable Damping Properties ‘ ’ Variable Stiffness

Figure 3.9: Classification of Semi-Active Feet.

Cherelle et al. [71] placed these prostheses among the Bionic Feet in the Stabilizing
Bionic Feet sub-category. The author preferred to classify the Semi-active Feet separately
from the Bionic Feet, which are instead real bionic feet designed and created to try to
replicate as much as possible the behavior of the human foot. As schematized in Figure
3.9, semi-active (or quasi-passive) ankle prostheses can be distinguished in devices which
can change their configuration or change the damping properties of a hydraulic system

or, finally, be with variable stiffness system.

Commercial Semi-Active Feet

Before going to present the academic work for semi-active foot prostheses, a very short
presentation is also made for commercial prostheses currently on the market. There is
definitely Ossur’s Proprio Foot to mention (Figure 3.10). By means of a motor inserted
in a mechanical connection to change its length, the angle of the foot with respect to
the ankle is adjusted according to the activities, such as a walk up or down stairs [88] or
ramps [89]. Proprio Foot can be considered as a semi-active variable configuration foot. A
commercial foot prosthesis that instead changes its damping properties is Endolite’s Elan
Foot (Miamisburg, OH, USA). The damping properties can be modified with a hydraulic

unit to adapt the foot to terrain conditions, especially for uneven terrain [90].

1 ®

Actuator

Figure 3.10: Ossur Proprio Foot schematic representation.
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The VSPA Foot - Sheperd and Rouse, 2017

The foot prosthesis designed and presented by Sheperd and Rouse in [91,92], shown in
Figure 3.11a, is a semi-active variable stiffness prosthesis. The stiffness is varied thanks
to a glass fiber leaf spring, a slider that serves as a lower support and a cam system.
The fiberglass leaf spring is a beam fixed in its front end (relative to the foot reference)
that is loaded by the cam system at the other end. The stiffness changes by changing
the position of the slider, i.e., by changing its distance from the fixed joint (or from the
point of application of the force imposed by the cam system). Both during dorsiflexion
and plantarflexion, the leaf spring is pushed down by the follower cam, which in turn is
put into motion by the cam profile. The cam profile moves rigidly with the pylon of the
transtibial prosthesis, i.e. the shank. By moving the slider back, the stiffness increases.
The variation of the distance of the slider from the fixed constraint is thanks to the 10
W DC motor with a planetary gearhead (DCX 16 L, Maxon Motors, CHE) and the lead
screw (Nook Industries, OH USA). The shape of the cam can be designed in order to

provide the desired ankle torque-angle curve.

Cam Profile ® Ankle Joint b)
Cam Follower Leaf Springs
T '/ DC Motor
[ . /
Lead Screw Slider Foot Frame X max X min

Figure 3.11: The VSPA Foot (2007) by Sheperd and Rouse [91].

The adjustment range of the VSPA is 85 mm. The authors moved the slider from
the furthest position from the application of the force to the closest possible position
obtaining a stiffness range from 0.17 kN/mm to 2.8 kN/mm, where the force is applied

perpendicular to the leaf spring, as shown in Figure 3.11.

The VSF - Glanzer and Adamczyk, 2018

Almost with the same working principle of the VSPA Foot by Sheperd and Rouse, the
stiffness of the VS Foot designed by Glanzer and Adamcyzk [93] is varied thanks to the
forefoot keel, which is an overhung beam that changes its endpoint stiffness by moving a
support fulerum to vary the length of the overhang. Including the battery and the pyramid
adapter, the VSF has a mass of 0.649 kg.
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Variable Stiffness Prosthetic Foot Based on Rheology Properties of Shear
Thicknening Fluid

Perhaps it is not appropriate to classify it as one of the semi-active prostheses, but the
prosthesis proposed by Tyggvason et al. certainly falls within the variable-stiffness pros-
theses [94,95]. The stiffness of the prosthesis varies in relation to the rotation speed of
the ankle. The goal that the authors had was to design a foot prosthesis that provides
flexible support for very low walking speeds without, however, sacrificing the advantages
of an ESR, namely the accumulation and release of energy that are beneficial for nor-
mal walking. Without going into too much detail, a system that exploits the rheological
properties of shear thickening fluid is used. The system replaces a fully rigid mechanical
link (Figure 3.12a) and is placed in series and parallel with a spring system (Figure
3.12b).

a) b)
Ankle Joint § Ankle Joint

Mechanical Link

Figure 3.12: Variable Stiffness Foot Prosthesis with shear thickening fluid.

Variable Stiffness Prosthesis

In the prosthesis proposed by Lecomte et al. [96], shonw in Figure 3.13, the pylon of the
prosthesis deforms a vertical composite plate when it rotates in the sagittal plane. Varying
the point at which the pylon starts to impress the force on such composite blade, the
stiffness of the system varies. The variation occurs by lowering or raising a system through
an actuator. The authors stated, on the basis of the results of their own simulations and
experiments, a variation of stiffness of 50% with a system displacement of 20mm, both for
the dorsiflexion and for the plantarflexion, with an average of 2.5% variation in stiffness

every mm of adjustment.

A Semi-Active Prosthesis for Rock Climbing - Rogers et al., 2020

The foot prosthesis designed by Rogers et al. [97] is a semi-active prosthesis for rock
climbing. This device is a prosthesis with two degrees of freedom at the ankle. The foot
is customized for rock climbing and is screwed to the foot plate. A U-Joint is used to
form the joint of the ankle and the subtalar joint. The actuators move the foot in such

a way as to allow the rotation of dorsiflexion and plantarflexion and the rotation of
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Lecomte et al., 2021

Figure 3.13: Variable Stiffness Foot Prosthesis, reproduced from [96].

inversion and eversion. As the actuators are configured, when they move together in the
same direction, they generate dorsiflexion and plantarflexion. When, instead, they move
in opposite directions, they generate eversion and inversion. The prosthetic ankle-foot is
designed with the size to be 60% of the 50th percentile feet of the male foot (thinking
about the application of rock climbing). The foot is 3D printed. The two actuators are
two brushed DC motors (Maxon, DCX 22S) with an output torque of 1 Nm each. A
load cell (Futek Advanced Sensor Technology, LCM 200) in axis with each of the two
actuators is mounted to provide accurate torque information. The encoder of the motor
is a quadrature incremental optical encoder with 512 counts per turn (Maxon Group,
ENX16 EASY 5121MP). The battery is a single 3-cell lithium polymer with 800 mAh
capacity. The weight of the entire system is 1292 grams.

3.7.4 Bionic Feet

‘ Bionic Feet ‘

‘ Direct Drive ‘ ‘Series EIasticActuator‘ ‘Parallel EIasticActuator‘ ‘ Other Designs ‘

Figure 3.14: Classification of Bionic Feet.

Bionic Feet are like Semi-Active feet, equipped with motors. However, while motors
in the Semi-Active feet change configuration to change some operating characteristics,
i.e. stiffness, initial angle before heel-strike etc., in Bionic Feet, motors work to help the
propulsion in walking or performing other activities, such as ascending or descending stairs
or ramps (and not only adjusting the initial angle before foot-ground contact). In the fol-
lowing lines, the author briefly describes these foot prostheses found in the literature. As
outlined in Figure 3.14, bionic feet can be classified according to the actuation system.
The bionic feet with direct drive are characterized by electric motors that actuates the

movement around the ankle joint in a direct way or through a transmission system con-
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sisting of a gear box and a ball screw. In some designs, the motor is connected to the ball
screw—ball nut system through a belt-pulley system. In other cases the actuation system
can be electro—pneumatic or electro-hydraulic. Prostheses with Series Elastic Actuator
are characterized by a motor in series with an elastic element, while prostheses with Par-
allel Elastic Actuator, the motor is in parallel with an elastic element. As can be seen in
the following lines, there are also special prostheses with an elastic element in series and
one parallel to the motor: in this case, the prosthesis is characterized by a Series Parallel
Elastic Actuator.

The Bionic Feet with Series Elastic Actuator (SEA) by Massachusettes Insti-
tute of Technology

In Figure 3.15, three of the five evolutions of the bionic prosthesis initially designed
in the Massachusette Institute of Technology by the group led by Hugh Herr and then
commercialized are shown. In all the evolutions of ankle-foot prostheses developed by this
research group, the working principle was based on a Series Elastic Actuator (SEA), where
a spring was placed in series to the DC motor . The series spring had the double function
to protect the DC motor from strong and sudden loads and to accumulate elastic energy
during the mid stance [98-106]. In the early versions, there was also a parallel spring that
was used to accumulate additional elastic energy during the dorsiflexion [98-102|. In the
first version, both springs were helical [98-101| (Figure 3.15a), while in the second, the
parallel spring was a leaf spring in composite materials [102]. Finally, in the third version
both the springs were composite leaf springs [103-106] (Figure 3.15b). By optimizing the
design of the elastic element in series, the parallel spring was then eliminated in the next
versions, including the commercialized versions (BiOM - Figure 3.15¢c and Empower by
Ottobock).

Motor

Ballscrew Belt
Ballnut Belt
Unidirectional i
Series leaf leaf spring Ballnut—= Series leaf
aple spring ™S v spring
Link Series Spring  Ankle : i
Joint Ankle Joint

a) Au et al. (2007) b) Eilenberg et al. (2010) ¢) BiOM (2013)

Figure 3.15: Bionic Feet by Massachusettes Institute of Technology .

SPARKYy - Spring Ankle with Regenerative Kinetics by Arizona State Uni-

versity

In Figure 3.16 the first and last (third) version of of the prosthesis with spring ankle
with regenerative kinetics (from here the name SPARKy) are shown. The total of three
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versions were designed by a research group from Arizona State University (Arizona, USA).

Leadscrew Mechanism

Pylon
Motor y
~ EC Power 30 Max
Tendon
FS3000 Keel L-Arm\ Ankle Joint
(Freedom o O/ Helical Spring
Ankle Innovation) / Helical Spring
Joint -
Ossur LP Vari-Flex
Lever
Arm

a) SPARKYy (2009) b) SPARKYy 3 (2009)

Figure 3.16: SPARKy and SPARKYy 3 reproduced from [107,108| and [109].

The first version, SPARKy 1 relied on a SEA. Indeed, it was composed by a robotic tendon,
composed by a low-power motor, a transmission mechanism and a spring all in series, and
it was mounted to the entire foot prosthesis as shown in Figure 3.16a [107,108]. SPARKy
2 was the optimized version of SPARKy 1, while in the third version (SPARKy 3 - Figure
3.16b), retaining the same working principle of the SEA, a new feature was integrated,
such as the universal ankle joint to obtain also the rotation in the frontal plane, in addition

to the dorsiflexion/plantarflexion degree of freedom [109].

The Transfemoral Prostheses by the Vanderbilt University (Nashville, Ten-
nessee, USA)

Vanderbilt University’s research team developed three transfemoral prostheses from 2007
to 2009, including the knee prosthesis and the foot prosthesis, both active. Concerning
only the ankle-foot part, in the first prosthesis, an electro-pneumatic actuator placed in the
front of the shank (Figure 3.17a): an elongation of the system generates plantarflexion
of the foot around the ankle joint, while in the opposite direction, it generates dorsiflexion
[110]. In the second version (Figure 3.17b), the actuation system of the dorsiflexion and
plantarflexion is positioned as in the first version, with the difference that the electro-
pneumatic system was replaced by a motor, by a transmission system which consists
of a ball-screw and a parallel spring [111|. The actuation system can be defined as a
Parallel Elastic Actuator (PEA). The third version (Figure 3.17c) is again actuated
by a PEA. However the entire system is placed behind the shank: the elongation of the

system correspond [112].

Pantoe: a Foot Prosthesis with Ankle and Toe Joints from Peking University

(Beijing, China) and Beijing Institute of Technology (Beijing, China)

The Pantoe 1 prosthesis was developed by Zhu et al. [113-115] at Peking University
(Beijing, China) and was presented in 2010 at the IEEE/ASME International Conference
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Figure 3.17: Pneumatically Actuated Transfemoral Prosthesis, Sup et al. [110] .

on Advanced Intelligent Mechatronics. The evolution of Pantoe 1, Pantoe 2, was developed
by Zhu et al. [116,117] at the Beijing Institute of Technology (Beijing, China) in 2018
at the Design of Medical Devices Conference. The following lines briefly describe the two

versions.

Shank

Shank

Ankle Joint
Motor 2

Toe Joint

Spring

Motor\ZA

Heel Spring

Parallel Leaf Spring

Toe Spring

a) Pantoe 1

b) Pantoe 2

Figure 3.18: Pantoe 1 and Pantoe 2 reproduced from [113-115| and [116,117] .

The Pantoe [113-115] is an active foot prosthesis with an ankle joint and a toe joint. The
two rotations around the two joints are actuated by two Series Elastic Actuators. The
SEA of the ankle joint is composed of a DC brushed motor and 3 bidirectional springs.
The SEA of the toe joint is composed of a DC brushed motor and 4 extension springs
placed under the foot.

Pantoe2 [116,117] is the evolution of Pantoel. Pantoel is composed of two rigid parts: the
rear part that works as the main body of the foot and the toe. Pantoe2, on the other hand,
consists of an elastic heel and a toe (two leaf springs) and a mid foot. This variation from
Pantoel, according to the authors, improved the absorption of the impact of the foot with
the ground. In addition, the spring in series at the metatarsal actuator has been replaced
by a spring positioned parallel to the same motor to adjust the stiffness at the metatarsal

joint.
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The AMP-Foot 2.0 (2012)

Cherelle and their research team developed (Vrije Universiteit Brussel), prototyped and
tested the AMP-Foot 2.0 prosthesis [118,119]. This prosthesis is equipped with an plan-
tarflexion spring that accumulates elastic energy during the dorsiflexion in mid stance and
an eletric motor that loads a push-off spring during the stance phase. A locking mech-
anism ensures that the elastic energy accumulated by the push-off spring thanks to the
electric motor, can be injected when it is needed. In this way it is not the motor that
must give the power during the push-off but the spring, thus reducing the size of the same

motor.

The 3DOFs Transtibial Prosthesis by Madusanka et al. (2014)

Madusanka et al. [120] proposed a foot prosthesis which has 3 DOFs, with the DF /PF and
the AB/AD actuated with DC motors, while the IN/EV is a passive degree of freedom.
While the DF/PF is active thanks to the ball screw motor system, the degree of freedom
in the transverse plane (AB/AD) is active thanks to the belt motor system. The stiffness

of the passive inversion-eversion motion is created by means of springs.

The 3DOFs Transtibial Prosthesis by Masum et al. (2014)

Masum et al. [121] proposed a prosthesis equipped with a spherical ankle joint where
the rotation in the transverse plane is blocked, while the rotation in the sagittal plane
is active thanks to a motor-gear system. Rotation in the front plane is possible, and a

spring-damper system creates a torsional stiffness in the inversion and eversion rotations

The Pneumatically Actuated Ankle-Foot Prosthesis by Zheng and Shen (2015)

The ankle-foot system proposed by Zheng and Shen [122] is actuated by the double-acting
pneumatic cylinder (171.25-DP) (Bimba Manufacturing - University Park, IL, USA - with
38 mm bore size and 32 mm stroke), which is capable to provide a plantarflexion of -25
degrees and a dorsiflexion of 15 degrees and 115 Nm of ankle torque during slow walking,
122 Nm during natural walking, and 130 Nm during fast walking, which are suitable for
users around 75 kg pf body weight. A string potentiometer is mounted in parallel with the
actuator (ZX-PA-1.5 analog position transducer, Uni- Measure, Corvallis, OR, USA) to
measure the displacement of the piston rod. Through trigonometric calculations, the ankle
joint rotation can be obtained. A load cell (ELPF-T3E-500L, Measurement Specialties,
Hampton, VA, USA) is mounted in line with the actuator: the signal is used to modulate

the force. The weight and height of the prosthesis are 0.9 Kg and 98 mm, respectively.
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PKU-RoboTPro I and II from Peking University (Beijing, China)

The two robotic prostheses presented here were designed by a research group at Peking
University. They are one the evolution of the other. Their operating principle is based on
the motor connected to the foot via a screw-ball nut system. Below the two prostheses

described separately. They are both represented in Figure 3.19.

Belt Pulley
DC motor l
Gear Box DC motor
~
Shank Shank
Ball Screw—__ Ankle Ball Serew ) Ankle
Ball Nut Frame Foot Ball Nut Frame Foot
._s-L-
a) PKU-RoboTPro Foot (2015) b) PKU-RoboTPro-11 Foot (2017)

Figure 3.19: PKU-RoboTPro and PKU-RoboTPro II Feet reproduced from [123] and [124].

The PKU-RoboTPro (Figure 3.19a) is a bionic foot prosthesis with actuated ankle joint
designed by Wang et al. [123]. The actuation system, composed by a DC brushless motor
and a gearbox, actuates the rotation of the foot prosthesis around the ankle joint by
means of a ball screw and ball nut system.

In the PKU-RoboTPro II (Figure 3.19b), designed by Feng and Wang [124], the DC
brushless motor provides more power than the previous version’s motor (from 50W to

150W). The gearbox transmission is replaced by the belt-pulley transmission.

A Bionic Foot with Parallel Elastic Actuator from The Chinese University of
Hong Kong

Gao et al. have developed at The Chinese University of Hong Kong a foot prosthesis with
a Parallel Elastic Actuator [125,126]. The ankle actuation system consists of a DC motor
, a timing-belt and a ball-screw for transmission. A spring is in parallel with the actuation
system, and it is compressed by a cam during the dorsiflexion accumulating elastic energy,
in such a way is returned during the plantarflexion contributing together with the engine

to the generation of the power necessary for the push-off.

The 3DOFs Transtibial Prosthesis by Rad et al. (2016)

A conceptual design of a 3 DOFs foot prosthesis is proposed by Rad et al. [127], where
the dorsiflexion/plantarflexion motion is actuated, while the ankle inversion/eversion is
passive, likewise the sagittal plane rotation at the toe joint. For DF /PF movement, motors

are used as muscles, while cables are used as tendons. Helical springs provide stiffness on
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rotations in the frontal plane, while a spring with one end attached to the toe and one to

the main body of the foot provides stiffness to the toe joint.

A Two Degrees-of-Freedom Bionic Foot Prosthesis from The University of
Manchester (UK) and the University of Salford (UK)

At The University of Machester (UK) and The University of Salford (UK), Agboola-
Dobson et al. [128] developed a foot prosthesis that has two degrees of ankle freedom.
The rotation in the sagittal plane is actuated by a SEA to emulate the biomechanics of the
calf and Achilles tendon. This SEA works in parallel with a spring system. The rotation

in the front plane is instead passive to give inversion/eversion.

An Electro-Hydrostatic-Powered Ankle-Foot Prosthesis from Beihang Univer-
sity (Beijing, China)

The prosthesis proposed by Tian et al. [129] is a foot prosthesis operated with an electro-
hydraulic system. The elongation of the cylinder-piston system generates a dorsiflexion of

the foot, while a shortening generates a plantarflexion.

A Polycentric Ankle-Foot Prosthesis and a Prosthetic Foot with Ankle and
Toe Joints from the University of Utah (USA)

The research group of Utah University (USA), led by Lenzi, has developed and published
two recent works on a polycentric ankle-foot prosthesis and a prosthesis that has both
the ankle joint and the toe joint. In short, below, the two prostheses are described.

The polycentric prosthesis proposed by Gabert et al. [130] consists mainly of four kine-
matic elements. The motor rotates a roller screw through a link with helical gears. The
brushless motor actuates the roller screw which is screwed on and turned inside a hinged
nut screw.

The prosthesis designed by Gabert et al. [131] is a modified version of an existing prosthesis
on the market, the Otto Bock Meridium. The DC Motor moves helical gears to which two
bevel gears are connected, which, In turn, adjust the length of a ball screw - ball nut for

the motion of the foot around the ankle joint and the forefoot around the joint toe.

TF8&8: A Bionic Prosthesis with Reaction Force Series Elastic Actuator from
Massachusettes Institute of Technology (2021)

The bionic prosthesis (Figure 3.20) presented by Carney et al. [132] includes both knee
prosthesis and ankle-foot prosthesis. However, as made for the Sup et al.’s work, only the
foot prosthesis is considered. The actuation system of the present ankle-foot prosthesis is

a Series Elastic Actuator.
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Figure 3.20: The TF8 by Carney et al.. .

A high pole-count frameless motor built into a custom rotor and stator is used. The
rotor houses the ball nut inside the motor (no external couplings are used). The motor
torque, speed and power are suitable to let a person of 90 kg to walk at nominal speed of
2.0 m/s. The stator is pinned to a moment arm which is clamped to the leaf spring. The
entire weight of the foot prosthesis, including the battery is 2.0 kg. Including the knee
prosthesis, the total weight is 3.7 kg, When unloaded, the ankle joint height is 67 mm,
while the height from the ground to the pyramid adapter is 223 mm.

Jang et al., 2021

The prosthetic foot proposed by the Jang et al. [133] has two degrees of freedom active
in the sagittal plane and in the frontal plane to allow dorsiflexion/plantarflexion and

eversion/inversion.

3.7.5 Special Designs

WalkMECH Design

WalkMECH, designed and proposed by Unal et al. in [134-136] is a passive transfemoral
prosthesis. It is inserted in the Special designs Section for the fact that knee and ankle/foot
work in synergy. A connecting mechanism kinematically pairs the knee and ankle and it is
responsible for the energy transfer that is accumulated by the knee during the swing phase.
A spring directly connects the leg portion of the prosthesis with the foot: the attachment
point is behind the thigh. The point of attachment to the foot changes depending on the
stage of the gait cycle. At the end of the swing phase, the point of attachment to the
foot is positioned on the top and front so that the spring is ready to accumulate energy
during the dorsiflexion. Before the push-off phase, automatically and passively, thanks to
a locking-unlocking mechanism, the point of attachment of the spring to the foot changes
position, going to the heel, so that during the push-off the energy is released. The ankle
is equipped with two other springs that work in parallel. These two springs accumulate

energy during the mid stance to release it then during the push-off phase.
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Brackx et al., 2013

The passive prosthesis proposed by Brackx et al. [137| has been included in this clas-
sification among special designs because of its mechanical design. This foot prosthesis
incorporates a planetary gearing and pawl-ratchets to change the equilibrium position of
a spring. The spring as an energy storing element together with the gear switching gener-
ates an extended push-off to about -20 degrees, while ESR feet only return to 0 degrees.
The prosthesis was first tested by a transfemoral amputate 180 cm high x 90 kg body
weight. According to the authors, the user was not completely comfortable with the 3 kg
device, despite being more or less the weight of the healthy limb.

CYBERLEGS-alpha Prosthesis

CYBERLEGS-alpha is included among the special designs, because, like WalkMECH, it
is a transfemoral prosthesis that includes knee and ankle-foot and that has the concept of
functioning to recover energy from the knee and then transfer it to the foot-ankle system.
The basic difference it has with WalkMECH is the fact that in WalkMECH the ankle, as
the knee is passive, while in CYBERLEGS-alpha, the ankle has as actuator a MACCEPA.
CYBERLEGS-alpha then evolved into CYBERLEGS-beta where the knee became active.
In this analysis the details of the two prostheses in question are not reported and the reader
is referred to the works published by the authors who worked on this project [138-140].

3.7.6 Multi-axial Ankle-Foot Prostheses

Although most studies of prosthetics and biomechanics of walking in general have focused
on kinematics and kinetics in the sagittal plane, the possibility of having a foot prosthesis
with a multiaxial ankle is nothing new. Indeed, in previous studies and/or devices, dif-
ferent approaches were followed to address the same necessity of creating flexibility in all

directions of rotation at the ankle-foot prosthesis.

Commercial Devices and Patents

Elastomers were used together with composite components to create the desired flexibility
of the foot prosthesis in all directions [141-145|. Split geometries are used in current
commercial ESR feet: the elastic parts of the foot prosthesis are cut partially in the
longitudinal direction to allow slight eversion and inversion of the foot in case of uneven
terrain or laterally sloped grounds. Special modules that create internal /external rotation
of the foot prosthesis, besides the function of absorbing the impact of the foot with the
ground, are also used; these modules are added externally to ESR feet, such as Elite?
VT and Echelon VT by Blatchford (blatchford.co.uk, accessed on 2 January 2022),
the Pro-Flex LP Torsion and the Pro-Flex XC Torsion feet by Ossur (www.ossur.com,


blatchford.co.uk
www.ossur.com
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accessed on 2 January 2022) and the Taleo Harmony and Triton VS feet by Ottobock
(www.ottobock.com, accessed on 2 January 2022). Another commercial prosthetic foot,
the Triton Side Flex foot by Ottobock, guarantees a rotation in the frontal plane by means
of a torsion bar inside a system mounted externally to the elastic group of the ESR foot.
In several patents, to create multiaxial flexibility at the ankle joint, spherical joints have
been used in conventional feet using elastomeric bumpers [146-150] or springs [151-153]

to create rotational stiffness and damping in at least two rotations.

Academic Researches

Academically, some previous works about foot prostheses regarded multi-axial ankle. Bell-
man et al. realized SPARKY 3, a prosthetic foot with actuated motions in the sagit-
tal and frontal planes [109]. Seeing in their studies that the rotation of the ankle in
inversion /eversion significantly changed during turning maneuvers when compared to
straight walking, Ficanha and Rastgaar developed a prosthetic foot with two DOFs, dor-
siflexion/plantarflexion and eversion/inversion, both actuated [154]. Madusanka et al.
designed and tested a foot prosthesis with three DOFs at ankle joint, where the dorsi-
flexion /plantarflexion and adduction/abduction are active, leaving the inversion/eversion
passive [120]. A spherical joint is used by Masum et al. in a conceptual design of an ankle
system in which the rotation in the sagittal plane can be actuated and the rotation in the
frontal plane is passively actuated by means of springs and dampers [121]. Agboola-Dobson
proposed a novel powered ankle-foot prosthesis which provides two DOFs motions at the
ankle joint: thanks to a custom U-joint ankle joint, the extra-rotations in the frontal plane
is permitted, while the motion in the sagittal plane is actuated through a series elastic

actuator that emulates the biomechanics of the calf muscle and Achilles tendons [128].

3.8 Functionality Evaluation of Foot Prostheses

Prosthetic feet are developed according to an underlying hypothesis concerning its clinical
value. However, before it can be put into actual use, this clinical value must be established
by testing. There are different ways of assessing the biomechanics of human walking in
general and with ankle-foot prostheses and they were reviewed in [155]. The functional
performance of a foot prosthesis can be determined by two main methods: one method
consists in testing the device without interaction with humans (mechanical properties
testing), while the other consists in having the prosthesis worn by amputees (human

subjects resting) and having them perform one or more activities [155].
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3.8.1 Mechanical Properties Testing

In mechanical properties testing there is no interaction between the prosthesis and the
human user, but the prosthetic device is tested using a press that compresses the same
prosthesis simulating the ground reaction force under certain conditions. In some mechan-
ical tests, the foot prostheses are loaded at different angles of inclination that correspond
to the angle of the shank with respect to the ground during the walk [156-158]. In other
works, the foot prosthesis is tested statically using the procedure given in ISO 10328 stan-
dard to determine the stiffness of the foot and to determine its strength to more critical
loads [159], or dynamically, following the procedure given in ISO 22675 [95]. The Amer-
ican Orthotic and Prosthetic Association [160] offers a guideline to perform both static
and dynamic tests on foot prostheses, and both in the sagittal plane and in the other two
planes, transverse and frontal. Custom testing are also used to carry out the mechanical

properties evaluation of foot prosthesis or to verify their functionality [161,162].

3.8.2 Human Subjects Testing

In human subjects testing, the performance of foot prostheses can be evaluated qualita-
tively, through questionnaires, or quantitatively, through direct or indirect measurements
of kinematics and kinetics. The user can give feedback regarding the benefits or negative
sides of the prosthesis and /or answer questions regarding the perceived sensations or even
the aesthetics of the device [163-170|. In some tests, the qualitative evaluation is carried
out by comparing two or more prostheses during the same human subject testing [164,171],
asking the participants which device they prefer and the reason for the choice [164]. In
other cases, a new prosthesis is tested by participants [165,167,168]. Subsequently, they
are asked to give feedback about the new device never tested before, as well as compare
whether gait and balance have improved, worsened or remained the same in switching

from their prosthesis to the new one [165,167].

The most common forms of motion assessment in human subjects testing with ankle-
foot prosthesis are the gait analysis on level ground [81,91, 93,96, 98,103,104, 106-108,
111,112,114, 116,117,122,123,125,126, 130, 132,133,137, 140, 156, 157, 165-167, 172—203],
stair [91,94,123,124,130,132,134-136,183,198| and ramp ambulations [89,91,103,123,124,
165,174,181,195,202,204-208|. Particular forms of motion assessment are the side-stepping
[154,209] and step turning [154,209,210] to evaluate the behavior of the prosthesis in the
frontal rototations. Also sit-to-stand situations has been evaluated in some works [198|,

while a prosthesis for a particular application, rock climbing, was also tested [97].
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3.9 Conclusion

To answer the RQ2 (Section 1.4.2), the author of this dissertation made a study of the
literature on the state of the art of transtibial prosthetics. They identified and classified
the various existing categories of foot prosthetics. Currently, according to the author,
the below-knee prostheses can be divided into four main categories: conventional feet,
ESR feet, semi-active feet and bionic feet. The conventional feet are the simplest foot
prostheses, both in terms of construction and functionality and activities allowed: in fact,
they are the category of foot prostheses that have been on the market for longer and
are currently prescribed to patients with a relatively low level of ambulation (K2). The
ESR feet, like the conventional feet, are passive foot prostheses, with the difference that,
with their carbon fiber and/or glass composite elastic elements, they accumulate elastic
energy during mid stance and they release it during late stance to help the amputee for
the push-off. ESR feet are typically prescribed for amputees with a high level of activity,
i.e., K3 and K4.

As will be seen later in this thesis, comparing with the devices already present in the
literature and on the market, it can be argued that the features presented in the proposed
designs can already be encountered in existing devices. MyFlex-v is a foot prosthesis that
ranks among the ESR feet, the most common category of foot prosthesis and most used
by users with an outpatient level K3 and K4. There are already tens of them on the
market among the various world manufacturers of prostheses. MyFlex-9 is also an ESR
foot prosthesis but with the addition of a spherical ankle joint. As already said, the ESR
feet are already widespread and foot prostheses, even active, are already equipped with
an ankle joint with degrees of freedom not limited only to rotation in the sagittal plane.
MyFlex-¢ is an ESR passive prosthesis with variable stiffness, and therefore it can also be
considered comparable to existing technologies. What is proposed in this thesis, however,
is an alternative prosthesis that combines important features that are instead separated
into other prostheses. MyFlex-C is instead an ESR prosthesis with variable stiffness but
with the possibility to change the stiffness automatically with a motor. The goal with the
final prosthetic device, MyFlex-(, is to have a device that is efficient from the point of
view of metabolic energy (being ESR foot), which allows adaptations according to the
conditions of the ground (thanks to the ball ankle joint) and that can change stiffness
according to need (thanks to the active system that makes the stiffness variable). In
addition, the MyFlex-( will be integrated with an innovative knee prosthesis and control
system, in addition to the fact that the next version will be equipped with sensors made of
smart materials directly integrated with the composite components. Details about these
topics will not be included in this thesis as they are activities carried out by other Phd

students of the University of Bologna and the University of Groningen.






Chapter 4
Composite Materials

ABSTRACT Unlike materials that can be defined as conventional, i.e., steel, aluminum
alloys, etc., composite materials can be designed simultaneously with the component to be
manufactured using the composite materials themselves. To understand how composite
materials work, which will play a more than fundamental role in the elastic elements
of the foot prostheses that will be presented in the following chapters, in this chapter
composite materials will be explained what the are in general, which of them are used
in the industrial field, what are the types of reinforcements and matrices used and how
the composite components are produced. Understanding all this will be very useful when

designing the elastic elements of the foot prostheses.

4.1 Introduction

As will be seen in the following chapters of this thesis and as introduced, the foot pros-
theses that will be presented will be ESR feet or semi-active feet with a foot characterized
by elastic elements in composite material. So, to better understand which materials are

used, in this chapter a brief introduction is made on carbon fiber composite materials.

4.1.1 Definition

A composite material is a material, generally not homogeneous and not isotropic, obtained
by putting together materials of different shape and/or composition in order to be able to
combine the properties and characteristics of the various constituents in order to optimize
them in the final product, obtaining particular requirements. Therefore, the definition
just given must be understood at the macrostructural level, except in the cases of particle
composites that have been hardened by dispersion of the same particles.

A composite can be considered formed mainly by two constituents: the reinforce-
ments and the matriz. The most common composites are those made with strong fibers

(reinforcement) held together in a binder or matrix. Particles or flakes are also used as re-
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inforcements in a composite material. Nevertheless, they are less effective than the fibers.
Continuous long fibres were used in this thesis. The fibers, especially carbon, have very
high mechanical properties. However, they cannot withstand compressive and shear loads.
The matrix holds them together. Moreover, it distributes the loads, as well as protecting

the same reinforcements from the external environment and corrosive agents.

4.1.2 Advantages of Composite Materials

There are several factors that push to choose the composite materials to use with specific
features and functions. These factors are weight reduction, corrosion resistance, and part-
count reduction. Other advantages include electromagnetic transparency, toughening for
impact, erosion and wear resistance, acoustic and vibration damping, enhanced fatigue
life, thermal/acoustical insulation, low thermal expansion, low or high thermal conduc-
tivity, self-healing, low or high permeability, fire resistance and fire retardancy, ablation,
protection from lightning strikes, magnetoelectric response, and more [211,212].

Weight reduction is achieved with composite materials due to the low density of
both fibers and matrice. More significantly, fibers have higher strength /weight and stiff-
ness/weight ratios than most materials.

Another advantage is to be able to design the material according to its application. In
fact, when designing structural components in which composite materials are used, the
material and the structural component are simultaneously designed. This is thanks to the

possibility of combining different materials, different fiber orientations etc.

4.2 Classifications

Composite materials can be classified according to the reinforcement or the laminate

configuration.

4.2.1 Reinforcement Types

Mainly there are three types of reinforcements: continuous long fibers, discontinuous fibers

and particles/whiskers.

Continuous Long Fibers

Fibers are the most commonly used as reinforcements in composites. The fibers are
stronger than the bulk material from which they are made thanks to the preferential
orientation of the molecules along the direction of the fibers. In addition, the number

of defects present in a fiber is smaller than in the bulk material. Fibers are therefore
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preferred because they are lightweight, rigid and strong. The fibers may be arranged as

follows:
e Unidirectional fiber orientation - Figure 4.1a

e Bidirectional fiber orientation (woven, stitched mat, etc.) - Figure 4.1b

e Random orientation (continuous strand mat) - Figure 4.1c

(@) (b) (©)

Figure 4.1: Continuos Long Fibers Orientations.

Discontinuous Fibers

e Preferential orientation (e.g., oriented strand board) - Figure 4.2a

e Random orientation (e.g., chopped strand mat) - Figure 4.2b
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Figure 4.2: Discontinuos Fibers Orientations.

Particles and Whiskers

e Preferential orientation - Figure 4.3a

e Random orientation Figure 4.3b

(a) (b)

Figure 4.3: Particles and Whiskers.
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4.2.2 Laminate Configuration
Unidirectional Lamina

An unidrectional lamina is a single lamina (also called layer or ply), or several laminas

(laminae) with the same material and orientation in all laminas.

Laminate

A laminate is composed by several laminas stacked and bonded together, where at least
some laminas have different orientation or material. Laminates are created by putting
together laminas with different orientations in order to create strength in different di-
rections. In fact, the fibers do not contribute to the strength of the component in the
direction perpendicular to the fibers themselves, while the mechanical properties of the
matrices may not be sufficient. An alternative to this solution is to use woven, long fibers

with random orientations or chopped strand mat.

Bulk Composites

In bulk composites laminas cannot be identified, including bulk molding compound com-

posites, particle-reinforced composites, and so on.

4.2.3 Hybrid Structure

A third classification is made by Barbero [211] for hybrid structures: different material in

various laminas and different reinforcement in a lamina.

4.3 Fiber Types

Fibers are the most commonly used as reinforcements in composites. The fibers are
stronger than the bulk material from which they are made thanks to the preferential
orientation of the molecules along the direction of the fibers. In addition, the number
of defects present in a fiber is smaller. Fibers are therefore preferred because they are
lightweight, rigid and strong.

There are several fibers used as reinforcements in composite materials. They can be
classified in many ways: according to their length (short, long or continuous), according
to their strength and/or stiffness (LM - low modulus, MM - medium modulus, HM - high
modulus and UHM - ultrahigh modulus), or depending on whether they are organic or
inorganic fibers.

In this thesis carbon fibers are used, so the description of their properties, although
brief, is made only on them. Carbon fibers, also called graphite fibers, are lightweight and

strong fibers with excellent chemical resistance. The properties of carbon fibers depend
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on the raw material, the process used for its manufacture, and the specific manufacturing
process used. Polyacrylonitrile (PAN) and pitch are the two main raw materials, or pre-
cursors used. Fibers obtained from pitch are less expensive but have lower strength than
fibers obtained from PAN.

If the carbon fibers are classified according to their strength and/or stiffness, there
are intermediate stiffness fibers (IM6 and HMS4); then there are P55 fibers that are high
modulus fibers; fibers with ultrahigh modulus are the UHM and M50 (Pan-based fibers)
and P100 (pitch-based fiber); the T300 (www.toray.com), the UHM and the AS4D (www.
hexcel.com) are high strength fibers; finally, there are the IM6 fibers, which are super
high strength fibers.

Carbon fibres can work in temperatures as high as between 315°C and 537°C (www.
toray.com). However, in a composite, maximum sustainable temperatures are generally
reduced, due to the resistance properties of the matrix. However, for the application in
this thesis, the temperatures are relatively low compared to the resistance limits, as the

foot protheses have to operate at room temperature.

The existing fibers are: glass fibers, silica and quartz fibers, carbon nanotubes, or-
ganic fibers, boron fibers, ceramic fibers, basalt fibers, metallic fibers and natural fibers.

However, in this thesis carbon fibres are used, so only their properties will be detailed.

4.4 Textiles

In addition to continuous and discontinuous fibers, textile are also used as reinforcements.

textile can be classified as follows:

e 1D textile: these are called strand, tow, end, yarn, or roving;

o 2D textile or fabric: it uses the 1D textile, laying threads on various patterns on a

surface. The resulting composite materials is a 2D structure, such as a plate or a
shell.

e 3D texatile: it uses the 1D textile, arranging threads in complicated 3D forms by
special textile processing methods. The resulting composite material features a 3D

solid behavior.


www.toray.com
www.hexcel.com
www.hexcel.com
www.toray.com
www.toray.com

60 CHAPTER 4. COMPOSITE MATERIALS

Figure 4.4: Fiber forms [211].

In this thesis, in addition to the continuous fibers, only the 2D textiles are used. There
are two main types of 2D textiles: woven fabrics and non-woven fabrics. Figure 4.4
shows the various types of 2D textiles, images taken from [211]. The woven fabrics are:
a) plain, b) twill, ¢) satin, d) triazial, e) stitched and f) basket. The other forms, such as
g) continuos strand mat, h) veil and stiched are non-woven.

A woven fabric is a two-dimensional reinforcement obtained by interlacing of yarns
in the weaving machine. Fabric reinforcements offer mechanical properties lower than
unidirectional continuous fibers. Usually the woven fabric is processed by yarns interlacing
along two orthogonal directions: the yarn along the weaving direction is called warp yarn,
and the interlacing yarn perpendicular to the weaving direction is called fill or weft yarn
[211].

4.5 Matrix Materials

The matrix has several functions in a composite material. In fact, it holds the fibers to-
gether, thus transferring and distributing the load through the interface to the reinforcing
fibers and to the composite from external sources. The matrix carries some of the loads,
such as transverse stress, intralaminar shear stress, and bearing stress. Some properties of
the composite, such as transverse stiffness and strength, are mostly given by the matrix
properties. The materials used as matrix can be polymers, metals, or ceramics. Because of
they are the easiest to fabricate when it is about to realize very complex parts, polymers
are the most common materials used for matrices. In this application, polymer matrices

are used.
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There are mainly two types of matrices: thermoset matrices and thermo plastic ma-

trices.

4.5.1 Thermoset Matrices

A thermoset polymer matrix is a synthetic polymer reinforcement where polymers act as
binder or matrix to secure in place incorporated particulates, fibres or other reinforce-
ments.

Thermosetting resins require the addition of a hardening agent or hardener and im-
pregnation on a reinforcing material, followed by a polymerization phase to produce a
polymerized or finished part. Once hardened, the part cannot be modified or reformed,
except for the finish. Some of the most common thermosets include epoxy, polyurethanes,
phenolic and amino resins, bismaleimides (BMI, polyimides), polyamides [213].

Of these, epoxides are the most commonly used in the industry. Epoxy compounds
are also referred to as glycidyl compounds. The epoxy molecule can also be expanded
or cross-linked with other molecules to form a wide variety of resin products, each with
distinct performance characteristics. These resins range from low viscosity liquids to high
molecular weight solids. Typically, they are high viscosity liquids. The second of the es-
sential ingredients of an advanced composite system is the hardening or curing agent.
These compounds are very important because they control the reaction speed and deter-
mine the performance characteristics of the finished part. Since these compounds act as
catalysts for the reaction, they must contain active sites on their molecules. Some of the
most commonly used hardening agents in the advanced composites industry are aromatic
amines.

Several other types of hardening agents are also used in the advanced composites in-
dustry. These include aliphatic and cycloaliphatic amines, polyaminoamides, amides, and
anhydrides. Again, the choice of polymerization agent depends on the desired polymer-
ization and performance characteristics for the finished part. Polyurethanes are another
group of resins used in advanced composite processes. These compounds are formed by
reacting the component polyol with an isocyanate compound, typically toluene diiso-
cyanate (TDI); methylene diisocyanate (MDI) and hexamethylene diisocyanate (HDI)
are also widely used. Phenolic and amino resins are another group of PMC resins. Bis-
maleimides and polyamides are relatively new in the advanced composites industry and

have not been studied to the extent of other resins [213].

4.5.2 Thermoplastic Matrices

Thermoplastics currently represent a relatively small part of the PMC industry. They are

typically provided as non-reactive solids (n chemical reaction occurs during processing)
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and require only heat and pressure to form the finished part. Unlike thermoset materials,

thermoplastic materials can usually be heated and reformed in another form if desired.

4.6 Manufacturing Process

4.6.1 Hand Layup

The fibers (usually in the form of a "mat", cut wire or fabric) are placed on a mould, on
which the resin is then poured (usually polyester or vinylester). Curing of the polymer
matrix is carried out at room temperature, passing the composite material through rollers
at the same time, in order to facilitate the impregnation of the fibres. It is generally a

process suitable for processing large parts.

4.6.2 Spray Layup

There spray layup consists in spraying the resin on a layer of fibers. This processing has
the advantage of being easily automatizable, but it is possible to obtain only composite
materials with discontinuous fibres oriented in a random way (therefore it is not possible to
obtain composites with continuous fibres or composites with aligned discontinuous fibres).
It is mostly used for producing parts of constant thickness: truck body parts, small boats,

shower units, and custom automotive parts.

4.6.3 Prepreg Layup

The layup is done by hand as in the two previous ways, but instead of using dry re-
inforcements to then add the resin by dripping or spraying, preimpregnated fibers are
used. Most prepregs are made from epoxy resin systems and reinforcements usually in-
clude glass, carbon, and aramid fibers. In most of the prepreg systems the resin content is
higher than desired in the final part. The removal of this excess resin assists in removing
the entrapped air and volatiles that may produce voids in the final part if not removed.

Once the prepreg layup is done, the curing process is done in the autoclave. The

operations of the production cycle in autoclave are the following;:

e Application of release agent on mould

Cutting of fabrics

Lamination of fabrics on the mould

Application of the vacuum system

Dedicated autoclave polymerization cycle
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e Mould extraction

e [inal finish

The polymerization of the composite material is carried out by means of controlled
temperature and pressure. The temperature favors the curing of the resin. The pressure
causes the excess resin and gases trapped inside the layers of material to escape. Of course,
each type of material must be associated with its own curing cycle.

The parameters that determine the final quality of the product are:

Uniformity of the polymerisation

Curing time
e Pressure application

Resin flow

4.6.4 Filament Winding

It is a technique for the production of hollow components with cylindrical symmetry (such
as pipes, poles, tanks). It consists in the winding of fibres impregnated with resin with
low viscosity on a spool with a rotating spindle. It is a fast and economical process, and
guarantees good structural properties to the composite. The process is limited to convex

objects without concavity.

4.6.5 Resin Transfer Molding

RTM (resin transfer ) is a process in which a two-component mould is used to shape
the two faces of the panel. The lower part is rigid, the upper part can also be rigid or
flexible. Flexible moulds can be made of composite material, silicones or extruded polymer
threads, such as nylon. The two sides match to form a mold cavity. The peculiarity of
this process is that the reinforcement materials are placed in the cavity and the mould is
closed before the introduction of the material that will constitute the matrix. The RTM
has numerous varieties that differ in the way the resin is introduced. The process can take

place both at high temperature and at room temperature.

4.7 Conclusion

In this chapter, the author made a brief introduction to composite materials. He explained
what composite materials in general consist of, and in particular they briefly described the

various types of reinforcements and matrices that go into composing a composite material.
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In addition, the author also presented, albeit briefly, the various production technologies.
All this to understand how to prototype and produce in general foot prostheses with
elastic composite elements, and of course, to respond to the RQ3 (Section 1.4.3). For
the production of the composite components of the various Myflex prototypes, the author
and colleagues used unidirectional and woven prepregs of carbon fiber (with epoxy matrix),
applying the prepreg layup as production methodology. The author and his research group
used plastic molds produced with 3D printing technology to reduce production costs
during prototyping. Being plastic moulds, as will be seen later, the curing phase of the

composite components was modified.
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Chapter 5

Design Methodology for ESR Feet

ABSTRACT

The lack of a systematic methodology for the design and testing of prosthetic feet has
led the author to optimize a unique procedure that could be used for this purpose. The idea
is that this methodological procedure could be used to optimize the same foot prosthesis
for different stiffnesses, or to optimize a new design. This proposed methodology combines
numerical and experimental techniques. FEM analyses are included for both the design
phase and the functional verification phase. In addition, mechanical properties testing,
regulated by ISO regulations, are included between the design and functionality testing
phase. In this chapter the author explains in detail the loading conditions in general to
which a foot prosthesis is subjected both in the phases of simulation and mechanical
properties testing. In addition, the FEM modelling techniques used are presented step by
step.

5.1 Introduction

The various foot prosthesis prototypes of the MyLeg project have been developed and
optimized following the systematic design methodology presented in this chapter. The
need to create a mechanical design methodology was born from the desire to have a
unique procedure to optimize different stiffnesses of the same prosthesis or to optimize
new ones. All MyLeg foot prostheses presented later in this thesis (MyFlex-vy, MyFlex-9,
MyFlex-¢ and MyFlex-() are ESR feet or semi-active foot prostheses characterized by
a foot composed of elastic composite elements. The ESR feet are the most prescribed
prosthetic feet for individuals with K3 and K4 levels of ambulation. As mentioned in
Chapter 3, ESR feet are passive prosthetic devices made of elastic elements, which ensure
the ESR feet work as springs that store energy during the mid-stance of the gait cycle and
release it for the propulsion during late stance [76,77|. The elastic elements are generally
leaf springs of composite materials (carbon fiber-reinforced plastic-CFRP; or glass fiber-

reinforced plastic-GFRP). The stiffness of the elastic elements is a crucial characteristic
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of ESR feet, and it depends on the geometries and the material properties, [78,79]. The
choice of the global stiffness category of foot prostheses depends on the weight and the
users’ activity levels [80]. This proposed design methodology, however, is not only for
ESR feet. Indeed, active ankle-foot prostheses on the market are also characterized by
feet with composite elastic elements. Therefore, this methodology can also be applied for
the optimization of the elastic elements in composite of semi-active or robotic prosthetic

feet, of which the most important on the market are collected in the Table 5.1.

Table 5.1: Commercial active and semi-active foot prostheses with composite elastic foot.

Manufacturer Model Website (Access date) Country
Blatchford Elan www.blatchford.co.uk (01 Nov 2021) UK
Blatchford Elan/¢ www.blatchford.co.uk (01 Nov 2021) UK

Fillauer Raize www.fillauer.com (01 Nov 2021) USA
Freedom-Innovations Kinnex 2.0 www.freedom-innovations.com (01 Nov 2021)  USA
Ossur Proprio Foot www . ossur. com (01 Nov 2021) Iceland
Ottobock Empower www.ottobock. com (01 Nov 2021) Germany

The details of the methodology are explained in the following sections. Most of the
information included in this Chapter is also contained in the work published by Tabucol
et al. in [159].

5.1.1 Use of FEA in the Design of Prosthetic Feet

The methodology combines numerical and experimental techniques for the design and
the functional verification of foot prostheses. It consists of three main phases: (i) the
design phase, which includes the stiffness and safety optimization; (ii) the mechanical test
phase on a physical prototype; and (iii) the functionality verification phase. The stiffness
optimization, carried out during the design phase, is performed using static structural
finite element (FE) analyses (FEA). Optimizing a passive foot prosthesis means optimizing
its stiffness in such a way that it gives rotations in both dorsiflexion and plantarflexion
similar to the rotations of a healthy foot. In the ankle—foot system of a human who has
not suffered any amputation to the lower limbs, there are muscles that control every
movement giving the desired or necessary rotation. With transtibial amputation, most
of the muscles are eliminated or reduced and a passive device such as the ESR foot
cannot guarantee active control as muscles do. However, by studying the literature, it is
possible to determine the loads to which a healthy foot is subjected while walking and
its corresponding rotations. Therefore, an ESR foot can be optimized in terms of stiffness
considering the loads it is subjected to and the rotations it must make while walking.

In previous works, FEA was used with different aims in the design/study of prosthetic
feet. Omasta et al. and Bonnet et al. used FEA to analyze the stress-strain behavior of

load-bearing components [214,215|. Bonnet et al. also used FEA to analyze the energy


www.blatchford.co.uk
www.blatchford.co.uk
www.fillauer.com
www.freedom-innovations.com
www.ossur.com
www.ottobock.com

5.1. INTRODUCTION 69

stored by an ESR foot [215]. FEAs were also applied to the design of foot prostheses
that comply with standards such as ISO 22675 [216] or American Orthotic and Pros-
thetic Guidelines (AOPA) [217]. FEA was used by Prost et al. to carry out the stiffness
optimization of the elastic elements of passive [218] prosthetic feet, while Sheperd et al.
used it for the same aim but to optimize a quasi-passive [91] foot prosthesis. The pro-
file shapes of prosthetic feet were to obtain an optimal roll-over by carrying structural
FEAs [219,220]. Dao et al. designed an ESR foot with elastic elements in composite ma-
terials (glass fiber) [221]. Rigney et al. included FEA in a methodology that concerned
ESR prosthetic foot characterization; however, they did not propose it as a tool to design
a new energy-storing and -releasing foot [222|. Tryggvason et al. presented a work where
the main aim was to create a model which was meant to serve as a platform for iterative
modifications of a foot prosthesis design by simulating a standardized dynamic mechan-
ical test (ISO/TS 16955), wherein the foot performed a complete roll-over [95]. Table
5.2 summarizes the literature on the use of FEA for the design and analysis of prosthetic
feet characterized by the elastic elements in composite materials. So far, state-of-the-art
analyses show that the literature approaches relatively to prosthetic foot design are not

based on a systematic methodology.

Table 5.2: Aim and type of simulations and material properties used in previous works where
finite element analysis is applied to study foot prostheses.

Ref. Aim Type Mat. Prop.
Omasta et al. [214] analysis 3D Static linear, isotropic
Bonnet et al. [215] analysis 3D static linear, isotropic
Naveed et al. [216] design 3D dynamic linear, isotropic
Santana et al. [217] design 3D static non linear, orthotropic

Prost et al. [218] design 3D static linear, isotropic
Shepherd et al. [91] design 3D static linear, isotropic
Mahmoodi et al. [219] design 3D dynamic linear, isotropic
Ke et al. [220] design 3D static linear, isotropic
Dao et al. [221] design 3D static/dynamic linear, isotropic
Rigney et al. [222] analysis 3D static/dynamic linear, isotropic
Tryggvason et al. [95] design 3D dynamic non linear, orthotropic

This work aims to introduce a methodology that helps the designer develop their initial
idea of a foot prosthesis by combining ergonomic and functional requirements with stiffness
and strength requirements and choosing the most suitable materials. In this methodology,
two different FE models of the foot prosthesis are built during the first phase. The first
FE model is two-dimensional (2D FE model) and considers the foot prosthesis only in
the sagittal plane. The second FE model is three-dimensional (3D FE model); the profile
shapes of the elastic elements in the sagittal plane are the ones optimized in the 2D
FE analysis. In previously published studies, 3D FEAs have been carried out to perform

stiffness optimization of the energy-storing parts [95,219,220|. However, when the analysis
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aims to study the effect of varying many geometric parameters on the behavior of the
prosthesis, 3D FEA is time-consuming. Therefore, the 2D FE model built in the present
work is aimed to be used as a tool to determine the effect of the geometry variation on
the foot prosthesis behavior in the sagittal plane, reducing the computation time. The
3D FE model is built to perform a more detailed structural analysis, aiming to optimize
the stiffness and the strength of the prosthetic device. The optimization is carried out by
determining the final material properties to use; therefore, the lamination sequence of the
layers of CFRP was used to build the elastic elements. In previous studies, the composite
elastic elements have been simplified by simulating them with isotropic properties in
3D FEAs [219-221]. Simplifying the laminate composites as isotropic materials is an
approximation that can lead to highly inaccurate results, both in terms of stiffness and
strength points of view. In Section 5.2.1, a guideline to build the 3D FE model is given,
also specifying the constraints and the load conditions of the equivalent of ISO 10328
static tests. The second phase of the present methodology is the FE model validations.
The 2D and 3D FE models and analyses are subsequently subjected to validation through
an ISO 10328-inspired static test (mechanical test phase, see Section 5.2.2). The design
phase is carried out by optimizing the stiffness of the ESR foot with static loads; thus,
the validation phase is carried out with static tests. Nevertheless, the foot prostheses are
loaded dynamically during use. Therefore, it is crucial to understand the behavior of the
foot prostheses when they are under dynamic conditions. Two approaches to verify the
functionality and study prosthetic feet’s behavior when subjected to dynamic loads are
proposed. They are both carried out through two-dimensional FE analysis, wherein only
the motions in the sagittal plane are considered. The load conditions of the first approach
consisted of a simplified version of the dynamic test proposed in the ISO 10328 standard,
whereby the foot is loaded at the heel and toe with two platforms, simulating the ground
reaction forces (Section 5.2.3). The second approach is based on the ISO 22675 and
ISO/TS 16955 standards load conditions, whereby a tilting table simulated the relative
rotation between the thigh and the ground and an actuator simulated the ground reaction

forces by pushing the thigh—shank—foot system (Section 5.2.3) downwards.

5.1.2 Working Principle of ESR Feet in a Gait Cycle

Before defining the biomechanical objectives, a brief description of the general working
principle of ESR feet should be given. What is considered for the design of the prosthesis
and the optimization of its stiffness is the stance phase, whereas during the swing phase,
the prosthesis is not loaded. The terminology proposed by the author (Section 2.3.1)
shall be taken into account in describing the working principle of the ESR feet. The
working principle of the ESR feet is therefore described:

e Farly Stance: from Heel-Strike to Toe-Strike. The elastic elements of an ESR foot
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must absorb the impact that occurs during the heel-strike, that is, when the heel
touches the ground. The elastic elements are deformed in such a way as to absorb
the impact energy and the foot rotates in plantarflexion as it comes in a healthy foot
until the toe-strike also happens. The energy absorbed by the elastic elements must
partly help the movement that takes place from heel-strike to toe-off, to reduce the
thrust that the other leg must give (healthy in the case of unilateral amputation,

prosthetic in the case of bilateral amputation).

o Mid Stance: from Toe-Strike to Heel-Off. During this sub-phase, like the healthy
foot, even the prosthesis is in flat foot condition, and goes from being in maximum
plantarflexion (toe-strike) to being in maximum dorsiflexion (heel-off). In an ESR
foot, from the moment the prosthesis returns to the resting position (during the
mid stance) and begins to rotate in dorsiflexion, begins to accumulate the elastic
energy that will then be released in the late-stance for the push-off. The higher the
elastic energy accumulated, theoretically the lower the metabolic energy spent by
the user to perform the push-off. This sub-phase is probably the most important
(obviously without underestimating the importance of the absorption of the impact
during heel strike) regarding the optimization of the stiffness of the ESR feet. If the
stiffness is too high, the heel-off occurs first and the energy accumulation is less. If
the stiffness is too low, the heel-off happens later and the rotation in dorsiflexiion

could be excessive resulting dangerous for the user.

e Late Stance: from Heel-Off to Toe-Off. It is the final sub-phase of the stance phase in
which the release of the elastic energy previously accumulated takes place. To achieve
a very rapid release of elastic energy, helping the push-off, the foot’s plantarflexion

in this sub-phase should not be damped in the least.

5.1.3 Definition of Biomechanical Objectives

In this Section, the biomechanical objectives are defined, also recalling what is reported in
Chapter 2. The biomechanical objectives are the values of the rotation that the prosthesis
must have according to the load to which it is subjected.

Designing ESR feet means optimizing the stiffness of their elastic elements. The basic
definition of stiffness of a loaded structure is: stiffness equals to the ratio between an ap-
plied load and its resulting deformation . In the present case, the deformation corresponds
to the rotation of the foot in the sagittal plane (dorsiflexion and plantarflexion). On the

other hand, the load corresponds to the ground reaction forces.
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The Ankle Rotation in the Sagittal Plane

As already seen in Section 2.4.3 and in Figure 2.11, despite several factors influence the
maximum and minimum values of plantarflexion at toe-strike and dorsiflexion at heel-off,
the ankle rotation in the sagittal plane follow the same pattern. According to data already
reported in Section 2.4.3, the rotation of the human healthy ankle has a plantarflexion at
the end of the early stance between -1 degree and -8 degrees , and a dorsiflexion between
6 degrees and 16 degrees (taking as convention the following: negative plantarflexion and

positive dorsiflexion) [15-22].

The Vertical Ground Reaction Forces during Normal Ground Walking

As seen in the Section 2.5 and in Figure 2.14, the behavior of the ground reaction force
curves remains the same at different walking speed (and in general, at different walking
conditions), even if the maximum and minimum values change and when these values
are reached during the gait cycle. And again, as seen, the ground reaction force has an
M-shape. The first peak occurs during early stance, while the second peak occurs at the
end of mid stance. The first peak, according to the data considered, is between 95% and
130% of the body weight of the person walking, while the second peak occurs between
95% and 105% of body weight. The question that could arise spontaneously could be that
the ground reaction force is lower than the body weight: this happens when the peak is
reached when the other foot is still (first peak) or already in contact (second peak) which

means the condition of walking is in double support.

Final Biomechanical Objectives

Knowing the rotations (Section 2.4.3) that a healthy ankle must have during the stance
phase and the loads (ground reaction force, Section 2.5) to which the foot is subjected
during the same stage of the walk, it can be said that the values to be taken into consid-

eration are:

e Plantarflexion at Toe-Strike: between -1 degree and -8 degrees.
e Dorsiflexion at Heel-Off: between 6 degree and 16 degrees.

e Ground Reaction Force first peak on the heel: between 95% and 130% of the body

weight of the user.

e Ground Reaction Force second peak on the toes: between 95% and 105% of the body

weight of the user.

The values of dorsiflexion and plantarflexion and of the loads corresponding to them

vary according to the end user; therefore, even if using this same methodology, the biome-
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chanical objectives can vary, but still must be included in these values of rotations and

ground reaction forces.

5.2 Materials and Method

The methodology proposed in this chapter includes both the design and the verification
of the functionality of the prosthesis, a step that the author considered fundamental
before human subject testings with amputee users take place. The design and functionality
verification methodology proposed consists of a procedure made of three main phases:
(i) the design phase, (ii) the mechanical test phase to validate the design and (iii) the
functional verification phases. In Figure 5.1, the flowchart of the design and functionality
verification is depicted.

The step zero is the definition of biomechanical requirements/objectives, and the values
to be chosen must be within those indicated in the previous Section (Section 5.1.3), both
as regards the rotation of the foot around the ankle and ground reaction forces. Once the
requirements is defined and once the foot prosthesis configuration is chosen, an initial
geometry of the foot prosthesis (two-dimensional CAD model) is drawn and used in the

design phase.

Foot Prosthesis

Dorsiflexion/Plantarflex Configuration
ion Range of Motion
REQUIREMENTS Initial Geometry

Ground Reaction Force T DESIGN PHASE
at Normal Ground 2D FE model-:

Walking > Geometry «—>  Geometry Re-design
Optimization

3D FE model: . .
Material Optimization [—> Material Re-definition

A 4
VALIDATION —{ Static Mechanical Test
T

v
2D FE model:
re-adaptation

2D FE model: 2D FE model:
1SO-10328 inspired 1SO 22675 - ISO/TS
dynamic test 16955 dynamic test

FUNCTIONAL
VERIFICATION

Figure 5.1: Flowchart of the design methodology: design phase, validation phase and functional
verification phase .

5.2.1 Design Phase

The most important locomotion’s degree of freedom of the foot is the rotation in the

sagittal plane. Therefore, to simplify the preliminary stiffness optimization of the pros-
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thesis, based mainly on the modification of the geometry of the prosthetic device, a 2D
FE model was built to simulate the motion of the foot in the sagittal plane. Once the
geometry in the sagittal plane is defined, a 3D FE model is built to carry out a more
detailed simulation, wherein the composite elastic elements are optimized by modifying
the laminate material properties, working mainly on the type, orientation and numbers
of layers of CFRP prepregs. Before explaining in detail the various stages of the proposed
methodology, it is reminded that optimizing a passive foot prosthesis means optimizing its
stiffness in such a way that it gives rotations in both dorsiflexion and plantarflexion sim-
ilar to the rotations of a healthy foot, when such prosthesis is subjected to loads (ground
reaction forces) similar to those to which a healthy foot is subjected. The choice of the
final values to be taken into account must fall within the ranges defined in Section 5.1.3.
The choice must take into account the level of activity of future users, and of course, their

body weight.

Geometry Optimization: 2D FE Model

In this first step of the design phase, geometry optimization is carried out through a 2D
FEA. For example, this step can be used to optimize the profile shapes of an already
defined configuration of elastic elements, to configure the energy-storing parts of a new
ESR foot, or to investigate the behavior of an existing prosthetic device after modifications
or additions of other functional components, such as dampers and actuators.
Optimizing the geometry of a foot prosthesis is very important, especially with regard
to ESR feet and their elastic components. Although the result of the 2D FE model in
terms of stiffness is not definitive, this model is essential to optimize the shapes of the
various elastic components to ensure the full range of motion needed to walk. A non-
optimization of the shapes of the elastic components can bring a range of motion too
reduced or too wide. Regardless of the stiffness of the elastic components, if the range
of motion is too small, the foot rotates around the ankle joint up to a certain angle and
then, a sudden sensation of increase in the equivalent rotational stiffness around the ankle
joint follows. Due to this sudden increase in stiffness of the ankle joint, the foot no longer
rotates around the ankle and the heel comes off the ground before the desired moment.
This situation can be perceived by the user as a sudden disappearance of the support,
which can cause discomfort or even a fall of the user. If the range of motion is too wide,
the foot may continue to rotate in dorsiflexion beyond the desired limit by delaying the

hell-off. Even this situation can generate discomfort or even a fall of the user.

Load conditions.

The CAD model is drawn in the z—y plane and imported into ANSYS Workbench. The FE
model is simulated in a 2D static structural analysis. Following the ISO 10328 standard,
the dorsiflexion test is simulated by loading the FE model with a platform at the forefoot.
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For the plantarflexion test, the FE model is loaded at the heel. The platforms are moved by
imposing 10 mm of displacement for the plantarflexion test and 50 mm for the dorsiflexion
test. The shank is constrained with a fixed support at the top of the tube connector. For
the present application, the loads and the constraints are depicted in Figure 5.2. For
the heel test/plantarflexion test, the foot is relatively inclined backwards by 15° to the
platform to simulate the angle between the foot and the ground at heel strike. For the
toe test/dorsiflexion test, the foot is relatively inclined forward by 20° to the platform to
simulate the angle between the foot and the ground at the end of the stance phase, at the

toe-off.

a) 1SO 10328 static plantarflexion test b) 1SO 10328 static dorsiflexion test

i Reaction Force .
Reaction Force

Figure 5.2: Schematic representation of the boundary conditions used for the 2D FE model.

The geometric optimization is done by varying some geometric parameters, possibly
those that are assumed to have greater influence on stiffness. These parameters depend
on the foot prosthesis architecture and the designers can choose them. In the following
lines, the procedure to create the 2D FE model for geometry optimization is explained

step by step.
Mesh modeling.
The FE model is built in ANSYS Workbench. PLANE183 (ANSYS) elements are used

for mesh building; these are two-dimensional 8-node and 6-node elements with quadratic

displacement behavior and two translations at each node as degrees of freedom.

Contacts modeling

The contacts between parts has to be modeled differently according to the real conditions.
For parts that worked bending toward each other with slight sliding, the contacts are
modeled as frictional using pure penalty formulation and 0.1 is set as the normal stiffness
factor. For contacts that can be modeled as glued /bonded, the bonded contact type was

used with augmented Lagrange formulation and 1 was set as the normal stiffness factor.

Joints

Pretensioned bolts are modeled as preloaded springs, where the preload given as force
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is equal to the bolt pretension of the corresponding bolt. More specifically, the bolts are
modeled as longitudinal springs body-to-body joints (longitudinal COMBIN14, ANSYS).
Both the nodes of the COMBIN14 element are applied as direct attachment to the nodes of
the connected parts. Connection links with hinge joints at both extremities were modeled
with body-to-body beam joints (BEAM3, ANSYS). BEAM3 is a 2D uniaxial element with
tension, compression and bending capabilities and it has the translations in both directions

of the z—y plane and the rotation around the z-direction at each node.

Stmulation conditions

ESR feet elastic elements are subjected to high deflections. Therefore, the 2D FE model

has to be simulated in a nonlinear static structural analysis environment.

Stmulation outputs.

The evaluation of the behavior of the foot in plantflexion and dorsiflexion is carried out
by studying the displacement of the platform that compresses the prosthesis and the force
that was necessary to compress it. Also, such an assessment can be carried out by studying
the rotation of the foot in relation to the force used to load the same foot. The rotation
corresponds to the variation of the angle formed between the GM line and the horizontal
direction. The positions of the two virtual markers G and M (Figure 5.3) were chosen

considering the marker-set protocol specified in [19,223].

a) Markers on the 2D FE model of the prosthesis b) Markers on healthy human foot

zf

xf

Figure 5.3: Virtual markers according to Leardini et al. [223].

The displacements of G and M are the outputs of the simulation together with the
reaction force measured at the prosthesis constraint point. The initial coordinates of G
and M are known, and from them their coordinates during the test can be calculated.
The angle between the GM line and the horizontal direction is therefore calculated as

follows:

yG_yM>

5.1
p—— (5.1)

o = arctan <

The rotation of the foot is therefore calculated as follows:
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Ao =a— o (5.2)

where o is the initial angle between the GM line and the horizontal direction.

The stiffness of a foot prosthesis, therefore, whether it is the plantarflexion stiffness or
the stiffness in dorsiflexion, is evaluated by evaluating the platform displacement-reaction
force or foot rotation-reaction force stiffness curves. The geometric parameters used can be
considered pre-optimized to have the desired stiffness if the stiffness curves described fall
within the rotation ranges of the foot and the corresponding loads. In the next chapter,
with the methodology applied on the optimization of Myflex-vy, this statement will be

explained better.

Material Properties Optimization: 3D FE Model

With the 2D FE model, the profile of the elastic elements and the general geometry
of the foot prosthesis in the sagittal plane is defined. The 3D CAD model for the 3D
FE model must be built upon the geometry obtained in the previous step. The elastic
elements of ESR feet, in general, are laminate composite and they are built by stacking, in
sequence, layers of CFRP (carbon fiber-reinforced plastic) or GFRP (glass fiber-reinforced
plastic) prepregs, which are sheets of pre-impregnated fibers (generally pre-impregnated
with resin) and they can be unidirectional or woven. The stiffness of each of the elastic
elements of the ESR feet is defined by lamination sequence, type, number, orientation and

order of each layer.

Loads and constraints

The 3D FE model is intended to be validated with a mechanical test on a physical proto-
type of a foot prosthesis. In the ISO 10328 standard, the foot is loaded with an inclined
platform, which means two inclined actuators are required, one for the heel and one for
the toe, to compress the foot prosthesis. A dedicated test setup was designed and built
(Figure 5.4) to avoid the necessity of two inclined actuators. The ISO 10328-equivalent
test setup was characterized by a vertical piston that pushed a platform upward. The rel-
ative inclination between the foot and the platform was created by two different adapters
that inclined the foot backwards by 15° and forwards by 20°. The platform, free to move
along the longitudinal direction of the foot, compressed the foot prosthesis, fixed at the
top. A vertical displacement was imposed to the platform to compress the foot at the heel
and at the toe in two different tests to simulate the ground reaction forces at both the early
and the late stance, respectively. The total displacement was 10 mm and 50 mm at the
heel and the toe load conditions, respectively, because of the different range of motion of
the foot during plantarflexion and dorsiflexion. For the toe load, the platform was moved

upward linearly at a rate from 3 mm/s to 4 mm/s. The platform moved linearly along
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a) 1SO 10328 static test (dorsiflexion) b) Equivalent ISO 10328 static test (dorsiflexion)

. Reaction Force
Reaction Force

Figure 5.4: The ISO 10328 dorsiflexion static test vs Equivalent dorsiflexion test.

the vertical direction for the heel load to compress the foot at a rate from 0.6 mm/s to
0.8 mm/s. These rate values, both for the plantarflexion and dorsiflexion tests, were cho-
sen for a reason of convergence of the simulations during the optimization of the present
methodology. It was verified that the results did not change if the dorsiflexion simulation
was performed at a rate of 3 mm/s or at a rate of 4 mm/s. The exact same applies to the
plantarflexion simulation. This is justified by the fact that the simulation was still in rate
values under static conditions.

As with the 2D FE model, also in the case of the 3D FE model the stiffness of a foot
prosthesis, therefore, whether it is the plantarflexion stiffness or the stiffness in dorsiflex-
ion, is evaluated by evaluating the platform displacement-reaction force or foot rotation-

reaction force stiffness curves.

Components modeling

The 3D CAD Model is imported into ANSYS by setting 3D as the analysis type. All
isotropic parts must be provided as solid to ANSYS, while composite parts must be
surfaces. All parts involved in contacts must be modeled as flexible elements, while the

parts connected with joints can be modeled as rigid bodies.

Based on the results obtained from the 2D FE model in the previous step, the initial
values of thicknesses and elastic properties of the composite parts are predefined and used
as a reference to define the lamination sequences of layers of CFRP prepregs. Then, the
types, the numbers, the orientations and the order of the layers of CFRP prepregs are
changed until the targeted thickness and elastic properties (calculated with the Classical
Theory of Laminates) are reached.

The 3D CAD model of the foot prosthesis is provided to ANSYS in Geometry. The
lamination sequences of the composite parts are modeled inside ANSYS Composite Pre-
Post (ACP). The main fiber direction for each of the composite parts must be parallel to
the longitudinal direction of the foot prosthesis. Then, the composite parts are exported
from ACP to Static Structural modeler as solid, with the final thicknesses.
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Mesh modeling

The flexible components must be meshed. The elastic elements must be mainly modeled
with SOLID186 elements, which were 20-node elements with 3 degrees of freedom at each
node and with quadratic behavior. SOLID187 elements (10-node elements with 3 degrees
of freedom per node) were used for irregular areas. Non-elastic elements must be modeled

with 8node elements with 3 degrees of freedom at each node and linear behavior.

Contacts modeling

As in the 2D FE model, for parts that bend to each other with slight sliding, the contacts
were modeled as frictional using pure penalty formulation and 0.1 was set as the normal
stiffness factor (the factor was set to 1 for normal dominated conditions). For contacts
that could be modeled as glued /bonded, the bonded contact type was used with augmented

Lagrange formulation and 1 was set as the normal stiffness factor.

Bolts modeling

Generally, the elastic elements of ESR feet are joined together with preloaded bolts.
The screws must be modeled as preloaded spring joints (ANSYS; COMBIN14) and with
specific axial stiffness and pretensions that corresponded to the bolts used. The extremities
of the springs must be applied, as remote attachments, on the portions of the upper-blade

top surface and on the bottom of the lower-blade surface to simulate the washers’ section.

Loads and constraints

The FEA must be carried out in a nonlinear static structural analysis by enabling the
large deflection option. The vertical displacement is imposed on the platform, free to move
along the x-direction and fixed along y (transverse)-direction (see Figures 5.4 and 6.9).
The platform compresses the ESR foot and the reaction force is measured where the fixed

support constraint is set.

The geometric parameters and the final material properties used can be considered
optimized to have the desired stiffness if the stiffness curves described fall within the

rotation ranges of the foot and the corresponding loads.
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5.2.2 Mechanical Test Phase

Load Cell INSTRON 8033
INSTRON 8033

Inclination
Converter

Platform

Linear Guide

Piston

/

a) Plantarflexion Test b) Dorsiflexion Test

Press Machine Frame

Figure 5.5: Schematic representation of the mechanical test on MyFlex-v.

In the equivalent test setup, a hydraulic press machine (INSTRON 8033) is used as an
actuator to compress the physical prototype of the foot prosthesis. The relative inclination
between the foot and the platform is obtained by specifically designed adapters (Figure
5.5). As in the 3D FE model of the design phase, the platform is moved under displacement
control; it moved upwards linearly with the same rate used in the design phase, i.e., 0.6—
0.8 mm/s in the plantarflexion test and 3-4 mm/s in the dorsiflexion test, to replicate the

same conditions.

Thanks to a linear guide, the platform that pushes the foot prosthesis upward is free to
move along the longitudinal direction of the same foot prosthesis. The platform is mounted
on the linear guide, attached to a frame that can freely move when the hydraulic piston is
actuated. The results of the mechanical test can be given as displacement—reaction force,
where the displacement is the vertical motion of the platform and the reaction force was
measured at the top of the inclination adapter with a load cell. By applying markers to
the prosthesis of the foot, the rotations could also be determined; therefore, the stiffness
curve of the prosthesis could be plotted as rotation-reaction force. Knowing, from the
simulations, the ratio of the platform displacement and rotation of the foot, the results
from the mechanical tests could be plotted as rotation—reaction force even without the

use of markers.
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a) Plantarflexion Test b) Dorsiflexion Test

Figure 5.6: Ossur ProFlex-Pivot a) plantarflexion and b) dorsiflexion ISO 10328 equivalent tests.

5.2.3 Functionality Verification Phase

The functionality verification of the foot prosthesis is conducted in two different modali-
ties, both through transient structural FEAs. As will be explained in more detail below,
the FEAs used to verify the functionality of the prosthesis under non-static conditions
are similar to those used in the design phase. However, while in the case of design, what
is done is to optimize the prosthesis from the point of view of stiffness, in the case of the
verification of functionality, the FE model of the foot is loaded with ground reaction forces
during walking. The first modality is a simplified dynamic test inspired by the cyclic tests
from ISO 10328 (Section 5.2.3). The cyclic tests proposed in ISO 10328 relate to normal
walking activities where loads occur regularly with each step. In the second modality, the
roll-over task of the foot prosthesis is simulated and it is inspired by the dynamic tests
from ISO 22675 and ISO/TS 16955 (Section 5.2.3).

Two-Dimensional FE Model Adjustment

The 2D FE models used to simulate the two dynamic tests is built upon the 2D FE model
developed in the first step of the design phase. The 2D FE model is characterized by
speeding up the simulations in the case of geometry optimization, carried out by changing
specific geometric parameters. Nevertheless, two-dimensional FE models are less precise
than three-dimensional FE models. The first reason is, in the 2D FE model, the width
of each part cannot be set as variable. The second reason is geometric and concerns the
holes, which are not considered in the 2D FE model. The third reason regards the material
properties. The orientation of the fibers in composite materials is fundamental, in terms
of both stiffness and strength. In the 3D FE model, the fibers are modeled following the
curvatures of the components. The same situation does not occur in the 2D FE model.
Therefore, the 2D FE model built as described in the first step of the design phase is

simulated again. The widths of the elastic parts were slightly adjusted to obtain the same
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displacement force curves obtained in the static mechanical test (Section 5.2.2).

ISO 10328 Cyclic Tests

a) 1SO 10328 cyclic test b) ISO 10328 cyclic test modelling

Initial Space
Heel Force Forefoot Force Heel Force Forefoot Force

Figure 5.7: ISO 10328 cyclic a) test and b) simulation configurations.

The re-adapted 2D FE model of the foot prosthesis is used to simulate the cyclic tests pro-
posed in the ISO 10328 standard. Constraints, contacts, mesh modeling, joints, materials
and width (dimension in the transverse direction) were the same for the foot prosthesis,
while the load conditions were changed. The foot is loaded at the heel and forefoot with
two platforms (Figure 5.7). The two platforms compressed the foot prosthesis with two
forces (Figure 5.8), simulating the ground reaction forces during the gait cycle. The qual-
itative behavior of the heel and the forefoot forces are based on the ISO 10328 dynamic
test, while the maximum values (130% of the body weight for the heel force and 105% for

the forefoot force) are the values previously mentioned in Section 5.1.3.

150
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——Heel Force
— Forefoot Force

100

Ground Reaction Force (%)
3
|

o L | | l l | | L
0 10 20 30 40 50 60 70 80 90 100

Gait Cycle (%)

Figure 5.8: M-shaped force: heel force (130 % of the bodyweight) and forefoot force (105%).

An initial space between the forefoot platform and the foot prosthesis is given (Figure 5.7).
The forefoot touched the front platform when the forefoot force started to increase from
0 N (around 22% of the gait cycle, Figure 5.8). The first contact between the forefoot

and forefoot platform simulates the toe strike. The same virtual markers used previously
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are used to calculate the rotation of the ankle-foot. For the dynamic analysis, an entire

gait cycle of 1 s is considered.

ISO 22675-ISO/TS 16955 Dynamic Test

The re-adapted 2D FE model of the foot prosthesis is used to build the present model to
simulate the ISO 22675-1SO/TS 16955 dynamic/roll-over test. Other parts were added,
such as the shank, the thigh and the tilting table (Figure 5.9). The contacts, mesh
modeling, joints, materials and width (dimension in the transverse direction) are the
same used in the first step of the design phase. The connection between the shank and
the ankle—foot system is modeled as a bonded contact. The contact between the knee
portion of the thigh and the knee portion of the shank is modeled in the FE model as
a no-separation contact to create the knee joint. The thigh remained vertical and was
free to move along the vertical direction only. The tilting table was rotated according
to ISO 22675-ISO/TS 16955, while the M-shaped force is imposed from the top of the
thigh (Figure 5.9). The angle between the foot and the tilting table ranged from —20°
to 40° (Figure 5.9). The rotation of the foot during the roll-over test is calculated using
the virtual markers G, M, J and K. First of all, the initial coordinates of each marker
are determined from the CAD model as G (zgo;yco), M (Za0;ymo0), J (203950) and K
(xk03YKo0). The displacements of the virtual markers during the roll-over test were direct
outputs of the simulation—ugq, uys, vy and ug, in the z-direction, and vg, vy, vy and vg,
in the y-direction. The coordinates of the markers during the roll-over test were: G(zgo
+ ugyco + va), M(xao + uariymo + var), J(@go + wsyso + vy) and K(zgo + ukiyko
+ vg). The rotation A« of the foot was given as the variation of the angle between the
shank axis and the GM line. The angle a between the shank axis and the GM line was

given as follows:

o= as — gy (5.3)

where «; is the angle between the shank axis and the horizontal direction, calculated as

(Yo +vi) — (Yg0 + V) )

(0 + ) — (20 + 1)) (5:4)

o, = arctan (

whereas agy is the angle between the GM line and the horizontal direction, which is

calculated as follows:

(Yao +va) — (Yaro + var) )

o = arctan (
M (xco + ue) — (Tpo + un)

The rotation of the foot was then calculated in the following way:

Aa =a — (5.6)
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with aq as

Qg = 00 — OgMo (5'7)

where ag and agpo are the initial angle between the shank axis and the horizontal
direction and the initial angle between the GM line and the horizontal line, respectively.

For the dynamic analysis, an entire gait cycle of 1 s was considered.
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Figure 5.9: ISO—22675 schematic representation.

It can be said that both approaches used for functional verification have given positive
results if the ranges of plantarflexion angles are respected at the end of the early stance

and of dorsiflexion at the end of the mid stance.

5.3 Conclusion

Responding to R()4 (Section 1.4.4), in this chapter, the author presented the various
numerical techniques to perform structural analysis and to optimize the stiffness of the
ESR feet. In general, the author presented a 2D FEM model for geometry optimization:
the intent was to reduce optimization times at this stage, as the 3D FEM models were too
time-consuming for geometric optimization. Once the geometry was optimized, the author
also built and presented the 3D FEM model for the optimization of the materials used
(epoxy-matrix carbon fiber composite material). The author later built a prototype with

his colleagues to be tested mechanically to validate the results of FEM 2D and 3D analyses.
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As will be demonstrated in the following chapter, where the methodology proposed in this
chapter is applied, how these FEM models have been validated. Finally, the author built
two 2D FEM models to perform functional verifications of the foot prosthesis simulating
both the cyclic test proposed in ISO 10328 and the roll-over test proposed in ISO 22675.
The author presented in this chapter the various FEM modeling techniques applied on
the optimization of the stiffness of the foot prosthesis, providing information on how to
discretize the various components, on how to model joints, contacts and loads. In the
next chapter, the reader will see how this methodology has been applied to a physical
prototype of a foot prosthesis.

5.4 Publication

Paper 1

Part of the information contained in this chapter can also be found in the following

publication:

[159] Johnnidel Tabucol, Tommaso Maria Brugo, Marco Povolo, Marco Leopaldi, Magnus
Oddsson, Raffaella Carloni, and Andrea Zucchelli. Structural FEA-Based Design and
Functionality Verification Methodology of Energy-Storing-and-Releasing Prosthetic Feet.
Applied Sciences, 12(1):97, 2022. https://doi.org/10.3390/app12010097

5.5 Contributions

The design methodology was built mainly by the author with the contribution of Marco
Povolo (PhD Student, University of Bologna, Bologna, Italy), Tommaso Maria Brugo
(PhD, University of Bologna, Bologna, Italy), Marco Leopaldi (MSc Student, University
of Bologna, Bologna, Italy).
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Chapter 6

MyFlex-~

ABSTRACT

In this chapter, the design methodology previously presented was applied to optimize
the ESR foot of the MyLeg project: MyFlex-v. After having explained how MyFlex-y
works and after having specified what are the biomechanical objectives, the methodology
already explained, is recalled, applied and explained in detail. All modeling techniques
explained previously in a generic way are explained in detail with the application on
MyFlex-v. The entire methodology procedure was followed and the results obtained from
the simulations were compared with the test results on the actual prototype. In addition,

it was verified whether the biomechanical objectives initially specified were achieved.

6.1 Design

6.1.1 Mechanical Description

The configuration of MyFlex-v is presented in the following lines. The design of MyFlex-vy
is inspired by Pro-Flex Pivot by Ossur. It can be subdivided into three functional groups
(Figure 6.1), i.e., the ankle group (ankle frame and tube connector, which compose a
hinge joint that allows a rotation in the sagittal plane), the tendon group (link and spring
holder) and the foot group (elastic elements in carbon fiber composite material: lower

blade, middle blade and upper blade).
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Figure 6.1: Dimensions and simplified 3D CAD of MyFlex-.

6.1.2 Working Principle

Before going into detail to the explanation of the design of Myflex-v, following the method-

ology presented in Chapter 5, a brief description of its working principle is given. The

description is made taking into account only the stance phase.

The working principle of Myflex-~ is explained by considering the various sub-phases

of the stance phase, subdivided according to the terminology desired by the author and

already illustrated in Section 2.3.1.

The working principle is as follows:

e Farly Stance: from Heel-Strike to Toe-Strike. All the elastic elements of Myflex-~
participate in the absorption of the impact that occurs during the heel-strike. More
importantly, the middle blade and the lower blade contribute to this work. The
middle blade and the lower blade are deformed in such a way as to absorb the
impact energy and the foot rotates in plantarflexion as it comes in a healthy foot
until the toe-strike also happens. The energy absorbed by the middle blade and
the lower blade must partly help the movement that takes place from heel-strike to
toe-strike, to reduce the thrust that the other leg must give (healthy leg in the case

of unilateral amputation, prosthetic leg in the case of bilateral amputation).

Mid Stance: from Toe-Strike to Heel-Off. During this sub-phase, like the healthy
foot, even the prosthesis is in flat foot condition, and goes from being in maximum
plantarflexion (toe-strike) to being in maximum dorsiflexion (heel-off). In an ESR

foot, from the moment the prosthesis returns to the resting position (during the mid
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stance) and begins to rotate in dorsiflexion, it starts to accumulate the elastic energy
that will then be released in the late-stance for the push-off. In the case of Myflex-~,
the energy accumulation depends more on the middle blade and upper blade. The
higher the elastic energy accumulated, theoretically the lower the metabolic energy

spent by the user to perform the push-off.

e Late Stance: from Heel-Off to Toe-Off. It is the final sub-phase of the stance phase in
which the release of the elastic energy previously accumulated takes place. To achieve
a very rapid release of elastic energy, helping the push-off, the foot’s plantarflexion

in this sub-phase should not be damped in the least.

The deflection of each of the above-mentioned elastic elements depends on their elas-
ticity, intended as material properties, and on their geometries, which define the contact—
thus, how they deflect each other (Figure 6.2). Given this, it was considered essential
to optimize the stiffness also based on the geometry of the components involved, not
only on elastic properties. This led to the need to include in the design methodology the

optimization of the geometry.

Maximum Plantarflexion Maximum Dorsiflexion

Lower Blade and Middle Blade are Middle Blade and Upper Blade are
deflected and deformed to each other deflected and deformed to each other

Figure 6.2: Deflection of the blades in respect to each other when the foot prosthesis is loaded
at the heel and at the forefoot.

6.1.3 The Biomechanical Objectives for MyFlex-vy

Considering the rotation and load ranges for healthy people, already mentioned in Section
5.1.3, the following biomechanical targets have been chosen for Myflex-y by the author,

aiming to provide an optimized foot prosthesis for K3/K4 users:
o Plantarflexion at Toe-Strike: between -5 degrees and -6 degrees.
e Dorsiflexion at Heel-Off: between 14 degree and 16 degrees.
e Ground Reaction Force first peak at the heel: 130% of the body weight of the user.

e Ground Reaction Force second peak at the toes: 105% of the body weight of the user.
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6.2 Materials and Method

For MyFlex-v, geometry optimization was focused on the profile shape of the middle
blade and the upper blade, aiming to meet the biomechanical objectives previously defined
(Section 6.1.3). The lower blade used for the present application was provided by Ossur
and it was already optimized for the chosen weight category.

The optimization of the stiffness follows the design methodology procedure presented
in Chapter 5. The design phase explained in Section 5.2.1 is applied for optimizing
MyFlex-vy in Section 6.2.1.

6.2.1 Design Phase

A 2D FE model of MyFlex-y was built to simulate the motion of the foot in the sagit-
tal plane (Section 6.2.1). Once the geometry in the sagittal plane was defined, a 3D
FE model of MyFlex-v was built to carry out a more detailed simulation, wherein the
composite elastic elements were optimized by modifying the laminate material properties,
working mainly on the type, orientation and numbers of layers of CFRP prepregs (Section
6.2.1). Before explaining in detail the various phase of the design phase and functionality
verification of MyFlex-v, it is reminded that optimizing a passive foot prosthesis means
optimizing its stiffness in such a way that it gives rotations in both dorsiflexion and plan-
tarflexion similar to the rotations of a healthy foot, when such prosthesis is subjected to
loads (ground reaction forces) similar to those to which a healthy foot is subjected. The
choice of the final values to be taken into account must fall within the ranges defined in

Section 6.1.3. The choice took into account K3 and K4 levels of ambulation.

Geometry Optimization of MyFlex-vy

In this first step of the design phase of MyFlex-vy, geometry optimization is carried out
through a 2D FEA.

The initial 2D geometry of MyFlex-y was drawn bearing in mind the dimensional
parameters defined by the human anatomy such as length L of the foot, the height h of
the ankle joint from the ground and the distance d of the ankle joint from the heel, which
is around 1/3 of the foot length. For the present application, the length of the foot was
250 mm and the height of the ankle joint was between 80 mm and 100 mm, as shown in

Figure 6.1.

Load conditions.

The 2D CAD model of MyFlex-v was drawn in the z—y plane and imported into ANSYS
Workbench. The FE model is simulated in a 2D static structural analysis. Following the
ISO 10328 standard, the dorsiflexion test is simulated by loading the FE model with a



6.2. MATERIALS AND METHOD 91

platform at the forefoot. The load conditions are explained in Section 5.2.1 and de-
picted in Figure 5.2. The geometry optimization was done by varying some geometric
parameters, possibly those that are assumed to have greater influence on stiffness. These
parameters depend on the foot prosthesis architecture and the designers can choose them.
For MyFlex-v, the parameters are depicted in Figure 6.3 and listed in Table 6.1. The
upper blade was defined in the sagittal plane by 6 parameters. The parameter UB; is the
thickness, while the parameters cq, ¢, 3, ¢4 and c5 define the relative inclination between
two consecutive straight sections of the curved profile of the upper blade. The upper blade
was composed by 6 straight sections, and starting from the metatarsus (front), c; is the
relative inclination between the first and the second section, cs is the relative inclination
between the second and third section, etc. The middle blade, which had a straight profile
in the sagittal plane, was defined only by its length (MB,) and thickness (MB;). The lower
blade, provided by Ossur, had been already optimized, in terms of shape and material

properties, for specific users’ weight categories.

250,

Figure 6.3: Geometric parameters of MyFlex-v varied in the 2D FE model of the design phase—
see Table 6.1.

Table 6.1: Geometric parameters of MyFlex-+ varied in the 2D FE model of the design phase—
see Figure 6.3.

Parameter Min Value Max Value
upper blade thickness UB; (mm) 6.00 8.50 defined in step 2
upper blade curvature 1 UB ¢; (deg) 1.00 3.00
upper blade curvature 2 UB cq (deg) 1.00 3.00
upper blade curvature 3 UB c3 (deg) 1.00 3.00
upper blade curvature 4 UB ¢4 (deg) 1.00 3.00
upper blade curvature 5 UB c5 (deg) 3.00 5.00

middle blade length MBj, (mm 150 175
middle blade thickness MB; (mm) 7.00 10.00 defined in step 2
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Mesh modeling

The 2D FE model of MyFlex-y was built in ANSYS Workbench. PLANE183 (ANSYS)
elements were used. The final 2D FE model of MyFlex-y was meshed (Figure 6.4),
presenting a total of 10,000 nodes corresponding to 20,000 degrees of freedom.

N -

Figure 6.4: Mesh modeling and width assignment in the transversal direction. The 2D FE model
was meshed with PLANE183 elements, for a total of 10,000 nodes without the plat-
form and 20,000 with the platform.

Contacts modeling

In MyFlex-v, the upper blade, middle blade and lower blade bent toward each other with
slight sliding when the foot is loaded. Therefore, the contacts between the upper blade
and middle blade and between the middle blade and the lower blade were modeled as
frictional contact using pure penalty formulation. The ankle frame and the upper blade
were joined together with two M8 bolts along the longitudinal direction; for this condition,
the contact between the ankle frame bottom surface and the upper blade top surface could
be modeled as bonded to simplify the simulation, using augmented Lagrange formulation.

A summary of the contacts is presented in Table 6.2.
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Table 6.2: Contacts’ properties. See also Figure 6.5. AF = ankle frame; UB = upper blade; MB
= middle blade; LB = lower blade; SH = spring holder; TC = tube connector.

Surface 1 Surface 2 Type Formulation Frict. Coeff. Norm. Stiff. Fact.
AF bottom UB top bonded augm.Lagrange - 1.00
UB bottom MB top frictional pure penalty 0.20 0.01
MB bottom LB top frictional pure penalty 0.20 0.01
MB bottom SH top frictional pure penalty 0.20 0.01
AF ankle TC ankle no separation augm.Lagrange - 1.00
Contact

tube connector-ankle frame:
No Separation

Body to Body Joint:
Beam

Contact
ankle frame-upper blade:
Body to Body Joint: Bonded
Spring Body to Body Joint:
Spring
Contact

upper blade-middle blade:

Contact
middle blade-spring holder:
Frictional, Friction Coeff. = 0.2
Contact
middle blade-lower blade:
Frictional, Friction Coeff. = 0.2

Contact
lower blade-foot shell:
Frictional, Friction Coeff. = 0.2

Figure 6.5: Joint and contact modeling in the 2D FE model. See also Table 6.2 for detailed
information.

For the 2D FE model of MyFlex-v, a no-separation contact type between the tube
connector and the ankle frame (Figure 6.5) was used to model the ankle joint; a no-
separation contact type allows frictionless motions to be performed without separation of

the parts.

Joints

The elastic elements were joined together with two pretensioned M8 bolts in the physical
MyFlex-v that could be seen as a single bolt in the sagittal plane. In addition, the middle
blade and the spring holder were joined with preloaded M6 screws. Bolt pretension was
simulated as a normal force given to the longitudinal springs body-to-body joints, which
corresponded to the standard bolt pretensions for M6 (7.4 kN, 8.8 class, frictional coef-
ficient = 0.20) and M8 (13.7 kN, 8.8 class, frictional coefficient = 0.20). In MyFlex-v,
the link part, characterized by two hinge joints that connected the tube connector to the

spring holder, was modeled by a BEAMS3 element.
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Stmulation conditions

ESR feet elastic elements of MyFlex-y are subjected to high deflections. Therefore, the

2D FE model was simulated in a nonlinear static structural analysis environment.

Simulation outputs

The behavior of MyFlex-y can be evaluated in two different modalities by plotting the
reaction force at the fixed constraint against the platform displacement in the y,; direction
(Figure 5.2) or against the foot rotation. The foot rotation is calculated by using two
virtual markers (G and M in Figure 6.6). The positions of the virtual markers were
chosen considering the marker-set protocol [19,223]. Since the shank was fixed, the J
marker was considered as (0,0). The procedure for calculating the ankle rotation using

virtual markers is explained in the previous chapter (Chapter 5).

a) Markers on the 2D FE model of the prosthesis b) Markers on healthy human foot

zf

¥k, N
xf

Figure 6.6: Virtual markers in MyFlex-.

The stiffness of MyFlex-v, therefore, whether it is the plantarflexion stiffness or the
stiffness in dorsiflexion, is evaluated by evaluating the platform displacement-reaction force

or foot rotation-reaction force stiffness curves.

Material Properties Optimization of MyFlex-v

With the 2D FE model, the profile of the elastic elements and the general geometry of
MyFlex-v in the sagittal plane is defined. The 3D CAD model for the 3D FE model was
built upon the geometry obtained in the previous step. The elastic elements of MyFlex-v
are laminate composite and they were built by stacking, in sequence, layers of CFRP (car-
bon fiber-reinforced plastic) prepregs. The lamination sequence of CFRP prepregs layers
was optimized to reach the targeted stiffness, thus meeting the biomechanical require-
ments defined in Section 5.1.3. The elastic properties of the CFRP prepregs used are
gathered in Table 6.3.
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Table 6.3: Orthotropic elasticity of CFRP prepregs used to manufacture the elastic elements.

Type Gramm. ThiCk. E1 E2 E3 G12 G23 G13 €12 €23 €13

g/m? mm GPa GPa GPa GPa GPa GPa - - -
UD 150 0.151 1125 7.4 7.4 4.3 2.6 43 033 044 0.33
UD 250 0.261 11255 74 7.4 4.3 2.6 4.3 033 0.44 0.33
W 200 0.234 61.3 613 6.9 3.3 3.3 2.7 0.04 0.30 0.30

Components modeling

The 3D CAD Model of MyFlex-y was imported into ANSYS by setting 3D as the analysis
type. All isotropic parts were provided as solid to ANSYS, while composite parts were
provided as surfaces—Figure 6.7. All parts involved in contacts were modeled as flexible
elements (platform, foot shell, lower blade, middle blade, upper blade, ankle frame and
spring holder), while the parts connected with joints were modeled as rigid bodies (link

and tube connector)—see Figures 6.8 and 6.9.

Surface models of upper
blade and middle blade
for ACP modeler

/
Simplified Foot Shell

Figure 6.7: The 3D CAD Model of MyFlex-.

Loads and constraints

In Section 5.2.1 - Material Properties Optimization: 3D FE Model, how the 3D FE model
of the foot prosthesis should be loaded and bound was presented. The procedure is also

followed for MyFlex-v.

Mesh modeling

The flexible components (platform, foot shell, lower blade, middle blade, upper blade,
ankle blade and spring holder) were meshed. The elastic elements, including the lower
blade and the foot shell, were mainly modeled with SOLID186 elements. Ankle frame,
spring holder and platform were modeled with SOLID185 elements - See Figure 6.8.
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100,00 (mim)

Figure 6.8: Mesh modeling of flexible components in the 3D FE model.

Figure 6.9: The 3D FE models for plantarflexion and dorsiflexion tests.

The main fiber direction for each of the composite parts is depicted in Figure 6.10
and it corresponds to the longitudinal direction of the foot prosthesis. Then, the compos-
ite parts were exported from ACP to Static Structural modeler as solid, with the final

thicknesses.

The final 3D FE model of MyFlex-v consisted of around 1,800,000 degrees of freedom
(600,000 nodes) (Figures 6.8 and 6.9).
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Upper Blade stack up direction Upper Blade fiber direction

Middle Blade stack up direction
Middle Blade fiber direction

Figure 6.10: Main direction of the fibers.

Bolts modeling

In MyFlex-v, the upper blade, the middle blade and the lower blade bend to each other
with slight sliding when the foot is loaded. The contacts between the upper blade and
the middle blade and between the middle blade and the lower blade were modeled as
frictional contact using pure penalty formulation. The contact between the ankle frame
bottom surface and the upper blade top surface was modeled as bonded to simplify the
simulation, using augmented Lagrange formulation. The contacts’ properties used in the

present 3D model are summarized in Table 6.4.

Loads and constraints

The 3D FEA of MyFlex-vy was carried out in a nonlinear static structural analysis by en-
abling the large deflection option. The vertical displacement was imposed on the platform,
free to move along the x-direction and fixed along y (transverse)-direction (Figures 5.4
and 6.9). The platform compressed the MyFlex-y 3D FE model and the reaction force

was measured where the fixed support constraint was set.
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I
X
[9°)
Q

Body to Body Joint

int: i, _ -
Body to Body Joint: Z %%% %&%& tube connector-ankle frame:
Revolute / i M%Z Revolute
! s
Body toFBoc(ijy Joint: Contact
xe ankle frame-upper blade:
Body to Body Joint: Bonded

Sping Body to Body Joint:
Body to Body Joint: Spring

Revolute
Contact

upper blade-middle blade:
Frictional, Friction Coeff. = 0.2

Contact
middle blade-spring holder:

Frictional, Friction Coeff. = 0.2
Contact

middle blade-lower blade:
Frictional, Friction Coeff. = 0.2

Contact
lower blade-foot shell:
Bonded

Figure 6.11: Joint and contact modeling in the 3D FE model. See also Table 6.4.

Table 6.4: Contacts’ properties. See also Figure 6.11. AF = ankle frame; UB = upper blade; MB
= middle blade; LB = lower blade,;SH = spring holder; TC = tube connector.

Surface 1  Surface 2 Type Formulation Frict. Coeff. Norm. Stiff. Fact.

AF top UB bottom  bonded augm.Lagrange - 1.00
UB bottom MB top frictional  pure penalty 0.20 0.01
MB bottom LB top frictional  pure penalty 0.20 0.01
MB bottom SH top frictional  pure penalty 0.20 0.01

Figure 6.12: ISO 1328 equivalent static tests: actual plantarflexion and dorsiflexion tests (with
footshell) and 3D Cad model of the test set up, in plantarflexion test configuration.
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The results obtained from the design, the mechanical test and the functional veri-
fication phases are presented and discussed in the following sections. In addition, the

comparison of the time elapsed to carry out the simulations is presented.

6.2.2 Mechanical Test Phase

Before proceeding to explain the mechanical tests performed on MyFlex-v, this section

gives a brief description of the production of the elastic composite elements.

Manufacturing of Composite Parts

The manufacturing process used to produce the composite parts of all MyFlex-v, which
will be the same process used for the other MyFlex feet (MyFlex-6, Chapter 7; MyFlex-e,
Chapter 8; MyFlex-(, Chapter 9) is done as described in Section 4.6.3.

The layup is done by hand by using preimpregnated carbon fibers (prepregs) with
epoxy resin (See Chapter 4 for the other manufacturing processes). Once the prepreg
layup is done, the curing process is carried out in the autoclave. The operations of the

production cycle in autoclave are the following:

e Application of film or release agent on mould

e Cutting of fabrics

e Lamination of fabrics on the mould by hand

e Positioning of the bleeder (aerator fabric) around the moult with the laminate
e Positioning of part covered with the bleeder inside the vacuum bag

e Application of the vacuum system

e Dedicated autoclave polymerization cycle

e Mould extraction

e [inal finish

The polymerization of the composite material is carried out by means of controlled
temperature and pressure. The temperature favors the curing of the resin. The pressure
causes the excess resin and gases trapped inside the layers of material to escape. Of course,
each type of material must be associated with its own curing cycle.

Generally, the composite components produced using a metal mold are treated with
a maximum temperature of 120°C and a maximum pressure of 6 bar in the autoclave

in addition to 1 bar of the vacuum bag. The elastic elements of MyFlex-v, made using
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3D printed moulds, were treated with a maximum pressure of 3 bar in the autoclave in
addition to 1 bar of the vacuum bag with a maximum temperature of 100°C. The treatment
took place with increasing the temperature with a rate of 1°C/min, a maintenance of the

maximum temperature for 4 hours and then a cooling of 1°C/min.

Mechanical Properties Testing

In the equivalent test setup, a hydraulic press machine (INSTRON 8033) was used as
an actuator to compress the physical prototype of MyFlex-ys. The relative inclination
between the foot and the platform was obtained by specifically designed adapters (Figure
6.13). The platform was moved under displacement control; with the same rate used in the
design phase, i.e., 0.6-0.8 mm/s in the plantarflexion test and 3-4 mm/s in the dorsiflexion

test, to replicate the same conditions.

||
Load Cell
nclination
Converter
Platform
Linear Guide
\ Piston /

Press Machine Frame

a) Plantarflexion Test b) Dorsiflexion Test

Figure 6.13: Schematic representation of the mechanical test on MyFlex-.

6.2.3 Functionality Verification on MyFlex-v
ISO 10328 Cyclic Tests

The functionality verification of MyFlex-+v was conducted in the two modalities explained
in Section 5.2.3, both through transient structural FEAs. The first modality was a
simplified dynamic test inspired by the cyclic tests from ISO 10328 (Section 5.2.3), and

it is shown in Figure 6.14.
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ISO 10328 dynamic test

Initial Space

Heel Force Forefoot Force

Figure 6.14: ISO 10328 cyclic a) test and b) simulation configurations of MyFlex-v.

ISO 22675-1ISO/TS 16955 Roll-Over Test

In the second modality, the roll-over task of MyFlex-vy was simulated and it was inspired
by the dynamic tests from ISO 22675 and ISO/TS 16955 (Section 5.2.3).

Force F
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K @—Knee Joint =Table Rotation 0
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J  Foot Prosthesis *- 130 - -10 %
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S ¥)Table Rotation Gait Cycle (%)
e Tilting Table

Figure 6.15: ISO 22675 schematic representation for MyFlex-+.

6.3 Results

6.3.1 Design Phase
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Table 6.5: Pre-optimized values of the geometric parameters of MyFlex-vy elastic elements, for
the 60 kg weight category. See Figure 6.3.

Parameter Final Value

upper blade thickness UB; (mm) 6.80
upper blade curvature 1 UB ¢; (deg) 2.00
upper blade curvature 2 UB ¢y (deg) 2.00
upper blade curvature 3 UB c3 (deg) 2.20

(deg)
(deg)

upper blade curvature 4 UB c4 (deg 2.50

upper blade curvature 5 UB c5 (deg 4.20
middle blade length MBy, (mm) 163
middle blade thickness MB; (mm) 7.60

Geometry Optimization

Several combinations of the parameters listed in Table 6.1 and depicted in Figure 6.3
were used to carry out multiple simulations. From these multiple simulations, the final
and pre-optimized values of the parameters were obtained and are listed in Table 6.5.
The tabulated values are the final values from the 2D model for the weight category that
was chosen to be developed (60 kg), while they are not the final values for the 3D model.
In fact, of these values, the values of the thickness of the two blades in the 3D model
change based on their stack-up sequence (which is defined in the 3D model, during the
optimization of the properties of the materials).

The choice of the final parameters was based on the rotation—reaction force. However,
different configurations of the geometry could give similar results in terms of stiffness.
Thus, stress and approximated final weight of the device were also used as evaluation
parameters. However, among the multiple simulations, a configuration was considered op-
timal if the curve foot rotation—reaction force fell into the optimal angle-force range as
defined by the requirements, highlighted in the graphs in dark cyan, as the intersection
of the two lighter cyan areas in Figure 6.16. These areas, both for the dorsiflexion and
for the plantarflexion, were defined considering the biomechanical requirements previ-
ously reported. Among the 1000+ combinations, the results from one of the non-optimal
combination were taken into account to be compared with the results coming from the
final combination of parameters that was considered pre-optimized. The dashed curve
falls only partially into the optimal plantarflexion area (Figure 6.16), although the same
combination of parameters already gives a curve that falls into the optimal dorsiflexion
area. On the other hand, the black straight line is the curve that describes the stiffness
of the combination of parameters considered pre-optimized. By varying the combinations
of the parameters, similar stiffness curves can be obtained in dorsiflexion and different
stiffness curves in plantarflexion or vice versa. This situation depends on the configura-
tion of the elastic elements of each foot prosthesis to be optimized. In this application,

one or more combinations of geometric parameters were considered to be those sought
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for biomechanical objectives if the stiffness curves fell within the ranges of rotations and

loads previously defined. The choices were based on the stiffness curves the were the best

fitting compared to the requirements. However, for future works, exploiting the proposed

methodology, optimization functions can be implemented in such a way that the choice

of the final configuration is not based only on the evaluation of the stiffness curves.
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Figure 6.16: Results from the geometry optimization (2D FEAs).

40

The stiffness curves, plotted as foot rotation—reaction force in Figure 6.16a and Fig-

ure 6.16b, are also provided as platform displacement—reaction force, as shown in Fig-
ure 6.16c and Figure 6.16d.
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Table 6.6: Final lamination sequences of the upper blade and the middle blade. The properties of
the three types of CFRP prepregs are listed in Table 6.3. The directions of the fibers
and the stack up for the upper blade and middle blade are depicted in Figure 6.10.

Part Type Orientation (deg) No. of Layers Total Thickness (mm)

Woven 200 g/m? 0 3 0.702

Woven 200 g/m? 45 2 0.468

Upper blade  Unidir. 250 g/m? 0 18 4.518
Woven 200 g/m? 45 2 0.468

Woven 200 g/m? 0 3 0.702

total = 6.858

Woven 200 g/m? 0 3 0.702

Unidir. 250 g/m? 0 5 1.255

Unidir. 150 g/m? 0 10 1.510

Middle blade ~Woven 200 g/m? 0 3 0.702
Unidir. 150 g/m? 0 10 1.510

Unidir. 250 g/m? 0 5 1.255

Woven 200 g/m? 0 3 0.702

total = 7.636

Material Properties Optimization

The final lamination sequences of the upper blade and the middle blade were obtained
after varying the types, the orientations and the numbers of layers of CFRP prepregs and
are reported in Table 6.6.

This prototype was made with the aim of validating the two 2D and 3D models of
the design phase. For the present application, no fiber orientation other than 0° and 45°
was used, to simplify the manufacturing of the prototype. Other orientations, such as 30
degrees, may also be considered for further optimization. As can be seen in Table 6.6, 45°
oriented fibers were only found in the upper blade, while, in the middle blade, they were
absent. Based on the result from the point of view of stress/strength, fibers woven oriented
at 45° led to too-high stress values when the prosthesis was subjected to operating loads
and this can be justified by the shape of the middle blade, shown in Figure 6.17. The
two parts into which the middle blade was divided into its fork shape were dimensionally

too narrow; further, 45° oriented fibers reduced the strength of the entire laminate.

The stiffness in dorsiflexion and plantarflexion of the foot prosthesis (modeled with the

final lamination sequences) are presented as foot rotation—reaction force in Figure 6.19.

Considering the strength properties of the materials used to realize the elastic com-
ponents (Table 6.7), the stress—strength ratio analysis for these components was carried
out. The Tsai-Wu criterion was used as the assessment criterion of the composite parts
(the upper blade and the middle blade). When the foot was loaded with the 220% of the

weight category, the inverse reserve factor was under 0.5 (Figure 6.18) in the most critical
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y (90°)

x (0°)

Figure 6.17: Shape of the middle blade of MyFlex-~.

Table 6.7: Orthotropic strength of CFRP prepregs used to manufacture the upper blade, middle
blade and lower blade. Tq, Ty and Tg are the tensile strength; Cq, Co and Cg are the
compressive strength; Sio, Se3 and Sy are the shear strength.

Type Gramm. Thick. Ty Ty T Ci Csy Cs Si9 So3 Si3

g/m? mm MPa MPa MPa MPa MPa MPa MPa MPa MPa

UbD 150 0.151 2200 29 29  -1082 —-100 —-100 60 30 60
UD 250 0.251 2200 29 29  —-1082 -—-100 -—100 60 30 60
W 200 0.234 805 805 50 =509 =509 -—-170 125 65 65

area. An inverse reserve factor of 0.5 corresponded to a safety factor of 2.

6.3.2 Mechanical Test Phase

Once the stiffness optimization of its elastic components was performed, a prototype of
MyFlex-vy was built. The composite elements were manufactured using the lamination
sequences for the upper blade and the middle blade listed in Table 6.6. In addition,
the other components were designed with the same safety factor. The assembled physical
prototype was tested with the ISO-10328 equivalent static test setup. The results are
plotted as rotation—reaction force in Figure 6.19.

The dorsiflexion curves, which are reported as rotation—reaction force (Figure 6.19),
are quite similar. Therefore, it can be said that both the 2D FE and 3D FE models were

validated with the mechanical tests carried out on the physical prototype of MyFlex-.
While the curves of dorsiflexion are very similar to each other, the same cannot be

said for those of plantarflexion. In fact, 2D FEA and 3D FEA curves diverge from the
test curve obtained for the physical prototype. The reasons for the divergence could be
the following: (i) the not-perfect mounting of the foot prosthesis on the test set-up; (ii)
the not perfect CAD and FE modeling of the foot shell; (iii) manufacturing defects that
can cause slight variations in the geometry of the physical prototype; (iv) the joints, such
as the ankle joint, hinge joints between the link and tube connector, and between the link

and spring holder, modeled without friction—thus, approximated; (v) the heel of the foot
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Tsai-Wu Criterion
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Figure 6.18: Upper blade and middle blade evaluated with the Tsai—Wu criterion; the most criti-
cal areas, when the foot was loaded with the 220% of body weight of intended users,
presented an inverse reserve factor of 0.5, which means a safety factor of 2.
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Figure 6.19: Comparisons among the 2D FEAs, 3D FEAs and the mechanical tests.
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shell not fully covered by the platform, as depicted in Figure 6.20.

The plantarflexion displacement-reaction force curve obtained from the 3D FEA re-
sulted stiffer than the curve obtained from the mechanical test after around 6-7 mm of
the vertical displacement of the platform. After 6-7 mm of vertical displacement, the heel
was not fully supported by the heel platform. The vertical support caused this situation
(Figure 6.20), which was not considered in the 3D FEA. During the heel test, the contact
area between the heel and the platform shifted forward. The distance between the point
of application of the force and the center of the ankle joint was reduced. This condition
did not occur in the mechanical test after 6-7 mm; the contact between the foot and the
heel platform did not evolve as it should have. With the same torsional stiffness of the
foot prosthesis in the sagittal plane, the force necessary to generate a plantarflexion was
higher in the 3D FEA due to the shorter lever arm. It has to be specified that the platform
was built according to standards. However, the space for the heel portion of the foot was

not enough.

Interference between spring holder and the foot shell

Heel portion: not completely covered by the heel platform

Figure 6.20: Plantarflexion test: the heel of the foot shell was not completely covered by the
platform.

For a more appropriate assessment of the plantarflexion stiffness, the heel platform
(Figure 6.20) should provide more space, or the vertical face should be removed. In the
case of the dorsiflexion test, the test setup did not present a space issue. It is interesting to
note that the two dorsiflexion stiffness curves are in good agreement. This condition should

provide confidence in the 3D FE model presented in the design phase (Section 5.2.1).

6.3.3 Functionality Verification
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Figure 6.21: The deflection sequence of the 2D FE model of the prosthesis during ISO 10328
cyclic test.
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Figure 6.22: The rotation of the foot prosthesis when subjected to the ISO 10328 cyclic test.

ISO 10328 Cyclic Tests

Figure 6.21 shows how the elastic elements were deflected when the foot was subjected
to the ISO 10328 cyclic test.

The foot prosthesis had its maximum plantarflexion around —6.4° and maximum dor-
siflexion around 15°. Both the values are comprised in the ranges specified previously, as

also highlighted in Figure 6.22.

ISO 22675-ISO/TS 16955 Roll-Over Test

The behavior of the of the leg prosthesis during ISO 22675 is shown in Figure 6.23. The
maximum plantarflexion of MyFlex-y was —5°, while the maximum dorsiflexion was 15°.
The maximum plantarflexion obtained during early stance is comprised in the range of
the targeted angles during normal walking. In addition, the maximum dorsiflexion during

mid-stance is inside the aimed range (Figure 6.24).
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Figure 6.23: The lower leg prosthesis behavior when subjected to the ISO 22675 roll-over test.
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Figure 6.24: The rotation of the foot prosthesis when subjected to the ISO 22675 roll-over test.

6.4 Conclusion

The design methodology presented in the previous chapter was applied to the design of
an ESR prosthesis: MyFlex-vy. The design methodology shall include a design phase, an
experimental validation phase and a functional verification phase. In the design phase the
author used numerical techniques, first performing the optimization of stiffness optimizing
geometry through FEM 2D analysis to reduce simulation times in this phase of the design;
Later the author optimized the materials used for MyFlex-v through FEM 3D analysis.
Once the stiffness was optimised, a prototype was produced and tested statically according
to a set-up test equivalent to ISO 10328. Static tests confirmed the results of FEM analysis.
Finally, taking advantage of the two approaches to verify the functionality of the prosthesis
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presented in the previous chapter, the functionality of MyFlex-y was also verified. The
optimization of the stiffness and the subsequent static test on MyFlex-+ confirmed the

usefulness of the methodology proposed in the previous chapter.

6.5 Publication

Paper 1

Part of the information contained in this chapter can also be found in the following

publication:

[159] Johnnidel Tabucol, Tommaso Maria Brugo, Marco Povolo, Marco Leopaldi, Magnus
Oddsson, Raffaella Carloni, and Andrea Zucchelli. Structural FEA-Based Design and
Functionality Verification Methodology of Energy-Storing-and-Releasing Prosthetic Feet.
Applied Sciences, 12(1):97, 2022. https://doi.org/10.3390/app12010097
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The design and mechanical properties testings of MyFlex-y were carried out with the
contribution of Marco Leopaldi (MSc Student, University of Bologna, Bologna, Italy),
Eleonora Sotgiu (MSc Student, University of Bologna, Bologna, Italy) and Pietro Benin-
casa (MSc Student, University of Bologna, Bologna, Italy).
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Chapter 7
MyFlex-¢

ABSTRACT

MyFlex-0 was developed from the configuration of the elastic elements of MyFlex-v
and following the same design procedure to optimize MyFlex-y for users with a body
weight of around 60 kg. Using the same design methodology used for MyFlex-v, five
prototypes of MyFlex-0 were manufactured optimizing five stiffnesses for as many weight
categories of users, from 60 kg to 100 kg. The final stiffnesses of the five samples, to confirm
also the results of the Finite Element Analyses during the optimization, were determined
with static mechanical properties testing and the results will be presented. Static and
fatigue tests at critical loads were carried out to certify these prostheses from a structural
point of view. Human subject testings with three participants having a transfemoral
amputation were performed, with all participants having different weights. Results of
the MyFlex- will be compared to the participants daily prosthesis. Being compared with
a device that was used every day by the participants, from these tests, the author did
not expect a great improvement from the point of view of gait symmetry with MyFlex-¢,
but at least a maximum difference of 10% in the evaluation parameters was the original
goal. A possible improvement was expected by the author on the perceptions of the
participants regarding the walks on uneven terrain and changes of direction, thanks to
the spherical ankle joint. Therefore the aim of the human subject testing was to evaluate
gait symmetry and ankle movements during level walking with the MyFlex- in persons
with an transfemoral amputation compared to participant’s current prosthetic foot. In
addition, participants experience with the MyFlex-0 on uneven and even terrain were be

subjectively evaluated and their feedback will be reported.

7.1 Introduction

In this chapter, the author presents Myflex-6. Myflex-6 to the ESR feet category and is
the version of Myflex-v, with the replacement of the hinge ankle joint with a spherical

one. The objective of the spherical joint is to create an ankle-foot prosthesis that allows

111
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adaptation to the conditions of the ground. From the point of view of the development
of foot prostheses, there are already advanced devices such as semi-active or even robotic
foot prostheses, and many of them are already on the market. Most of these advanced
foot prostheses have been developed taking into account only the foot movements in
the sagittal plane, whether it is walking on level ground or ascending and discending
ramps and stairs. However, also in this case, there are already prostheses, both developed
academically and commercially, that allow rotations in other planes, beyond the sagittal
one, and some of them are already equipped with actuator to move the foot around the
ankle also in the transverse and/or frontal plane. MyFlex-0 could be a step back from
what already exists. However, the most common foot prostheses, especially for users with
level K3 and K4 of ambulation, are the ESR feet. In addition, compared to prostheses
equipped with electric motors to actuate their motions, the ESR feet are relatively less
expensive. Cost considerations are very important, especially since 80% of potential users
reside in developing countries, where 95% of them even struggle to afford the simplest

and cheapest prosthetic devices [224].
The ESR feet are more expensive than the Conventional Feet (the simplest type of

foot prostheses, generally prescribed to amputees with level K2 of ambulation), but are
much cheaper than semi-active and robotic foot prostheses. The goal with MyFlex-¢ is
to provide the user with a foot prosthesis that accumulates as much elastic energy as
possible with its elastic elements in order to complete the gait cycle and give propulsion
for the next one. In general, the elastic elements ensure the ESR feet to work as springs
that store energy during mid-stance of the gait cycle, and release it for the propulsion
during late-stance, i.e. the push-off [76,77]. With the addition of the spherical ankle joint
in Myflex-, the author also wants to improve the user’s feelings when they walk on an
irregular or laterally inclined ground, or when they have to perform a movement such as
step turning or side-stepping.

Foot prostheses, developed taking into account only the rotation of the foot around the
ankle in the sagittal plane, have infinite stiffness in the other two directions of rotation.
Uneven terrain, a laterally inclined plane or a load in the transverse or frontal plane
can generate a very high torque on the ankle if the ankle joint is totally rigid in those
directions of rotation. This very high torque can generate a perception of discomfort or
even pain at the user’s stump. The need to create degrees of freedom beyond those in the
sagittal plane does not arise only from these reasons. In fact, already during the normal
walk on level ground, some studies have shown that the foot has not only the rotations of
dorsiflexion and plantarflexion, but also of eversion and inversion (frontal plane) and of
adduction and abduction (transverse plane) [19,225|. This means that, depending also on
how the person walking puts their foot on the ground during the stance phase, the foot

is loaded not only in the local sagittal plane of the same foot, but also in the other two.

If rotations in the transverse plane and frontal plane also occur in level ground walking,
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they are even more pronounced for other activities such as turning step, side stepping or
walking on laterally inclined surfaces, especially in the frontal plane. Glaister et al. [226]
studied four representative activities of daily living and found that turning steps may
account for an average of 25% of daily steps. Ficanha and Rastgaar [154| found that
by performing a turning step movement (90 degrees compared to the original direction
of motion) to the left, during the push off, the right foot passes from being in eversion
(normal ground walking) to be in inversion both at slow and fast walking speed. The
same occurs when performing a side-stepping (in Ficanha and Rastgaar’s study, for the
side-stepping test, the person makes a sudden change of direction of 45 degrees to the
left). From here, it can be said that a foot prosthesis, even in a passive way, must ensure
a torsional flexibility both in inversion and in eversion. Walking on a laterally inclined
surface is something people face on a daily basis, especially because in urban streets and
sidewalks there are lateral inclinations to allow drainage, and for uneven terrain, even 6
degrees can be reached as reported by Damavandi et al. [227] according to the Canadian
National Guide to Sustainable Municipal Insfrastructure and to the US Access Board -
American with disabilities act. The "upper" foot tends to rotate more in eversion, while
the "lower" foot tends to rotate more in inversion when the person walks on a laterally
inclined plane [228]. This adaptation with the frontal rotation of the foot is aimed to
maximize the point of contact with the ground and keep the body vertical. For the same
reasons, the "upper" leg and the "lower" leg must work in over flexion and over extension
respectively, almost analogously when there is a discrepancy in the length between the
two lower limbs [229].

In summary, with Myflex-0 the goal is to have a passive foot prosthesis that is able to
accumulate the right elastic energy in the sagittal plane to facilitate walking and that is
able to adapt to the conditions of the ground. In theory, with the possibility that Myflex-o
adapts to the conditions of the ground thanks to the spherical ankle joint, the asymmetry
of the walk, caused by the amputation of a part of the lower limb, could be reduced and

users’ perceptions could be improved.

7.2 Design

In this section i) the mechanical design and working principle of Myflex-d, ii) the mechan-
ical tests used to validate the results obtained from the FEM simulations with which the
five stiffnesses were optimized and iii) the human subjects testing carried out with the

three participants are presented in sequence.
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7.2.1 Mechanical Description

MyFlex-0 can be divided into subgroups (Figure 7.1). The foot subgroup consists of the
three elastic elements (upper blade, middle blade and lower blade) joined together at the
metatarsal level by two bolts. The spring holder is also part of the foot subgroup. The
tendon subgroup consists mainly of the link part. In detail, the link consists of the central
body and two uniballs at both ends. The third subgroup is the ankle subgroup, consisting
mainly of the ankle frame, spherical ankle joint and tube connector. The foot subgroup
and the tendon subgroup are connected via the spring holder and the lower uniball. The
same type of connection is used to connect the link with the tube connector. Finally, the

ankle subgroup is connected to the foot subgroup by two screws.

Shank Connector \ m Pyramid Adapter
Tube Connector

Upper Uniball AW

Spherical Ankle Joint

- / Ankle Frame

ez Upper Blade
/ Metatarsal Bolts

Middle Blade

A

Figure 7.1: MyFlex-d components and the Middle Blade.

Lower
Uniball

Lower Blade

The spherical ankle joint combined with the elastic elements, and in particular with
the middle blade, allows the foot not only to rotate in the sagittal plane but also in the
other two (transverse and frontal). Its fork shape allows the middle blade to also have
torsional deformations in the frontal and transverse plane, allowing an inversion /eversion

and abduction/adduction rotations of the foot.

7.2.2 Working Principle

The working principle of MyFlex-J is as follows:

e FEarly Stance: from Heel-Strike to Toe-Strike. In this sub-phase (Figures 7.2a, 7.2b
and before 7.2c), all the elastic elements of Myflex-0 participate in the absorption
of the impact that occurs during the heel-strike, in particular, the middle blade
and the lower blade contribute to this work. The middle blade and the lower blade
are deformed in such a way as to absorb the impact energy and the foot rotates

in plantarflexion as it comes in a healthy foot until the toe-strike also happens.
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Figure 7.2: The working principle of MyFlex-d during a gait cycle.

The energy absorbed by the middle blade and the lower blade must partly help the
movement that takes place from heel-strike to toe-strike, to reduce the thrust that
the other leg must give (healthy leg in the case of unilateral amputation, prosthetic

leg in the case of bilateral amputation).

o Mid Stance: from Toe-Strike to Heel-Off. During this sub-phase the foot prosthesis
is in flat foot condition, and goes from being in maximum plantarflexion (toe-strike,
between Figures 7.2b and 7.2c) to being in maximum dorsiflexion (heel-off, Fig-
ure 7.2d). In an ESR foot, from the moment the prosthesis returns to the resting
position (during the mid stance) and begins to rotate in dorsiflexion, it starts to
accumulate the elastic energy that will then be released in the late-stance for the
push-off. In the case of Myflex-9, the energy accumulation depends more on the mid-
dle blade and upper blade. The higher the elastic energy accumulated, theoretically
the lower the metabolic energy spent by the user to perform the push-off.

e Late Stance: from Heel-Off to Toe-Off. It is the final sub-phase of the stance phase
in which the release of the elastic energy previously accumulated takes place. It goes
from the moment the heel untouches the ground (Figure 7.2d) to the moment also

the toe leaves the floor (Figure 7.2e).

7.3 Materials and Method

What is done in this chapter is the next step to the design and functional verification
phase through FEM simulations. The functional verification testings on actual prototypes

of MyFlex-§ are described in the following lines.

7.3.1 Mechanical Properties Testing of MyFlex-¢

All five MyFlex-6 prototypes were tested at more than 4,000 N to verify that they remain
intact at critical loads, both in dorsiflexion and plantarflexion. In addition, they were
tested to determine their stiffness. The five MyFlex-d with and without the foot shell.

The manner in which the mechanical properties testings of MyFlex-0 were performed is
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the same as that already used in the mechanical test phase in Chapter 5 and Chapter

6. See, therefore, those chapters for the description of loading and constraint conditions.

7.3.2 The Human Subjects Testings

For the human subjects testings of MyFlex-9, three participants were included. All partic-
ipants had a transfemoral amputation on the left leg due to trauma, and their prostheses
are attached to their femur through osseointegration. The characteristics of the three par-
ticipants are displayed in Table 7.1. Participants are highly active in daily live and had

no problems with their current prosthesis (e.g., alignment, etc.).

Table 7.1: Characteristics of the participants included in the MyFlex- functional tests.

Participant 1 Participant 2 Participant 3

Age (years) 63 46 61

Gender M M M

Years of amputation (years) 13 14 10

Height (cm) 171 184 181

Weight with prosthesis (kg) 103.3 80.6 73.3

Weight of own prosthesis (kg) 3.7 3.1 4

Leg Length (cm) 78 84 86
Prosthetic Knee Genium C-Leg 4 Rheo Knee
Prosthetic Foot Trias Trias Proprio Foot

MyFlex-6 tested 90,100 kg 70-90 kg 60,70 kg
K-Level K4 K4 K4

All participants provided a written informed consent before participating in the study.
The study procedures were approved by the ethical committee CMO Arnhem-Nijmegen
(2019-5920) and complied with the guidelines defined in the Declaration of Helsinki. The

ethical approval was given on January 16, 2020.

Procedure

The functional evaluation of MyFlex-0 for each of the participants was carried out on
one day. Firstly measurements were done with the participant using their own prosthesis,
followed by the introduction and familiarization to the MyFlex-d, and the measurements
using the MyFlex-9. The functional measurement as well as the participant experience
were used to evaluate the MyFlex-0 in comparison to their own prosthesis. Both pre
(using their own prosthesis) and post-measurements (using MyFlex-d) entailed the same
measurement, protocol.

During the familiarization period, a prosthetic technician replaced the own prosthetic
foot of the participant with the MyFlex-§ of the proper stiffness/weight category, with

the participants wearing their own robotic knee prostheses set for the characteristics and
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b)

Figure 7.3: a) Mounting and b) alignment of the foot prosthesis.

behavior of their foot prosthesis and not for MyFlex-d. The alignment reference line was
aimed to be positioned 30 mm posterior to the middle of the foot, which is a common
alignment recommendation for commercially available feet (Figure 7.3b).

After proper alignment, the participants were able to familiarize themselves with the
MyFlex-0 under supervision of a physiotherapist. Various activities were performed, e.g.,
sit-to-stand, level ground walking with (Figure 7.4a) and without support(Figure 7.4b),
level ground side walking (Figure 7.4c), walking on a treadmill, up and down slope
walking on treadmill (Figure 7.4d), and walking on uneven terrain (Figure 7.4e). In-
troduction and familiarization with the MyFlex-6 entailed around 4 hours. Participants
were able to try at least two different MyFlex-d stiffnesses and choose the most suitable

one, according to their sensations and physiotherapist recommendations.

Figure 7.4: Familiarization activities with MyFlex-4.

The measurement protocol consisted out of a gait analyses, where participants walked
for 5 minutes on a treadmill (with force plates to measure the ground reaction force —
Motekforce Link, Amsterdam/Culemborg, The Netherlands), fixed at a self-selected com-
fortable walking speed. To capture the participant’s movements, reflective markers were

placed on the participant’s skin and prosthesis according to the ‘Plug-In Gait Full body’
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Figure 7.5: Treadmill test.

marker model (Plug-in Gait Reference Guide, Vicon Motion Systems Limited, 2021). 3D
movements were captured using Vicon Nexus system (Vicon Motion Systems, Inc., Lake
Forest, CA, USA, 100Hz). In addition, participants wore a harness for safety (Figure
7.5). Throughout the whole day, participants were asked about their experience using the
MyFlex-9.

Kinematics and Kinetics Data Collection

Vicon Nexus 2.11.0 and Matlab R2019b were used for further data analyses. Data was
filtered using a Woltring filter (MSE=10). Gait events, including heel strike and toe off,
were determined using a ground reaction force threshold of 20 N. The ground reaction
force was measured as an analog signal on 2000Hz. Data was segmented and normalized
into data from heel strike of the right foot to the consecutive heel strike of the right foot.
As the current study is an initial performance evaluation of the MyFlex-0 with a small

sample size, no statistical analyses were done.

7.4 Results

7.4.1 Results from Design Phase and Validation Phase
Comparisons among 2D FEA, 3D FEA and Mechanical Properties Testing

In this section, the results from the design phase and the validation phase are reported
and compared. In particular, the comparison is made through the graphs reaction force—
foot rotation. The results and comparisons are given for both plantarflexion (top) and
dorsiflexion test (bottom), as shown in Figure 7.6.

Since the results of simulations and mechanical properties testing were similar for
all five prostheses, for reasons of clarity and comparison, in this section only the results
for the prosthesis optimized for a user’s weight of 60 kg are shown and compared. The
curves of dorsiflexion are very similar to each other, while the same cannot be said for

those of plantarflexion. Considering the plantarflexion load condition, the 2D FEA and
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Figure 7.6: Static plantarflexion and dorsiflexion tests: 2D FEAs vs. 3D FEAs vs. mechanical
tests on the physical prototype.

3D FEA curves diverge from the test curve obtained from the mechanical properties
testing of the prototype. The divergence could be caused by the following reasons: (i) the
imperfect mounting of the foot prosthesis on the test setup; (ii) the imperfect CAD and
FE modeling of the foot shell; (iii) manufacturing defects that can cause slight variations
in the geometry of the physical prototype; (iv) the joints, such as the spherical ankle
joint, hinge joints between the link and tube connector, and between the link and spring
holder, modeled without friction and thus approximated; (v) the imperfect orientation of
the fibers during the production phase of the elastic composite components; (vi) the heel
of the foot shell not fully covered by the platform; (vii) the interference between the spring
holder part and the foot shell, as also shown in Figure 7.15. Since all five prostheses had
the same configuration of elastic elements and with difference only in the rolling sequence
of the carbon fiber prepreg layers used to produce the same elastic elements, the problem

of plantarflexion was found in all five prosthetic devices.

Calculated Stored Elastic Energy

The AOPA guideline suggests a way to calculate the elastic energy stored by the prosthesis
using the reaction force—platform displacement curve. The energy that is accumulated
during the midstance (from toe strike to heel-off) being of particular interest, for this
work, only the results of the static tests for the dorsiflexion are reported. To calculate the
stored elastic energy, following the procedure suggested by the AOPA guideline, the area
under the reaction force—platform displacement curve was calculated using the trapezoidal
method. The guideline suggests to calculate the area up to 1230 N. However, for the
aim of this work, for all curves, the stored energy was calculated only up to 108% of

the weight category of the prosthesis, considering the corresponding maximum ground
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reaction force before heel-off. This means that for the 60 kg optimized prosthesis, the
energy was calculated up to 636 N; for the 70 kg prosthesis, the energy was calculated up
to 741 N, and so on.

For the calculation of the elastic energy stored by the elastic elements during the mid-
stance, the energy to be released during the push-off, only the static tests of dorsiflexion
were considered. The results of the static tests in dorsiflexion are shown in Figure 7.7,
where at the top they are presented as reaction force—platform displacement, while at
the bottom as reaction force—foot rotation. As suggested by the AOPA guideline, for the

energy calculation, the reaction force—platform displacement curves were considered.
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Figure 7.7: Dorsiflexion static tests given as reaction force vs. platform displacement (top) and
reaction force vs. foot rotation (bottom).

The elastic energy for each foot prosthesis was calculated as the area below the curve
through the trapezoid method up to the platform displacement which corresponds to a
reaction force equivalent to the 108% of the weight category. The reaction force value for
each of the weight categories is shown in Table 7.2, as well as the displacement of the
platform, the corresponding rotation of the foot, and the elastic energy accumulated in
absolute and normalized with respect to the weight category.

The elastic energy accumulated by the MyFlex-é prostheses, normalized for the weight
categories, can be compared with the positive work of the human ankle during the push-
off. The work of the ankle during the push-off is between 0.16 J/kg and 0.26 J/kg ac-
cording to the results reported by Herr and Grabowski [104] and 0.21 J/kg and 0.37
J/kg according to the study conducted by Takahashi and Stanhope [230]. According
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Table 7.2: Static tests results (dorsiflexion) and stored elastic energy.

Weight Categories
60kg 70kg 80kg 90kg 100 kg

Reaction force at 108% BW (N) 636 742 848 954 1059
Platform displ. at 108% BW (mm) 36.04 3583 35,79  36.18 35.79
Rotation at 108% BW (°) 14.64 1455 1454  14.69 14.54
Stored energy at 108% BW (J) 9.57 11.20 12.84 1436  16.05

Normalized stored energy at 108% BW (J/kg)  0.16 0.16 0.16 0.16 0.16

to these two studies, the positive work by the human ankle increases as the walking

speed increases.

7.4.2 Results from the Human Subjects Testing

In this section, the results from the human subjects testing are presented. In particular, the
vertical ground reaction forces , the ankle rotation in the sagittal plane, the plantarflexion
at toe strike and the dorsiflexion at heel-off , the ankle rotation in the frontal plane,
the step length and the stance phase events and subphases duration are given. All these

measured and calculated parameters were obtained considering 50 consecutive gait cycles.

Ground Reaction Forces

The ground reaction forces were directly measured during the human subjects testing
through force plates on the treadmill. The mean values of the ground reaction forces vs.
the gait cycle are shown in Figure 7.8. For each leg, the mean values and the standard
deviations of the maximum values of the ground reaction force were calculated from
50 gait cycles. Those maximum values with their mean values and standard deviations
are reported in the first section of Table 7.3 (“Maximum Ground Reaction Forces”) as
absolute values, and normalized with respect to the body weight of the participants in the
second section of the same Table (“Maximum Ground Reaction Forces/Body Weight /9.81
m/s?”). To compare the ground reaction force values measured from the healthy foot
and the prosthetic foot, the procedure illustrated in Figure 7.9a was followed and the
results are reported in the third section of Table 7.3 (“Prosthetic Leg Ground Reaction
Forces/Healthy Leg Ground Reaction Forces”). To compare the measured ground reaction
force values while the participants were using their prosthesis and using MyFlex-§, the
procedure illustrated in Figure 7.9b was followed, and the results are reported in the
fourth section of Table 7.3 (“Ground Reaction Forces Using MyFlex-6 /Ground Reaction

Forces Using their Own Prosthesis”).
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Figure 7.8: The ground reaction forces mean value calculated from 50 gait cycles of (a) Partici-
pant 1, (b) Participant 2 and (c) Participant 3: healthy leg, using their own prosthesis
(dark red straight line); healthy leg, using MyFlex-d (dark green straight line); pros-
thetic leg, using their own prosthesis (light red dashed line); prosthetic leg, using
MyFlex-d (light green dashed line).
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Figure 7.9: Procedures for the calculation of: (a) the ratio between the ground reaction force
measured from the prosthetic leg (GRF-PL) and the healthy leg (GRF-HL); (b) the
ratio between the ground reaction force measured while using MyFlex-6 (GRF-MF)
and while using their own prosthesis (GRF-OP).
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Table 7.3: Maximum ground reaction forces. Mean values (mean) and standard deviations (std)
are calculated from 50 gait cycles.

Participant 1 Participant 2 Participant 3

Maximum Ground Reaction Forces

Leg and prosthesis used mean std mean std mean std

Healthy leg, own prosthesis 1088 N 37N 809 N 6 N 820 N 31 N
Healthy leg, MyLeg prosthesis 1078 N 27N 824 N 14 N 872 N 30 N
Prosthetic leg, own prosthesis 993 N 18 N 808 N 9N 760 N 50 N

Prosthetic leg, MyLeg prosthesis 1014 N 19 N 814 N 9N 751 N 25 N

Maximum Ground Reaction Forces/Body Weight/9.81 m/s?

Leg and prosthesis used mean std mean std mean std
Healthy leg, own prosthesis 107% 4% 103% 1% 114% 4%
Healthy leg, MyLeg prosthesis 106% 3% 104% 2% 121% 4%
Prosthetic leg, own prosthesis 98% 2% 102% 1% 106% ™%

Prosthetic leg, MyLeg prosthesis 100% 2% 103% 1% 104% 3%
Prosthetic Leg Ground Reaction Forces/Healthy Leg Ground Reaction Forces

Prosthesis used mean std mean std mean std
Own prosthesis 91.4%  3.7%  99.9% 1.4%  92.8%  7.2%
MyFlex-0 94.0% 3.0% 98.8% 1.6% 86.3% 4.5%
Ground Reaction Forces Using MyFlex-d/using their Own Prosthesis
Leg side mean std mean std mean std
Healthy leg 99.2% 3.9% 101.9% 1.8% 106.4% 4.7%
Prosthetic leg 102.1%  2.9%  100.7% 1.9%  99.1%  6.8%

Sagittal Plane Kinematics

Both the ankle rotations in the sagittal and frontal planes were calculated exploiting the
positions and displacements of the markers. The rotations of the foot shown in Figure
7.10 were calculated as the difference between the ankle angle during the gait cycle
and the ankle angle in the exact moment of the heel strike. This calculation was done
in such a way that at the beginning of the gait cycle the rotation was 0°. For each
cycle, the plantarflexion at toe strike corresponded to the minimum value of the rotation
of the ankle during the early stance, while the dorsiflexion at heel-off corresponded to
the maximum value of the rotation of the ankle during the midstance. For each leg,
the mean values and the standard deviations of the plantarflexion at toe strike and the
dorsiflexion at heel-off were calculated from 50 gait cycles. These parameters with their
mean values and standard deviations are reported in the first sections of Tables 7.4
(“hlPlantarflexion at Toe Strike”) and 7.5 (hl“Dorsiflexion at Heel-Off”). To compare the
plantarflexion at toe strike and the dorsiflexion at heel-off measured and calculated from

the healthy foot and the prosthetic foot, the procedure illustrated in Figure 7.11a was
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followed and the results are reported in the second section of Table 7.4 (“Prosthetic Leg
Plantarflexion—Healthy Leg Plantarflexion”) and second section of Table 7.5 (“Prosthetic
Leg Dorsiflexion—Healthy Leg Dorsiflexion”). To compare the plantarflexion at toe strike
and the dorsiflexion at heel-off measured and calculated while the participants were using
their prosthesis and using MyFlex-9, the procedure illustrated in Figure 7.11b was
followed, and the results are reported in the third section of Table 7.4 (“Plantarflexion
Using MyFlex-6—Plantarflexion Using their Own Prosthesis”) and third section of Table
7.5 (“Dorsiflexion Using MyFlex-0 —Dorsiflexion Using their Own Prosthesis”).
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Figure 7.10: The ankle dorsiflexion(+) and plantarflexion(-) during gait cycle of (a) Participant 1,
(b) Participant 2 and (c) Participant 3: healthy leg, using their own prosthesis (dark
red straight line); healthy leg, using MyFlex-6 (dark green straight line); prosthetic
leg, using their own prosthesis (light red dashed line); prosthetic leg, using MyFlex-0
(light green dashed line).
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Figure 7.11: Procedures for the calculation of: (a) the difference between the rotation measured
from the prosthetic leg and the healthy leg; (b) the difference between the rotation
measured while using MyFlex-6 and while using their own prosthesis.

Table 7.4: Plantarflexion at toe strike. Mean values (mean) and standard deviations (std) are
calculated from 50 gait cycles.

Participant 1 Participant 2 Participant 3

Plantarflexion at Toe Strike

Leg and prosthesis used mean std mean std mean std
Healthy leg, own prosthesis 13.0° 1.2° 5.8° 1.0° 8.0° 1.0°
Healthy leg, MyLeg prosthesis 8.8° 1.4° 5.3° 1.1° 9.1° 1.8°
Prosthetic leg, own prosthesis 6.3° 0.7° 1.8° 0.2° 6.0° 0.6°

Prosthetic leg, MyLeg prosthesis 2.1° 0.1° 0.5° 0.1° 2.4° 0.4°

Prosthetic Leg Plantarflexion—Healthy Leg Plantarflexion

Prothesis used mean std mean std mean std

Own prosthesis —6.8° 1.2° -3.9° 1.0° —2.0° 1.3°

MyFlex-6 —6.7° 1.5° —4.8° 1.1° —6.7° 2.0°
Plantarflexion Using MyFlex-é—Plantarflexion Using their Own Prosthesis

Leg side used mean std mean std mean std

Healthy Leg —4.3° 0.4° —0.4° 1.4° +1.0° 1.9°

Prosthetic Leg —4.2° 0.7° —1.3° 0.3° —3.6° 0.7°
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Table 7.5: Dorsiflexion at heel-off. Mean values (mean) and standard deviations (std) are calcu-
lated from 50 gait cycles.

Participant 1 Participant 2 Participant 3
Dorsiflexion at Heel-Off

Leg and prosthesis used mean std mean std mean std
Healthy leg, own prosthesis —0.8° 1.7° 5.0° 1.8° —1.8° 2.9°
Healthy leg, MyLeg prosthesis 4.7° 1.4° 4.6° 1.9° —-3.7° 2.0°
Prosthetic leg, own prosthesis 10.2° 0.4° 6.9° 0.2° 8.3 0.8°

Prosthetic leg, MyLeg prosthesis 11.9° 0.3° 10.2° 0.3° 14.0° 0.5°

Prosthetic Leg Dorsiflexion—Healthy Leg Dorsiflexion

Prosthesis used mean std mean std mean std
Own prosthesis +11.0° 1.7° +1.8° 1.7° +10.0° 3.0°
MyFlex-0 +7.1° 1.5° +5.6° 2.0° +17.7° 2.0°
Dorsiflexion Using MyFlex-0—Dorsiflexion Using their Own Prosthesis
Leg side mean std mean std mean std
Healthy Leg +5.5° 2.3° —0.5° 2.8° —2.0° 2.6°
Prosthetic Leg +1.6° 0.5° +3.3° 0.4° +5.7° 1.0°

Frontal Plane Rotation

Activities during familiarization were neither measured kinetically nor kinematically. The
measurements were carried out only in the final test on the treadmill, through force
plates (ground reaction force measurement) and through position markers (kinematics
measurement of each segment and subsegment of the lower limb and torso). Therefore,
the evaluations of the various activities such as walking sideways (Figure 7.4b), turning
step after walking straight on level ground (Figure 7.4c), walking on an inclined and
declined treadmill (Figure 7.4d), and walking on uneven terrain (Figure 7.4e), were
done in a qualitative manner and reported in the following sections as comments from the
participants. During familiarization activities with MyFlex-9, the extra degrees of freedom
were specifically and positively noted by the three participants, who gave positive feedback
on their perceptions of comfort and foot adaptability to the relative angle between the
ground and the leg, even in the case of a completely horizontal floor, and not only on
uneven ground. In fact, as has been seen in other studies on level walking [19] or also on
the measurements of the kinematics of the healthy leg of the three participants (Figure
7.12, healthy legs), the foot also rotates in the frontal plane. This rotation in the frontal
plane is partly due to the transverse distance between the foot and the axis of the human

body.
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Figure 7.12: The eversion(+) and inversion(-) during gait cycle of (a) Participant 1, (b) Par-
ticipant 2 and (c) Participant 3: healthy leg, using their own prosthesis (dark red
straight line); healthy leg, using MyFlex-0 (light red straight line); prosthetic leg,
using their own prosthesis (dark red dashed line); prosthetic leg, using MyFlex-6
(light red dashed line).

Observing Figure 7.13, even if represented in an exaggerated way, as a variation of
the transverse distance brings a rotation of the foot in the frontal plane, a greater distance
generates an inversion of the foot around the ankle, while a smaller distance generates an
eversion. This frontal rotation is necessary to keep the foot flat to the ground. In addition,
during the walk, the trunk oscillates in the frontal plane [231], reducing or increasing the
distance in the frontal plane between the axis of the human body and the foot during a
single gait cycle, also generating in this case a need for the foot to rotate around the ankle
in eversion and inversion to keep the foot flat to the ground. Figure 7.12 displays the
rotation of the foot in the frontal plane during the test with the treadmill with sensors
(force plates and markers), where participants were asked to walk on a horizontal plane
at a comfortable speed to them. Observing the dashed curves of Figure 7.12, which
describe the rotations in the frontal plane of the prosthetic foot with respect to the ankle,
it can be seen how the light green dashed curves (Myflex-0) give greater rotations than
the light red dashed curves (their prostheses). This means that Myflex-0 provides more
flexibility in the frontal plane than their prostheses. The positive feelings perceived by
participants during other activities during the familiarization (Figure 7.4) may be due

to this property of Myflex-0 to have flexibility even in the frontal plane.
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Narrow Step Normal Step Wide Step

Figure 7.13: The variation of the angle of the ankle in the front plane depending on the step
width.

Step Length

The prosthetic leg stiffness has a direct influence on the step length [156, 157,232, 233|.
Therefore, in this paper the step length was considered as a parameter to assess gait
symmetry. A prosthetic foot provides the right stiffness and, therefore, improves the sym-
metry of the walk if it reduces the difference between the length of the step made with
the healthy leg and that made with the prosthesis. The step length of each leg was calcu-
lated considering the treadmill velocity and the center of pressure positions of the foot.
The mean values and standard deviations of the step length for each leg and for each

participant are reported in the first section of Table 7.6 (Step Length).
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Figure 7.14: Procedures for the calculation of: (a) the ratio between the step length measured
from the prosthetic leg and the healthy leg; (b) the ratio between the step length
measured while using MyFlex-6 and while using a participant’s own prosthesis.

To compare the step length measured and calculated from the healthy foot and the
prosthetic foot, the procedure illustrated in Figure 7.14a was followed and the results are
reported in the second section of Table 7.6 (“Prosthetic Leg Step Length/Healthy Leg
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Step Length”). To compare the step length measured and calculated while the participants
were using their prosthesis and using MyFlex-9, the procedure illustrated in Figure 7.14b
was followed, and the results are reported in the fourth section of Table 7.6 (“Step length
Using MyFlex-6/Step Length Using their Own Prosthesis”).

Table 7.6: Step Length. Mean values (mean) and standard deviations (std) are calculated from
50 gait cycles.

Participant 1 Participant 2 Participant 3

Step Length

Leg and prosthesis used mean std mean std mean std
Healthy leg, own prosthesis  0.534 m 0.014m 0.357m 0.027m 0.554 m 0.046 m
Healthy leg, MyFlex-§ 0.535m 0.015m 0.358m 0.020m 0.562m 0.018 m

Prosthetic leg, own prosthesis 0478 m 0.022m 0.256 m 0.019m 0.646 m 0.030 m
Prosthetic leg, MyFlex-0 0471 m 0.015m 0.242m 0.018 m 0.624 m 0.016 m

Prosthetic Leg Ankle Range of Motion/Healthy Leg Step Length

Prosthesis used mean std mean std mean std
Own prosthesis 89.3% 4.8% 72.0% 7.9% 117.9%  17.3%
MyFlex-0 88.1% 3.2% 67.7% 6.6% 111.2% 4.7%
Step Length Using MyFlex-§/Using their Own Prosthesis
Leg side mean std mean std mean std
Healthy leg 100.2% 3.7% 100.9% 10.0% 102.5% 15.3%
Prosthetic leg 99.0% 5.6% 94.9% 9.5% 96.7% 4.6%

Stance Phase

The properties of prosthetic feet must promote early flat foot [185,232|: this means that,
the shorter the duration of the early stance, the sooner the flat foot phase begins. In order
to calculate the length of the early stance, it is necessary to determine when the toe strike
occurs. In fact, the early stance begins at 0% of the gait cycle and ends when the toe
strike occurs. From the kinematic data, it is possible to determine when the toe strike
occurs by determining when the inversion of the rotation of the foot around the ankle
occurs, from plantarflexion to dorsiflexion. To understand how long the flat foot phase
lasts, and therefore how long the stage in which the prosthetic foot performs a rotation
of dorsiflexion accumulating elastic energy with its elastic elements, it is necessary to
determine when the flat foot ends, i.e., when the heel-off takes place. As was the case for
the determination of the end of the early stance (toe strike), the end of the midstance
(heel-off) was found by determining the change of rotation of the foot from dorsiflexion
to plantarflexion. Once again, the kinematic data in the sagittal plane were exploited.
The end of the stance phase (toe-off) was determined in two ways: by calculating the

ratio of contact time (parameter measured during human subjects testing) to stride time
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(also measured), or by determining the moment when the ground reaction force becomes
zero (which means that the foot is no longer in contact with the ground). Toe strike,
heel-off and toe-off events were calculated for each cycle. Once calculated, mean values
and standard deviations were calculated for each of them. The calculated values are given
in Table 7.7.

Knowing that the early stance starts at 0% of the gait cycle and ends when the
toe strike occurs, and already knowing when the toe strike occurs, it is easy to deduce
how to calculate the duration of the early stance. Knowing for each cycle when the toe
strike occurs and when the heel-off occurs, it is easy to also calculate the duration of the
midstance. For each cycle, as well as for the early stance, the duration of the midstance
was calculated, and subsequently mean values and standard deviations were calculated.
The same procedure was followed for the calculation of the late stance, knowing for each
cycle the end of the stance phase. The durations of the subphases of the stance phase are

given in Table 7.8.

Table 7.7: Stance phase events. Mean values (mean) and standard deviations (std) are calculated
from 50 gait cycles.

Participant 1 Participant 2 Participant 3

Toe Strike
Leg and prosthesis used mean std mean std mean std
Healthy leg, own prosthesis 10.3%  0.6% 9.3% 1.9% 8.5% 0.6%
Healthy leg, MyFlex-d 8.6% 0.5% 8.0% 1.2% 8.0% 0.5%
Prosthetic leg, own prosthesis 8.4% 0.8% 8.4% 0.9% 11.2% 0.7%
Prosthetic leg, MyFlex-6 9.3% 0.5% 8.6% 1.5% 9.6% 0.9%
Heel-Off
Leg and prosthesis used mean std mean std mean std
Healthy leg, own prosthesis 48.5% 1.8% 61.4% 2.1% 51.4% 1.8%
Healthy leg, MyFlex-§ 51.0% 1.3%  66.1% 1.7%  54.2% 1.0%
Prosthetic leg, own prosthesis ~ 46.9%  0.9%  48.3% 1.6%  45.7% 1.0%
Prosthetic leg, MyFlex-6 49.4% 1.0%  47.4% 1.6%  43.9%  0.9%
Toe-Off
Leg and prosthesis used mean std mean std mean std
Healthy leg, own prosthesis 74.3%  74%  T7.6% 1.8%  67.1% 1.6%
Healthy leg, MyFlex-d 73.6% 2.2% 79.1% 2.0% 70.6% 5.0%

Prosthetic leg, own prosthesis 63.3% 1.0% 69.2% 1.4% 61.0% 7.3%
Prosthetic leg, MyFlex-§ 64.2%  1.3%  68.6%  1.7%  584%  1.0%
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Table 7.8: Stance phase subphases durations. Mean values (mean) and standard deviations (std)
are calculated from 50 gait cycles.

Participant 1 Participant 2 Participant 3

Early Stance Duration

Leg and prosthesis used mean std mean std mean std
Healthy leg, own prosthesis 10.3% 0.6% 9.3% 1.9% 8.5% 0.6%
Healthy leg, MyFlex-d 8.6% 0.5% 8.0% 1.2% 8.0% 0.5%
Prosthetic leg, own prosthesis 8.4% 0.8% 8.4% 0.9% 11.2% 0.7%
Prosthetic leg, MyFlex-d 9.3% 0.5% 8.6% 1.5% 9.6% 0.9%
Mid Stance Duration
Leg and prosthesis used mean std mean std mean std
Healthy leg, own prosthesis 38.2% 1.8% 52.1% 2.9% 42.3% 3.1%
Healthy leg, MyFlex-0 424%  14%  581%  21%  456%  3.1%
Prosthetic leg, own prosthesis  38.5% 1.1%  39.9% 1.8%  34.5% 1.4%
Prosthetic leg, MyFlex-d 40.1% 0.9% 38.9% 2.2% 34.3% 1.0%
Late Stance Duration
Leg and prosthesis used mean std mean std mean std
Healthy leg, own prosthesis 25.8%  6.6% 162% 1.7%  157%  1.4%
Healthy leg, MyFlex-§ 22.6% 1.9% 13.6% 1.8% 16.4%  5.0%
Prosthetic leg, own prosthesis 16.4% 0.8% 20.9% 1.4% 15.4% 7.2%
Prosthetic leg, MyFlex-d 14.8%  0.6%  21.2% 1.0% 14.5%  0.4%

7.5 Discussion

Once certified, clinical tests with the three participants having a transfemoral amputation
were performed. The three participants had different weights, but still within the range
for which the five MyFlex-0 had been optimized. The three participants were able to try
at least two different MyFlex-0 stiffnesses and choose the most suitable one, according
to their sensations. All participants had a relatively short time (4 hours) to choose and
familiarize themselves with the chosen prosthesis. In addition, the three participants had
a transfemoral amputation and wore powered knee prostheses set for the characteristics
and behavior of their foot prosthesis and not for that of Myflex-9. Following the same
test protocol used to test MyFlex-d, the participants also tested in the laboratory the

prostheses they use daily. The results were then compared.

7.5.1 MyFlex-6 vs. their Own Prosthesis

In addition, because of the lack of experience that participants had with Myflex-d, there
were no major improvements from the perspective of gait symmetry. However, almost

all the evaluation parameters chosen by the authors had a difference far below the 10%,
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initially taken as a minimum target.

Ground Reaction Forces

Silverman and Neptune [234] reviewed from other works that unilateral transtibial ampu-
tation results in the loss of vital muscles for body support, propulsion, midlateral balance,
and swing phase initiation [235-239]. This loss generates less symmetry in walking, and
causes leg and back pain [240,241|. According to some studies, amputees present more
ground reaction force with the healthy leg [242-244|. The same results were obtained in
this work with the three participants, as shown in the second section of Table 7.3 (“Pros-
thetic Leg Ground Reaction Force/Healthy Leg Ground Reaction Force”). The smaller the
difference between the maximum values of the ground reaction force of the healthy leg
and the amputated leg, the better for the symmetry of the gait. In other words, the closer
the ratio between the ground reaction force given by the prosthetic leg and the ground
reaction force given by the healthy leg to 100%, the greater the gait symmetry. As shown
in the third section of Table 7.3 (“Ground Reaction Forces Using MyFlex-6/Ground Re-
action Forces Using their Own Prosthesis”), current results of the MyFlex-§ on ground
reaction force symmetry are contradicting, as one participant improved their symmetry
(Participant 1, going from a ratio of 91.4% to 94.0%), when using MyFlex-d instead of
using their own prosthesis, as shown in the second section of Table 7.3), one participant
showed similar ratios (Participant 2, from 99.9% to 98.8%) and one showed less symmetry
(Participant 3, from 93% to 86%).

Sagittal Plane Kinematics

Plantarflexion at Toe Strike: Prosthetic Leg vs. Healthy Leg

The second section of Table 7.4 (“Prosthetic Leg Plantarflexion—Healthy Leg Plantarflex-
ion”) shows how, regardless of the prosthesis used, the plantarflexion with the prosthetic
foot is less than that with the healthy foot.

Plantarflexion at Toe Strike: MyFlex-0 vs. Own Prosthesis

According to their feedback, the three participants perceived a lower absorption of the
impact between the foot and the ground during the heel strike, while using MyFlex-9.
Unfortunately, this was probably due to a problem of interference between two compo-
nents during the plantarflexion (Figure 7.15). This perception can be confirmed by the
diminished plantarflexion at the end of the early stance of the prosthetic leg, while us-
ing MyFlex-6, compared to the plantarflexion of their own prosthesis. Indeed, observing
the results given in the third section of Table 7.4 (“Plantarflexion Using MyFlex-0—
Plantarflexion Using their Own Prosthesis”), in particular those concerning the prosthetic

leg, Myflex-0 gave less plantarflexion than the participant’s own prosthesis.
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Figure 7.15: The interference between the middle blade and the foot shell (not designed for
MyFlex-9).

Dorsiflexion at Heel-Off: Prosthetic Leg vs. Healthy Leg

In the second section (“Prosthetic Leg Dorsiflexion—Healthy Leg Dorsiflexion”) of Table
7.5 the differences between the dorsiflexion measured at the prosthetic leg and the dorsi-
flexion measured at the healthy leg, both for a participant’s prosthesis and for MyFlex-9,
were reported. From the results, it is clear that the dorsiflexion for both prostheses is

greater in the prosthetic foot.

Dorsiflexion at Heel-Off: MyFlex-6 vs. Own Prosthesis

As can be seen in the second section of Table 7.5 (“Dorsiflexion Using MyFlex-0—
Dorsiflexion Using their Own Prosthesis”), for all three participants, from their own
prothesis to MyFlex-d, there was an increase in dorsiflexion with the prosthetic leg, which
could be equivalent to the increased elastic energy stored by the elastic elements of the

prosthesis.

Step Length

A prosthetic foot has the desired stiffness, and therefore guarantees greater gait symmetry
when the length of the step with the prosthetic leg does not differ much from the length
of the step with the healthy leg [156,157,232,233].

Prosthetic Leg vs. Healthy Leg

As for the comparison between the healthy leg and the prosthetic leg, there were contradic-
tory results, as the prosthetic leg step was shorter than that of the healthy leg for the first
two participants, while for the third it was the opposite (Table 7.6, section: “Prosthetic
Leg Ankle Range of Motion/Healthy Leg Step Length”). This result was independent of

the prosthesis used.

MyFlex-) vs. Own Prosthesis

As for the step length, Myflex-0 had negative outcomes compared to their prosthesis for
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the first and second participants, while for the third participant there was an improvement
since the ratio reported in the second section of Table 7.6 (“Prosthetic Leg Ankle Range
of Motion/Healthy Leg Step Length”) was closer to 100% when Participant 3 used their
own prosthesis (from 117.9% with their own prosthesis to 111.2% with MyFlex-9). The
worsening for the first two participants, however, did not go beyond 5% (from 89.3% to
88.1% for Participant 1 and 72.0% to 67.7% for Participant 2). In the third section of
Table 7.6 (“Step Length Using MyFlex-0/Using their Own Prosthesis”), we saw how the
ratio between the step length made with the prosthetic leg using MyFlex-0 and the step
length made with the healthy leg using a participant’s prosthesis was always less than
100%: this means that all three participants took a longer step with the prosthetic leg
when using their prosthesis than when using Myflex-9. The difference, however, was again
below 10%; indeed, the ratios were: 99.0% (Participant 1), 94.9% (Participant 2) and
96.7% (Participant 3).

Stance Phase

Early Stance

The properties of prosthetic feet must promote early flat foot [185,232|: this means that,
the shorter the duration of the early stance, the sooner the flat foot phase begins. Based
on this statement, and comparing the two prostheses through the values calculated and
reported in the first section of Table 7.8, for the first participant, the early stance of the
prosthetic foot lasted longer when using MyFlex-d (from 8.4% with their own prosthesis
to 9.3% with MyFlex-d), while for the second participant the values were almost the same
(from 8.4% to 8.6%), and for the third participant there was an improvement with the
prosthesis proposed in this paper (from 11.2% to 9.6%).

Mzidstance

The midstance phase is the stage where the foot is in flat foot. According to the authors’
knowledge, no information has been reported on the importance of the duration of the
midstance. However, this step corresponds to the phase in which the prosthesis stores the
elastic energy needed for the push-off. Looking only at the data concerning the prosthetic
legs in Table 7.8, the values are more or less the same, with a slightly greater difference for
the first participant (40.1% of the duration of the midstance with MyFlex-6 vs. 38.5% with
their prosthesis), while the other two values are more or less the same (38.9% vs. 39.9%
for the second participant and 34.3% vs. 34.5% for the third). Comparing, instead, the
values of the duration of the midstance of the prosthetic leg, regardless of the prosthesis
used, the duration is shorter than the duration of the midstance of the healthy leg, with

differences above 10% mainly for the second and third participant.

Late stance
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For prostheses, especially for ESR prostheses, the duration of the late stance phase (or
push-off phase) corresponds to the duration with which the elastic energy stored during
the midstance is released. The first and third participants, especially the first one, pointed
out that the elastic energy accumulated by MyFlex-§ was released faster than that ac-
cumulated by their prosthesis. For the second participant, however, it was not the same.
This feedback was confirmed by the data reported in Table 7.8 regarding the duration of
the late stance, if those concerning the two prostheses are compared. In fact, as reported
in Table 7.8, the first participant recorded an average value of the duration of the late
stance of 14.5% with MyFlex-d against 22.6% with their own prosthesis, while Partici-
pant 2 values were 21.2% with MyFlex-d and 13.6% with their prosthesis. Finally, the
third participant recorded a duration in percentage of 14.5% of the late stance with the
prosthesis proposed by the authors against 16.4% of the late stance with their prosthesis.

7.5.2 Participants’ Feedback on MyFlex-¢

As hypothesized, the addition of the spherical joint did enlarge angles at least in dorsi-
flexion and inversion/eversion. The extra degrees of freedom of the MyFlex-6 might help
adapt to uneven terrain while creating stability. Only plantarflexion angles were dimin-
ished when using the MyFlex-d. This was noticed by the participants through a hard
impact during heel strikes. As previously mentioned, this was probably caused by the in-
terference between the foot shell /shoe and the middle blade, as show in Figure 7.15, which
created a hard end stop. When evaluating these results, it should be taken into account
that the familiarization period was rather short, so accordingly, participants were likely
not fully adapted to walking with the MyFlex-6. However, results and feedback from the
participants do indicate the addition of a spherical joint to an ESR foot prosthesis can

provide extra degrees of freedom during gait.

7.6 Conclusion

In this chapter, the author presented the results of preliminary human subject testings per-
formed on MyFlex-9, an ESR foot prosthesis with a spherical joint at the ankle. First, the
main features of the prosthesis was briefly described: the spherical ankle joint, combined
with the elastic elements of the ESR foot provide flexibility in all directions of rotation.
Second, the optimization of five MyFlex-§ examples with five different stiffnesses for as
many weight categories of users was briefly presented. Having optimized five stiffnesses of
the same foot model (MyFlex-§), the usefulness of the methodology proposed in Chap-
ter 5 was confirmed. Third, human subject testings with three patients of three different
weights were presented. Finally, the results were shown and discussed. The three par-

ticipants had relatively short time to familiarize themselves with MyFlex-9. In fact, the
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results showed no substantial improvement from the point of view of gait symmetry, if we
compare the results obtained with MyFlex-§ with those obtained with their prostheses.
However, to give an answer to the RQ5 (Section 1.4.5) the addition of spherical ankle
joint, provided better perceptions in activities such as turning step or walking on uneven
terrain. In addition, MyFlex-§ examples tested by the three patients showed greater range
of motion in the sagittal plane, which may mean more elastic energy accumulated by the
ESR foot.
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MyFlex €

ABSTRACT

In this chapter, the author will describe MyFlex-¢, a foot prosthesis with a variable
stiffness system. The system was integrated to an ESR foot (MyFlex-§) previously op-
timized for a specific user weight category. The author will describe the FE simulations
to numerically validate the results of preliminary investigations on the effects of the vari-
ation of a geometric parameter on the stiffness of the foot prosthesis. The prototype of
MyFlex-e with the integrated variable stiffness system was built and tested (mechanical
properties testing). Two static tests were performed for each parameter value, one to de-
termine the variation in stiffness in plantarflexion and one to determine the variation in
stiffness in dorsiflexion. Finally, the normal gait was simulated by loading the foot with
the two components of the ground reaction force. The effects of the system on stiffness
were assessed in terms of the force needed to rotate the foot by specific degrees, in terms
of rotation at equal force and in terms of torsional stiffness. At this stage of the work, the
system is still adjustable only manually. All the results of the simulations and testings on

MyFlex-e will be presented and discussed,

8.1 Introduction

As already previously mentioned, the most common foot prostheses, especially for am-
putees with level K3 and K4 of ambulation, are the ESR feet. They are constructively
simple and feature elastic elements in carbon fiber composite. These elastic elements ab-
sorb the impact between the heel and the ground in the heel-strike and accumulate elastic
energy during the dorsiflexion of the prosthesis in the mid stance. The elastic energy ac-
cumulated during the mid stance is released during the late stance, when the push off
occurs. This release of elastic energy facilitates the closing of the current gait cycle and
the beginning of the next one. Optimized, the ESR feet are very efficient. However, they
are passive prostheses optimized in stiffness for a specific walking speed on a flat ground.

Changing activities, such as standing, walking on an inclined plane or going up or down

141
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stairs, or simply changing speed or lifting a backpack of a certain weight, necessitates
stiffness changes compared to the one needed in a normal walk. Standing requires a high
stiffness foot prosthesis [245|, while a lower stiffness is preferred while walking on stairs and
ramps [82,246]. Bionic feet (Section 3.7.4) have already been developed and proposed
with the aim of adding advantages in different activities compared to ESR feet. The bionic
feet are foot prostheses equipped with actuators that can be pneumatic, or composed by
electric motor/ball screw/ball nut or electric motor/pulley/belt/ball screw /ball nut sys-
tems, series elastic actuators (SEA) and series and parallel elastic actuators (SPEA).
These actuation systems are able to inject energy to the ankle-foot system to accomplish
the gait cycle. The actuators of the bionic feet, therefore, have a propulsive function. How-
ever, because of their very advanced technology and high power requirement, bionic feet
may be too expensive for some future users. A middle ground between ESR feet and bionic
feet are the so-called semi-active or quasi-passive prosthetic feet. Semi-active prosthetic
feet (Section 3.7.3) are equipped with a smaller actuator than those used in bionic feet.
These actuators serve only to regulate a system that varies the stiffness and/or damping

of the ankle-foot prosthesis.

8.1.1 State of the Art of Semi-Active Prostheses

Recent academic works on foot prostheses with variable stiffness have been proposed in
the literature and also mentioned in Chapter 3. To understand the state of the art, these
variable stiffness prostheses are recalled below.

Sheperd and Rouse designed the VSPA (Variable-Stiffness Prosthetic Ankle-Foot) [91],
a system based on the variation of the free and deformable portion of an elastic composite
beam. The free portion changes thanks to the shift of the fulcrum where the beam, wedged
in one end, is supported. The mechanical configuration of the VSPA is schematized in
Figure 3.11. Another solution is that proposed by Glanzer et al. [226]|, with working
principle more or less similar to that proposed by Shperd and Rouse.

Tryggvason et al. [95] have inserted a spring-damper system instead of the original
mechanical connection, which was totally rigid, in the Pro-Flex Pivot (Ossur), an ESR
foot on the market. The damping property of the damper is variable. Authors saw that
by simply varying the damping properties of the damper, a variation in stiffness of 51%
can be obtained by using the same elastic elements. However, the same authors during
the study, also calculated an energy dissipation of up to 20%.

Lecomte et al. [96] developed a foot prosthesis with variable stiffness from an ESR foot
(Ossur, Pro-Flex LP, 2020). As schematized in Figure 3.13, they vary the stiffness of the
ankle-foot by varying the distance of the application of the force that the leaf spring and
the shank of the prosthesis exchange. The authors obtained a variation in stiffness between

48 and 51% according to the results of static mechanical tests performed according to
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AOPA (American Orthotic and Prosthetic Association, 2013) guidelines (results given as

load versus displacement).

8.1.2 MyFlex-¢

In this Chapter, the MyFlex-¢ is introduced, an ESR foot equipped with a system, called
Dx Slider, able to change its stiffness. MyFlex-¢ was developed upon Myflex-9, described
in Chapter 7). The goal is to vary the stiffness of the entire system using the same
elastic elements of Myflex-9. For this first prototype of ESR variable stiffness prostheses,
the MyFlex-0 elastic elements optimized for users of 80 kg of body weight were reused.

8.2 Design

8.2.1 The Mechanical Description

MyFlex-¢ was developed on the basis of MyFlex-d, whose mechanical structure was ex-
plained in the previous chapter. In MyFlex-d, the author identified several parameters
which influence foot stiffness. Two of these seem ideally suitable for changing the stiffness
of the entire ankle-foot system. These two parameters are Dx and Dy, shown in Figure
8.1.

Figure 8.1: MyFlex-§ and the Dx and Dy parameters.

The author observed that the effect of the Dx variation was greater than Dy’s effect
on the stiffness of the entire system. For this reason it was decided to develop the variable
stiffness system of the prosthesis on the variation of Dx. To accommodate the variation
of Dx, the tube connector, which in MyFlex-0 was a single component, was divided into
two main parts: one part fixed to the pylon, and a second part which can slide (but not
rotate) inside the fixed part, as shown in Figure 8.2.

With this system, Dx can be adjusted via a lead screw system. The screw is bound

to the fixed part of the tube connector and can only rotate around its axis. The mobile
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component of the tube connector is internally threaded and is engaged with the screw.
Thus, rotation of the screw results in linear motion of the mobile component. Considering
a right-hand screw, turning the screw clockwise, the mobile tube connector moves closer,
so it causes the Dx to decrease. In the opposite direction, Dx increases. The screw used is
customized and designed in such a way that it can be adjusted externally and manually
by the user. The pitch is 1.25 mm, so a rotation of the screw corresponds to a variation

of the Dx of 1.25 mm.

Tube Connector Tube Connector Mobile ~ Tube Connector Fixed

e

Screw

Figure 8.2: a) MyFlex-d and b) MyFlex-e schematic representations.

The final prototype of MyFlex-¢ is shown in Figure 8.3. In the following sections, the

effects of Dx on the entire stiffness of the device are explained in detail.

Pyramid Adapter

Screw
Tube Connector Fix

Spherical Ankle Joint
. Ankle Frame
Upper Blade
Spring Holder Metatarsal Bolts
Bl wiiddlc Blade

. Lower Blade

Figure 8.3: MyFlex-e¢ components.

8.3 Materials and Method
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8.3.1 Preliminary Investigation of Dx and Dy Effect on the Stiff-

ness

The preliminary investigation of the effects of Dx and Dy on the stiffness of the foot was
carried out in an analytical and simplified manner. First of all, as shown in Figure 8.4b,
the middle blade was schematized as a helical spring bound to the ground. The spring is
connected to the link to point C by an element that can only move vertically (the real

middle blade does not work exactly in this way, but it was done to simplify the study).

Tube Connector

AN\

Figure 8.4: MyFlex-e components.

A variation of Dx corresponds to the variation of the distance along the x-direction
between points B and A, while Dy corresponds to the variation of the distance in the
y-direction (vertical). To study the effects of Dx and Dy, the equilibrium of the system
represented in Figure 8.4c was calculated. The ankle torque M was calculated as:

M=F- Ly (8.1)

where F' is the force perpendicular to the AB segment, and L4 is the length of the same

segment.

Considering the force Fpe exchanged between the link and the tube connector, a force
that has the direction of the BC segment (link), it can be written:

F = Fpc - cosa (8.2)

The relationship between the forces Fj, and Fgc can be written as follows:

Fy, = Fpc - cosf3 (8.3)

Thus, it can be written:
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cosx

F=F- 4
F cosf3 (84)
Finally:
cosa
M = Fy, - - L :
b cosf3 AB (85)

Making F}, unitary, changing the values of Dx while keeping Dy constant, and then
later the opposite, alpha and beta change. Plotting the Equation 8.5 with respect to the
values of the two parameters (considering Fy, = 1), it will be seen how the effect of Dx is

greater on the stiffness, if compared with the effect of Dy.

8.3.2 Investigation of Dx Effect on the Stiffness

The 2D FEM model of MyFlex-§ (80 kg) was built and set to obtain stiffness curves
in plantarflexion and dorsiflexion by simulating the static tests (described in Sections
5.2.2, 6.2.2, 7.3.1) equal to those obtained from static tests themselves. Once the FEM
2D model was built and calibrated to return the same curves as the physical prototype
with the same load conditions, the same simulations were carried out by varying the values

of Dx. The chosen values of Dx were 40.00 mm, 42.50 mm, 45.00 mm (the original value
in MyFlex-0) and 47.50 mm.

8.3.3 The Mechanical Properties Testing

After investigating the effects of Dx on the stiffness of the prosthesis, the Dx Slider
system was designed and mounted on MyFlex-§ with elastic elements optimized for 80 kg,
obtaining MyFlex-e. Once the new prototype was built, the mechanical properties testing
was performed in the same way as for MyFlex-y and MyFlex-d, while varying the value

of Dx in this case.

8.3.4 Functionality Verification

In Chapter 5, two approaches of simulation the functionality of the prosthesis were
proposed, both based on transient finite element analyses. The same approaches were then
applied for MyFlex-y in Chapter 6. For this application, the author chose to perform
the functional verification using the first mode, in which the cyclic test is simulated. As
loads used, reference was made to the 80 kg. For the heel load, also considering the values
specified in the biomechanical objectives in Section 6.1.3 for MyFlex-v and MyFlex-9,
the maximum value was 130% of 80 kg (1020 N). For the toe load, again considering the
values specified among the biomechanical targets in Section 6.1.3, was 105% of 80 kg
(824 N). In summary, the 2D FEM model of MyFlex-¢ already used in Section 8.3.2,
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was taken and loaded with ground reaction forces reported in Figure 8.5. The simulation
was done for each value of Dx, keeping the same value and resulting in the rotation of the

foot around the ankle plotted with respect to the gait cycle.
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Figure 8.5: Ground reaction force input for 80 kg to simulate Dx effect on the gait cycle.

8.4 Results

8.4.1 Preliminary Investigation of Dx and Dy Effect

As you can see from the graph in Figure 8.6, the variation of ankle torque as the
parameter changes is greater with the variation of Dx (black curve) than Dy (grey curve).

From these results, the choice was made to develop the variable stiffness system by varying
Dx.
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Figure 8.6: Dx and Dy effects on the stiffness.

8.4.2 Finite Element Analyses

The results of the FEM analyses are set out in the following lines.
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Static Tests Simulation: Ankle Rotation - Reaction Force

The graphs in Figure 8.7 were obtained in the same way already seen in Chapters 5
and 6, and in particular in Section 5.2.1, exploiting the virtual markers in the FEM
2D model. The same results can be plotted as platform displacement - reaction force. It
can be observed how, both in plantarflexion (Figure 8.7a) and in dorsiflexion (Figure
8.7b), different curves are obtained. In particular, it is seen as increasing the value of Dx,
the reaction force required for equal rotation of the foot increases. This means that as Dx
increases, the rigidity of the system increases as well, which is in agreement with the pre-
liminary investigation (Section 8.6). To confirm this, and to give a quantitative meaning
to what has been said, from the curves of Figure Figure 8.7, the values of the reaction
force at -6 degrees of plantarflexion and 16 degrees of plantarflexion were calculated and
tabulated in Table 8.1 (for plantarflexion) and in Table 8.2 (for dorsiflexion).

a) Plantarflexion Simulation
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Figure 8.7: MyFlex-¢ 2D FEAs results.

Concerning the plantarflexion, the third column of Table 8.1, for each value of Dx, the
corresponding weight to the reaction force was calculated, considering that the reaction
force should be 130% of the weight at the first peak of the M-shape ground reaction force,
as already specified during the optimization of MyFlex-v. Passing from the minimum Dx
to the maximum Dx, the corresponding weight went from 62 to 75 kg, with a relative

increase of 21% (about 2.8% for each mm of Dx variation)
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Table 8.1: Plantarflexion Simulations: Reaction Force at 6 degrees of foot rotation.

Dx (mm) Reaction Force (N) Corresponding Weight (kg)
40.00 790 62
42.50 842 66
45.00 896 70
47.50 952 75

Concerning the dorsiflexion, the third column of Table 8.2, for each value of Dx, the
corresponding weight to the reaction force was calculated, considering that the reaction
force should be 105% of the weight at the second peak of the M-shape ground reaction
force, as already specified during the optimization of MyFlex-v. Passing from the minimum
Dx to the maximum Dx, the corresponding weight went from 63 to 90 kg, with a relative

increase of 43% (about 5.7% for each mm of Dx variation).

Table 8.2: Dorsiflexion Simulations: Reaction Force at 16 degrees of foot rotation.

Dx (mm) Reaction Force (N) Corresponding Weight (kg)
40.00 652 63
42.50 734 71
45.00 822 80
47.50 922 90

In the way in which the effect of Dx on the stiffness of the foot was calculated, it was
seen that the system is much more effective on the variation of stiffness in dorsiflexion

compared to plantarflexion (43% vs 21%).

Static Tests Simulation: Ankle Rotation - Ankle Torque

Knowing the points of application of the forces to the heel and to the tip of the foot in the
simulations of plantarflexion and dorsiflexion, and knowing the same forces, also the ankle
torque were calculated and plotted, with respect to the rotation of the foot. Even from
the ankle rotation - ankle torque curves the effect of the variation of Dx on the stiffness

of the system can be seen. These curves are shown in Figure 8.8.
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Static Simulation
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Figure 8.8: MyFlex-¢ 2D FEAs results.

Under the same conditions as reaction forces were determined in Tables 8.1 and 8.2,

ankle torque was determined and tabulated in Table 8.3.

Table 8.3: Simulations: ankle torque at -6 degrees of plantarflexion (column 2) and 16 degrees of
dorsiflexion (column 3).

Dx (mm) Torque (Nm) at -6 degrees Torque (Nm) at 16 degrees
40.00 -62 107
42.50 -66 121
45.00 -70 135
47.50 -75 152

8.4.3 Mechanical Properties Testing

The results of plantarflexion and dorsiflexion tests are shown in Figure 8.9 as platform

displacement - reaction force.
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Figure 8.9: MyFlex-e mechanical properties testing.

From the simulations of MyFlex-¢, platform displacement and rotation of the foot
around the ankle were compared and the ratio was calculated. Roughly, a dorsiflexion of
-6 degrees (the target for a ground reaction force that corresponds to the 130% of the body
weight, as specified in Section 6.1.3) of the foot corresponds to 7.00 mm of platform
displacement concerning the dorsiflexion test. At 7.00 mm platform displacement (and
thus -6 degrees of foot rotation), the corresponding reaction forces for each prosthesis

were calculated and reported in Table 8.4.

Table 8.4: Plantarflexion Tests: Reaction Force at 6 degrees of foot rotation.

Dx (mm) Reaction Force (N) Corresponding Weight (kg)
40.00 877 69
42.50 890 70
45.00 903 71
47.50 913 72

The third column of the same Table, for each value of Dx, the corresponding weight
to the reaction force was calculated, considering that the reaction force should be 130%
of the weight at the first peak of the M-shape ground reaction force, as already specified
during the optimization of MyFlex-v. Passing from the minimum Dx to the maximum Dx,
the corresponding weight went from 69 to 72 kg, with a relative increase of 4.3% (about

0.6% for each mm of Dx variation).
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From the simulations of MyFlex-¢, platform displacement and rotation of the foot
around the ankle were compared and the ratio was calculated. Roughly, a dorsiflexion of
16 degrees (the target for a ground reaction force that corresponds to the 105% of the body
weight, as specified in Section 6.1.3) of the foot corresponds to 44.50 mm of platform
displacement concerning the dorsiflexion test. At 44.50 mm platform displacement (and
thus 16 degrees of foot rotation), the corresponding reaction forces for each prosthesis
were calculated and reported in Table 8.5. The third column of the same Table, for each
value of Dx, the corresponding weight to the reaction force was calculated, considering
that the reaction force should be 105% of the weight at the second peak of the M-shape
ground reaction force, as already specified during the optimization of MyFlex-v. Passing
from the minimum Dx to the maximum Dx, the corresponding weight went from 63 to 93

kg, with a relative increase of 48% (about 6.4% for each mm of Dx variation).

Table 8.5: Dorsiflexion Tests: Reaction Force at 16 degrees of foot rotation.

Dx (mm) Reaction Force (N) Corresponding Weight (kg)
40.00 649 63
42.50 722 70
45.00 826 80
47.50 959 93

Also in this case the effect of Dx on the stiffness of the foot is confirmed: an increase
of this parameter increases the stiffness of MyFlex-e. As in the simulations, Dx is much
more effective in the variation of stiffness in dorsiflexion. However, in these tests it seemed

that the effect of Dx on plantarflexion stiffness is minimal.

8.4.4 Functionality Verification

The verification of the MyFlex-e¢ functionality was done by simulating the gait cycle as
described in Section 6.2.3. As ground reaction forces were set those for the 80 kg for
all Dx values, as shown in Figure 8.5. Remembering that MyFlex-e¢ was built on the
structure of MyFlex-6 and that MyFlex-0 had a Dx of 45 mm, we can see from the results
shown in Figure 8.10 that at Dx = 45 mm in MyFlex-¢, there is a maximum dorsiflexion

of about 16 degrees.
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Figure 8.10: MyFlex-€ gait cycle simulation results.

Table 8.6: Gait cycle simulation: maximum plantarflexions and dorsiflexions.

Dx (mm) Max plantarflexion (deg) Max dorsiflexion (deg)
40.00 -5.2 17.8
42.50 -4.9 16.8
45.00 -4.6 15.9
47.50 -4.3 15.0

8.5 Discussion

In this chapter the author described how they derived a variable stiffness system from
an ESR prosthesis previously optimized for a specific user weight category. The author
described the FE simulations to numerically validate the results of preliminary investi-
gations on the effects of the variation of a geometric parameter on the stiffness of the
foot prosthesis. Subsequently, the prototype of the prosthesis with integrated variable
stiffness system was built and tested (mechanical properties testing). Two static tests
were performed for each parameter value, one to determine the variation in stiffness in
plantarflexion and one to determine the variation in stiffness in dorsiflexion. Finally, the
normal gait was simulated by loading the foot with the two components of the ground
reaction force. The parameter in question is the Dx, shown previously. It was seen from
simulations and tests that an increase of the parameter Dx increases the stiffness in both
dorsiflexion and plantarflexion. However, under the selected range of variation in Dx, the
variation of Dx is more effective in dorsiflexion according to static simulations, with 43% of
variation of the force necessary to rotate the prosthesis by 16 degrees in dorsiflexion, while
the variation of the force necessary to rotate the prosthesis by -6 degrees in plantarflexion
varies only by 21%. In the mechanical properties testings, the effect on plantarflexion is

even less (about 4.5% variation of force to have a plantarflexion of the foot by -6 degrees).
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The effect on the dorsiflexion remains more or less the same, with a variation of about
48%. At equal load, the gait cycle simulation showed that at minimum Dx, the maximum
plantarflexion was -5.2 degrees, while at maximum Dx it was -4.3 degrees, obtaining a
variation of only 0.9 degrees. The values for dorsiflexion are 17.8 degrees and 15 degrees,
obtaining a variation of 2.8 degrees in total. Finally, knowing the curve of ankle torque
with respect to the angle of rotation of the ankle from static load simulations, torsional
stiffnesses were also determined. The average of the plantarflexion torsional stiffness was
calculated between -5 and -6 degrees and in dorsiflexion between 15 and 16 degrees. For
plantarplexion, there was a variation from 7.0 Nm/deg (Dx = 40 mm) to 8.47 Nm/deg
(Dx = 47.50 mm) resulting in a variation of 20%. For dorsiflexion, there was a variation
from 12.7 Nm/deg (Dx = 40 mm) to 19.9 Nm/deg (Dx = 47.50 mm), resulting in a vari-
ation of 57%. The prosthesis proposed by Lecomte et al. [96] guarantees a variation of
50% on a regulation of their system of 20 mm, giving an average of 2.5% variation of the
stiffness every mm of adjustment. Both in absolute and relative terms, if the evaluation

is made through the torsional stiffness, MyFlex-e¢ provides a greater variation in stiffness.

8.6 Conclusion

To respond in part to RQ6 (Section 1.4.6), the author presented in this Chapter how
he introduced a new system, although still manually adjusted, to vary the stiffness of
a foot prosthesis. Through a preliminary analytical investigation, the author tried to
understand the effects of two adjustable geometric parameters while the prosthesis is in
use. Once the author understood what the effects of these two parameters were and which
of the two was more effective, the author, also taking advantage of the FEM 2D model
presented in the methodology described in Chapter 5, did a more in-depth investigation
of the effects of the chosen parameter variation. Having qualitatively confirmed what
was discovered in the preliminary analysis and having obtained numerical values on the
effects on stiffness, the author designed the system to be integrated into the existing ESR
prosthesis: MyFlex-d. The idea of mounting a system on an existing ESR prosthesis was
that, in the event of the variable stiffness system not functioning, the prosthesis could still
be used normally as an ESR foot. The author built the new system to obtain MyFlex-e¢.
MyFlex-e was subjected to mechanical properties testing as previously done with Myflex-
~ and MyFlex-9, i.e., statically tested in plantarflexion and dorsiflexion. The results of the
tests confirmed the effect of the new system on stiffness in dorsiflexion, while a minor effect
was seen on stiffness in plantarflexion. A subsequent work should include the integration

of a mechatronic system that changes the value of the parameter automatically.
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8.7 Patent

The information given in this chapter was part of an application for an invention patent

made by the research group of the author.

ITALY - Application for an invention patent filed on 13 January 2022 under No.
102022000000485 for: ESR PROSTHETIC IMPLANT AND METHOD OF ADJUSTING
THE PROSTHETIC IMPLANT

Inventors: Johnnidel Tabucol, Marco Leopaldi, Tommaso Maria Brugo, and Andrea Zuc-
chelli.

8.8 Papers Submissions

Paper 4

The information contained in this chapter will be submitted in a research paper:

Johnnidel Tabucol, Marco Leopaldi, Tommaso Maria Brugo, Raffaella Carloni and Andrea
Zucchelli. The Mechanical Properties Testing of a Variable Stiffness ESR Foot.

8.9 Contributions

Marco Leopaldi (Research Fellow, University of Bologna, Bologna, Italy) contributed in

the mechanical properties testing of MyFlex-¢






Chapter 9

MyFlex-(

MyFlex-e¢ was redesigned with new elastic elements to overcome the problems encountered
with previous prototypes during human subjects testings. In parallel to the redesign of the
elastic elements, the Dx Slider was also redesigned, obtaining a new range of adjustment
of the system to vary the stiffness of the new prosthesis: MyFlex-(. The author, in this
chapter, will present the changes made in the transition from MyFlex-¢ to MyFlex-( and
what are the effects that these changes have had on the stiffness of the foot prosthesis.

9.1 Introduction

Tube Connector Mobile

Threaded Hole
Screw
L> X

Link <——— Tube Connector Fixed

Spring Holder

Figure 9.1: Schematic representation of MyFlex-e.

MyFlex-¢, presented in the previous chapter, was designed and built with a manually
adjustable stiffness variation system. The results of the simulations in which the effects of
the variable stiffness system were investigated were validated by real tests on a physical
prototype of the foot prosthesis. Being the MyFlex-€¢ feature validated, the next natural
step in the design is to make the Dx Slider adjustment automated.

The adjustment of the Dx Slider in MyFlex-€¢ consisted in unlocking a locking system,

which otherwise prevented rotation, i.e. adjustment of the screw and subsequent screwing
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or unscrewing of the screw itself. The locking system was necessary because during the
walk, the screw of the Dx Slider could have rotations and, as we have seen, a turn of the
screw corresponds to a variation of the torsional stiffness of 9.4%, considering the screw
with a pitch of 1.25 mm and considering what is written in Section 8.5. Therefore, the
design of the automation system of the Dx Slider must consider a system that prevents

the rotation of the screw while the prosthetic foot is in use.

9.2 Design

9.2.1 Configurations of the Dx Slider Actuation System

For the system of actuation of the Dx Slider, different configurations have been inves-
tigated, having as objective, in addition to the previously mentioned one regarding the

rotation blocked during the use of the prosthesis, as small and light-weight as possible.

The first two systems of Figure 9.2a and Figure 9.2b were designed with the aim
of avoiding that the motor is subjected to axial loads to which, instead, the screw is
subjected. In fact, during the plantarflexion, the screw is subjected to an axial compression
load coming from the link, while the load is traction, still coming from the link, during

the dorsiflexion.

The operating principle is the same between the two configurations, with the only
difference that in Figure 9.2a, the transmission of the rotation of the engine to the screw
is via a system of pulleys and belt, where one pulley is the engine and the other of the

Dx Slider, while in Figure 9.2b the transmission of the motion is through gears.

Having the same principle of operation, and above all, having the same mechanical
configuration, the two solutions also present the same problem: with this construction,
there is an initial height problem of the prosthesis. As long as it is a question of mounting
the foot prosthesis with its Dx Slider System to a transfemoral prosthesis in which the
length of the pylon can be adjusted, there is no problem. When it comes to mounting it as
a transtibial prosthesis, the use could be limited. In fact, in case of transtibial amputation
where the healthy part of the tibia is still very long, a high foot prosthesis may not be

usable.

To overcome the problem of height, the subsequent solutions designed, were developed
trying not to grow in height. The solution in Figure 9.2c and that in Figure d have the

same motor configuration: mounted on the side.
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Figure 9.2: Different configurations of motors to control the Dx Slider System of MyFlex-(.

The solution in Figure 9.2c has the same principle of operation as the solution in
Figure 9.2a, where the transmission of the motion from the motor to the screw is through
a pulley-belt system. The solution in Figure 9.2d has the same principle of operation as
the solution in Figure 9.2b, where the transmission of motion is via gears. The height
problem is overcome. However, the prosthesis grows in size laterally. If the system is
mounted internally between the two feet, there is a risk that the other foot comes into
contact with it, with the risk that the user stumbles. If the system is mounted externally,
however, there is a risk that the user comes into contact with the system against external
objects. In both cases, the system can be damaged and cause the user to fall off.

Not being able to mount the system at the rear due to the presence of the mobile tube
connector that moves forward and backward, the only remaining side is the front. The

system shown in Figure 9.2e consists of the motor directly connected to the screw. This
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solution could be advantageous as it could be lighter, as it is avoided all the transmission
(number of parts, and therefore system weight are reduced). However, this configuration
presents two problems: with the screw directly attached to the motor shaft, the motor
is subjected to the same axial loads as the screw; another problem concerns the overall
dimensions on the frontal plane. Configured this way, at maximum dorsiflexion the toe
could touch the motor. The main effect could be damage to the motor and Dx Slider
system. The final solution adopted is that shown in Figure 9.2f.

As the solution of Figure 9.2b and Figure 9.2d, the solution of Figure 9.2f adopts
gears. However, gears no longer have parallel axes as seen in the two previous systems.
In fact, conical worm gears are used for the transmission of motion with the motor with
the axis perpendicular to the axis of the screw. This overcomes the problem of excessive
overall dimensions in the front (problem seen in Figure 9.2e), the problem of height
(problem seen in Figure 9.2a and Figure 9.2b) and the problem of lateral, internal or

external, dimensions (problem seen in Figure 9.2c and Figure 9.2d).

9.2.2 Mechanical Description

In this section the author describes what are the elements included in MyFlex-C. The
author of this thesis devised the system of the Dx Slider and the configuration of the
motor. However, once the system was set up, the design of the implementation system
of the Dx Slider System was carried out for the most part by a colleague within the
research team of the University of Bologna: engineer Marco Leopaldi. In addition, for
this automated system (MyFlex-() and the manually adjustable one (MyFlex-¢) a patent

application has been made.

Tube Connector Mobile Dx Slider Actuation System

Lower
Uniball

Spring Holder \
Lower Blade

a) b)

Figure 9.3: MyFlex-(: a) 3D CAD model and b) picture.
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The Elastic Elements

The configuration of the elastic elements of MyFlex-( is the same as the previous passive
versions: lower blade, middle blade and upper blade. However, to make room for the
system and to overcome the problems encountered in the first trial with human subjects,
the middle blade and upper blade have been slightly modified, while maintaining more or

less the same elastic properties.

The Spherical Ankle Joint

The ankle is the same and consists of a spherical joint. In fact, the intention is still to ensure
that the foot is adaptable to the conditions of the ground and the relative inclination of
the foot and floor through the ball joint, and an adaptability to the conditions of use

thanks to the variable stiffness system.

Sensors

Being an electronically controlled system, MyFlex-( needs sensors that measure kinetics
and kinetics. The commercial gear motor used is already equipped with its own encoder.
To measure the rotation of the foot around the ankle, another encoder was mounted. A
special system has been designed in such a way that the encoder measures the rotation
only in the sagittal plane while the other two rotations deriving from the spherical ankle,
do not have to be read by the sensor. Another sensor required by the designer of the control
system is the IMU (Inertia Measurement Unit). Throughout the transfemoral prosthesis,
three IMUs are mounted, one for each segment: thigh part of the knee prosthesis, pylon
(shank) and foot. The foot IMU is mounted as shown in Figure a. To limit the size of the
gear motor used to adjust the Dx Slider System, the author made the choice to adjust
the Dx only when the foot is in the swing phase, that is when it is not touching the
floor. In this way, the screw is not subjected to any axial load that requires an increase of
the torque that the gearmotor must impose to rotate the screw itself. In order to detect
whether the foot is in the swing phase or in the stance phase, the prosthesis must be
equipped with force or pressure sensors to measure the contact of the foot prosthesis with

the ground.
In the MyLeg project, in parallel to the development of the prosthetic device itself,

piezoelectric sensors were also developed to be integrated directly into the elastic com-
ponents of the foot, so as to measure precisely what just said. However, not being part
of the work done for this thesis, for the first tests of sensor and control system, pressure

sensors were mounted under the lower blade (sole), as shown in Figure 9.4.
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‘

Toe Pressure Sensor.

Heel Pressure Sensor

Figure 9.4: MyFlex-( pressure sensors under the lower blade (sole).

The two pressure sensors were mounted in two strategic points, i.e., points that are
estimated as contact zones in early stance (heel sensor), mid stance (heel and tip sensors)
and in late stance (toe sensor). However, for the way the two sensors are mounted, a small
variation in the initial angle of contact between the heel and the floor would suffice that the
contact itself is not measured. The same problem could occur at the tip: a small variation
of the final angle between the tip and the floor would suffice that the contact might not be
measured. In what will be the final version of the sole/lower blade, piezoelectric sensors

will have to cover an area as wide as possible to avoid the problems just mentioned.

9.3 Mechanical Properties Testings

In addition to the integration of electronic components in this new prototype, taking into
account the problems encountered during MyFlex-9 tests with patients, further modifica-
tions have been made, such as the size of the middle blade to make sure that the carbon
foot is all inside the foot shell. The middle blade modification had already been considered
to adapt the new system of the Dx Slider. As a result, the upper blade was also redesigned

to maintain more or less the same stiffness as before.

Having redesigned the elastic components, although in the optimization phase have
been optimized in such a way as to give more or less the same elastic properties, the device
with the new elastic elements has been tested. The way the new device has been tested
is the same as the previous versions. For a test was done only the test in dorsiflexion. It
should be noted that the Dx Slider, since it has been redesigned, has been slightly modified
in its adjustment range. In fact, while in the MyFlex-¢ the adjustment was limited only
to 7.50 mm (from Dx = 40 mm to Dx = 47.50 mm), in this new version the Dx Slider is
adjustable up to a range of 15 mm, so the double, from Dx = 40 mm to Dx = 55 mm.

The Figure shows the result of this test in dorsiflexion.
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Table 9.1: Dorsiflexion Simulations: Reaction Force at 16 degrees of foot rotation.

Dx (mm) Reaction Force (N) Corresponding Weight (kg)
40.00 651 63
42.50 728 70
45.00 798 78
47.50 879 85
50.00 1007 98
52.50 1141 111
55.00 1301 126

From the simulations of MyFlex-(, platform displacement and rotation of the foot
around the ankle were compared and the ratio was calculated. Roughly, a dorsiflexion
of 16 degrees (the target for a ground reaction force that corresponds to the 105% of
the body weight, as specified in Section 6.1.3) of the foot corresponds to 43.00 mm
of platform displacement concerning the dorsiflexion test. At 43.00 mm mm platform
displacement (and thus 16 degrees of foot rotation), the corresponding reaction forces
for each prosthesis were calculated and reported in Table 9.1. The third column of the
same Table, for each value of Dx, the corresponding weight to the reaction force was
calculated, considering that the reaction force should be 105% of the weight at the second
peak of the M-shape ground reaction force, as already specified during the optimization of
MyFlex-v. Going from the minimum Dx to the maximum Dx, the corresponding weight
went from 63 to 126 kg, with a relative increase of 200% (about 13.3% for each mm of Dx
variation). Considering that the pitch of the new Dx Slider system in MyFlex-C is 2.5 mm,
each turn of the screw could correspond to a variation of about 33% of the stiffness. The
prosthesis proposed by Lecomte et al. [96] guarantees a variation of 50% on a regulation
of their system of 20 mm, giving an average of 2.5% variation of the stiffness every mm of
adjustment. Both in absolute and relative terms, MyFlex-( provides a greater variation

in stiffness.

9.4 Discussion

MyFlex-(, a semi-active foot prosthesis with variable stiffness, was built on the basis of
the MyFlex-€ principle of operation and on the basis of corrections to be made and which
were detected during the human subjects testings of MyFlex-9. On MyFlex-( the sensors
needed for the control were added, in addition to the actuation system (the gearmotor).
The Dx Slider has been modified by widening the adjustment range of the Dx. As an
effect, it has been seen that not only the absolute stiffness varies by 200% and no more
than 48 % as in the previous version and that every mm of adjustment of the Dx, there

is a variation of the stiffness of 13.3%, compared to 6.4% of MyFlex-e.
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9.5 Conclusion

There were problems with the interference between an elastic component of the foot and
the foot shell in previous models (MyFlex-vy, MyFlex-6 and MyFlex-¢, with MyFlex-§
built on MyFlex-y and MyFlex-e¢ built on MyFlex-d), causing problems in the impact
absorption during heel-strike. Since it was necessary to design a system to activate the
variable stiffness system presented in the previous chapter, the author and his research
group redesigned the elastic elements and the variable stiffness system. The effect was
to obtain a new one that allows a wide adjustment of the parameter chosen to vary the
stiffness, with the consequence that it was possible to vary the stiffness by 200% using
the same elastic elements. In this chapter, and to conclude the answer to RQ6 (Section
1.4.6), the author presented the mechatronic configuration of the new system and the

results of mechanical properties testing performed on MyFlex-(, the latest prototype.

9.6 Patent

The information given in this chapter was part of an application for an invention patent

made by the research group of the author.

ITALY - Application for an invention patent filed on 13 January 2022 under No.
102022000000485 for: ESR PROSTHETIC FOOT AND METHOD OF ADJUSTING
THE PROSTHETIC FOOT

Inventors: Johnnidel Tabucol, Marco Leopaldi, Tommaso Maria Brugo, Raffaella Carloni
and Andrea Zucchelli.

9.7 Papers Submissions

Paper 5

The information contained in this chapter will be submitted in a research paper:

Johnnidel Tabucol, Marco Leopaldi, Tommaso Maria Brugo, Raffaella Carloni and Andrea

Zucchelli. The Mechanical Properties Testing of Semi Active Foot Prosthesis with Variable
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Stiffness System.

9.8 Contributions

The preliminary design and the actuation system configuration definition of MyFlex-(
were carried by the author of this thesis, while the final design was carried out by Marco
Leopaldi (Research Fellow, University of Bologna, Bologna, Italy). In the re-design and
mechanical optimization of other elements, also Marcello Mellini (MSc Student, University
of Bologna, Bologna, Italy) and Marco Varotto (MSc Student, University of Bologna,
Bologna, Italy) contributed actively. Active contributions in the mechanical properties
testings were given by Marcello Mellini (MSc Student, University of Bologna, Bologna,
Italy) and Alexandru Sorin Iacob (MSc Student, University of Bologna, Bologna, Italy).






Chapter 10
Conclusion

The work presented in this dissertation concerned as a final product a semi-active foot
prosthesis with variable stiffness characterized by an ankle with spherical joint. However,
the ultimate goal was not only to obtain a final prosthesis with the characteristics just
mentioned, but there was also the objective of creating a methodology of design of foot
prosthesis that could be useful in the future to optimize new prosthetic foot devices. In
addition, there was the objective that the semi-active prosthesis, in case of failure of the
automated system, could also work as an ESR foot.

In order to achieve the objectives, it was useful to know the biomechanics of walk-
ing a healthy human foot, to know the state of the art of transitibial prostheses and to
know the materials to be used to optimize the prosthesis. This knowledge was acquired
by studying the topics mentioned and then presenting them in Part I of this disserta-
tion. The design methodology developed and validated was presented, then using it to
optimize two prostheses: MyFlex-v and MyFlex-§. MyFlex-v and MyFlex-§ are two ESR
foot with optimized stiffnesses for the selected weight categories. The methodology, the
design of MyFlex-vy and MyFlex-0 were presented in Part II. Finally, the variable stiffness

prostheses were presented in Part III.

10.1 Part I: General Introduction

10.1.1 Chapter 2: Biomechanics of Human Ankle-Foot

In Chapter 2, to respond to RQ1 (Section 1.4.1), anatomical terms including refer-
ence planes, axes and directions of motion, degrees of freedom of the ankle-foot system
were defined. In addition, a brief description of the gait cycle was given, subdividing it
into sub-phases and events to make the explanations clearer about the working princi-
ple of prosthetic feet, explanations given in the following chapters. After defining some
walking parameters, the values of the foot rotations in all directions of rotations and

ground reaction forces exchanged between the foot and the ground during the stance
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phase were provided. This latest information were considered as biomechanical require-
ments for prosthetic feet design. The values of dorsiflexion and plantarflexion and of the
loads corresponding to them vary according to the final user; therefore, the biomechanical
objectives in the design of prosthetic feet can vary. However, they must be included in
these values of rotations and ground reaction forces if the aim is to replicate the healthy

human foot behavior during stance phase.

10.1.2 Chapter 3: State of the Art

To answer the R(Q)2 (Section 1.4.2), the author of this dissertation made a study of the
literature on the state of the art of transtibial prosthetics. They identified and classified
the various existing categories of foot prosthetics. Currently, according to the author,
the below-knee prostheses can be divided into four main categories: conventional feet,
ESR feet, semi-active feet and bionic feet. The conventional feet are the simplest foot
prostheses, both in terms of construction and functionality and activities allowed: in fact,
they are the category of foot prostheses that have been on the market for longer and are
currently prescribed to patients with a relatively low level of ambulation (K2). The ESR
feet, like the conventional feet, are passive foot prostheses, with the difference that, with
their carbon fiber and/or glass fiber composite elastic elements, they accumulate elastic
energy to absorb the impact with the ground and to help the amputee with the push-off
phase. ESR feet are typically prescribed for amputees with a high level of activity: K3
and K4.

10.1.3 Chapter 4: Composite Materials

The author gave a brief introduction to composite materials to respond to the RQ3
(Section 1.4.3). They explained what composite materials in general consist of, and in
particular they briefly described the various types of reinforcements and matrices that
compose a composite material. In addition, the author also presented, albeit briefly, the
various production technologies. All this to understand how to prototype and produce in
general foot prostheses with elastic composite elements. For the realization of the com-
posite components of the various MyFlex prosthetic feet, the author and their colleagues
used unidirectional and woven prepregs of carbon fiber (with epoxy matrix), applying
the prepreg layup as production methodology. The author and his research group used
plastic molds produced with 3D printing technology to reduce production costs during

prototyping.

10.2 Part II: Design of Passive Foot Prostheses
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10.2.1 Chapter 5: Design Methodology for ESR Feet

Responding to R()/ (Section 1.4.4), the author presented the various numerical tech-
niques to perform structural analysis and to optimize the stiffness of the ESR feet. The
author presented a 2D FEM model for the geometry optimization: the intent was to re-
duce optimization time at this stage of the design, as the 3D FEM models were considered
time-consuming for geometric optimization. Once the geometry was optimized, the author
also built and presented the 3D FEM model for the optimization of the materials used
(epoxy-matrix carbon fiber composite material). Finally, the author built two 2D FEM
models to perform functional verifications of the foot prosthesis simulating both the cyclic
test proposed in ISO 10328 and the roll-over test proposed in ISO 22675. The author pre-
sented the various FEM modeling techniques applied on the optimization of the stiffness
of the foot prosthesis, providing information on how to mesh the various components, on

how to model joints, contacts and loads.

10.2.2 Chapter 6: MyFlex-v

The design methodology was applied to the design of MyFlex-v. In the design phase the
author used numerical techniques, first performing the optimization of stiffness optimizing
geometry through FEM 2D analysis to reduce simulation time in this phase of the design;
later they optimized the materials used for MyFlex-v through FEM 3D analysis. Once
the stiffness was optimized, a prototype of MyFlex-v was produced and tested statically
according to a test set-up equivalent to ISO 10328. Static tests confirmed the results of
FEM analysis. Finally, taking advantage of the two approaches to verify the functional-
ity of the prosthesis, the functionality of MyFlex-vy was also verified through transient
structural analyses. The optimization of the stiffness and the subsequent static test on

MyFlex-v confirmed the usefulness of the methodology.

10.2.3 Chapter 7: MyFlex-0

The author presented the results of preliminary human subject testings performed on
MyFlex-9, an ESR foot prosthesis with a spherical joint at the ankle. First, the main
features of the prosthesis was briefly described: the spherical ankle joint, combined with
the elastic elements of the ESR foot provides flexibility in all directions of rotation. Sec-
ond, the optimization of five MyFlex-0 examples with five different stiffnesses for as many
weight categories of users was briefly presented. The optimization was carried out using
the design methodology. Third, human subject testings with three patients of three dif-
ferent weights were presented. Finally, the results were shown and discussed. The three
participants had relatively short time to familiarize themselves with MyFlex-¢. In fact, the

results showed no substantial improvement from the point of view of gait symmetry, if we
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compare the results obtained with MyFlex-6 with those obtained with their prostheses.
However, to give an answer to the RQ5 (Section 1.4.5), the addition of spherical ankle
joint, provided better sensations in activities such as turning step or walking on uneven
terrain. In addition, MyFlex-0 examples tested by the three patients showed greater range

of motion in the sagittal plane, which may mean more elastic energy accumulated by the

ESR foot.

10.3 Part III: Design of Variable Stiffness Foot Pros-

theses

10.3.1 Chapter 8: MyFlex-¢

To respond in part to RQ6 (Section 1.4.6), the author presented how they introduced
a new system, although still manually adjusted, to vary the stiffness of a foot prosthe-
sis. Through a preliminary analytical investigation, the author tried to understand the
effects of two adjustable geometric parameters while the prosthesis is in use. Having in-
terpreted and understood the effects of these two parameters and which of the two was
more effective, the author, exploiting the FEM 2D model presented in the methodology,
did a more in-depth investigation of the effects of the chosen parameter variation. Hav-
ing qualitatively confirmed what was discovered in the preliminary analysis and having
obtained numerical values on the effects on stiffness, the author designed the system to
be integrated into MyFlex-9. The idea of mounting a system on an existing ESR prosthe-
sis was that, in the event of the variable stiffness system not functioning, the prosthesis
could still be used normally as an ESR foot. The author built the new system to obtain
MyFlex-e. MyFlex-e was subjected to mechanical properties testing as previously done
with Myflex-vy and MyFlex-d, i.e., statically tested in plantarflexion and dorsiflexion. The
results of the tests confirmed the effect of the new system on stiffness in dorsiflexion (48%
of stiffness variation in the range of the parameter adjustment), while a minor effect was

seen on stiffness in plantarflexion.

10.3.2 Chapter 9: MyFlex-(

The author and their research group redesigned the elastic elements and the variable
stiffness system seen in MyFlex-e. The new system provided a wider adjustment range
of the parameter chosen to vary the stiffness, with the consequence that it was possible
to vary the stiffness by 200% using the same elastic elements. This new prototype differs
from the previous one also from the point of view of the adjustment mode, passing from

a manual adjustment to a motorized adjustment system.
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10.4 Final Conclusion

Having defined the biomechanical requirements for designing a foot prosthesis, having
briefly presented the materials used and described the state of the art of foot prostheses,
the author built and presented a method of designing prosthetic feet that proved to be
very useful. In fact, this methodology was useful to optimize MyFlex-9, MyFlex-¢ and
MyFlex-(, after having optimized MyFlex-vy as a prototype to validate the methodology.
MyFlex-¢ and MyFlex-( were designed to create two foot prostheses with variable stiff-
ness, one with manual adjustment, the other with motor adjustment. From the results of
mechanical properties testing, MyFlex-e proved to be comparable with what is proposed
in the literature for the same type of prosthesis, while MyFlex-( proved to have a greater

effect on the variation of stiffness, especially for dorsiflexion rotation.
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