(=)
=1
-
(&)
=
o
=
=
=

=
2
2
=

1]

Q.

£

=]

Q

Q
2

>

Q
-
[
2
-}

Q

£

«
[T

(=]
-

c

Q

£

(=3
L)

Qo

>

Q
(]

Tomas Francisco Freitas Correia

UMinho| 2022

measure ankle joint laxity

Universidade do Minho
Escola de Engenharia

Tomas Francisco Freitas Correia

Development of a medical device
compatible with MRI/CT to measure
ankle joint laxity

October 2022






Universidade do Minho
Escola de Engenharia

Tomas Francisco Freitas Correia

Development of a medical device
compatible with MRI/CT to measure

ankle joint laxity

Msc thesis in

Mechanical Engineering

Work done on the orientation of

Oscar Samuel Novais de Carvalho

Ana Isabel Neto Cardoso Leal



DIREITOS DE AUTOR E CONDICOES DE UTILIZAGAO DO TRABALHO POR TERCEIROS

Este é um trabalho académico que pode ser utilizado por terceiros desde que respeitadas as regras
e boas praticas internacionalmente aceites, no que concerne aos direitos de autor e direitos
CONEXO0s.

Assim, o presente trabalho pode ser utilizado nos termos previstos na licenca abaixo indicada.
Caso o utilizador necessite de permissao para poder fazer um uso do trabalho em condicdes nao
previstas no licenciamento indicado, devera contactar o autor, através do RepositoriUM da

Universidade do Minho.

Licenca concedida aos utilizadores deste trabalho

Atribuicao-NaoComercial
CC BY-NC
https://creativecommons.org/licenses/by-nc/4.0/



file:///C:/Users/Carlos%20Borges/Desktop/abaixo
https://creativecommons.org/licenses/by-nc/4.0/

AGRADECIMENTOS

Esta dissertacao apenas foi possivel pelo apoio de varias pessoas e entidades que gostaria
de dar uma palavra de apreco.

Em primeiro lugar, gostaria de agradecer ao Professor Filipe Samuel pela oportunidade de
desenvolver a minha dissertacdo de mestrado no Center for Microelectromechanical Systems
(CMEMSs), na Universidade do Minho em parceria com a Clinica do Dragao.

Ao Professor Doutor Oscar Carvalho, pelo apoio, motivacdo e confianca que depositou em
mim para a realizacdo deste projeto.

A Professora Doutora Ana Leal, pela dedicacéo e pela partilha de conhecimento. Sem isso
este trabalho néao poderia ter sido levado a cabo.

Ao Doutor Renato Andrade, pela disponibilidade e pelo acolhimento e apoio que me facultou
sempre que foi necessario ir a Clinica do Dragao.

Aos meus amigos, por todos os momentos de ajuda, partilha e convivio, foi um prazer.

Por fim a minha familia, pelo apoio e pelo amor que sempre me deram.

/S/ se puede!



DECLARACAO DE INTEGRIDADE

Declaro ter atuado com integridade na elaboracdo do presente trabalho académico e confirmo que nao
recorri a pratica de plagio nem a qualquer forma de utilizacdo indevida ou falsificacdo de informacdes ou
resultados em nenhuma das etapas conducente a sua elaboracao.

Mais declaro que conheco e que respeitei o Codigo de Conduta Etica da Universidade do Minho.

STATEMENT OF INTEGRITY

| declare that | have acted with integrity in the elaboration of this academic work and confirm that | have
not resorted to the practice of plagiarism or any form of misuse or falsification of information or results
in any of the stages leading to its preparation.

| further declare that | know and have respected the Code of Ethical Conduct of the University of Minho.

Universidade do Minho, 24 de outubro de 2022



ABSTRACT

The ankle joint in the human body experiences the most significant number of injuries across the
whole musculoskeletal system, both in daily life and sports. The actual effect of the ankle's ongoing
functional demand, particularly while engaging in sports that need the body to be raised off the ground
regularly, is that this structure is exposed to challenging circumstances contrary to the optimal settings
for balance and stability.

The analysis and diagnosis stages of these injuries are carried out during two distinct phases: a
manual examination by an orthopaedist to assess the functional capacity using simulated movement and
palpation of the area of peripheral pain and an imaging examination. Since the two tests are run at
different times, it is challenging to combine the data. Furthermore, it is impossible to obtain the precision
and repeatability needed for a procedure of this sort when using such diagnostic approaches.

That being said, Clinica do Dragao wanted to overcome these problems and needed a medical
device to do the manual examination in an MRI environment. The manual exam needs to be made by a
machine, and the creation of such a device is the goal of this work.

Firstly, the objectives that this device should complain with were created to define the final
attributes of the equipment. Several meetings with the work group were conducted to determine the
requirements that the product should respect and that would constitute the technical specifications in
order to fulfil and define the project's primary aims.

The device was improved step by step for the conceptual design until a final concept could comply
with all the demands of the design requirements. After developing a viable concept, the preliminary parts
started to be designed until the initial design was finally fulfilled. After, the device was validated, beginning
with the mechanical simulation of the different components and sub-systems until the cinematic validation
of the final device.

The result is a medical device capable of linking a physical exam to a precise imaging test, such
as an MRI. So, the laxity of the ankle joint may be quantified, which is beneficial for both patients and

medical experts.

Keywords
Ankle Joint, Diagnosis, Medical Device, MRI, Laxity



RESUMO

A articulacdo do tornozelo ¢ a articulacdo do corpo humano que sofre 0 maior nimero de lesdes
em todo o sistema musculoesquelético. A constante solicitacdo funcional do tornozelo, particularmente
durante a pratica de desporto, € que esta estrutura & exposta a circunstancias perigosas que podem
comprometer o equilibrio e estabilidade desta articulacao.

As etapas de analise e diagndstico destas lesdes sao realizadas em duas fases distintas: um exame
fisico feito por um ortopedista para avaliar a capacidade funcional por meio de movimentos simulados e
palpacao da area de dor periférica, e um exame de imagem, onde a condicdo anatdmica desta articulacao
¢ avaliada pela analise da posicao relativa das diversas partes. Como os dois testes sdo executados em
momentos diferentes, ¢é dificil correlacionar os dados. Além disso, é impossivel obter a precisdo e a
repetibilidade necessarias para um procedimento desse tipo ao usar tais abordagens diagnosticas.

Posto isto, a Clinica do Dragdo pretendia ultrapassar estes problemas e por isso precisava de um
dispositivo médico que permitisse fazer o exame manual dentro de RM. Este exame manual necessita
de ser executado por um dispositivo, e a criacao de tal dispositivo € o objetivo deste trabalho.

Primeiramente, foram criados os objetivos que este dispositivo deve possuir, com o intuito de
definir os atributos finais do equipamento. Foram realizadas varias reunides com o grupo de trabalho
para determinar os requisitos que o dispositivo deveria respeitar e que constituiriam as especificacdes
técnicas do projeto.

Em termos de projeto conceitual, o dispositivo foi aprimorado passo a passo até que um conceito
final fosse capaz de preencher todas as especificacdes do projeto. Depois de desenvolver um conceito
viadvel, as pecas preliminares comecaram a ser modeladas até que, finalmente, se desenvolveu o
dispositivo preliminar. Apds isso, foi feita a validacdo do mesmo, iniciando com a simulacdo mecanica
dos diferentes componentes e subsistemas até a validacao cinematica do dispositivo final.

O resultado ¢ um dispositivo médico capaz de conciliar o exame fisico a um exame de imagem
preciso, como a RM. Assim, a laxidez da articulacao do tornozelo pode ser quantificada, o que é benéfico

tanto para pacientes quanto para especialistas médicos.

Palavras-chave

ARTICULACAO DO TORNOZELO, DIAGNOSTICO, DIsPosITIVO MEDICO, RM, LAXIDEZ
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Development of a medical device compatible with MRI/CT to measure ankle joint laxity

1. INTRODUCTION

1.1. MOTIVATION

Testing for ankle ligament laxity has always been a somewhat archaic and subjective process where
each health professional could have a different opinion from another professional colleague when both
examined the same patient. This is one of the reasons for patients with injuries in very complex areas,
such as the ankle [1], often consult different experts in order to obtain a more objective assessment.

Despite all the advances that medicine has been making over the years due to the introduction of
cutting-edge technologies, such as magnetic resonance, and improving treatment as a whole, there are
still no deterministic methods that allow rigorously ascertaining the need for medical intervention, [1], [2].

Therefore, the objective of this dissertation is the creation/development of a device [3], [4] that
tests the laxity ligaments during an MRI (Magnetic Resonance Imaging). This allows the medical team to

assess laxity and determine the need for treatment and the type (operation, physiotherapy, etc.).

1.2. OBJECTIVES

This dissertation aims to develop solutions to create/ develop a medical device to measure ankle
joint laxity quantitively. It is intended to carry out the device's design, modelling and virtual validation. The
objectives can be defined as follows:

» Objective 1- A literature review aimed at apprehending the morphology of the ankle and
knowing the types of injuries, as well as the way of testing the ligaments of this joint and
understanding how to determine whether the patient needs treatment.

» Objective 2- Modelling the improvements to be implemented and changing existing
geometries.

» Objective 3- Mechanical simulation of the various movements of the device in order to
verify the feasibility of the conjunction of the multiple degrees of freedom and the strength

of the components.



Development of a medical device compatible with MRI/CT to measure ankle joint laxity

1.3. STRUCTURE OF THE DISSERTATION

This thesis aims to develop/ improve a new medical device to support the diagnosis of ankle
ligament instability. This work is a very complex process because it is required to know the basics of ankle
anatomy, kinematics and pathologies as diagnosis methods and all the design processes. For these
reasons, this work was divided into six chapters:

Chapter 1 covers an overview of the thesis and presents the objectives, structure and contributions
of this work.

Chapter 2 explains the concept of laxity, along with a brief description of this joint's ankle anatomy
and kinematics. Finally, the pathologies and diagnosis methods are presented before showing the existing
devices that are now being used.

Chapter 3 covers the design phase, from the definition of the objectives to the various concepts
developed and, finally, the preliminary design.

In Chapter 4, the device is verified from the mechanical and kinematic points of view. Also, some
geometries are changed to provide more mechanical resistance to some critical areas.

Chapter 5 briefly describes what the actuating system needs to be as well as the valve and flow
regulator design. The layout of the pneumatic system is also presented.

In Chapter 6, the final device is shown with some systems that allow measuring the displacements
of the foot.

Chapter 7 summarizes the conclusions of this dissertation while also giving future work
perspectives.

Finally, the Gear Design is explained in the Appendix, and the technical sheet of the various

materials possible to use is shown.

1.4. CONTRIBUTIONS TO THIS WORK

The first two chapters of the current thesis offer a survey of the literature and gather crucial
background information. Introduction to the anatomy and function of the ankle, the laxity concept and the
movements of the ankle articulation are described. The clinical methods used to diagnose ankle instability
are reviewed, and the medical devices for diagnosis are explored.

The project's techniques are described and applied to all phases, from the generation of ideas to
the choice of the final concept, to help design and develop the new medical equipment. This work

contributes to creating a medical device capable of measuring ankle joint laxity quantitively.
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2. STATE OF THE ART

This chapter will present a brief description of the anatomy of the ankle joint and expose the concept
of laxity as well as the various movements that this joint allows.

Then, the different injuries that can arise will be shown, as well as the various methods of evaluating
the pathologies. The differences between deterministic and non-deterministic methods will also be
highlighted.

First, it is necessary to define what laxity is because this work aims to measure the laxity of the
ligaments of the ankle joint. Now laxity is the relaxation of the ligaments that become loose during an
accident that causes an injury. However, if the articulation is very lax, it will be necessary to undergo
treatment. If this parameter is within acceptable limits, the patient will not need any intervention[1].

It is, therefore, necessary to define this factor in measurable quantities (S| units). However,
measuring displacements and rotations of ligaments and/or bones with the naked eye is challenging.
This is why this device has to act in the context of MRI or CT (Computerized Tomography). Thus, it is
possible to carry out all the measurements required by the medical panel in order to ensure that the
decision to intervene or not to intervene is correct [2].

Currently, this type of deterministic evaluation does not exist, and the assessment that is performed
may have a different conclusion from doctor to doctor, which makes the definition of the severity of the
injury highly subjective. The objective of this work is to help in this decision-making through the use of

deterministic methods [3].

2.1. ANATOMY OF THE ANKLE JOINT

Anatomy is a science that studies the body's structures and how they work and interact with each
other. In this section, it will be analysed the area in question in this work, the ankle.

First, it is essential to define the ankle and its location in the human body. The ankle corresponds
to the joint existing in the connection between the foot and the leg, formed by three bones: talus, fibula

and tibia [4] as shown in Figure 1.
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Figure 1- Ankle location.
(Adapted from [5], [6])

The talus has a cubic shape and is supported by the calcaneus, the heel bone that bears much of
the impact during human locomotion [4], [7]. In contrast, the cuneiform, navicular and cuboid provide
more flexibility to the foot. The tibia is a bone with a considerable length that supports much of the body's
weight. It consists of a body and two ends. In the extremities, it connects to two joints, the knee and the
ankle [4], [7]. Finally, the fibula is similar to the tibia, a body with two ends, whose main function is

muscle fixation [4], [5] as seen in Figure 2.

Fibula Tibia

Cuboid Navicular  Calcaneus
bone

B calcaneus

Cuneiforms s
 Metatarsal B Navicular bone
bones B cuboid
Phalanges B cuneiforms

Figure 2- Nomenclature of the ankle bones.
(Adapted from [8])
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Ligaments connect these bones and the rest of the foot and leg. In turn, these are activated through
the muscles, thus allowing the movement of the other body parts [4], [7].

Ligaments are fibrous structures of collagen and elastic fibres. These elastic fibres allow some
degree of deformation. However, they can be damaged if it is excessive. Thus, the ligaments unite the
joints, stabilizing the bone sets and only allowing specific movements.

The ankle joint is made up of 4 ligaments [7], as shown in Figure 3:

¢ The deltoid ligament is located in the medial zone of the ankle joint.

* The anterior and posterior talofibular ligaments connect the talus to the fibula.

¢ The calcaneus-fibular ligament, which connects the calcaneus to the fibula.

Posterior talofibular
ligament

Deltoid

Anterior talofibular ligament

ligament

Calcaneofibular
ligament

Lateral view Medial view

Figure 3- Location of the different ankle ligaments.
(Adapted from [9])

2.2. ANKLE KINEMATICS

So far, the anatomy of the ankle has been briefly discussed. The following section will show what
types of degrees of freedom the ankle structure allows. These will be the movements that the device will
have to perform in order to test the ligaments of the foot without causing or worsening the patient's injury.

First of all, it is necessary to address the convention of the principal planes of ankle movement
[10]-[12].

The sagittal plane is located vertically from the front of the foot to the back, dividing the ankle into
left and right zones. The frontal plane is located vertically from left to right, dividing the ankle into front
and back. Finally, the transverse plane is positioned horizontally, dividing the ankle into an upper and

lower zone, as schematically shown in Figure 4.
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Fontal plane

Transverse plane

Figure 4- Ankle movement planes.
(Adapted from [13])

In terms of axes, see Figure 5.

Sagittal axis

X

Longitudinal axis

Transverse axis

Figure 5- Ankle joint axis.
(Adapted from [14])

Now that the different agreed planes and axes have been addressed, the various degrees of
freedom of the ankle will be shown [15], [16]. The ankle allows six movements that are performed in a
single plane along an axis. Thus, the intersection of the various axes, the origin, is located in the centre
of the ankle. This centre of rotation must be respected so that the movements performed are passive.

The allowed motions are:

* Abduction and Adduction.

* Inversion and Eversion.

* Dorsal and Plantar Flexion.

The abduction and adduction movements are carried out along the longitudinal axis, thus located
in the transverse plane [17]. In abduction, the foot rotates laterally in the negative direction, while in

adduction, the foot rotates in the positive direction of the axis [17], Figure 6.
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Figure 6- Representation of abduction and adduction movements (top view of the right foot).
(Adapted from [13])

In contrast, inversion and eversion movements are carried out along the sagittal axis, located in
the frontal plane. In eversion, the foot rotates in the positive direction of the transverse and longitudinal
axes (inwards and upwards). In an inversion, the foot rotates in the negative direction of the transverse

axis and the positive direction of the longitudinal axis [11], [16] (outwards and upwards), Figure 7.

{

Inversion Neutral Eversion

Figure 7- Representation of inversion and eversion movements.
(Adapted from [18])
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Finally, the ankle allows dorsiflexion and plantar flexion to be carried out along the transverse axis
located in the sagittal plane. In dorsiflexion, the foot rotates and moves in the positive direction of the

sagittal axis (up), while in plantar flexion, it moves in the opposite direction (down) [10], [15], Figure 8.

\Dorsiﬂemon
\ e —

Neutralqz’— ;
Plamarﬂexion\ /

Figure 8- Representation of dorsiflexion and plantar flexion movements.
(Adapted from [19])

2.3. PATHOLOGIES AND METHODS OF INJURY EVALUATION

Knowing the different types of movement that the ankle joint can develop, the main associated
pathologies will be presented, as well as the existing methods to detect them and obtain the need for
intervention.

The three most common types of ankle injuries are [20]-[25]:

e Lateral sprain.

e Medial sprain.

* Lateral rotation.

The first is the most common [26]-[30]. The lateral sprain happens when the foot rotates inwards
(rotation along the sagittal axis in the positive direction), Figure 9. The injured ligaments are the external
ones, namely the posterior and anterior talofibular ligaments and the calcaneofibular ligament.

A medial sprain, like a lateral sprain, corresponds to a rotation of the foot along the sagittal axis
but in the opposite direction (negative) [25], [31]. Therefore, it can be said that this lesion is identified by
the excessive movement of the foot inwards, Figure 10. The most damaged ligament is the deltoid
ligament.

Finally, there is lateral rotation, which is a rotation of the leg about the foot [32], [33](longitudinal
axis in the negative direction) in which the most injured ligament is the anterior tibiofibular ligament,
Figure 11. The occurrence of one of these injuries causes pain and requires a rigorous evaluation in order
to determine the need for treatment or not. So far, the anatomy, kinematics and main pathologies of this

joint have been presented, and the different methods for evaluating these injuries will be discussed.
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Tibia Fibula

Calcaneus

Figure 9- Schematic representation of a lateral sprain.
(Adapted from [34])

Figure 10- Schematic representation of medial sprain.
(Adapted from [35])

Figure 11- Schematic representation of lateral rotation.
(Adapted from [35])
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Although injuries to the ankle joint are frequent and make it impossible to perform physical activity,
there is still not a single path accepted by all institutions regarding the approach to be followed. The most
serious problem lies in defining the best way forward for effective treatment. This difficulty is amplified by
unclear and objective diagnostic methods, as in terms of intervention, existing treatments are quite
capable [30].

The most used method is also the most traditional, the physical examination. In this exam, the
doctor performs a series of movements to the foot based on the type of injury suffered [36]-[38]. Since
displacements or rotations are not measured in this exam, the entire assessment is subject to the criterion
of a natural person. However, this type of assessment can be dubious as it is qualitative.

During the exam, two types of tests are performed:

* Anterior drawer test.

* Varus stress test.

In the first, the examiner fixes the lower end of the tibia with one hand, and the other grasps the
heel. It performs an anterior displacement of the astragalus about the tibia [39]-[50], Figure 12. With
this test, the integrity of the tibiofibular ligaments is assessed. If the displacement is 10 mm above the
average value, then it is considered that there is mechanical instability (laxity). The anterior drawer test
evaluates the condition of the talofibular ligament and is therefore not used as much as these ligaments

are only damaged in severe injuries [51].

Figure 12- Schematic representation of the anterior drawer test.
(Adapted from [52])

10
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In the second test, the examiner performs the inversion movement evaluating the condition of the
lateral ligaments. In this, the examiner immobilizes the lower leg with one hand and, with the other, acts

while holding the calcaneus [47], [51], Figure 13.

Figure 13- Schematic representation of the varus stress test.
(Adapted from [52])

As a reference, it is considered that if the rotation is 10° higher than the average value, then there

is joint instability and medical intervention is necessary [40]-[46], [48]-[51].

It is common in the physical examination to perform one last test, known as medial or lateral
rotation, where the external ligaments responsible for stabilizing the foot when performing these
movements are evaluated.

In addition to the physical examination, there are imaging tests such as magnetic resonance
imaging (MRI), computed axial tomography (CAT) or radiography.

Radiography, commonly known as X-ray, is the most used exam as it allows the detection of bone
fractures and is also the least expensive.

When visualizing soft tissues such as ligaments, tendons or cartilage, the ideal exam is MRI, which
also allows the visualization of different planes, that is, various sections of the foot section. This tool is
handy in the diagnostic phase [53]-[55].

Finally, there are still devices that simulate the physical examination performed by the examiner.
These devices aim to improve diagnostic accuracy and make the conclusions of each examiner similar
for the same patient. The most well-known device is the Telos Stress Device [56] during an X-ray. The
significant disadvantage is that this device that intends to evaluate soft tissues is not compatible with MRI,

the most suitable imaging exam for such tissues, Figure 14.

11
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Figure 14- Telos Stress Device.
(Adapted from [57])

In terms of devices, this is the only one in the industry. However, due to the presented limitations,

no device aims to compete with the one that will be designed in this thesis.

2.4. SUMMARY AND DISCUSSION

Now that all significant aspects have been covered, it can be said that the essential thing to carry
out for the design phase is the kinematics of this joint. This information is crucial as the device needs to
recreate these specific movements smoothly.

Also, understanding how the physical examination is made is relevant because the device needs
to make the physical exam that a doctor makes while respecting the kinematics of the joint and while
being suited for a very different range of foot sizes which is particularly challenging.

The devices available on the market don't compare to this one as what this medical equipment
wants to accomplish is much more complex and helpful in the diagnostic phase than everything that
exists.

Suppose the device can respect the kinematics of the joint. In that case, the evaluation of the
injuries will be made correctly, the main goal of the thesis will be accomplished, and for the first time,

there will be a way to assess the condition of the ankle deterministically.

12
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3. PORTO ANKLE TESTING DEVICE DESIGN

3.1. PROBLEM DESCRIPTION

A medical device is any instrument, device or equipment destined to be used in the human body.
Depending on the device's objective, these devices can be used in any phase of the diagnosis or
treatment. In this case, the main goal is to help in the diagnosis phase to measure ankle joint laxity [58],
[59]. This process is not very accurate. A doctor may believe that a patient needs some intervention,
which means that an operation or other treatments will be necessary, and another thinks it is unnecessary
[60]. The Porfo Ankle Testing Device (PATD) wants to come in the diagnosis phase to help doctors
determine the best treatment. To allow this to happen, Clinica do Dragdo wants this device to replicate
the exam that the doctor does on the patients in the MRI environment. This means that the medical team
can then visualise the various tissues, ligaments and bones and evaluate if the displacements that have
occurred are acceptable or not.

There is already a device, but this does not allow all the tests needed, and for this reason, there is

a necessity to improve it or change it entirely to reach the goal of this thesis [58]

3.2. OBJECTIVES DEFINITION

To define the objectives of the device, a concept called an objectives tree which is composed of
several levels where the higher ranks indicate a goal of more considerable relevance, and the lower levels

indicate an objective of minor significance.

13
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PATD

Figure 15- Objective tree of the PATD

In synthesis, it can be said that the main objectives are the main features related to the device's
safety, functionality and versatility.

The first, safety, is more on the scope of not hurting the foot (comfort and natural movements),
allowing the patient to make the exam without pain. The natural movement side is related to the fact that
the movement of the device needs to be as close to the natural movement of the foot as possible. This
will make sure that the injury does not worsen. The hygiene part of this objective is to ensure there isn't
any contamination because the medical environment needs to be extremely clean.

The second objective, functionality, is perhaps the most important. This objective indicates that the
device needs to be durable (not break with any minor misuse) and allow control of the various movements
that will be made to the foot because the device aims to test the ligaments, not deteriorate the injury. It
also needs to be easy to use because the MRI is extraordinarily costly, so the device has to be easy to

operate.

14
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Finally, the PATD has to be versatile. This means it must be compatible with the PKTD and usable
for very different people with very different feet, making the device very appealing for customers that can

purchase a product that can test both knee and ankle.

3.3. DESIGN REQUIREMENTS

The objectives definition is beneficial to understand what is required from the final solution, which
also helps to define the project requirements more clearly. This is because these objectives are still
unclear from an engineering point of view, and they need to be more specific.

In this regard, there were various conversations with professionals from Clinica do Dragao and
some visits to the facilities to understand how the exam was realized and the exam environment. This
was super important because it allowed us to judge better the conditions in which this device needs to
operate.

That being said, the design requirements were defined from the objectives tree and the

requirements discussed and demanded by Clinica do Dragédo. They can be seen in Table 1.

Table 1- Design requirements.

—_

It must be used during a clinical exam

It can evaluate the functional condition of the ankle ligament structure

It can evaluate the existence of joint instability

It must perform movements passively on the foot

The movements are controlled by a health technician

The device doesn’t affect the characteristic hygiene of the medical environment

It can be used in the MRI/CT environment

The presence of the PA7D doesn't affect the exam

O O N| O | | W| N

It is compatible with the PA7D

—_
o

It has an intuitive usage process

—_
—

It can be used in the majority of the patients

—_
N

It is quickly prepared for the exam

Next, a brief description of each requirement will be presented
1. It must be used during a clinical exam
This device must be used during the examination process of a patient with an injury in the ankle

joint. It can be used in the diagnosis phase and in the post-operation step to assess the result of the
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intervention. It also needs to be capable of testing both the left and right foot, as it is common to compare
to injured ankle with the healthy one.

2. It can evaluate the functional condition of the ankle ligament structure

To be able to attend to this requirement, the device must be capable of doing all the movements
pretended by the customer.

3. It can evaluate the existence of joint instability

This requirement is linked to the previous one; however, this one pretends to emphasize the fact
that the device needs to assess, or in other words, measure. This way, the device will need to have
graduated rules that allow measuring the displacements.

4. It must perform movements passively on the foot

This requirement intends to highlight that foot movement needs to be as natural as it can be
because if not, the device can hurt and injure the patient.

5. The movements are controlled by a health technician

This means that the technician can choose the sequence of movements the patient will be
subjected to and can easily control the device.

6. The device doesn't affect the characteristic hygiene of the medical environment

The device should not be made from materials compatible with the medical environment, such as
polymers, metals that don’t oxidate, etc.

7. It can be used in the MRI/CT environment

The MRI/CT are the best exams available to evaluate the ligaments' condition, and one of the main
objectives of this thesis is to combine the physical exam with the imaging exam. This implies that the
device must fit MRI and CT devices.

8. The presence of the PATD doesn't affect the exam.

In the MRI environment, materials that interfere with the electromagnetic field created during the
exam cannot be used, such as iron, cobalt and nickel. The presence of elements that interfere with the
electromagnetic field creates an attraction or repulsion phenomenon that can injury the patient.

9. It is compatible with the PATD.

This device must be compatible with the PKTD. This means that they must link with each other,

and this way, they can be sold together.
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10. It has an intuitive usage process

As the PATD will be used by the technician responsible for the exam and they have education in
the field of health, it can be thought that they don t know how to operate mechanical systems. That being
said, the device operation must be accessible and intuitive, generating no confusion at the exam moment.

11. It can be used in the majority of the patients

This medical device is intended to be commercialized all over the world. For this reason, it must
be capable of evaluating very different feet from people of different origins. Also, it needs to be able to
test patients with disparate anthropometric measurements.

12. It is quickly prepared for the exam

The procedure for performing an MRI examination is already a relatively lengthy process. The
technician must interrupt the exam to position the ankle in the desired stance and then capture the image.
If the process of preparing the device is too lengthy and complex, the device could lose customers'

interest.

3.4. TECHNICAL SPECIFICATIONS DEFINITION

The initially defined objectives are sometimes called design specifications, which is not correct
because they only manifest affirmations of what the project should accomplish and do not impose either
limitation on the mechanical project.

After that, the technical specifications were defined based on the design requirements list. These
technical specifications translate from the engineering point of view boundary conditions and the
functionalities that the device must have. These boundaries should be accurate because if they are too

tight, there will be very few solutions, and if they are too wide, the choice of solutions will be challenging.
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Table 2- Technical specifications

1 Perform the exam for both the left and right foot

2 Abduction movement from 0O to 60 degrees

3 Adduction movement from O to 60 degrees

4 Eversion movement from O to 60 degrees

) Inversion movement from O to 60 degrees

6 Anterior translation of the astragalus up to 28 mm

7 It must be able to develop the above movements independently

8 It must be able to realize the abduction and adduction movements together with the anterior
translation of the astragalus

9 Ankle dorsiflexion/plantar flexion angle adjustment (-15°, 0° and 15°) for foot positioning

10 The leg and foot fixation zone cannot affect motion transmission and cannot cause patient
discomfort or pain

11 The fixation mechanism mustn'’t affect the foot movement

12 The mechanical system of manual drive

13 Need to fit in the MRI machine

14 Cannot be made of electromagnetic materials

15 Adjustment to the anthropometric needs of each patient

16 Does not cause any discomfort to the patient during the examination

17 PKTD is compatible with lower limb support and positioning

These technical specifications are referent to the device as a whole. Still, each component should

also obey some geometric and dimensional character requirements so that these components can be

integrated with the final device.

started.

After this process, where all the needed specifications are defined, the concept design can be
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3.5. EvoLuTION OF CONCEPTS

Given the clinical and technical specifications this device needs, the work started by inspecting

which ones the initial device already had, Figure 16.

Figure 16- PATD version 1.0.

The initial device complies with the design requirements. Still, regarding the technical
specifications, it falls short of expectations since it does not allow any rotation or adjustment of the
dorsiflexion/plantarflexion angle of the foot. It only complies with the movement eversion/inversion and

anterior translation of the astragalus.

It was also found a problem of fixation of the tibia that is uncomfortable for the patient since, in
previous tests with the previous prototype, the patient sometimes does not support the anterior translation
test in its entirety (i.e., in the total excursion) due to discomfort at the tibial attachment site. It should also
be noted that the eversion and inversion movements are abrupt and must be refined. All of these

considerations were found by Clinica do Dragao while testing the PATD version 1.0.

Therefore, it started by devising a system that would respond to all the most relevant specifications,
allowing all the movements in the technical specifications. Next, an exploded view of the created set is

shown in order to identify all the components, Figure 17.
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Figure 17- Exploded view of version 2.0 of the PATD.

Table 3- List of components of the 2.0 version of the PATD

N¢ of the component Designation
1 Foot support
2 Bushing
3 Rotation shaft
4 PP connection
5 Fixation shaft
6 Block
7 Cylinder cover
8 Piston
9 Vertical cylinder

10 Polymer bearing
11 Nut

In this way, an angle adjustment was started to be incorporated to allow the regular position of the
foot according to the type of examination.

This system consists of parts 5 and 6. Shaft 5 is fixed to piston 8 through the slots. Locks 6, in
turn, fit into the extruded hexagon on shaft 5, so they do not rotate either. They only allow adjusting the

angle of piece 4, employing its translation. Once a screw crosses the centre of the three parts, and as all
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the parts tighten, all the components stand together and find themselves immobilized in the pneumatic

cylinder. First the entire system is locked in the desired position, Figure 18.

Figure 18- Exploded view of the set that allows angle adjustment (on the left). Cutaway view of the lilac shaft fitted to the
cylinder piston (in the centre). Detail of the angle lock system (right).

Then one rotating shaft support was added to the foot support piece so that rotational movement
is possible, Figure 19. A sprocket was also added to enable this movement to be driven by a pneumatic

cylinder that would be installed later.

1o

Figure 19- Addition of rotating shaft support and a sprocket.

Finally, a polymeric bearing was added to the cylinder responsible for the anterior translation of
the astragalus to smoothen the eversion/inversion movement.
The toothed wheel installed in the cylinder was also modified, decreasing the toothed module and

aiming at smoothing this action. The result is PATD version 2.0, Figure 20.
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J

Figure 20- Version 2.0 of the PATD.

This solution has, however, a problem. It does not respect the centre of rotation of the foot located
in the ankle area. Thus, foot angle adjustment movements, as well as eversion/inversion, do not cause
passive movement of the foot as the movement is not the natural movement of the joint, Figure 5.

Therefore, this limitation was corrected by changing the component that connects the cylinder shaft

to the foot support, Figure 21.

bis

Figure 21- Version 2.1 of the PATD.
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This solution is similar to the previous one, except for part 4. However, solving the centre of rotation
of the eversion/inversion movement does not solve the fact that when adjusting the angle of the foot, it
does not move according to the centre of rotation of the foot. This makes the whole leg rise when the foot
angle is changed. When the leg goes up, as the tibia is fixed, the patient will feel enormous discomfort
which may even worsen the patient's injury.

Therefore, it was necessary to develop an angle adjustment that allows the angle adjustment
according to the foot's natural movement. The developed system is based on creating an arc of

circumference from the ankle, Figure 22.

Figure 22- Sketch used to model the foot angle adjustment.

The result is a support with a semi-circular track, and a new component dubbed the 'angle
adjustment' also with a semi-circular surface where part 1 slides and allows the adjustment of the foot

angle to the angles intended by the examiner, Figure 23.

Figure 23- Idealized angle adjustment system.
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Table 4- List of components added to version 2.2 of the PATD.

N of the component Designation
1 Foot support
12 Angle adjustment

Thus, component 1 slides over an arc of circumference centred on the ankle and reproduces the
joint's natural movement, Figure 23.

This third concept, Figure 23 and Table 4, seems to fulfil all the design specifications. However, it

falls short in terms of integration in the PKTD as the foot; therefore, the tibia's support is too high and

V4

does not allow mounting on the mentioned device, Figure 24.

Figure 24- Version 2.3 of the PATD.

In order to respond to the complex set of constraints combined with the movements that the device
needs to provide, it was necessary to develop more radical concepts that visually modify significantly the

initial device, Figure 24 and Table 5.

Table 5- PATD version 3.0 component list.

N¢ of the component Designation

1 Base
Lifting table

PP connection

Angle adjustment

Foot support

Vertical cylinder

N OO a ~ WO DN

Polymer bearing
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Figure 25- Exploded view of the 3.0 version of the PATD.

This first solution found, which verifies all the design specifications, applies a lift table concept
where the remaining movements (rotation and inversion/eversion) are performed on the lift table, Figure
25. This system, fulfilling all the project specifications, is more expensive in terms of material and

pneumatics since it uses two more cylinders than strictly necessary, Figure 26.

Figure 26- Version 3.0 of the PATD.

For that reason, this solution was simplified to reduce the number of components and the amount
of material needed to manufacture the device. This new concept also reduces the number of pneumatic
actuators required, reducing costs in the pneumatic system, Figure 27 and Table 6.

This concept fulfils all project requirements as well as all technical specifications. Therefore, this
will be the concept to be explored in future works, developing all the components in detail and installing

the entire pneumatic circuit that will be responsible for triggering the various necessary movements.
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N* of the component

Figure 27- Exploded view of the 4.0 version of the PATD.

Table 6- Component list of the 4.0 version of the PATD.

Designation

1

Foot support

Angle adjustment

| connection

Vertical cylinder

L connection

(=2 ) B N °* R V)

Base

This latest version meets all specifications; however, the technical specifications were changed
after the development of this concept, and therefore the translation movement has changed. Before, this
movement had a vertical direction. Still, after more orthopaedic specialists observed the concept, they
understood that the upward movement has to be carried out parallel to the foot. Therefore component 4,

the vertical cylinder, must be positioned at a different angle. This concept supports this change, so this

aspect does not become relevant for this stage of development, Figure 28.

it =t

=

Figure 28- Version 4.0 of the PATD.
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The movements contemplated in version 4.0 of the PATD are schematically represented in Figures

29, 30 and 31.

Figure 29- Schematic view of the inversion/eversion movement of PATD version 4.0.

Figure 30- Schematic view of the abduction/adduction movement of PATD version 4.0.
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Figure 31- Schematic view of the anterior translation movement of PATD version 4.0.

Another relevant aspect is the fixation of the tibia. For this, the helmet manufacturing industry was
used, and the best helmet-tightening systems were verified. It was noticed that the best type of grip is the

“Double D", Figure 32.

Figure 32- Fastening belt with ""double D" clasp.

It should be mentioned that the closure cannot be magnetic to respect the project specifications.

3.6. PRELIMINARY DESIGN

Having determined the concept, it was necessary to concretize the different components in
preliminary parts. This is because after defining the components, it will be necessary to carry out
mechanical simulations to verify the deformations and stresses and understand if the various components

can withstand the different demands to which they will be subjected.

28



Development of a medical device compatible with MRI/CT to measure ankle joint laxity

Initially, it started by designing the base (this model does not contain the tibia support yet, as this
has to be positioned according to the exact location of the foot support), which includes the cylinder
supports responsible for carrying out the inversion/ eversion movement and a threaded rod to support
one bearing. The device's centre of rotation will coincide with an axis concentric with the bearing support
since this axis is the axis along which the inversion/eversion movement will be carried out. It should be
noted that the bearing will not contact the base except for the ring-shaped around the bearing support

rod, Figure 33.

Cylinder supports

Figure 33- Base component of PATD version 1.4.

Next, the component supporting the cylinder responsible for the translation movement was
designed. This part has several component housings, including accommodation for a bearing, four for
transfer spheres (only two are visible because the image is a section in the mid-plane of the part) and the
housing for the anterior translation cylinder, Figure 34. The angle of this cylinder was adjusted
comparatively to the one shown in the final concept according to the indication of the medical panel of

Clinica do Dragéo.

Translation cylinder
location

Bearing housing)

Figure 34- Section view of the L connection of PATD version 4.0.

Transfer ball housing
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g

Figure 35- Transfer spheres (section view of the midplane of the part).

Finally, the gear that will allow the inversion/eversion movement was added, Figure 36. The

calculation of the gears is shown is Appendix A.

Gear

Detail that allows the
fixation of the
translation cylinder

L Angle pointer

Figure 36- Several functions added to the L connection component of PATD version 4.0.

One detail was added that would serve as an indicator to measure the inversion/eversion angle
that the foot will reach, and another detail that will allow the translation cylinder to be fixed so that it does
not rotate along its axis during the inversion movement.

Regarding the translation cylinder, only a tiny notch was added to allow immobilization, as
described above. Regarding this component, it was tried to minimize the changes made since this
component was not designed from scratch but was already in version 1.0.

Subsequently, with the cylinder cover and the piston, no design changes were made, and these

components present the geometry shown in version 3.0 of the PATD, Figure 37.
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Notche added

Figure 37- Details of cylinder-cap-piston assembly (left) and notch added to the cylinder (right).

Also, the system, which in the initial versions was for angle adjustment, was kept to connect the
piston to connection I. However, this system lost the angle adjustment function.

Regarding Connection [, it underwent several changes throughout the design process. Here the
final design will be presented and explained.

First, it was decided that two bearings would be used to support the shaft that will pass through
the central hole in order to give more rigidity to the assembly. The choice of bearings was based on the
loads that need to be supported, in this case, 200 N. As each bearing supports 140 N, using two
guarantees safe use. Two holes and a slot were also created in order to mount a double-acting cylinder

that will be presented later, Figure 38.

( - Fit

Hole

Bearing location

Figure 38- Section view of connection | with the various details added.
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After redesigning Connection |, the angle adjustment part was carried out, where this component

was reinforced since this component is highly demanded from a mechanical point of view, Figure 39.

Figure 39- Reinforced angle adjustment component.

The foot support underwent minor changes, namely, to allow the introduction of foot fixation tapes.
These rips allow adjustment of the tightness of the fixation of the foot. The part was 3D printed to get
these locations, and different areas were marked for different feet. For this, some persons were used in
order to have a wide range of foot sizes, Figure 40. After this, the part was 3D printed again with these

rips, and in this way, the location of these rips was verified.

Figure 40- Foot support component of the PATD version 4.0.

Then, the designing of the shaft began, which will be housed in Connection | and will be responsible
for the transmission of movement in the rotation movement. This component seems complex. However,

its operation is quite simple. The Angle Adjustment Component and the rotation gear will be connected
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to the ends of the shaft. The backstop and the thread will allow the shaft to be solidary with the bearings,
Figure 41 and Figure 42.

Fitting of the angle Fitting of the rotation gear
adjustment part

Threaded
Backstop

Figure 41- Rotation Shaft Component.

Figure 42- Section view of PATD rotation shaft assembly.

As can be seen, it is a very compact design that maximizes the available space without needing to
increase the parts' thickness.

That being said, the pneumatic cylinder responsible for the rotation movement was designed next.
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Slot for rod seal

Slot +/-15 ° “

‘Slot for O-ring seal

>

Cylinder fixation

Figure 43- Section view of the double-acting pneumatic cylinder.

The slot for the seal will ensure an efficient seal. In contrast, the slots 0° and +/- 15° allow the foot
support to be rotated through these certain angles in order to be able to carry out the translation
movement with the foot at these angles and thus eliminate the need for the scaffolds (this was in version
1.0 but it didn’t work as intended), Figure 43. There is also a slot for the rod seals so that no air escapes.

Next, the part that will connect to the shaft of the double-acting cylinder and allow the foot rotation,

called Rotation Rack Support, was designed, Figure 44.

Graduated ruler location

Rack location

Figure 44- Rotation Rack Support Component.

This component is quite reinforced as it will have to transmit a very high force, which will be applied
at a long distance, so the moment created will be very high. The fact that the rack is not in this component

is related to the fact that if there is ever any incorrect use that leads to one or more teeth of the rack

breaking, the rack can be easily replaced.
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Finally, the tibia support was positioned, and the cylinders responsible for the inversion/eversion

movement were mounted, Figure 45.

Slots for fixing of the tibia

Tibia support

v

Cylinders

Rack location

Figure 45- Positioning of the tibia support and pneumatic cylinders.

In the tibia support, slots were built to allow the passage of “Double D" tapes to fix the leg. The
eversion cylinders were mounted on the base, and a system similar to the rotation movement was built
so that the rack could also be easily replaced. It should be noted that these racks must be made of a less
rigid material (lower Young's Modulus) so that any damage occurs to them.

The result of all these changes can be seen in Figure 46.

Figure 46- Preliminary Design of the PATD.
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This design is a design close to the end design. However, it is necessary to check the various
deformations in the different critical components to obtain the mechanism's viability to work correctly.
After this phase, some areas will still be included to place markings that will allow the measurement of

the various displacements. Either linear or angular.

Material
The material that will be used is a very important parameter and Clinica do Dragao has a few
options, all of which are resins of polyurethane, Table 7.

e PR403, which was the material used in the PKTD.
e PR700, which is similar to ABS.
e 8051, with or without adding glass fibre.

Table 7- Different materials available with their main properties

8051 w/20%

PR403 PR700 8051
GF
Yield Strength
47 55,9 55,9 70,1
(MPa)
Young Modulus
1850 1800 2150 5696
(MPa)

It is obvious that the best material in terms of mechanical resistance would be the 8051 w/20%
GF. However, the mechanical simulations that will be carried out will be considered the combination of
the worst material properties. This means the properties that will be used for the FEA study will be:

oy =47 MPa
E = 1800 MPa

This is a conservative approach, and it's justified since the material will be chosen after finishing
the design process. This means that every choice of material will result in a safe choice. Also, it should
be said that the manufacturing process will be casting for the device's production while the prototype will
be made by 3D printing.

The technical sheet of each material can be seen in Appendix B.
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4. VALIDATION OF THE PRELIMINARY DESIGN

4.1. MECHANICAL VALIDATION

First, it is necessary to determine the critical components that need to be studied. The first
components are the gears that will transmit the movement as they need to be stiff and withstand the
loads. Secondly, the system responsible for the fixation between the piston and the | connection needs
to be studied to prove the robustness of the structure. Finally, a simulation for each of the three types of
movement will be performed on the assembly because the device’s complexity makes it very difficult to

predict how each part will behave relative to the next.

4.1.1. EVERSION/ INVERSION MOVEMENT GEARS

1. Pre-analysis

Before starting the initial phase of the simulation, it is necessary to carry out a pre-analysis. This is
intended to perform some calculations by hand in order to verify the simulation results. Remember that
since some simplifications will be made, the values calculated here are merely indicative.

As verified by the Ludwig equation, the stress must have the value of:

kv * Wt
_ o We 1
T F m.v M
1,074 - 181,82

o =~ 27 MPa

~10-1073-1,5-10"3 - 0,485
2. Geometry
The geometry imported into the simulation will be simplified; therefore, only the sprocket and rack

will be studied, Figure 47.

Figure 47- Simplified geometry of the eversion gears.
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3. Mesh

This point is one of the most important since a weak discretization of the set will inevitably lead to
poor and far from real results. Given the low computational power available, the refinement will be carried
out specifically in critical areas. In this case, the contact between the teeth of the rack and the wheel,

Figure 48.

Mesh Control @
VX w
Message ~
Orignal mesh on certain bodies will be replaced with the new mesh
when you use the create mesh command
Selected Entitic A
>@spur gear_iso-1 ~
> @spur gear_iso-1
Face<3> @rack spur rectangular_iso-
Face<4> @spur gear_iso-1
Face<5>@spur aear iso-1 e
[ use per part size
Create Mesh
Mesh Density A~
Coarse Fi
Mesh Parameters A
G [mm |
& asom 2=
3 [1e < E

A O et

Figure 48- Mesh control used in the eversion gear.

In the remaining areas, a mesh size of 3 mm was used, Figure 49.

Mesh @
v X
Definition | Mesh Quality
Mesh Density ~
Coarse Fine

Issue waming for distorted elements

Mesh Parameters ~
() Blended curvature-based mesh
O Curvature-based mesh

(® standard mesh

B [mm |

A [ 3.00mm v

b ‘....ummmmmm.uummmmm_u‘zlq

A, [ 015mm ~ ]
[P sRasRRsnsRnRRRRn R mAnRRRnnRRRR:

[ Automatic transition

Figure 49- Mesh size used in the eversion gear.

Finally, the quality of the mesh was also verified, and a good mesh must have at least 90% of the
elements with an aspect ratio below 5 [61].
In this case, there are only 66 elements with an aspect ratio above 5, so the mesh quality is

satisfactory, Figure 50.
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Figure 50- Aspect ratio above 5 of the mesh used in the eversion gear.

4. Model Configuration

In this simulation phase, it is necessary to define the boundary conditions and material properties.

Regarding material properties, see Figure 51.

Properties  Tables & Curves Appearance CrossHatch Custom Application Data Favorites  Sheet Metal
Material properties
Materials in the default library can not be edited. You must first copy the material
to a custom library to edit it.
Model Type: | Linear Elastic Isotropic ~| [save model type inlibrary
Units: 51 -N/mm*2 (MPa) e

Categon:
Name: Custom Plastic

Default failure | Maxvon Mises Stress ~
iter

ai
Desription: | - |

Source

Property [value Eu
lastic Modulus 7800 Wmm* 2
aisson's Ratio 036 WA

3185 W/mm 2
7020 Kg/ma3
a7 N/mm~ 2
re Njmm 2

Vield Strength a7 HmmA2

Thermal Expansion Coefficient B

Thermal Conductivity 02256 WimK)

Specific Heat 1386 /(Ko K]

Material Damping Ratio A

Figure 51- Material Properties.

In terms of boundary conditions, it was defined that the rack would be fixed, and the wheel could

only rotate along its axis, Figure 52.

Finally, a torque was applied to the centre of the wheel, Figure 53. Since the eversion/reversion

movement is performed with a maximum torque of 4000 Nmm [60], when considering a safety factor of

1.5
T =4000 -1,5 =6000 N -mm

The last important aspect is the contact parameters, Figure 54. In this section, it was considered

a friction coefficient of 0,4 as it is the highest possible friction coefficient for plastic on plastic [62].
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[Feamae] }

Figure 53- Load applied to the eversion gear.
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v X
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Select the components/bodies to define a Cantact interaction, Mote:

Selecting the tap level assembly will apply Cantact interaction to all
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Interaction Type ~
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Components ~

[ Global Interaction
Properties A
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[ Coefficient of friction 0.4

Figure 54- Contact parameters used in the eversion gear.
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5. Numerical Solution
In terms of the desired solution, the most important thing is that the stress does not exceed the
material's yield stress, and the displacements do not compromise the motion of the different parts of the

device, Figure bb.
A E & Results

@q Stress1 (-vonMises-)
@‘ Displacernent] (-Res disp-)
@; Strain1 (-Equivalent-)

Figure 55- Numerical Results required for the eversion gear.

6. Numerical Results

In the specific case of this simulation, the stress result will only be later verified with the one
calculated in the pre-analysis. The displacement values will also be seen, given that high rigidity and
reliable equipment are intended. Regarding the results in terms of tension, the maximum value recorded
was about 28 MPa, while in terms of displacement, the maximum value found was about 0,07 mm,

Figure 56.

URES (mm)
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L 000
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Figure 56- Stress and displacement results of the eversion gear.

7. Verification and/or Validation

In this last step, some checks will be made to verify the simulation's validity. Firstly, the maximum
stress value is found at an expected location, at the contact of the teeth, Figure 57.

Regarding the displacement, it seems that the results do not make much sense but looking at the
strain, it is clear that although the teeth that are not in contact travel a greater distance, they are not the

ones that suffer the most deformation, Figure 58.
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Finally, just check the error between the stress value calculated in the pre-analysis and the one

obtained in the simulation:

Figure 57- Maximum stress location for the eversion gear.

Figure 58- Strain results for the eversion gear.

28 — 27
Relative Error = T 100 = 4 %

Although the error is not negligible, given the simplifications of the Ludwig Equation and the fact

that the values are very close in absolute terms, the validity of the result is verified.

4.1.2. ABDUCTION AND ADDUCTION IMIOVEMENT GEARS

1. Pre-analysis

Before starting the initial phase of the simulation, it is necessary to carry out a pre-analysis. This is
intended to perform some calculations by hand in order to verify the simulation results. Since some
simplifications will be made, the values calculated here are merely indicative.

As verified by the Ludwig equation, the stress must have the value of:
k‘U * Wt
0=———
F * mt * Y

1,074-333,33
O’ =
15-1073:1,5-1073-0,485

(1)

~ 33 MPa
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In this simulation, the width of the rack and spur gear were increased because previously, the
stress was almost the yield stress, and for safety and to ensure the equipment is durable, the width was
increased by 5 mm. In the synthesis scope, only the simulation with the increased width will be shown;
however, all the steps taken are the same. The only difference is the geometry.

2. Geometry

The geometry imported into the simulation will be simplified; therefore, only the sprocket and rack

will be studied, Figure 59.

Figure 59- Simplified geometry of the rotation gears

3. Mesh

This point is one of the most important since a weak discretization of the set will inevitably lead to
poor and far from real results. Given the low computational power available, the refinement will be carried
out specifically in critical areas. In this case, the contact between the teeth of the rack and the wheel,
Figure 60. In the remaining areas, a mesh size of 3 mm was used, Figure 61. Also, the quality of the
mesh was verified, as was in the previous simulation, Figure 62.

In this case, there are only 103 elements with an aspect ratio above 5, and they are located far
from the critical contact zone, so the mesh quality is very satisfactory.

4. Model Configuration

Now, it is necessary to define the boundary conditions and material properties. The material
properties are the same for all the simulations and parts because the device will be produced using the
same material.

In terms of boundary conditions, they are the same as in the previous simulation, Figure 63.
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Mesh Control @
v X H
Selected Entities ~ Element Size (mml:
Face<1>@spur gear_iso-1 ~

Min Element Size (mm);

Face<2>@spur gear_iso-1

Face<3>@spur gear_iso-| Wi number of ele

Face<4>@spur gear_iso-

ﬁl

Face<5>@spur aear iso-1 h
&
[Juse per part size
Create Mesh

Mesh Density ~

Coarse Fine

o

Mesh Parameters ~

[ [mm |

Figure 60- Mesh control used in the rotation gear
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Figure 61- Mesh size used in the rotation gear.
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Figure 62- Aspect ratio above 5 of the mesh used in the rotation gear.
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Figure 63- Boundary conditions used in the rotation gear.

Torque Walue [M.m]: Ee

Figure 64- L oad applied to the rotation gear.

Finally, a torque was applied to the centre of the wheel, Figure 64. Since there was a lack of
information concerning the loads applied in this movement, the same torque as in the previous simulation

will be used, considering a safety factor of 1.5:
T = 4000 -1,5=6000 N -mm

The last aspect, the contact parameters, was the same as for the eversion gear.

5. Numerical Solution
In terms of the desired solution, the most important thing is that the tension does not exceed the

material's yield stress, and the displacements do not compromise the motion of the different device parts,

Figure 65.
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- @ ,i, Results
@? Stress1 (-vonMises-)
@{ Displacement] (-Res disp-)
@F Strainl (-Equivalent-)

Figure 65- Numerical results required for the rotation gear.

6. Numerical Results

In the specific case of this simulation, the stress result will only be later verified with the one
calculated in the pre-analysis. The displacement values will also be seen, given that high stiffness and
reliable equipment are intended.

Regarding the results in terms of stress, the maximum value recorded was about 28 MPa, while in

terms of displacement, the maximum value found was about 0,14 mm, Figure 66.

Figure 66- The rotation gear's stress (above) and displacement (behind) results.

7. Verification and/or Validation
In this last step, some checks will be made to verify the simulation's validity. Firstly, the maximum

stress value is confirmed at the expected location, in the contact of the teeth, Figure 67.
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von Mises (N/mm*2 (MP3))
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Figure 67- Maximum stress location for the rotation gear.

Regarding the displacement, it seems that the results do not make much sense but looking at the
strain, it is clear that although the teeth that are not in contact travel a greater distance, they are not the

ones that suffer the most deformation, Figure 68.

Figure 68- Strain results for the rotation gear.

Finally, just check the error between the stress value calculated in the pre-analysis and the one

obtained in the simulation:

33— 28
Relative Error = T 100 = 15 %

Although the error is substantial, given the simplifications of the Ludwig Equation and the fact that
the values are very close in absolute terms, the validity of the result is verified. Also, the mesh near the
contact probably should be more refined. However, this error will be considered acceptable due to the

limitations of the computing power available.

47



Development of a medical device compatible with MRI/CT to measure ankle joint laxity

4.1.3. CONNECTION VALIDATION

1. Pre-analysis

Before starting the initial phase of the simulation, it is necessary to carry out a pre-analysis. This is
intended to perform some calculations by hand in order to verify the simulation results. Since some
simplifications will be made, the values calculated here are merely indicative.

This connection is very complex, with multiple bodies and many contacts, making the analysis very
complicated. This means there will be no validation because there will not be any hand calculations in
this case.

2. Geometry

The geometry imported into the simulation will be simplified; therefore, only the main components

will be inserted, Figure 69. This reduces the number of elements and computational time.

Figure 69- Simplified geometry of the connection.

3. Mesh
This point is one of the most important since a weak discretization of the components will inevitably

lead to poor results. Given the low computational power available, the mesh will have a variable size.

Mesh Details <[=] %

Study name Static 2 from [Static 1] [-Default-]

Mesh type Salid Mesh

Mesher Lsed Blended curvature-based mesh
Jacobian paints for High quality mesh | 16 paints

Mesh Control Defined

Max Element Size 2mm

Min Element Size 0,06 mm

Mesh quality High

Total nodes 857104

Total elements 576810

M arimum Aspect Ratio 41128

Percentage of elements 95
with Azpect Aatio < 3 .
Percantage of elements

wih Asaeet Ao 10 b
Percentage of distorted elements 0
Number of distorted elements 0
Remesh failed parts independently arf

Time to complete meshrhommcss) | D0:00:26
Computer name

Figure 70- Mesh parameters used in the connection.
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The mesh quality was also verified and is very good, as most elements have an aspect ratio below

3, Figure 70.

4. Model Configuration

Now, it is necessary to define the boundary conditions and material properties. The material
properties are the same for all the simulations and parts because the device will be produced using the

same material.

Firstly, a bolt was inserted to tighten the assembly in terms of boundary conditions, Figure 71.

Head Diameter [mm): 20
Maminal Shank Diameter {mm): (&
Torgue [M.m): 18

Friction Factar [K]: a2

Figure 71- Bolt connector specs used in the connection.

Secondly, the fixation shaft was fixed, and the PP connection part was considered a fixed hinge,

only allowing rotation along the fixation shaft axis, Figure 72.

& Fixed Hinge: .

Fixed Geometry: le

Figure 72- Boundary conditions used in the connection.

Finally, the load was applied [60].
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3 Along Edge [N]:| 200 ‘

Figure 73- Stress and displacement results of the rotation gear.

In this case, no safety factor was used because there was no pre-analysis made or hand
calculations, so the objective is to know the most realistic scenario.

5. Numerical Solution

In terms of the desired solution, the most important thing is that the stress does not exceed the

material's yield stress, and the displacements do not compromise the motion of the different parts of the

device, Figure 74.

A @ ,@, Rezults

%ﬂ Stress1 (-vonMises-)
%M Displacement1 (-Res disp-)
@E Strain1 (-Equivalent-)

Figure 74- Numerical results required for the connection.

6. Numerical Results

Regarding the results in terms of stress, the maximum value recorded was above the yield strength

since there are some stress concentrations. In terms of displacement, the maximum value found was

about 2,5 mm, which should be acceptable,
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Figure 75- Stress and displacement results for the connection.

won Mises (N/mm”*2 (MPa))

47,000
_‘ 42,300
_ 37,600

. 32,900

_ 28200

_ 23,500

. 18,800

_ 14,100

9,400

4,700

0,000

= Yield strength: 47,000

von Mises (N/mm*2 (MPa))
47,000
. 42,300
_ 37,8600
_ 32,900
_ 28200
_ 23,500
_ 18,800
_ 14,100

9,400

4,700

0,000

= field strength: 47,000

Figure 76- Location of the stress concentration.
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7. Verification and/or Validation

In this last step, some checks will be made to verify the simulation's validity. Firstly, the maximum
stress value is found at an expected location in the contact of the teeth of the block parts teeth and the
PP connection's teeth, Figure 76. Regarding the displacement, the displacement increases with the
distance to the bolt axis, Figure 75.

Finally, the fact that the stress surpasses the yield stress should not lead to failure because only
some very localized zones enter the plastic regime. These zones have very sharp edges, and that
increases the stress locally. Also, the fact that these stresses are compressive means they shouldn’t

cause cracks. Nonetheless, a more straightforward system will be studied.

4.1.4. RACK SUPPORT

1. Pre-analysis

Before starting the initial phase of the simulation, it is necessary to carry out a pre-analysis. This is
intended to perform some calculations by hand in order to verify the simulation results.

This part is quite complex because the cross-section area varies a lot, and the geometry would
have to be significantly simplified to a point where the hand calculations would be irrelevant to this
analysis. This means there will be no validation because there will not be any hand calculations in this
case.

2. Geometry

The geometry imported into the simulation will not be simplified since there is not much complexity

in this geometry, Figure 77.

Figure 77- Simplified geometry of the rack support.
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3. Mesh
This point is one of the most important since a weak discretization of the components will inevitably

lead to poor results.

Mesh Details
Study name Static 1 [-Default-]
Mesh type Solid Mezh
Mesher Used Blended curvature-based mesh
Jacobian points for High quality mesh | 16 points
Max Element Size 3 mm
Min Element Size 0.5 mm
Mezh quality High
Total nodes 7aes1
Tatal elements 51212
4 awirnumn Azpect Ratio 4 5053
F'n_erc:entage of e_lements 998
with Aspect Ratio < 3 .
Percentage of elements 0
with Aspect Ratio > 10
Percentage of distorted elements 1]
Mumber of distorted elements 1]
Time to complete meshihh:mm:zz) 000002
Computer name

Figure 78- Mesh parameters used in the rack support.

The quality of the mesh was also verified, and it is excellent. Almost every element has an aspect
ratio below 3, Figure 78.

4. Model Configuration

Now, it is necessary to define the boundary conditions and material properties. The material
properties are the same for all the simulations and parts because the device will be produced using the
same material.

Regarding boundary conditions, firstly, the rack support was fixed in the connection with the piston

shaft, Figure 79.

o Fixed Geometng

Figure 79- Boundary conditions used in the rack support.
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Secondly, the load was applied. Regarding this movement, there weren't any typical load values,
so the maximum load available was used and a safety factor of 1,5.
F=200%15=300N

(=
Along Edge [M):] 300

Figure 80- Load applied to the rack support.

5. Numerical Solution
In terms of the desired solution, the most important thing is that the stress does not exceed the
material's yield stress, and the displacements do not compromise the motion of the different parts of the

device, Figure 81.

- E A, Results

%ﬂ Stress1 (-vonMises-)
%” Displacernent] (-Res disp-)
@E Strainl (-Equivalent-)

Figure 81- Numerical Results required for the connection.

6. Numerical Results

Regarding the results in terms of stress, the maximum value recorded was below the yield strength,
about 39 MPa, Figure 82. In terms of displacement, the maximum value found was about 1,6 mm, Figure
83, but in terms of directions, the maximum was 1,5 mm in the Z direction. In the Y direction was about
0,9 mm, which should be acceptable, Figure 84. Also, the fact that the load is much higher than the real

one should be considered.
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von Mises (N/fmm*2 (MPa))
38,820

34,940

31,061
_ 27,181
| 23301
19421
15,541
11,661
7,781

3,901

0,021

—P Yield strength: 47,000

Figure 82- Stress results for the rack support.

URES (mm)
1,633

1,469

_ 1,306
. 1,143
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0,327
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Figure 83- Displacement results for the rack support.
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l 0725

- 0544
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' 1,397

_ 1,40
_ 0363 - 1,08

_ o181
I -0,000
_ 0181

. -0363

_ 0926

| 0769
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_ 0456
0544 0299
-0,726 0142

-0,007 -0,015

Figure 84- Displacement in Y and Z directions results for the rack support.
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7. Verification and/or Validation

In this last step, some checks will be made to verify the validity of the simulation performed. Firstly,
the maximum stress value is found at an expected location, at the holes. This is because holes introduce
stress concentration that leads to high-stress values. Also, the fact that the component barely deforms in
the X direction means the behaviour is the expected one, so the results are verified.

Nonetheless, some changes were made in order to allow this part to have some graduated ruler to

measure the joint movement. To accomplish this, the geometry was changed, as seen in Figure 85.

Figure 85- Changed geometry of the rack support that allows for a graduated ruler.

This new design fills the middle void and gives more stiffness to the part while providing a space
to put a sticker of a graduated ruler.
The analysis was run with the same parameters as the previous design, so only the results will be

shown here.

URES (s
won Mises (Nfmen™Z (MP3)) 5 (mem)

0,756

N

5,855

' nan

. 20688

— S
tMn: 15,855 ]

. 18100
o 15517
1290
10347

E 7763

5178
pALH
0009

— Yield strength: 47,000

™~ braxcforse

Figure 86- Results in terms of stress and displacement for the new design of the rack support

It can be seen that both the stress and displacements have been reduced significantly, which is
very good as this means a stiffer design and a more durable part, Figure 86. In terms of displacements

inY and Z, the results also show an impressive reduction, Figure 87.
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UZ imm)

. 0583
. 0An
o415
0347

027

oQn

Q03

-3

Figure 87- Results in terms of displacements in Y and Z for the new design of the rack support

Now that the simulations of individual parts are finished, there will be shown simulations of the
whole device making the three types of movement that it was designed to do. As these simulations involve

multiple components, no pre-analysis will be made.

4.1.5. EVERSION MOVEMENT

1. Geometry

Regarding geometry, some irrelevant parts for the analysis were suppressed, such as the base and
the double effect cylinder. Also, the fixation system consisting of the block parts was simplified because,
in this movement, the connection is not relevant and hasn't got the load-bearing function in this specific

move, Figure 88
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Figure 88- Assembly used for the eversion movement simulation.

2. Mesh

In terms of mesh, a variable mesh size was used with a minimum element size of 0.2 mm and a

maximum element size of 5 mm. The mesh quality was verified as very good, as about 97% of the

elements have an aspect ratio below three, and there are no distorted elements.

Mesh Details [R5
Study name Everzdo [-Default-]
kesh type Salid Mesh
Mezher Used Blended curvature-bazed mesh
Jacobian pointz for High quality mesh | 16 points
M ax Element Size 5 mm
in Element Size 0.2 mm
Mesh quality High
Tatal nodes 410667
Tatal elements 252195
b axirnurn Aspect Batio 7 B0E1
Percentage of elements 957
with Azpect Ratio < 3 .
Percentage of elements
with .&spegct Ratio > 10 0.168
Fercentage of diztorted elements i]
Mumber of diztorted elements 1]
Remesh failed parts independently Off
Time to complete mesh{bh:mm: sz 00:00:53

Computer hame

Figure 89- Mesh parameters used in the assembly of the eversion movement simulation.
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3. Model Configuration

Now the boundary conditions, contact parameters and connectors need to be defined. Firstly, it

was added two pin connectors, Figure 90.

Connectors ®
v X M

Type | Split

Message Ll

L

Select the coaxial cylindrical faces or edges (for shells) that define
one pin connector,
You can select a maximum of ten entities to define a pin connector.

Type A

in ~

Face< 1= @ajuste angulo-1
Face< 2> @ajuste angulo-1

2 P
°1

|:|With retaining ring (Mo translation)

[Jwith key (Mo rotation)

Connection Type M
(®) Distributed O Rigid

Figure 90- Pin connector parameters.

Next, the contact parameters were imposed. In this stage, it was defined the only contact relevant
for this analysis in this stage was between the foot support and the angle adjustment part, Figure 91.

This is because the rest of the parts were designed to be static concerning themselves in this movement.

Component Interaction @
v X ™

IILETALLIUN i€ PIULES SEU WILF UM dLE-LU-5UTTdLE [UTIMuidLun,

Interaction Type ~
(O Bonded
@ Contact
O Free

Components Ll

|:| Global Interaction

[+]

% Boss-Extrude15@Apoio_calcanhar 3-1@Assem1
Cut-Extrude3 @ajuste angulo-1@Assem

Properties ~

Gap range to consider contact:

L | 0.09957225% | = | 0344065474 | mm v

Stabilize the area if the gap is: v

] | 0.00995723%| = | 0.0344065474| 'l

= mm ] o
|:| Coefficient of friction 0

L4

Figure 91- Contact parameters used in the assembly of the eversion movement.

59



Development of a medical device compatible with MRI/CT to measure ankle joint laxity

Finally, the boundary conditions were defined. The foot support was fixed on one side, and torque
was applied at the location of the eversion bearing. The value of this torque was 6000 Nmm, as in the
eversion gears movement simulation, Figure 92.

Also, the location of the bearing was considered a fixed hinge and the location of the transfer

spheres was designated as a roller/slider, Figure 93.

| Torgue Walue [M.m):

X
t<
I

Figure 92- Load applied to the assembly of the eversion movement simulation.

60



Development of a medical device compatible with MRI/CT to measure ankle joint laxity

Fixture @
v X

Type | Split

Example

Standard (Fixed Hinge)

Fixed Geometry
Roller/slider

Fixed Hinge

E Face<1>@Assembly Eversdopart-1

Fixture
vV X

Type | Split

Example

Standard (Roller/Slider)

Fixed Geometry
@ Raller/Slider

Fixed Hinge

Face< 1> @Assembly Eversdopart-1
Face<2>@Assembly Eversdopart-1
Face<3>@Assembly Eversdopart-1
Face<4>@Assembly Eversdopart-1

e

v
Fixcture @

v X M

Type | Split

Example |

Standard (Fixed Geometry) ~

2 Fixed Geometry: .
Fixed Geometry

Raller/Slider

Fixed Hinge

Face<1> @Apoio_talcanhar 3-1
Face<2> @Apoio_calcanhar 3-1
Face<3> @Apoio_calcanhar 3-1
Face<4> @Apoio_calcanhar 3-1

e

Figure 93- Boundary conditions applied to the assembly of the eversion movement simulation.
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4. Numerical Solution
In terms of the desired solution, the most important thing is that the stress does not exceed the
material's yield stress, and the displacements do not compromise the motion of the different parts of the
device, Figure 94.
A @ ,-"L Rezults
@F Stress]1 (-vonMises-)
@{ Displacement1 (-Res disp-)
@? Strain1 (-Equivalent-)

Figure 94- Numerical Results required for the assembly of the eversion movement simulation.

5. Numerical Results
Regarding the results in terms of stress, the maximum value recorded was well below the yield
strength, about 3 MPa, Figure 95. In terms of displacement, the maximum value found was about 0,3

mm, which is an excellent result, Figure 96.

wvon Mises (N/mm#2 (MPa))
2,641
._ 2,377
2,113
. 1,849
1,584
1,320
_ 1,056
_ 0,792
0,528
0,264
0,000

= ield strength: 47,000

Figure 95- Results in terms of stress for the assembly of the eversion movement simulation.
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URES (mm)
0,290
. 0,261
. 0232
. 0,203
0,174
0,145
0116
. 0,087
0,058
0,029

0,000

Figure 96- Results in terms of displacement for the assembly of the eversion movement simulation.

6. Verification and/ or Validation

This step is complicated in assemblies with multiple components because the location of the
maximum stress or the maximum displacement is very difficult to predict. Nonetheless, as expected, this
movement is not the hardest to do from the mechanical point of view, as in version 1.0, this movement

was performed relatively easily.

4.1.6. ABDUCTION MOVEMENT

1. Geometry
In terms of geometry, some parts irrelevant to the analysis were suppressed, and only the foot
support, the angle adjustment and the rotation shaft were considered, Figure 97. Also, the shaft faces

were cut in order to impose the boundary conditions where the bearings will be installed.
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Bearings location

Figure 97- Assembly used for the abduction movement simulation.

2. Mesh
In terms of mesh, a variable mesh size was used with a minimum element size of 0.2 mm and a
maximum element size of 5 mm. The mesh quality was verified as very good, as about 97% of the

elements have an aspect ratio below three, and there are no distorted elements, Figure 98.

Mesh Details =X

Study name Static 1 (-Default)
Mesh type Solid Mesh

Mesher Used Blended curvature-based mesh
Jacohian points for High quality mesh | 16 points

Max Element Size 5mm

Min Element Size 2mm

Mesh quality |High

Total nodes | 95725

Total elements 157689

Maximum Aspect Ratio 131404

Pgrcentage of glements 98.8

with Aspect Ratio < 3 I

P_ercentage of ;Iements 0156

with Aspect Ratio > 10 '

Percentage of distorted elements 0

Number of distorted elements 0

Remesh failed parts independently | Off

Time to complete mesh(hh:mm:ss) | 00:00:16

Computer name TOMAST4CORREIA

Figure 98- Mesh parameters used in the assembly of the abduction movement simulation.
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3. Model Configuration
Now the boundary conditions, contact parameters and connectors need to be defined. Firstly, it

was added two pin connectors, Figure 99.

Connectors.
L
Type | Split|

Select the coaxial cylindrical faces or edges ifor shells) that define one pin
connecior.
You can select 3 mavimum of ten entities to define a pin connector.

Type o

R Fm
[T I‘lmﬂ»omauq

Face«2>Pasasa-l

[ with retaining ring (N6 translation)
(8 with keey (Mo ratation)

Connection Type ~
O Distributed O rigid

Optiens ~
[ >
B |0 | Mym

Axial Stiffriess (N/m): u‘ —
= . | it v |

[Cnclude mass

e 0

Figure 99- Pin connector parameters used for the abduction movement simulation.

Next, the contact parameters were imposed. In this stage, the global interaction between the
components was defined with contact, Figure 100. No friction coefficient was considered in order to

simplify the simulation.

Compenent Interaction @
v X H

Message ~
Select the components/bodies to define a Contact interaction. Note: Selecting the
top level assembly will apply Contact interaction to all components (may be
slower). Also, all Interactions in Component interaction are processed with
Surface-to-surface formulation.

Interaction Type ~
() Bonded
© contact
(O Free

Components ~

8 Global Interaction

Properties ~

Assem2.5LDASM

Gap range to consider contact:

= =
ﬂI:I' 0.10% 0315436465 mm i

Stabilize the area if the gap is:

E‘T‘ 0.01% = 00315436465 mm w

[ coefficient of friction 0

Figure 100- Contact parameters used for the abduction movement simulation
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Finally, the boundary conditions were defined. The foot support was fixed on one side, and torque

was applied to one end of the rotation shaft. The value of this torque was 6000 Nmm, as in the rotation

gears movement simulation, Figure 101.

Also, the location of the bearings was considered a fixed hinge, Figure 102.

v X ™

Force/Torque
Force
Torque

@ Face<1>@asasa-1
Face<2>@asasa-1

Face<3>@asasa-1
Face<4>@asasa-1
Face<5>@asasa-1

Force/Torque @

= Torgue Value (N.m): a

@ ‘ ‘Fa(e<7>@asasa'1

B

e

> N.m

B Reverse direction
© per item

(O Total

(O Nonuniform Distribution

Symbol Settings

&

o

Figure 101- Load applied to the assembly of the eversion movement simulation.
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Fixture

v X H

Type | Sphit

Example

"

Standard (Fixed Geometry)

Fixed Geometry
Roller/slider
Fixed Hinge

@ Face<1>@Apoio_calcanhar 3-1
Face <2>@Apoio_calcanhar 3-1
Face<3>@Apoio_calcanhar 3-1
Face<4>@Apoio_calcanhar 3-1

Advanced

Symbol Settings

Fixture

v X =

Type | Split

Example

Standard (Fixed Hinge)

Fixed Geometry
Roller/slider

Fixed Hinge

E Face<1>@asasa-1
Face<2x>@asasa-1

Advanced

Symbol Settings

L e T

l% Fixed Geornetry:

Figure 102- Boundary conditions applied to the assembly of the abduction movement simulation.
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4. Numerical Solution
In terms of the desired solution, the most important thing is that the stress does not exceed the
material's yield stress, and the displacements do not compromise the motion of the different parts of the
device, Figure 103.
A @ ,-"L Rezults
@F Stress]1 (-vonMises-)
@{ Displacement1 (-Res disp-)
@? Strain1 (-Equivalent-)

Figure 103- Numerical Results required for the assembly of the abduction movement simulation.

5. Numerical Results
Regarding the results in terms of stress, the maximum value recorded was below the yield strength,
about 42 MPa, Figure 104. The maximum value found in displacement was about 1.2 mm, which is a

solid result, Figure 105.

von Mises (N/mm~#2 (MPa))
41,558

_ 33,246

_ 29,091
_ 24,935
_ 20,779
_ 16,623
_ 12467
8312
4,156

0,000

— Yield strength: 47,000

41,558

Figure 104- Results in terms of stress for the assembly of the abduction movement simulation.
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Figure 105- Results in terms of displacement for the assembly of the abduction movement simulation.

6. Verification and/ or Validation

This step is quite tricky in assemblies with multiple components because the location of the
maximum stress or the maximum displacement is very difficult to predict. Nonetheless, as expected, the
maximum stress is located in the contact of the shaft and the adjustment angle part, as in this zone,

there are sharp edges which lead to some stress concentrations.

4.1.7. ANTERIOR TRANSLATION MOVEMENT

This simulation is quite tricky due to the complex parts in the connection between the piston and
the fixation shaft, as seen in the Connection Validation phase. This simulation doesn’t pretend to validate
this connection but simplifies it and, at the same time, gets rid of the stress concentrations and complex
parts while still improving the stiffness of the assembly.

1. Geometry

In terms of geometry, firstly, it explored one where the connection is made through a hexagonal

pin, Figure 106.
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Figure 106- First geometry used for the anterior translation movement simulation (left). Exploded view (right).

2. Mesh
In terms of mesh, a variable mesh size was used with a minimum element size of 0.5 mm and a
maximum element size of 3 mm. The mesh quality was verified as very good, as about 99% of the

elements have an aspect ratio below three, and there are no distorted elements, Figure 107.

Mesh Details =l X
Study name |Static 1 (-Default)
Mesh type | Solid Mesh

Mesher Used | Standard mesh
Automatic Transition | Off

Include Mesh Auto Loops | Off

Jacohian points for High quality mesh | 16 points

Element size |3mm

Tolerance %0,5 mm

Mesh quality |High

Total nodes | 402898

Total elements | 261196

Maximum Aspect Ratio 18,3921

Percentage of elements 199 6

with Aspect Ratio < 3 E

Percentage of elements 10

with Aspect Ratio > 10 }

Percentage of distorted elements 0

Number of distorted elements |0

Remesh failed parts independently %Off

Time to complete mesh(hh:mm:ss) iUU:UU:ZB

Computer name | TOMAS14CORREIA

Figure 107- Mesh parameters used in the first geometry iteration of the assembly of the anterior translation movement
simulation.
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3. Model Configuration
Now the boundary conditions, contact parameters and connectors need to be defined. Firstly, two

pin connectors were added, Figure 108.

Connectors @

v X =
Tync@

Select the coaxial cylindrical faces or edges (for shells) that define ane pin connector.
You can select 3 maximum of ten entities to define a pin connector,

Type ~
R v
@ []iFace<1>@Apoio_cakanhar 3-1

Face<2>@ajuste angulo-1

Face<3> @ajuste angulo-1

[ with retaining ring (No translation)
() with key (No rotation)

Connection Type ~
© Distributed O Rigid

Options. .

Material v

8 strength Data ~
Tensile Stress Area

¥ s0 mma2
Pin Strength

47000000 N/ma2

Safety Factor

Figure 108- Pin connector parameters used in the first geometry iteration of the assembly of the anterior translation
movement simulation.

Next, the contact parameters were imposed. In this stage, three different contacts were defined.

The first was to describe the contact between some components, Figure 109.

Component Interaction @
v ox

Message 2
define a Note: Selecting the top
1. Also, 3l

evel assembly will appi all X
Interactons in Component iteraction are processed with Surface-to-surface formulation.
Interaction Type ~
Osonded
O contact
Ofree
Components ~
(D) Global nteraction

Properties ~
Gap range to consider contact:

Spit Line2@Embolo_V3-1@Assem2
Chamfer1 @pino-1@Assem2
Move Face2@Part2-1@Assem2

= o10% s 03176 mm

stabilze the area i the gap is:
=) o1 = 00IITINTG o

() coefficent o frcion o

Figure 109- First contact parameters used in the first geometry iteration of the assembly of the anterior translation
movement simulation.
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The second one considered that the rotation shaft, the bearings and the | connection are bonded

as the contact between these parts is irrelevant. This consideration simplifies the simulation, Figure 110.

Component Interaction ()

v X n
Message >
Select the components/bodiies to define a Bonded interaction. Note: Selecting the top
level ly will apply a il
Interaction Type A

© Bonded

O contact

O ree
Components ~

() Global interaction

%l

Move Face2@Part2-1@Assem2

Veio Rotagdo-1@Assem2 I
rolamento rotaglo-1@Assem2

Cut-Extrude 1 @rolamento rotagao-2@Assem2

Properties ~
Gap range for bonding:
B 1.00% 313739176 mm v B

(@ include shell edge - solid face/shell face and edge pairs (Slower)
Advanced ~
() enforce common nodes between touching boundaries
Bonding formulation:

O surface to surface

(O Node to surface

Figure 110- Second contact parameters used in the first geometry iteration of the assembly of the anterior translation

movement simulation.

The third and last one considered that the rotation shaft and the angle adjustment part are bonded,

enforcing common nodes between touching boundaries, Figure 111.

Component Interaction

v X

Message

Select the components/bodies to define a Bonded interaction. Note: Selecting the top
level il

apply a Bonded

Interaction Type
O sonded
(O contact
OFree

Components
(T Global Interaction

Boss-Extrude22@ajuste angulo-1@Assem2
Veio Rotagdo-1@Assem2

%I

Properties
Gap range for bonding:

) =
b ] 1.00% 313739176 mm

(Dinclude shell edge - solid face/shell face and edge pairs (Slower)
Advanced
@ Enforce common nodes between touching boundaries
Bonding formulation:

© surface to surface

(ONode to surface

>

S B

Figure 111- Third contact parameters used in the first geometry iteration of the assembly of the anterior translation

movement simulation.
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Finally, the boundary conditions were defined. The cylinder shaft was fixed, and a force was applied
to the foot support, Figure 112 and Figure 113. The value of this force was 200 N, but it was considered

a safety factor of 1,5, so the force applied has a value of 300 N.

Force/Torque @
v X

Force/Torque
-
(8o
n I
(ONormal

O selected direction

vommmmmETm
Operitem
Total

Face<1>@Apoio_calcanhar 3-1

Units. ~

Qs v
Force ~
S N

[DReverse direction

© Along Edge (N): m

Figure 112- Load applied in the first geometry iteration of the assembly of the anterior translation movement simulation.

Fixture @

vV X *
e [58
Example ~
Standard (Fixed Geometry) AN
Fixed Geometry
&5 | Roller/Slider
[ Fixed Hinge
@ JlfFace<1>@Embolo_v3-1

Face<2>@Embolo_V3-1

Face<3>@Embolo_V3-1

Face<5>@Embolo_V3-1
Advanced V-
Symbol Settings v

Fixed Geometry:| ©

Figure 113- Boundary conditions applied to the anterior translation movement simulation assembly.

73



Development of a medical device compatible with MRI/CT to measure ankle joint laxity

4. Numerical Solution
In terms of the desired solution, the most important thing is that the stress does not exceed the
material's yield stress, and the displacements do not compromise the motion of the different parts of the

device, Figure 114.

A @ ,i, Results
@F Stress]1 (-vonMises-)
@f{ Displacement1 (-Res disp-)
@? Strain1 (-Equivalent-)

Figure 114- Numerical Results required for the first geometry iteration of the assembly of the anterior translation movement
simulation.

5. Numerical Results

Regarding the results in terms of stress, the maximum value recorded was almost the yield strength
of about 46 MPa, Figure 115. In terms of displacement, the maximum value found was about 15 mm,
which is a non-satisfactory result, Figure 116. For this reason, a new solution was studied with another

type of connection.

wvon Mises (N/mm#2 (MPa))
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Figure 115- Results in terms of stress for the assembly of the anterior translation movement simulation.
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URES {(mm)
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2,934
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Figure 116- Results in terms of displacement for the assembly of the anterior translation movement simulation.

0,000

6. New Geometry

Once the first iteration wasn’t worked the expected way, a new solution was studied. This new one
uses two pins instead of only one, Figure 117. This allows the load to be supported in shear and not in
torsion, as the material has much more load-bearing capacity in this way. For this reason, the expected
stiffness should be much higher. Also, the fact that the pins are circular shouldn't create stress

concentrations like the previous hexagonal pin.

Figure 117- New assembly geometry for the anterior translation movement simulation.
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The mesh and the simulation configurations are precisely the same as in the initial geometry. The

only difference was the two pins added in the connection, Figure 118.

Figure 118- Pins added to the new geometry.

Also, the same results will be checked in terms of numerical results.

5. Results

Regarding the results in terms of stress, the maximum value recorded was below the yield strength,
about 26 MPa, Figure 119. The maximum value found in displacement was about 6 mm, which is a very

interesting result, Figure 120.

von Mises (N/mm#2 {(MPa))
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Figure 119- Results in terms of stress for the new geometry.
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Figure 120- Results in terms of displacement for the new geometry.

Considering that the load is much higher than the real load and that the displacement that truly
matters is the one that is in the direction of the movement next, this directional displacement will be

shown in Figure 121.
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Figure 121- Results in terms of directional displacement for the new geometry.
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This is an acceptable result. However, it should be noted that considering a linear behaviour (which

is a very reasonable assumption), the expected displacement for the real load (200 N) is:

4,5 x 200

Real displacement = 300 3mm

This is a very respectful result as the load is very high and the materials used are not properly load-
bearing. Also, keeping the linear behaviour consideration if the material with the highest Young Modulus

is used, then the displacement becomes:

3x1800
5696 "

Keeping this in mind, it is advised to use the material with the highest mechanical properties

Real displacement =

because even this material doesn't present properties of a load-bearing material; however, it is the best

option available.

4.1.8. TIBIA SUPPORT

1. Pre-analysis

Before starting the initial phase of the simulation, it is necessary to carry out a pre-analysis. This is
intended to perform some calculations by hand in order to verify the simulation results. Since the
geometry is very complicated, there will not be any pre-analysis as the results would be far from reality
due to the simplifications used.

2. Geometry

The geometry imported into the simulation will be simplified; therefore, only the sprocket and rack

will be studied, Figure 122.

Figure 122- Simplified geometry of the tibia support.
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3. Mesh
This point is one of the most important since a weak discretization of the set will inevitably lead to
poor and far from real results. A mesh size of 3 mm was used, Figure 123.

The mesh quality is very satisfactory as 99,6% of all the elements have an aspect ratio below 3.

Mesh Details E X

Stuchy name Static 1 (-Default)
hesh type Solid Mesh
lesher Used Standard mesh
Automatic Transition Off

Include kesh Auto Loops Off

Jacohian points for High quality mesh |16 points
Element size 3 mm

Talerance 1 mm

hesh quality High

Total nodes 175571

Total elements 113452
Maximum Aspect Ratio 106.56
Pgrcentage of E_'Iements 996

with Aspect Ratio < 3 ’

Fercentage of elements

with Apect Ratio s 18 ——
Percentage of distorted elements 0
Murnber of distorted elements 0

Time to complete meshihh:mm:ss) 00:00:15
Computer name TOMASTICORREIA

Figure 123- Mesh parameters used in the tibia support.

4. Model Configuration

Now, it is necessary to define the boundary conditions and material properties. The material
properties are the same for all the simulations and parts because the device will be produced using the
same material.

In terms of boundary conditions, see Figure 124.

Figure 124- Boundary conditions and force applied to the tibia support.

The base was considered fixed, while in the zone where the tibia seats, a force of 200 N was

applied.
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5. Numerical Solution
In terms of the desired solution, the most important thing is that the stress does not exceed the
material's yield stress, and the displacements do not compromise the motion of the different parts of the

device, Figure 125.
- E & Results

@ Strezs] (-vonMises-)
@{ Displacement] (-Res disp-)
@F Strainl (-Equivalent-)

Figure 125- Numerical results required for the tibia support.

6. Numerical Results
Regarding the results in terms of stress, the maximum value recorded was about 18 MPa, while in

terms of displacement, the maximum value found was about 10 mm, Figure 126.

von Mises (N/mmA2 (MPa})
18453
16,608
_ 14763
12917
11,072
| s
L 7,381

_ 5536

3691
1,845
0,000

—P Yield strength: 47,000

URES (mm)
10,073
9,066
_ 8,058
- 7,051
L 6,044
5,037
| 4,029

L 3,022

2,015
1,007
0,000

Figure 126- Stress (above) and displacement (behind) results of the tibia support.
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7. Verification and/or Validation
In this last step, some checks will be made to verify the simulation's validity. Firstly, the maximum

stress value is found at the expected location in the reinforcement backbone, Figure 127.

Max|18453 &

Figure 127- Maximum stress location for the tibia support.

Regarding the displacement, it seems that 10 mm is a lot; however, this is the maximum value. If
we look at the zone where the tibia is supported, it is noticeable that the displacement results are

satisfying, Figure 128.

Node: 1377
XY, ZLocation:|-119; 73,5; 115 mm

Value: 0,169 mm

Figure 128- Displacement detail for the tibia support.
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4.2. KINEMATIC VALIDATION

Having the device validated from the mechanical point of view will now be validated from the
cinematic point of view so that every movement can be realized without any interference. In this chapter,
the Motion Study feature of Solidworks was used.

Eversion Movement

Firstly, the eversion/ inversion movement was performed. This was accomplished as expected for

an angle of 60°, Figure 129.

Figure 129- Motion simulation of the eversion/ inversion movement.

Abduction Movement
Secondly, the abduction/ adduction movement was simulated. Once again, and as expected, the
motion was completed without any hiccups due to the same analysis performed on the concept, Figure

130.

Figure 130- Motion simulation of the abduction/ adduction movement.
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Anterior Translation Movement
Finally, the anterior translation movement was simulated. As expected, this movement was
performed correctly. This was expected as this was the movement better performed in the original device,

Figure 131.

Figure 131- Motion simulation of the anterior translation movement.
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5. PNEUMATIC SYSTEM

Once the device is validated, the actuating system needs to be designed. Firstly, this system is a
pneumatic one, and the components must operate in the MRI environment. Therefore, they cannot have
metals or any magnetic materials in their composition. This means that some of the system's main
components may need to be designed.

First, it should be understood what the main goals of this system are:

» No need to connect/ disconnect the actuators from the supply each time the health
technician changes the movement.
» Reduce the exam duration and simplify the overall process.

To accomplish these goals, the idealized system must have a pneumatic reservoir with the
necessary volume to realize the exam. This reservoir is filled outside the MRI room with a compressor
and should then be connected to the PATD.

There are three cylinders to actuate: the eversion, the abduction and the anterior translation
cylinder. The first two are bi-directional, meaning they must always be actuated. The final one only needs
to actuate in one motion. The retreat doesn’t need to be actuated. Also, the cylinders' movement should

be smooth, so a flow controller is necessary, Figure 132.

Eversion/ Abduction/ Anterior Actuators
Inversion Adduction Translation level

Two direction Two direction One direction
. . . Valve level
motion motion motion

Controller
Flow control
level
Pneumatic Reservoir Supply level

Figure 132- Scheme of the pneumatic system needed.

Using the FluidSim software, the following system was designed: two 4-way valves and one 3-way
valve. They control the eversion and abduction cylinders, respectively, while the last valve controls the

translation cylinder. Also, instead of one flow control and three faucets, it was used three flow controls,
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Figure 133. This way allows for a reduction in the number of components and also the space needed to

allocate the pneumatic system.

[T
T e TRANSLACA0
EVERISAO ROTJ’-IN;BU v Actuators

[ L ]/ [t L | [ L { E L ] [:%: level

[ ol | [ I 3

all2 4992 2
I“—‘U:[[ Valve level
1993 L 1993
‘) b 4 Controller
X N level
q

Supply level

Figure 133- Pneumatic system designed in FluidSim.

Because the cylinders are already designed, the valves are the first components to design in this

section.

5.1. VALVE DESIGN

A valve is a simple component that consists of two bodies, the main valve (red) and the spool

(black), that moves and allows the user to select which hole the air is going to, Figure 134.

4 2

Position 1
4 2
? 9
) 4
|/
1 &) o 3
Position 2

3

Figure 134- 4-way valve, section view.
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The spool has six slots for O-rings to prevent the pressurized air from escaping at the contact
between the spool and the main body. In position 1, the pressurized air enters hole number 1 and is
directed to hole number 2 while the air in the cylinder gets out to the environment through holes 4 to 3.
In position 2, the pressurized air enters hole number 1 and is directed to hole number 4 while the air in

the cylinder gets out to the environment through holes 2 to 3. The final design can be seen in Figure 135.

Figure 135- 4-way valve final design.

Next, the 3-way valve was designed. This valve is simpler as it only has 3 ways and, for that reason,

3 holes, and the spool is much shorter than the previous one, Figure 136.

Position 1

Position 2

3

Figure 136- 3-way valve, section view.

The spool has 2 slots for O-rings to prevent the pressurized air from escaping at the contact

between the spool and the main body. In position 1, the pressurized air enters hole number 1 and is
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directed to hole 2. In position 2, the pressurized air that remains in the cylinder gets out to the

environment through holes 2 to 3. The final design can be seen in Figure 137.

Figure 137- 3-way valve final design.

5.2. FLOW REGULATOR DESIGN

A flow regulator is a device that allows controlling the volume of air that flows out of this device. As
a first design, the simplest flow regulator was designed. This one consists of two bodies (green and yellow)
that form a channel where air flows. Then there is a needle (red) that is adjusted just like a screw and

allows it to close and gradually open the air-out port, Figure 138.

Air in

o-ring o-ring

Air out

Figure 138- Flow regulator, section view.

Next, an exploded view with the component designation is shown in Figure 139 and Table 8.
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Figure 139- Exploded view of the flow regulator.

Table 8- List of components of the flow regulator.

N¢ of the component Designation
1 Grip
2 In body
3 Needle
4 Out body

This pneumatic system still needs time to be properly developed, as some proper dimensioning

and simulation are still needed, and for that reason is future work.
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6. FINAL DEVICE

Now that all the simulations, mechanical and motion-related, have been performed and validated,
some details will be added to the final design to make it possible to register the angular and linear
displacements.

Firstly, a slot was added in the base component so that a graduated ruler sticker could be glued

there, Figure 140. This one allows measuring the angular displacement in the eversion/ inversion motion.

Figure 140- Slot added to measure the eversion angular movement.

Secondly, a slot was added in the rack support component so that a graduated ruler sticker could
be glued there, Figure 141. This one allows measuring the angular displacement in the abduction/

adduction motion.

Figure 141- Slot added to measure the angular abduction movement.

Finally, a slot was added in the vertical cylinder shaft component so that a graduated ruler sticker
could be glued there, Figure 142. This one allows measuring the linear displacement in the anterior

translation motion.
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Figure 142- Slot added to measure the anterior translation linear movement.

With these final changes, the final device can be seen in Figure 143, with all the pins and screws

that will be used.

Figure 143- PATD final design.
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7.CONCLUSION AND FUTURE WORK

As a result of this thesis, the project of a new device that enables the simultaneous execution of
two tests to diagnose an ankle joint injury is now almost ready for the first prototype construction. This
can be considered a new device because although it started with an old one as its basis, it was so changed
that now it is an entirely new product. This new device ensures that all movements required to examine
the pathologies in the ankle are possible. All the basic dimensions and geometric requirements connected
to the usage of this equipment when conducting an imaging exam were respected and satisfied.

The device's simplicity of use was consistently prioritized in the final product's design. If possible,
it was made empirical and intuitive from the perspective of individuals with no prior experience handling
machine components. The primary advantage of the current device will be its ability to quantify the
maximum angular or linear displacement associated with any movement and pathology in the ankle joint.
Such functionality is not yet present in any device on the market since the only existing equipment can
only be connected to a low-resolution imaging test such as radiography.

The primary goal of the device used to diagnose pathologies in the ankle joint presented here is to
improve the diagnostic process. By doing so, the diagnostic process gains more favourable conditions for
both the patient and the healthcare professionals, enabling the realization of a diagnosis based on a more
comprehensive and precise data set.

The design process started with the development of various concepts that led to a final one that
could comply with all the project requirements and, finally, the preliminary design. This process was made
quickly due to the use of CAD tools. After this, the validation phase was also speed-up by the use of CAE
tools. In this phase, some geometries were changed so that every part and sub-system could withstand
the various loads applied during the exam.

Finally, the actuating system was designed. As the thesis schedule was near the end, this system
wasn't fully completed in terms of verification and validation, so it still needs a decent amount of work to

be completed.
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In terms of future work:
> Firstly, the actuating system must be fully reviewed and finalized to work smoothly and
consistently.
» Secondly, a prototype should be developed as a continuation of the design process since
some components may need minor adjustments. This prototype needs to be validated with

clinical exams.
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APPENDIX A- GEAR DESIGN

First of all, the gear was represented, and the forces that are applied to it were shown,
The torque is applied in the centre of the wheel, which will create a pair of forces in the contact

zone, in the scheme is where the load Ft is applied.

The value of torque T is known from the literature, and its maximum value is 4000 Nmm.

>

Ft

Figure 144- Schematic view of the wheel and rack forces.

Now it is necessary to know the diameter of the wheels, and this was a process of trial and error.

In the scope of synthesis, only the final results will be shown.

Considering that the wheel diameter will always be bigger than 40 mm, then x=20 mm:
T=FtXx

Ft = 2000 _ 200N
=0 =

k, x W,
o=
FXmy XY
Where:
o is the tension
k, is the dynamic factor

W, is the transmitted load
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F is the width
m; is the metric module

Y is the form factor

0
1= 70mm/s = 0,007 m/s
_ 3,56 ++/0,07
" 356
W, = F, = 181,82
Y =0,485

1,074 x 200 x 1,5
47 <
10 X 10~3 X m; x 0,485

V=

~ 1,074

my = 1,41 mm~1,5mm
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APPENDIX B- MATERIALS SHEET

mrmm resin 8051 RENISHAWE

apply innovation™

Data sheet: vacuum casting resin 8051

Colaur While
Transparency Transiucent
Shore hardness AL23°C 84D [
ALBD °C 7ED
ALBO °C 77D
Flexural strenglh B5.9 Wimen? 178
Flexural modulus 1065 Mimm? 178
Tenaile strength 55.9 N R 527
Tenaile modulis 2150 Nimen? R 527
20 mgact 9.8 klim? 180
Wiekd strength B2 Wimn? R 527
Elarsgation yield &5
Elarsgation at break 8% R 527
Tear strangth Mal measured En
Therrnal conductivity 0.225 Wik BS 74
Hesal dilliclion lemgerature BT | (et pissce 110 e x 12.7 f « 8.4 i)
Glass transition lempesline 10°C
[Processingimomation | otes|
Wiscosity Part A 75D ePs AL35°C
Part B 180 ePs
Specilic gravily Part A 112 AL25°C
Part B 119
Mix ratia AB 100:200 By weight
Wising brne W6l s
Festin lernpesalure a0°C Healig chambsr
Mauld limgerature T Healirg chambsr
Curing lemgerature T0°C Healig chamber
Curing time in maukd 40 min
Pt e 300 & 100 g &l 25 °C
Pl curing process None
Typical shrinkage 0.2% 10 0.3 %

Allinfarmation is based on resulls gained om experience and lests and it belisved 1o be aceurate bul i gven wilhout
accaptance of Rabilily for logs or damage afiributable 1o rekance thereon. Users should ahways earry oul suMlicient lesls 1o
eslabish e suilability of any products for their inended applications.
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Renishaw plc T +44 (0) 1785 815851
Whitetridge Way F +44(0) 1785812115
Whitebridge Park, Stone E additive @renishaw.com
Staflordshire ST15 8LO

United Kingdom www.renishaw.com/sdditive

Handling procedure

RENISHAWE

apply innovation™

Casting procedure
« Shake uncpened A and B companent
cans vigorously for 10810 158

* Pre-heat mold in oven at 70 °C

« Pre-heat 4 A and B comp cans
in oven 8170 °C for 2 hours, then place in
oven at 40 °C 1o stabilise prior o use

« Weigh A and B components into separate cups, alowing
for cup Ioss {the amount of resin left in cup A after tipping)

« Add colour pigment to cup A

« Prace filled cups in the machine and
attach mixing paddie 1o cup B

* Start vacuum pump
* Switch on mixer motor

« Wait 10 minutes afer reaching maGmum
vacuum level betore mixing

« Pour contents of cup A into cup B and mix
as fast as possibie without splashing

* Pour mixed resin ino sikcone mould and leak
vacuum chamber before the end of the pot e

* Prace fled mold in oven Io cure resin
* For Ul instructions on casting procedures reder fo

Viacuun Casting Technique: a guide for new users,
available at www.renishaw.com

Special notes
+ Exact mould temperature is important
« Exact resin temperature is important
« Use no more than 2 % of otal weight colour pigment

Product information

« Pot life
Resin B0S51 can be supplied with long pot e A
component (10 min, LP/A). Contact Renishaw for details.

* Mould life
Mould life can be increasead by using the correct
Renishaw release agent and demoulding the
casting immedialely after curing. Castings over
2 mum thick can be demoulded after 30 min, but
need to be cured for a further 60 min at 70 *C.

* Storage

Store unopened cans al » 20 °C

Protect against frost

Store opened cans in oven at 40 °C with caps on
Both companents are sensitive 1o humidity.

* In case of crystallisation of B-component
Place cans in oven at 70 °C for 2 hows 1o
4 hours and stir résin aMerwards.

Plaase follow the procedure for preparing the
VECUUM Casting system as described in the
syslem operation manual!

Adways observe the instruclions in the Safety
Data Sheets ol the preduct and always work in
accordance with the salety instructions of the
materials manufacturer! Salety Data Sheets
can be found at www.renishaw.com

Wear suilable respiratory prolection, safety
aloves and salety gogales during the entire
filling procedure in accordance with the Satety
Data Sheets.

C0042 Randstan pe. Al sghes smarved.

Panaton gt o charge Wit noscs

H-5800-0062-01-A

pete L Ego we L
spply nacensan & 3 Incemark of Rackebas pk
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COMPARACION DE CARGA* PARA RESINAS DE COLADO
BAJO VACIO

8051 2160

CARGA DE FIBRA

DE VIDRIO 0 10% 20% 0 10% 20%

RESISTENCIA A
LA FLEXION 859 95 117 58 66 89
(N/mm2)

MODULO DE
FLEXION 1965 2873 4285 1255 2053 3538
(N/mm2)

RESISTENCIA A
LA TENSION 559 62.7 701 40.7 48 8 56.7
(N/mm2)
MODULD DE
TENSION 2150 3614 5696 1270 2874 4346
(N/mm2)
IMPACTO 1ZOD
(Kj/m2)
ELONGACION A
LA RUPTURA B 50
Ya
TEMPERATURA
DE )
DEFORMACION
(°C)
Pieza de 110mm x
12,7 mm x 6.4 mm

9.8 9.1

90 #120 #140 70

* Carga: MCP - Fibra de Vidno 0.2 mm Art. N* 036 070
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prototyping resin

PR 700

Black polyurethane resin dedicated to the production of prototypes and/or limited series.

Process in vacuum casting machines with silicone moulds.

Its properties allow the realisation of functional pleces.

APPLICATIONS :

Any need for technical parts requiring an outstanding heat resistance and/or
mechanical properties, such as:

- Household appliances, electronics, toys
- Automotive industry: lid, heading block, electric wire holder, head light
back plece

- Industrial parts with functions of holding, clamping or modelling under
variable heat conditions

ADVANTAGES :

. Mechanical characteristics such as fiexural modulus (2300 Mpa) or
thermal resistance (Hdt 130°C) allow, after post curing, the realisation of
resistant parts, even with low thickness

. Low aggressivity toward the moulds
. Low shrinkage (2Zmm/m)
. Easy processing: the relatively low viscosity of the mix combined with

an adjustable pot life allow the realisation of thin parts that may
require precise details
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Lieu Dt Ferme de L Ewiche = 52308

BOT23 Pond.Sainte-Maxence CEDEX

France

Tel -03 44 31 T2 00 - TA. imemational : + 33 344 31 7200
Faoc - 31 &7 &7 44 58 - Fax intemational © + 33 1 57 67 445

S,

———
_w_:.l.;,:r_—'. N ) Ry

E-mai : :

PR 700

Mercury free product, RoHS suitable.

References

Polyol :PRT00 P - ST 108 000

Isocyanate : PR 700/ PR 751/ PRA 784 | - 5T 000 401
Definition

Polyurethane resin for vacuum casting.

Mercury free product suitabde with Eurocpean directive: 2011/85/EC, 200296/ EC, 2000/53/EC and

2000/M11/EC.

High thermal resistance (HdT : 130°C).

Eacy o cast.
Low agressivity on silicon moulds.
Good chemical resistance.

Average physical properties of the components

PR 00 Palycl PRI0D Isocyanate PR 700
ST 105000 5T 000401 5T 108401
Aspect — Calor Biack igue b oot Binck liquid
Viscosily Brookfield LvT  (mPas)
Acconding o MO-081 130 1200 600
Density al 25°C
According 1o MO-032 113 1.15 1.14
Process data
mnlpl FRIO0 Isocyanato ﬂl:l.ng
ST 103000 £H 000401 5T 108401
Mixing ratio by weight oo 100
Mixing ratio by wolume 81,5 100
Pol e 2000 &1 25 (min.| 6.7
According to MO-6Z -
Dermoulding lime at 70°C (man_)
icoording 1o MO-116 Approx. 45
Test methode
Hardniess Shore D1 (1) 150 hA.3003 BT
Transiion glass {Tg) (1) ("C) DG Perkin Elmrer =130
Heal deflection temperature (HAT) (1) {"Ch 150 T8 A=-2001 4130
Flexuwral modulus (1] (WPa) IS0 17E ;. 2001 2300
Maximal Nexural strength (1) {MPa) IS0 178 . 2001 1]
Tensile modulus of elasticity (1) (MPa] 1500 BT : 1963 1800
Elangation at braak (1) (%) 1500 ST ;1583 13
Tensile sirength 1) {MFa) 100 527 - 1560 1]
Charpy imgpact (without slight cut) (1) () mr®) IS0 170D ;1504 B0
Linaar ahiri ﬂkage [3 mm thickness) {mmifm) 2
{1l resaits are obiained after curing 1 h at 70°C +1 hat 100°C + 2hat 120°C + 24 h at RT
ThiS ahdcamiatial (an il Be (6 g case, sl &f jpecficaniog dhng et . Thd vl mam i of M decsmail a5 Daiid ol M ool Fisvarolndd cavrined i 0
i B (L, kT
I’y i s pvs iy o ovoeluer Do s ows comainions deflael g et by insall The Sranvesr Cospar sisckeing all

FEpaE Ty S
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Lieu Cit Ferme de L'Evicheé - CEX0B08
| BOT23 Pont-Sainte-Maxence CEDEX

B

A —— France
L ] Tél -03 44 31 72 00 - TA. intemational : + 33 3 44 31 72 00
m Fax - 01 &Y &7 44 58 . Faw intemational - + 33 1 &7 67 44 58
- Sr_.”-r t.h gr:l ? E-mai : comacifsynthers.com

-. = bt Fevsr suntheres com

aafety for ysing

Better wear safety clothes and accessones (gloves and glasses).
For more information. read the medical and safety data sheet of the product.

Process with vacuum casting machine :

Pre-heat polyaddition silicone moulds at T0°C.

Waeigh isocyanate part in the upper cup (don't forget the residual product).

Weigh polyol part in the mixing cup (| stir well the pohyol part before use).

After 10 min of vacuum, pour isocyanate part in polyol part amd mi: to reach total and perfect homao-

geneity (approx 50 to 60 sec.)
Pour in the silicone mould.

Put the mould in an oven at T0°C.
Demoulding is possible after 50 mn according to thickness, then post curing is necessary fo reach
maximal characteristics.

Packaging :
Parcel of 2 kits of (4.0 + 5,0) kg

Stprage : 18 months in original and unopened cans stored between15 and 25 °C.

Theid) dbocuimemd o iod b, i oy ook, el o SEecnlcation doks dheer . The valned assationed on Ous dicumise o bated oF fei and resaanoles corrind oF in

e Iobaraies s pedeine conditioes.

I s responsibiliny of e weer 1o chaok the comvenime of the prodect i his owe condtioe dfimed aod sriad by binself. The Sywtheme Company disclaine of
Bl o o w ocgurred & e e of i predect.
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prototyping resin

PR 403—PR 1503

olyurethane resins dedicated to the production of prototypes and/or limited series.

Process in vacuum casting machines with silicone moulds.

Their properties allow the realisation of functional pieces, mechanical parts similar to
polystyrene shock or HDPE thermoplastic types.

APPLICATIONS :

Parts requiring high impact resistance and/or mechanical properties, similar
to thermoplastic materials:

- Household appliances, electronics, toys
- Models

< Automotive industry: wire holder, joints...
- Interior covering parts...

ADVANTAGES :

. Polyol’s part dilution allows gel time adjustment
. Colouring possible, according to your needs,

Easy processing: the relatively low viscosity of the mix combined with

an adjustable pot life fadlitate the casting process without increasing
the demoulding time

m‘-=-)
WL Synthene
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1
_J Liess CHt Fsme: dhie L'E wchat — CECO308
BT 23 Pont-Sints -Maxenos CEDEX
f_-r.l—,'_r'.:ﬂ_-':ﬂr": Franca
- J g X T 03 44 31 T2 00 - Tél infematonal - + 33 344 31 7200
Fax : 01 57 &7 44 53 - Fax intematonal - + 33 1 57 67 44 58

PR 403/PR 1503

TLEE A i BTG TRE OO

Biferemnies
Palyal PR 403 P - SH105 0007 PR1503 P - SH115000
lzocyanate - PR 4031503 1 - 5H 000 70

Definition

Two-components polyurethans resin far vaswm- of kand-castng.

The twe products have diferent reactivity bul they bath give a palymerised malerial with the same
properlies.

The palyals can be asseciated in order 1o modily the reaclivity of the mixing without maving the olher
properlies.

Palystyens shock pralolype.
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