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Resumo

O aneurisma da aorta é uma patologia de risco que provoca milhares de mortes mundialmente.
O critério atual para intervenção cirúrgica é o diâmetro da aorta, no entanto, uma grande
percentagem de pacientes com dissecção ou rutura da aorta apresenta um diâmetro normal.
Métodos computacionais têm sido adotados para modelar o comportamento biomecânico de
tecido biológico e auxiliar no diagnóstico desta patologia. Testes experimentais nestes tecidos
são executados para validar os modelos. O objetivo deste estudo é um contributo para uma
plataforma digital integrando métodos computacionais para o desenvolvimento de um mecan-
ismo de ensaio experimental, cuja identificação de parâmetros material deve ser auxiliada pela
técnica de correlação digital de imagem 3D. Esta abordagem segue um desenvolvimento de pro-
duto orientado por simulação numérica, em que a análise computacional é totalmente integrada
como parte do projeto mecânico. Teoria Axiomática de Projeto é tida em consideração para
desenvolver o dispositivo de uma forma clara, metódica e eficiente. Um caso de estudo é anal-
isado e uma geometria da peça anatómica 3D, específica de um paciente, é obtida através da
segmentação de imagens de uma angiotomografia. Uma metodologia é apresentada atribuindo
um modelo constitutivo hiperelástico ao material e executando análise de elementos finitos.
Como trabalho futuro a identificação dos parametros constitutivos deve ser obtida com recurso
a métodos inversos avançados baseados em campos de deformação obtidos por correlação digital
de imagem.

Palavras-chave: Aorta ascendente; Aneurisma; Mecânica computacional; Projeto mecânico;
Plataforma digital
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Abstract

Aortic aneurysms are life-threatening pathologies that cause thousands of deaths worldwide.
The current main clinical criteria for surgical intervention is aortic diameter, although a large
percentage of patients with dissection or rupture has a normal diameter. Computation methods
have been adopted to model the biomechanical behaviour of biological tissue in view of adding in
the diagnosis of this pathology. Furthermore, experimental testing on aneurismatic aortic tissue
has been performed to validate these models. The objective of this study is to integrate com-
putational mechanical methods into an innovative experimental test with a specifically designed
device where material parameters are obtained by inverse methods assisted by Digital Image
Correlation (DIC). Axiomatic Design (AD) is taken into consideration to develop the testing
device in a clear, methodical, and efficient way. A case study is analysed, and a patient-specific
3D geometry of an Ascending Thoracic Aortic Aneurysm (ATAA) is obtained by segmenting
Computed Tomography Angiography (CTA) images. A methodology is presented by attribut-
ing a hyperelastic constitutive model to the geometry and executing Finite Element Analysis
(FEA). Future work should rely on real experimental tests where Finite Element Model Up-
dating (FEMU) should be adopted to fit the constitutive model more accurately to the actual
specimen material.

Keywords: Ascending aorta; Aneurysm; Computational mechanics; Mechanical design; Digital
platform
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1 Introduction

1.1 Motivation

The Ascending Thoracic Aortic Aneurysm (ATAA) is a life threatening pathology estimated to
be diagnosed to 45,000 patients each year in Europe and the United States (Elefteriades and
Farkas, 2010). The diameter of the aorta is the primary clinical criterion for determining if
surgical intervention is required. However, more than half of patients with dissection of the
aorta have a normal diameter, indicating that there could be other conditioning factors. There
is a fundamental interest in determining which factors are associated with the progression of the
ascending aortic aneurysm.

Computational mechanical methods have become a fundamental tool in several engineering
fields, including biomechanics of living systems. In the framework of the aorta tissue, the research
interest has been focused on the analysis of the biomechanics of the aneurysm formation and
growing. This virtualization tool is intended to add value by understanding the physiology and
pathophysiology of the aneurysm. Ultimately, it aims to be a tool to be used in practical clinical
skills for diagnosis of aortic aneurysm formation and prediction of risks of rupture (Maier et al.,
2010; Vorp, 2007).

Based on the finite element method, the construction of the biomechanical computational
models of an aorta requires three main ingredients: the patient-specific geometry, representa-
tive mechanical properties, governing a given selected constitutive law, and the physiological
boundary conditions. The former has been solved by creating the Computer-Aided Design
(CAD) geometry of the inner organ, reconstructed from Digital Imaging and Communications
in Medicine (DICOM) standard data from imaging techniques such as Computed Tomography
Angiography (CTA), Magnetic Resonance Imaging (MRI), and Ultrasound. Boundary condi-
tions can be estimated with different degrees of approximation, starting from a simple constant
pressure up to more sophisticated physiological fluid-structure interaction (FSI) analysis. The
material properties to be input need to be calibrated or obtained based on experimental obser-
vations.

Several mechanical tests have been proposed to measure the mechanical properties of aortic
tissue (Khanafer et al., 2011; Di Giuseppe et al., 2019; Sommer et al., 2016; Duprey et al.,
2016; Sommer et al., 2013). Experimental tests can be conveniently coupled with image-based
measurements for full-field and contactless observations of the deformation of the tissues (Kim
et al., 2011a,b). Advanced inverse identification method can then be used to extract relevant
mechanical properties (Davis et al., 2015, 2016; Trabelsi et al., 2015; He et al., 2021; Felfelian
et al., 2019; Zhao et al., 2011; Lu et al., 2008).

1



1 Introduction

1.2 Objectives

On this project, it is intended to design an experimental device capable of determining me-
chanical properties of a piece of anatomical part of the ascending aorta. At this stage of con-
ceptualization, the idea is embedding this device into a digital twin approach for the analysis
of the biomechanical behavior of an anatomical aorta piece. The testing device will consist of
the insufflation of the piece at study. A finite element model can be used to predict the overall
deformation of the aortic piece. This approach follows a simulation-driven product development,
in which the simulation is fully integrated as a part on the mechanical design (Jansson et al.,
2020; Nikolaev et al., 2018; Sravan et al., 2017).

1.3 Outline

In this paper, several matters will be approached in order to outline the goal of the investigation
at hand.
In chapter 1, the motivation and objectives are presented, where the impact numbers of ATAA

aneurysms and the uncertainties related to diagnosis and clinical repair are mentioned. A brief
presentation of computational tools that aid in the diagnosis and biomechanical characterization
is made, and the objectives of both the presented study and the larger-scale investigation on
which it is inserted are explained.
Chapter 2 presents itself as a state of art. The anatomy and function of the aorta and

its layers are presented, as well as the different types of aneurysms. The importance of a
biomechanical approach to the study of this type of pathology is a key subject, and examples of
the computational tools used for this purpose are given. The path from obtaining in-vivo images
to creating a 3D model of a biological structure is explained. Experimental tests performed on
biological tissue are thoroughly described regarding sample preparation, test protocol, and data
analysis.
In chapter 3, the requirements of the testing design are explained, and the parameters and

physical parts necessary to satisfy such requirements are obtained with the aid of Axiomatic
Design Theory. The functioning of the mechanism is thoroughly described regarding specimen
fixation, mechanical test performance, and the data analysis method intended. The design of
key parts is shown as well as chosen tolerances for dimensions and clearances in the assembly of
different parts.
Chapter 4 intends to be a proof of concept for the creation of a digital-twin platform for the

experimental test. A patient-specific 3D model based on clinical imaging data is obtained thanks
to an open-source DICOM segmentation software. The model is then uploaded to software where
its assembly on the experimental device can be observed, a finite element mesh is created and the
virtualization of the test is performed by simulating a constant internal pressure. The boundary
conditions are approximated by fixing the sample on both edges.
Chapter 5 presents the conclusions of the document, as well as future work indications to

assure the continuity of the project. Although the main concept, parts, and functioning of the
device were determined, there is room for improvement. A deeper analysis of the design may

2



1.3 Outline

discover alterations that lead to better solutions. Several choices made in the design phase can
only be validated within the construction and testing phases.
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2 On the biomechanical characterisation of
aneurysmatic aortic tissue

2.1 Introduction

In order to consistently evaluate the mechanical behaviour of the wall tissue of the aorta, it is
firstly necessary to comprehend the mechanisms behind the event of an aortic aneurysm and
aortic dissection. To start with, a brief introduction of the anatomy of the aorta and thoracic
aortic aneurysms is given, from an engineering perspective. A scientific question regarding the
importance of a biomechanical approach in study the aortic aneurysm will be then addressed.
An overview is given to the currently imagiology methods for inspecting the aortic tissue and
structures without open surgery. Finally, a systematic literature review on the experimental test
methods for characterising aortic tissue is presented. Different experimental tests are revised in
link with the numerical tools that are used to model the biomechanical behaviour of the tissue.

2.2 On the anatomy of the aorta

The aorta is the largest artery in the human body. It has many branches as illustrated in
Figure 2.1. The aorta has a major role on the entire cardiovascular system due to its conduit
function and elastic behaviour that significantly influences the regulation of the left ventricular
performance, myocardial perfusion, and arterial function.
The aorta tissue itself is composed of the tunica intima, tunica media, and the tunica adventitia

(Figure 2.2). The tunica intima is the innermost layer and comprises one layer of endothelial cells
(cells in direct contact with blood or lymph). The tunica media is the middle layer consisting
of a three-dimensional network of smooth muscle cells, elastin, and collagen fibers. It is usually
the thickest layer and its main function is to change vessel diameter to regulate blood flow and
pressure, endowing the aorta with its distensibility, as the elastin structure recoils the arterial
tissue during each pulse cycle. Collagen gives stiffness, strength, and toughness to the vascular
wall. The tunica adventitia is the outermost layer of the aorta and comprises fibroblasts and
fibrocytes, and Extracellular Matrix (ECM) components of bundles of collagen fibers. The ECM
quantifies the amount of stress and/or strain that is transmitted to individual cells of vascular
tissue (Elefteriades, 2008; Gasser, 2017).

2.3 On the anatomy of the aortic aneurysm

An aortic aneurysm is a localized dilatation of the aorta diameter due to wall weakening. The
increase in size can result in rupture, which is a life-threatening emergency. Aneurysms can be
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2 On the biomechanical characterisation of aneurysmatic aortic tissue

Figure 2.1: Aorta artery and branches. From (www.encyclopedia.lubopitko-bg.com Corporation).
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2.4 Is the experimental and computational biomechanical approach relevant to evaluate the risk of rupture of aortic aneurysms?

Figure 2.2: Aortic wall characterisation by layer. From (Bergman et al.).

classified according to morphology, location, and etiology. As for morphology, aneurysms can be
distinguished between fusiform and saccular. A fusiform aneurysm is roughly cylindrical shaped
and affects the entire circumference of the vessel, whereas a saccular aneurysm is a dilatation
of only a portion of the vessel wall. Regarding their location, they can be sorted out according
to the segment affected as thoracic, thoracoabdominal, or abdominal (Figure 2.3). The thoracic
segment can yet be divided into ascending thoracic, transverse arch, and descending thoracic
(Figure 2.3).

Different pathologies can occur on the aortic wall, that are similar to an aneurysm. A false
aneurysm (Figure 2.4) represents a rupture of the aorta, as the wall in this case does not comprise
the same histologic components of the normal aorta wall, but it is rather a fibrous peel formed
from a small perforation of the artery. In a true aneurysm (Figure 2.4), being the vast majority
of aneurysms seen in patients, the wall of the aneurysm is composed of the normal histologic
components of the aorta (Elefteriades, 2008). The previous two should not be confused with a
dissecting aneurysm, a process in which occurs a separation of layers of the aortic wall (Figure
2.4).

2.4 Is the experimental and computational biomechanical approach
relevant to evaluate the risk of rupture of aortic aneurysms?

Over the last years, incidents of aneurysms have been increasing due to factors such as the aging
of the population and the increasing number of smokers. Risk factors like tobacco smoking,
male sex, age, and hypertension have been found to influence negatively the occurrences of
AAA disease (Powell et al., 2010). Recent advances in non-invasive diagnostic exams, based
on imaging technologies, have been helping in the premature detection of aneurysm formation.
Although the current clinical practice dictates that the aneurysmatic aorta should be replaced
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Figure 2.3: Representation of aorta segments.
From (UAB Medicine).

Figure 2.4: Distinction between true, false and
dissecting aneurysms. Classification
of aneurysms based on morphology.
From (Szalay and Frołow, 2019).

when the diameter of the aneurysm reaches 5.0-5.5 cm, both for TAA and AAA, up to 23% of
the rupture cases can occur at diameters below 5.0 cm (Powell et al., 2010). Therefore, it is
desirable to have a patient-specific approach so that the rupture or dissection risk can be more
reliable, allowing for a prognosis and treatment course unique to each patient.
From a biomechanical perspective, aneurysm ruptures or dissects can occur when the wall

stress locally exceeds the wall strength of the biological tissue. From the law of Laplace it is
stated that,

T = PD

2t (2.1)

where,

- T is the wall tension on the aorta tissue;
- P is the intraluminal pressure on the aorta;
- D is the internal diameter of the aorta;
- t is the wall thickness of the aorta.

This theoretical equation was earliest used for evaluate the maximum diameter criterion for
the clinical support of the risk for AAA rupture (McGloughlin, 2011). However, this law has
two major fallacies regarding its application in biomechanics. First, the law assumes that the
vessel has a simple cylindrical or spherical shape with a uniform radius of curvature, whereas
the aortic wall has a complex geometry, with a greater and a lesser curvature. Secondly, rupture
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2.5 Overview of computational tools for modeling the biomechanical behaviour of aortic . . .

predictions based on the wall stress alone are not sufficient since a region of the wall under
elevated stress may also have a higher wall strength, this way rupture potential equalizes.
Biomechanical experimental testing has shown that aneurysmatic tissue is substantially weaker

and stiffer than the normal aorta. These ex-vivo observations have also allowed to point out the
high heterogeneity of the aneurysm wall strength, both region to region in the same patient and
among patients (Davis et al., 2016) (Figures 2.5 and 2.6). One of the most important findings
on the biomechanical study of aneurysmatic tissue is that the tensile strength does not appear
to be related to the diameter of the aneurysm.
Criteria such as the rate of aneurysm growth, stiffness, Intraluminal Thrombus (ILT) thickness

in AAA, peak wall stress, and wall tension have been proposed to predict the aneurysm rupture.
Nevertheless, these empirical approaches have their limitations that could potentially lead to
erroneous indications regarding TAA and AAA clinical decisions. In this regard, new concepts
have been proposing for patient-specific diagnostic assessment, such as the Rupture Potencial
Index (RPI) (Maier et al., 2010; Vorp et al., 2006), which is the ratio of the actual wall stress to
the wall strength at a particular point on the aneurysm wall. Consistently, the RPI parameter
was found to be higher in AAA that have ruptured in regard to the ones that did not rupture.
Moreover, a significant differentiation for the rupture risk was found for aneurysm diameter
between 55 and 75 mm of asymptomatic and symptomatic/ruptured AAAs, where the maximum
diameter had failed to predict the actual risk of rupture (Maier et al., 2010).
During AAA formation and enlargement, the biomechanics of the aortic wall change drasti-

cally, the tensile strength decreases as the aneurysm expands and wall strength and stiffness are
spatially variable. Local factors such as wall stress and/or hypoxia contribute to the decrease
of the biomechanical strength of the artery wall by local degradation (McGloughlin, 2011).
One of the major obstacles of the biomechanical approach on aneurysmatic tissue is the diffi-

culty of obtaining patient-specific properties, an issue that is related to the absence of method-
ology to estimate stress in-vivo via non-invasive techniques. Since, generally, the stress of a
deformable body depends on its geometry, load, boundary conditions, and mechanical proper-
ties (Cosentino et al., 2019), there is a large and growing interest in reformulating computational
mechanics so that stress predictions are weakly sensitive to the variation of mechanical prop-
erties once the deformed configuration is given (Miller and Lu, 2013). A method to compute
AAA wall stress without being necessary the input on material parameters has been performed
by Joldes et al. (2015), even if the approach on modeling the ascending aorta still needs further
investigation (Cosentino et al., 2019).

2.5 Overview of computational tools for modeling the biomechanical
behaviour of aortic aneurysms

The use of computational tools to model biological tissue is a key ingredient to further un-
derstanding its biomechanical behaviour. Several different approaches have been proposed to
model aortic aneurysm behaviour. Aortic aneurysms are usually modeled as hyperelastic, incom-
pressible materials, with the stress-strain material response described by a constitutive equation
derived from strain energy functions (Kim et al., 2011a; Davis et al., 2015; Gasser, 2017). Ex-
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Figure 2.5: Maps of the strain energy for a uniform equibiaxial stretch of 1.2 using the pointwise material
properties for (a) Patient 1a, (b) Patient 1b, (c) Patient 4a, and (d) Patient 4b. From (Davis
et al., 2016).

perimental ex-vivo tests on aortic tissue have been carried out to identify specific material
parameters to fit known constitutive model equations. These studies have given a new insight
into the biomechanical behaviour of these tissues. These data is fundamental when carrying
out computational analysis, even if deterministic parameters have limitations when estimating
patient-specific mechanical properties of TAA.
Finite Element Method (FEM) is currently a common method to model aneurysm behaviour.

A patient-specific FE model can be obtained with the aid of imaging techniques followed by
adequate segmentation and 3D model generation. These models usually rely on the material
properties obtained from experimental tests. However, current advances on computational tools
have allowed the development of Fluid-Sructure Interaction (FSI) approach, which is a promising
tool to assess fluid forces acting on the aortic wall and the possible hemodynamic disturbances
caused by the existence of an aneurysm, as it provides a more accurate representation of the
in-vivo environment.

2.5.1 Imagiology: clinical techniques

There are several methods for imaging internal organs such as the aortic aneurysms. These
techniques can be sorted regarding the type of information extracted from the images. They
can be classed accordingly into structural and biological functions techniques. Examples of the
former are X-ray angiography, Computed Tomography (CT), MRI and Ultrasound. An example
of the latter is Positron Emission Tomography (PET).
Imaging techniques are crucial in the assessment, diagnosis, follow-up, and management of

aortic aneurysms. Most are non-invasive techniques and all have limitations and strengths and
are used for slightly different purposes within the clinical course of an aneurysm. Ultrasound,
CT, and MRI are the most common techniques used, each of them having some derivations.
PET is a functional or molecular imaging tool used to study biological function in both health

and disease, that consists of the mapping of administered positron-emitting radiopharmaceuti-
cals, thus identifying changes at the cellular level (Lameka et al., 2016). Although it is not the
most common imaging technique for aneurysmatic evaluation, previous studies have shown its
potential role in the clinical assessment of aortic aneurysms, either alone or combined with a
CT (PET-CT) (Sakalihasan et al., 2004; Kim and Song, 2018; Rudd et al., 2015)
A Transthoracic Echocardiography (TTE) (Figure 2.7a), is an ultrasound test and it’s one
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Figure 2.6: Distribution of the identified material parameters µ1, µ2, γ, κ, and θ over the ATAA for one
of the patients in the study. From (Davis et al., 2016).

of the most used imaging techniques in clinical practice. A transducer emitting ultrasound
waves is placed on the chest and allows to see images of the aortic root and proximal ascend-
ing aorta. It allows for a correct measurement of aortic diameter and valve morphology and
disfunction (Evangelista, 2014).
A Transoesophageal Echocardiography (TEE), also an ultrasound test, is considered semi-

invasive for in its procedure, a probe is passed down the esophagus. It has the advantage
of providing a high-quality image of almost all the thoracic aorta and being very useful in
evaluating regurgitation mechanisms. However, it does not provide accurate measurements of
aortic aneurysm diameters. When surgical treatment of a valve is being considered in a patient,
this technique is commonly used (Evangelista, 2014).
A CTA) (Figure 2.7b) uses an injection of contrast material in the blood vessels and a CT scan-

ner (multiple x-ray beam sources and x-ray detector spin around the body) to obtain a complete
3D dataset of the vessel. This technique allows for an entire visualization of the aorta and main
aortic branches in a short time, and it is widely available. Multidetector Computed Tomography
permits an accurate evaluation of the coronary artery and aortic branch disease, making it the
technique of choice in the assessment of aortic aneurysms before surgery (Evangelista, 2014).
In an MRI (Figure 2.7c), a strong magnetic field is generated, and sensors detect the energy

released as protons on the body align with the magnetic field. It provides significant morpholog-
ical, functional, and biomolecular information on aortic aneurysms, and can provide significant
information of the aortic wall. It may or may not be required the injection of contrast, thus
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(a) Echocardiogram (b) CTA

(c) MRI

Figure 2.7: Examples of techniques used in imaging. From (Harkness, 2018), (Go Imaging) and (Gharbia).

enabling for high-quality assessments of the aorta without submitting the patients to radiation
exposure (Evangelista, 2014).

2.5.2 Patient-specific geometric and meshing reconstruction

Obtaining a patient-specific 3D reconstruction and a FE model is essential to increase the current
knowledge of the aortic aneurysms. These approaches are the status quo in the study of the
biomechanical behaviour of this physiopathology.
This process begins with analyzing and segmenting data provided by imaging techniques.

The most commonly used techniques are CTA or CTA scanning, although they do not provide
information on artery thickness. Since understanding more about the aorta thickness is an
important step to a more accurate reconstruction, high-quality MR examinations may also
be used as a first step of the process, due to the fact that they provide information on wall
geometrical parameters (Nguyen et al., 2014).
A common method for the segmentation of the arterial wall is the traditional “snake” model

(Figure 2.8). It consists of a deformable contour, or a curve, with a certain mathematical ex-
pression, that moves through the plane to minimize the energy function. This function includes
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the internal energy which is associated with an elastic property of the snake and external energy
which is derived from the particular MR image featuring regions of interest such as boundaries.
A similar process proposed in (Auer et al., 2006) consists of a 3D representation by stacking
multiple 2D-Derived contours, creating a 3D smooth surface. By including a z-direction deriva-
tive energy term in the traditional snake energy function, this representation can be achieved.
Figure 2.9 shows the three-dimensional reconstruction with the individual tissue components.
The creation of a FE model starts in the segmentation process, where the outer and inner

contours are outlined with a spline-based model from annotated points. Because of the het-
erogeneity of the thickness of the aorta, and the difficulty of finding this exact value along the
artery via imaging techniques, a uniform thickness is usually assumed. Using computer software
intended for this purpose, it is possible to interpolate between the offset of the DICOM images
provided from the MRI and create surface meshes for both the inner and outer surfaces. A
three-dimensional model of an AAA can have a number ranging from, for example, 217 000 to
399 000 elements (Domagała et al., 2018).
CT scans may also be used to reconstruct a 3D model of exact geometry. Computer software

can use a marching squares algorithm to threshold and segment the regions of interest of the
scan according to a predetermined grayscale value (Doyle et al., 2008). After the segmentation,
the software generates polylines around the segmented regions (Figure 2.10), which can then be
exported as a chosen format, originating a 3D model. Once the 3D model is generated, a finite
element solver can create a mesh with the desired parameters.

2.5.3 In-vivo determination

The modeling of the biomechanical behaviour of the human aorta has been approached, in-vivo,
via the determination of the elastic properties of the aorta using a non-invasive technique. For
this effect, individuals where submitted to time resolved 3D ultrasound (4D-US) while diastolic
and systolic blood pressure was measured. Using a speckle tracking algorithm, the displacement
field was calculated from the ultrasound data. The definition of a FEM by reconstructing the
initial geometry of the aortic segment is possible by analyzing the position of the nodal points,
determined by the speckle tracking algorithm, in the end-diastolic position. These nodal points
serve as the nodes for the finite element discretisation. A Finite Element Model Updating
(FEMU) is used to estimate material properties, showing results with very small errors. The
method allows to predict the mechanical properties of the model in the range of deformation
resulting from physiological loading, caused by the heart blood pressure, and also to determine
the load-free geometry of the aorta (Wittek et al., 2013).

2.5.4 FSI analysis

The FSI approach has been proposed to coupled with the transient interaction between blood
flow dynamics and the aorta wall mechanics. This approach allowed to understand the influence
of fluid properties with the velocity distribution within the vessel, on strain rate pattern, wall
axial displacement, and wall shear stress (Wang and Li, 2011).
In this approach, the hemodynamic and biomechanical changes occurring during the growth
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Figure 2.8: Segmentation process: (a) preprocessed MR image; (b) initial (dashed circles) and final (solid
lines) snake positions of the boundaries of the arterial wall; (c) segmentation of all arterial
components, where the dark boundaries represent the non diseased wall sections. From (Auer
et al., 2006).

Figure 2.9: 3D reconstruction of a representative stenotic human external iliac artery. Decomposition of
its individual tissue components. From (Auer et al., 2006).

Figure 2.10: Segmentation and polyline generation of CT scan. (a)Full CT scan. (b)Close-up of the
region of interest. From (Doyle et al., 2008)

stages of the aortic aneurysm were investigated (Philip et al., 2022). Idealized fusiform aneurysms
models were analyzed at different stages and pulsative Newtonian blood flow was assumed as
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for fluid characteristics. The numerical simulations were employed with two-way coupled fluid-
structure interaction. When evaluating the results, a drastic increase in the maximum wall
stresses and wall displacement were observed as the aneurysm approached the critical diameter.
It is possible to conclude that FSI is essential to understand in a very complete way the

influence of blood flow on the aortic wall, and also the influence of the growth of the internal
diameter due to the aneurysm on blood flow. Also, this is a very important tool in the paradigm
of rupture risk index.

2.6 Overview of experimental test methods used for characterising
biological tissue

Several experimental tests have been made for characterising and validating current theoretical
models of the aortic tissue, aneurysmatic aortic tissue, and other biological tissues. Figures 2.11
and 2.12 show the evolution through time of published articles referring to experimental work,
and the quantification of different types of test within the articles in interest, respectively. These
data was obtained using the SciVerse Scopus1 database by collecting relevant publications using
predefined searching keywords referring both to experimental tests and aortic aneurysmatic
tissue. This section presents a review of these tests focusing on sample preparation, specimen
fixation to the testing machine, test protocol, and data analysis.

2.6.1 Uniaxial test

Sommer et al. (2016, 2013) have tested media of diseased human aorta by tensile tests. Dogbone-
shaped specimens were prepared using a punch cutter and a scalpel. The overall length of the
specimen was 38 mm, and the grip-to-grip length (free length of the specimen) was 20 mm
(Figure 2.13). To ensure a secure clamping and to prevent slippage between the specimen and
the grip of the testing machine, sandpaper was glued to the ends of the prepared strip with
superadhesive gel (Sommer et al., 2013).
Artery tissue can be stored in phosphate-buffered physiological saline at 4◦C, and the experi-

mental tests are made within the first 24-48h after being surgically removed. The tissue can also
be submitted to cryopreservation in a calcium-free and glucose-free 0.9% physiological saline
solution at -80◦C.

The specimens were loaded sequentially at different values of the first Piola-Kirchhoff (P-K)
stress of 25, 50, 100, and 200 kPa. For each stress value submitted to the samples, four loading
and unloading cycles at a constant crosshead speed of 5 mm min−1 were executed to obtain
repeatable stress-strain curves. Thereafter, the specimen underwent one additional quasi-static
cycle with continuous recording of the tensile force, gage length, and width for mechanical
data evaluation. After applying the cycles for each level of the P-K stress, the test was finally
completed by continuously loading the sample until rupture (Sommer et al., 2013).
Two small black strips were glued transversely and in parallel onto the middle part of the spec-

imen to act as gage markers for the axial deformation measurements via a video-extensometer
1https://www.scopus.com/
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Figure 2.11: Evolution of articles published through time.

Figure 2.12: Number of articles published regarding different types of experimental tests.

technique.
The Cauchy stresses in the circumferential (σθθ) and the axial (σzz) directions were determined

according to:

σθθ = λθ
fθ
tLz

, σzz = λz
fz
tLθ

(2.2)

where,

- λθ = xθ/Xθ represents the tissue stretches in the circumferential direction based on the
marker distances in the loaded (xθ) and unloaded (Xθ) configuration;

- λz = xz/Xz represents the tissue stretches in the axial direction based on the marker
distances in the loaded (xz) and unloaded (Xz) configuration;

- fθ, fz were the measured forces in each direction;
- t is the mean thickness in the unloaded reference configuration;
- Lz and Lθ are the measured length in the circumferential and axial directions in the
undeformed state.
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The uniaxial tensile tests were performed in the radial, circumferential, and longitudinal direc-
tions. The average ultimate tensile stress of the samples, in the radial direction, were determined
to be σurr = 131 ± 56 kPa, and the ultimate stretch λ

u
r = 2.66 ± 0.68. In the circumferential

and longitudinal directions, the average ultimate tensile stresses and corresponding stretches
were determined to be σuθθ = 1282 ± 822 kPa, λuθ = 1.52 ± 0.20 and σuzz = 565 ± 198 kPa,
λ
u
z = 1.50± 0.18, respectively (Sommer et al., 2013).

2.6.2 Biaxial test

Di Giuseppe et al. (2019) have tested human ATAA specimens from each quadrant of the artery,
with a geometry of 15×15 mm, via biaxial test. The specimens were anchored to the testing
bench by sutures on the edge using small, surgical fishhooks. The sutures were attached to four
electromagnetic motors, as shown in Figure 2.14.
The tests were performed on each quadrant of the ATAA samples (Figure 2.15). The specimen

was submerged in a bath with 0.9% physiologic saline solution under a controlled temperature
of 37◦C during the biaxial loading, while a small preload (0.5 g) was set before the displacement-
driven testing protocol. A constant speed of 1 mm/min was applied to each motor to stretch
the specimen under equibiaxial conditions. Two 200 N load cells recorded the force along the
material directions (Di Giuseppe et al., 2019).
On the side of the intimal tissue surface, five black markers were placed to evaluate strains

using a digital video extensometer placed perpendicularly to the testing area. From the marker
positions, the in-plane Green strain tensor was calculated as:

E = 1
2(FTF− 1) (2.3)

where F is the gradient deformation tensor.
The first Piola-Kirchhoff stress tensor P was calculated from measuring loads and initial

specimen dimensions so that nonzero components of P are:

Pθθ = fθ
tXz

(2.4)

and

Pzz = fz
tXθ

(2.5)

where,

- fθ and fz are the measured loads along each direction;
- Xθ and Xz are the unloaded specimen dimensions along each direction;
- t is the average specimen thickness in the unloaded reference configuration.

Figure 2.16 shows the equibiaxial raw stress-strain from each quadrant of ATAA samples from
several patients with Tricuspid Aortic Valve (TAV). Each ID number represents the data of
obtained from different patients.
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Figure 2.13: Specimen geometry, length and fixation. Uniaxial test. From (Sommer et al., 2013).

Figure 2.14: Biaxial test setup. From
(Di Giuseppe et al., 2019).

Figure 2.15: Picture of the ATAA sample with an-
terior, posterior, major curvature and
minor curvature quadrants shown.
From (Di Giuseppe et al., 2019).

2.6.3 Bulge inflation test

Davis et al. (2015) have tested a section of human ATAA with a geometry of 45×45 mm, in a
bulge inflation test. As fixation, the sample is clamped in the bulge inflation device and fixed
with screws, as shown in Figure 2.17.
To perform the experimental test, the specimen was inflated using a syringe pump driven at

2 mL min−1 to infuse water in the cavity behind the sample. The pressure was measured with
a digital manometer during the test, and it was applied up to the failure of the tissue.
A speckle pattern of black paint was applied to the outward side of the specimen, allowing

for the required measurements to be maid. Images of the inflating sample were collected every
3 kPa until rupture, using a DIC system composed of two cameras. A deforming NURBS mesh
was extracted by morphing a NURBS template to the DIC point clouds. The NURBS surface
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2.6 Overview of experimental test methods used for characterising biological tissue

Figure 2.16: Experimental results of stress-strain data from TAV ATAA specimens from each quadrant
of the aorta. From (Di Giuseppe et al., 2019).

Figure 2.17: Experimental setup. From (Kim et al., 2011b).
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2 On the biomechanical characterisation of aneurysmatic aortic tissue

was parameterized as a single patch containing clamped knots of 20 divisions in each parametric
direction, with 22×22 control points. The positions of the Gauss points were obtained using a
moving least-square method.

The surface strains were computed with the NURBS curvilinear coordinate system where the
surface coordinates induce a set of convected basis vectors from which the surface deformation
tensor can be obtained.
The wall stress is calculated by giving the deformed configurations and boundary conditions

as inputs to the finite element model for an inverse membrane boundary value problem.
Combining the stress data with the local surface strains, the stress-strain response at every

Gauss Point in the mesh is known (Davis et al., 2015).
During the bulge inflation test, the sample ruptured at 117 kPa. A deforming NURBS mesh

was generated of the sample using the experimental DIC point cloud. The extracted NURBS
mesh at a pressure of 117 kPa superimposed on the experimental DIC point cloud at that same
pressure can be observed in Figure 2.18.

2.6.4 Shear test

Sommer et al. (2016) have tested the media of diseased human aorta using specimens with
5×4 mm and 8×3 mm for the in-plane shear test and out-of-plane shear test, respectively.

For the fixation of the samples in the experimental testing device, sandpaper and a thin
consistent layer of cyanoacrylate adhesive were used to fix the specimen between two cylindrical
specimen holders. To ensure a proper fixation to the holders and hardening of the adhesive, a
compressive force of 0.5 N was applied to the specimens for five minutes (Sommer et al., 2013).
The triaxial shear testing device was developed and built by the Institute of Biomechanics,

Graz University of Technology, Austria in cooperation with the company Messphysik Materials
Testing, Fürstenfeld, Austria. During the test, the tissue is bathed in a tempered physiological
solution to simulate the physiological environment of the specimen. After that, the lower plat-
form is moved relative to the fixed upper platform with a constant speed (Figure 2.19). Once
failure occurs, the applied force that led to it is defined as the shear failure force (Sommer et al.,
2016).
The shear stress was calculated as the shear force divided by the sheared area. The amount of

shear is the ratio of the relative in-plane displacement of two parallel plates to their separation
distance. A total of 16 samples were tested, between them 9 aneurysmatic, 3 aneurysmatic
with Connective Tissue Disorder (CTD), and 4 dissected. Shear modes in the zθ plane are
referred to as “in-plane” shear modes, and the rz and rθ planes as “out-of-plane” shear modes
(Figure 2.20). Figure 2.21 shows the “in-plane” shear stress vs. the amount of shear behaviour
obtained from the tested specimens.

2.6.5 Extension-inflation test

Sommer et al. (2013) have performed an extension-inflation test on a fresh intact ovine esophagus
tube segment with an 80-90 mm length.
As shown in figure 2.22, the sample was cannulated at both ends with specially designed tube
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2.6 Overview of experimental test methods used for characterising biological tissue

Figure 2.18: NURBS mesh along with a plot of the distance deviation. From (Davis et al., 2015).

connectors matching the inner diameter of the esophagus. The specimen was glued and fixed
with a cord to the tube connectors, to avoid slippage (Sommer et al., 2013).

Tests with continuous recording of the inflation pressure, axial force, outer diameter, and gage
length were performed at pressures ranging from 0 to 2 kPa at several axial pre-stretches λz =
lz/Lz, ranging from 1.1 to 1.4 in increments 0.1, where lz denotes the gage length (distance of the
two markers) in the axially stretched and pressurized tube, and Lz denotes the corresponding
length in the unloaded (reference) state. At each increment of λz, preconditioning was applied
by performing five axial elongation cycles (lz = 1 mm min−1), ranging from the unstretched
condition to the desired axial pre-stretch. Held at the fifth cycle, it was then preconditioned
circumferentially by performing 10 inflation-deflation cycles, from 0 to 2 kPa at 10 kPa min−1.
The specimen was inflated and deflated one final time, to perform a “measurement cycle”,
yielding the recorded raw data for further analysis. The test was conducted in Phosphate-
Buffered Saline (PBS) with Ethylene Glycol Tetraacetic Acid (EGTA) (0.1 g L−1) at 37◦C. The
thickness of the specimen was obtained by cutting the tube at the gage region and opening it
radially, then measuring it with a video-extensometer (Sommer et al., 2013).

The intact segment of the esophagus is considered to be an incompressible thick-walled cylin-
drical tube, subjected to extension and inflation under the assumption of no torsion. The current
configuration of the cylindrical coordinates (r, θ, z) of the specimen can be described using:

ri ≤ r ≤ r0, 0 ≤ θ ≤ 2π, 0 ≤ z ≤ lz, with:

ri =

√
r2

0 −
R2

0 −R2
i

λz
(2.6)
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2 On the biomechanical characterisation of aneurysmatic aortic tissue

Figure 2.19: Shear test setup. From (Sommer
et al., 2016).

Figure 2.20: Shear mode planes. From (Sommer
et al., 2016).

Figure 2.21: Shear stress vs. amount of shear for different tested samples. From (Sommer et al., 2016).

Figure 2.22: Specimen fixation and length demonstration. From (Sommer et al., 2013).
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where,

- ri is the inner radius;
- rθ is the outer radius;
- λz = lz/Lz is the measured axial stretch.

The load-free inner radius is:

Ri = R0 − t (2.7)

where t is the unloaded wall thickness, and R0 is the load-free outer radius.
The internal pressure pi can be obtained in the form (Holzapfel et al., 2000):

pi =
∫ r0

ri

(σθθ − σzz)
dr

r
(2.8)

where,

- σθθ denotes the Cauchy stress in the circumferential direction;
- σrr denotes the Cauchy stress in the radial direction.

The measured axial force is obtained in the form:

Fz = π

∫ r0

ri

(2σzz − σθθ − σrr)r dr (2.9)

The inflation pressure and the axial force were plotted as functions of the circumferential (λθ =
r0/R0) and axial stretches (λz) of the tube, for the different applied axial pre-stretches (λz = 1.1
to 1.4) (Figure 2.23). At these mentioned pre-stretches, the mean and related standard deviation
of the maximum circumferential (λθ) and axial stretches (λz) of the previous pressurizing cycles
can be observed in Table 2.1.

2.7 Conclusions

In this chapter, an introduction to the anatomy of the aorta was given from an engineering
perspective. The importance of a biomechanical approach to understand the aortic aneurysm has
been discussed. One of the major issues of modeling the biomechanical behaviour of biological
tissue is its heterogeneity since both the mechanical properties and the thicknesses can vary
on a millimeter scale, thus the importance of a testing device that can evaluate the intended
section of the artery, in this case, where an aneurysm has occurred, as a whole. Assuming a
constant thickness throughout the whole anatomical piece is a common choice when performing
mechanical tests and FE analysis due to the difficulty of the measurement of this parameter,
and because it facilitates the computational calculation.
With the aid of imaging techniques, it is possible to obtain a patient-specific 3D model which

will allow for the virtualization of the anatomical piece. These techniques can also provide
essential information on performing FSI analysis coupling Computational Fluid Dynamics (CFD)
and Computational Solid Mechanics (CSM).
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2 On the biomechanical characterisation of aneurysmatic aortic tissue

Figure 2.23: Extension-inflation responses of preconditioned intact esophagus wall. Internal pressure is
plotted against the circumferential (a) and axial stretch (b). In a similar manner, the axial
force is plotted against the circumferential (c) and axial stretch (d). The various pre-stretches
are labeled as 10, 20, 30 and 40%. From Sommer et al. (2013).

Table 2.1: Maximum circumferential and axial stretches during inflation tests at different pre-
stretches. From Sommer et al. (2013).

Axial pre-stretch Circ. stretch Axial stretch
1.1 1.51 ±0.14 1.17 ±0.12
1.2 1.53 ±0.23 1.21 ±0.06
1.3 1.56 ±0.19 1.33 ±0.05
1.4 1.57 ±0.19 1.40 ±0.01

The protocol for performing experimental tests on biological tissue of the aorta were system-
atically reviewed. Details regarding the storage and handling of the tissue specimens, conditions
on which the tests were performed, and analysed were given. Tests have been typically carried
out on small samples of tissues, tests by tensile, biaxial or inflation loading conditions.
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3 Design of a testing device for an aortic
aneurysm piece

3.1 Introduction

In order to bring insights in understanding the biomechanical behaviour of the aorta tissue,
it is essential to perform experimental tests. Besides, this data is fundamental to carry out
computational analysis taking into account a patient-specific medial approach. In the previous
revision chapter, several test methods were overviewed and described in terms of biological
tissue handling, test protocols and data analysis. Typically, a common denominator among
these methods is the fact that they perform experimental tests over a section or relatively small
part of the anatomical TAA tissue. In this chapter a new protocol is aimed by assuming a
test configuration that considers a whole piece of the TAA. In particular, the design of an
experimental testing device that fulfills such needs will be developed. The Axiomatic Design
(AD) Theory will be considered during the development of the device, which will allow for the
concept design process to be clearer and more methodical, and overall more efficient.

3.2 Axiomatic Design principles

AD Theory, developed by Nam Pyo Suh, was motivated by the conclusion that many techno-
logical and social problems have been created through poor design practice. Worldwide famous
catastrophes like the Union Carbide chemical plant incident in Bhopal, the nuclear power plant
accident in Chernobyl, and the failure on NASA Challenger Space Shuttle were caused by en-
gineering design failures. The goal of this theory is to establish a scientific basis for design by
providing a theoretical foundation, instead of doing it empirically on a trial-and-error basis. AD
can be applied in the design of products, processes, systems, or materials. In AD, design is an
interplay between “what we want to achieve” and “how we want to achieve it”. It is based on a
functional thinking approach and it holds four domains:

- Customer domain;
- Functional domain;
- Physical domain;
- Process domain.

The customer domain comprises the attributes or needs (CNs) that the customer is looking
for, and may often not be clearly defined or with a non-technical language. The functional
domain comprises the functional requirements (FRs), which are expressed in a neutral language
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3 Design of a testing device for an aortic aneurysm piece

and are derived from the CNs, and constraints (Cs), which are limitations. The physical domain
consists of the design parameters (DPs) in the physical form to satisfy the FRs. Finally, the
process domain describes the processes of realization of the DPs by process variables (PVs).
The mapping process between two domains occurs when the aspects of the following domain
are defined according to the characteristics of the previous one. This "zig zag" process happens
when we define the FRs of a certain level and then define the DPs that satisfy them. By asking
the simple question "why?" after we obtain the DPs, and then answering it, we obtain the next
level FRs. This process repeats itself as many times as necessary until we reach the desired
amount of detail (Figure 3.2).

Axiomatic design theory is composed of 2 axioms, 26 theorems, and 8 corollaries. The design
axioms are the following:

- Axiom 1: The Independence Axiom – Maintain the independence of the functional re-
quirements.

- Axiom 2: The information Axiom – Minimize the information content of the design.

The first axiom implies that when designing a complex machine, the FRs should be indepen-
dently satisfied by DPs selected by the designer. The second axiom means that in the existence of
multiple designs that satisfy the first axiom, the one with minimum information content should
be selected, thus increasing the probability of success. The later aims to view the system from
a statistical perspective. The information content can be calculated by using the probability
density function, if the range for the design is the design range, and the operating range of the
designed product is the system range, then a common range ca be defined as the area between
the design range and system range (Figure 3.1). Based on the second axiom, the design should
be directed to increase the common range (Park, 2007).

The probability that the system range satisfies the design range is defined in Equation 3.1.
The information content is defined in Equation 3.2.

Figure 3.1: Schematic view of the calculation of the information content. From (Park, 2007).
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ps = Acr/Asr (3.1)

I = − log2(Acr/Asr) (3.2)

where Acr is the common range and Asr is the system range.
In the design process, the information in each domain is decomposed and organized into a

hierarchy (Figure 3.3).
Based on the Independence Axiom, the designed matrix can be defined, which will be based

on the dependencies and relationships between FRs and DPs. Xs on the matrix means that
there is a relationship, while 0s mean that there are no relationships or dependencies. Design
matrices can be uncoupled, decoupled, or coupled. Uncoupled designs (Eq. 3.3) are the most
desirable, they are characterized by a diagonal matrix meaning that a change to a DP only
affects its corresponding FR and no other.

FR1
FR2
FR3

 =


X 0 0
0 X 0
0 0 X



DP1
DP2
DP3

 (3.3)

A decoupled design (Eq. 3.4) is acceptable, it is characterized by a triangular matrix (lower or
upper), and they translate the fact that a change to a DP will only affect its FR and all the
lower (or upper). 

FR1
FR2
FR3

 =


X 0 0
X X 0
X 0 X



DP1
DP2
DP3

 (3.4)

A coupled design (Eq. 3.5) is characterized by having a design matrix with X’s above and below
the diagonal and is discouraged because a change to a DP will affect its FR and others in the
system. 

FR1
FR2
FR3

 =


X X 0
X X X

X 0 X



DP1
DP2
DP3

 (3.5)

3.3 Testing device - Axiomatic approach

Having in consideration AD, the first step would be to know the CNs. Since the experimental
device will be integrated into a larger research project and does not have as its destiny to be
commercialized or mass-produced, the attribution of the CNs will be skipped because the initial
needs of the device will already be defined with technical and neutral language, thus beginning
the design approach with FRs. Although the DPs will be presented on this section, a more
accurate descriptions of the mechanical parts that will comprise the overall testing device will
be presented more ahead.
The first level FRs are:
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3 Design of a testing device for an aortic aneurysm piece

Figure 3.2: Axiomatic Design domains and mapping. From Dagman and Söderberg (2012).

Figure 3.3: Decomposition of a FR.

- FR1: Perform mechanical tests on an anatomic part
- FR2: Measure values

The corresponding DPs can be defined as:

- DP1: Mechanical devices
- DP2: Measuring systems

To perform mechanical required mechanical tests on the specimen, specific conditions must
be assured. The mechanical devices within the main experimental device will secure the subject
by fixing it on both ends and inflate it with a liquid. Because the ATAA can be compared with
a tubular shape with a curvature, the mechanisms will allow for this curvature to be maintained
during the entire testing procedure, thus avoiding any parasitic tensions on the surface. To allow
for a more organized development and to make sure all the requirements have a corresponding
solution, the device will be separated in modules.
The fixation of the specimen will be assured by the fixation module, which comprises parts

that guaranty the passage of liquid to the specimen, ensure liquid sealing, and allow for no
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3.3 Testing device - Axiomatic approach

displacements at both ends. The inflation module will be responsible for applying the pressurized
liquid, transporting it throughout the circuit and draining it from inside the subject. The
alignment module allows for one of the fixation ends to be properly adjusted to meet with the
plane parallel to the section that has been cut from the aorta, and at the same time permits
to vary the distance between fixation parts. The last module can yet be divided into two sub
modules, the plane adjustment module and the extension module. Finally, the rotation module
will allow for the alignment module to be locked once the alignment requirements are fulfilled
and rotate the subject in a way that maintains the same pressure state throughout one complete
rotation.
The measuring system comprises of a pressure gauge, a set of digital cameras, and a speckle

pattern on the outside surface of the specimen. These will measure the internal pressured being
applied at a certain point of the experiment, and record the displacements of the pattern so that
the DIC software extracts biomechanical parameters from the tested subject.
This way, the first level FRs presented earlier in this section can be decomposed into the

following:

- FR1: Perform mechanical tests on an anatomic part

- FR11: Hold the specimen on the device

- FR111: Ensure liquid sealing

- FR112: Ensure 0 displacements at fixation zone

- FR113: Ensure passage of liquid to the specimen

- FR12: Inflate the specimen

- FR121: Pressurize liquid

- FR122: Transport liquid throughout the circuit

- FR123: Drain the liquid from the circuit

- FR13: Maintain natural curvature of the aneurysm

- FR131: Adjust alignment of both fixation parts

- FR1311: Linearly shift the fixation part’s revolution axis

- FR1312: Allow for fixation parts’ axes to become non-parallel

- FR132: Vary the distance between fixation ends

- FR14: Maintain the same tension state during rotation

- FR141: Lock the rotation module

- FR142: Rotate fixation ends around a common axis
- FR2: Measure values

- FR21: Measure the internal pressure

- FR22: Observe the specimen’s external surface

- FR221: Hold the camera in place
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3 Design of a testing device for an aortic aneurysm piece

- FR222: Make the external surface’s displacements visible

- FR223: Register displacements on the tissue’s surface

- FR224: Interpret 3D displacements

The corresponding DPs are:

- DP1: Mechanical devices

- DP11: Fixation module

- DP111: Proper tightness

- DP112: Proper friction coefficients

- DP113: Hollow clamping system

- DP12: Inflation module

- DP121: Syringe pump

- DP122: Plastic tubes

- DP123: Drain valve

- DP13: Alignment module

- DP131: Plane adjustment module

- DP1311: Slot with sliding pin

- DP1312: Hinge pin

- DP132: Extension module

- DP14: Rotation module

- DP141: Threaded ends on pins

- DP142: Aligned rotation shafts

- DP2: Measuring systems

- DP21: Pressure gauge

- DP22: Image acquisition and analysis system

- DP221: Tripod

- DP222: Speckle pattern

- DP223: Digital camera

- DP224: DIC software

The decomposition to lower levels and mapping between FRs and DPs can be observed on
Figures 3.4 to 3.9.
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FR1

FR12FR11 FR13 FR14

DP1

DP12DP11 DP13 DP14

Figure 3.4: Mapping and decomposition to second level of FR1 and DP1.

FR2

FR21 FR22

FR222FR221 FR223 FR224

DP2

DP21 DP22

DP222DP221 DP223 DP224

Figure 3.5: Mapping and decomposition of FR2 and DP2.

FR11

FR112FR111 FR113

DP11

DP112DP111 DP113

Figure 3.6: Mapping and decomposition of FR11 and DP11.

FR12

FR122FR121 FR123

DP12

DP122DP121 DP123

Figure 3.7: Mapping and decomposition of FR12 and DP12.

FR13

FR131 FR132

FR1311 FR1312

DP13

DP131 DP132

DP1311 DP1312

Figure 3.8: Mapping and decomposition of FR13 and DP13.

FR14

FR141 FR142

DP14

DP141 DP142

Figure 3.9: Mapping and decomposition of FR14 and DP14.

Once chosen the FRs and DPs, it is now possible to assemble the design matrix (Figure 3.10.),
which will enlighten on the relationships between FRs and DPs and allow for a qualitative clas-
sification of the design. In the qualitative design matrix, Xs will indicate there is a relationship,
and 0s will indicate there is no relationship. A blank space on the matrix will represent a
parent-child relationship.
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FR1: Perform mechanical tests on an anatomic part
FR11: Hold the specimen on the device
FR111: Ensure liquid sealing
FR112: Ensure 0 displacements at fixation zone
FR113: Ensure passage of liquid to the specimen
FR12: Inflate the specimen
FR121: Pressurize liquid
FR122: Transport liquid throughout the circuit
FR123: Drain the liquid from the circuit
FR13: Maintain natural curvature of the aneurysm
FR131: Adjust alignment of both fixation parts
FR1311: Linearly shift the fixation part’s revolution axis
FR1312: Allow for fixation parts’ axes to become non-parallel
FR132: Vary the distance between fixation ends
FR14: Maintain the same tension state during rotation

FR141: Lock the rotation module
FR142: Rotate fixation ends around a common axis
FR2: Measure values
FR21: Measure the internal pressure
FR22: Observe the specimen’s external surface
FR221: Hold the camera in place
FR222: Make the external surface’s displacements visible
FR223: Register displacements on the tissue’s surface
FR224: Interpret 3D displacements





X 0 0 0 0 0 0 0 0
X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
XX 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 X 0 XX 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 X 0 X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 X 0 0 X 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 X 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 X 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 X 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 X 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 X 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 X 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 X 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 X 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 X

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 X 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 X

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 X 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 X 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 XX 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 XXX





DP1: Mechanical devices
DP11: Fixation module
DP111: Proper tightness
DP112: Proper friction coefficients
DP113: Hollow clamping system

DP12: Inflation module
DP121: Syringe pump

DP122: Plastic tubes
DP123: Drain valve
DP13: Alignment module
DP131: Plane adjustment module
DP1311: Slot with sliding pin
DP1312: Hinge pin

DP132: Extension module
DP14: Rotation module
DP141: Threaded ends on pins
DP142: Aligned rotation shafts
DP2: Measuring systems
DP21: Pressure gauge
DP22: Image acquisition and analysis system
DP221: Tripod
DP222: Speckle pattern
DP223: Digital camera

DP224: DIC software


Figure 3.10: Design matrix of the experimental testing device.
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The design matrix is a lower triangular matrix, meaning that the design is decoupled. By
analyzing the relationships between FRs and DPs, there are found 8 more than the desirable
ones, which would be 24 (Same number of FRs and DPs).

FR112 is not only dependent of DP112, but also DP111 because to ensure that the specimen’s
ends are properly fixed and no displacements occur during the inflation, not only it is necessary
to guaranty adequate friction coefficients, but also proper tightness. FR12 has additional depen-
dencies to DP113 and DP111, this happens because by changing the hollow clamping system and
proper friction coefficients the successful inflation of the specimen can be compromised. FR122
is dependent of DP113 because the hollow clamping system will allow for the liquid to flow inside
the specimen, and by changing this system, FR122 would be affected too. For a similar reason
as the previous, FR123 is dependent of DP113, but on this case the hollow clamping system is
related to the draining of the liquid from inside the specimen. FR223 and FR224 both have
dependencies of DP222, due to the fact that the speckle pattern affects both the registration of
the tissue’s external surface’s displacements and its interpretation. FR224 is also dependent of
DP223 because the device observing and tracking the speckle pattern is essential to further on
interpret the 3D displacements using an adequate software.

3.4 Fixation Module

After an ATAA is surgically removed, it is replaced by a flexible material with a tubular shape
that tries to mimic the behavior of the aorta. These materials are provided with different
section diameters, from 26 to 34mm. The diameter chosen for the replacing of the removed
aorta segment is the one that will be closer to the patient’s aorta.

The expected testing subject will have a tubular shape with an approximately circular section.
The fixation part, which will be in contact with the test specimen, is designed with a circular
section (Figure 3.11b) to allow the subject to best accommodate itself to the fixation, further-
more, its diameter will be 26mm to easily fit aneurysms with different diameters. The subject is
placed in a way enabling it to wrap around the fixation part (Figure 3.12a) in a length between
4 to 5 mm. Afterward, a thin band of rubber or silicone-based material with approximately
3 mm of width is placed around the biological tissue (Figure 3.12b) so that the plastic zip tie
pressing on top of it (Figure 3.12c) does not have direct contact with the biological tissue, thus
avoiding any damage. A continuous cylindrical shape of the fixation part would most likely
provoke slippage of the test subject during inflation. This, way a groove is inserted on the part
where the silicone/rubber band and zip tie will be (Figure 3.11a) so that this risk is decreased
significantly. The groove is machined at 1.5mm from the edge of the fixation part to reduce the
unusable length of the test specimen due to the need to fix it. The tightening force of the zip
tie should be enough to avoid slippage or leaking without crushing the subject. This fixation
procedure repeats itself on the opposite side of the testing device, thus ensuring a properly tight
fixing that is leakage-proof and allows for the subject to be freely inflated.
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(a) (b)

Figure 3.11: Fixation part. (a) A groove is machined on the fixation part, to accommodate the sili-
cone/rubber band and the zip tie. (b) Fixation part’s section in perspective.

(a) (b) (c)

Figure 3.12: Demonstration of test subject’s fixation sequence. (a) Test subject wrapped around the
fixation part. (b) Protective silicone/rubber band around test subject. (c) Zip tie tightening
the band and the subject.

3.5 Inflation Module

The inflation module consists of a connector block, tube connector, radial shaft seal, fixation
part, fixation part blocker, plastic tubes, and a syringe pump. The main part, the connector
block (Figure 3.13a), guarantees the connection of all the separate parts to make a single me-
chanical body. It will also allow for the connection and enabling of the extension module, which
will be addressed further on.
The inflation of the specimen with a liquid will be provided by a syringe pump. Plastic tubes

will be connected both to the syringe pump and to tube connectors on both the inlet (Figure
3.13) and outlet (Figure 3.14) side of the device. A hole made on the top face and up to the
center of the connector block, with an initial threaded length, allows for the assembly of the
tube connector and the passage of liquid from it to the fixation part. The hole made through
the outlet fixation part has a thread, so a similar tube connector can be placed. The assembly
sequence of the inflation’s module inlet side can be observed in Figure 3.13. Between the syringe
pump and the tube connector, on the inlet side, a pressure gauge will be placed to measure the
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3.6 Alignment Module

applied pressure.

3.6 Alignment Module

As mentioned before, the ascending aorta has a natural curvature (Figure 3.15). ATAAs develop
themselves in the course of the curvature, meaning that the biological piece that is surgically
removed won’t have parallel end planes.
To maintain the angle between both ends, the device will have a “fixed” end (which only allows

for linear movement) and an adjustable end (Figure 3.16a). The adjustable end can perform
radial movement and rotate around an axis perpendicular to the top plane of the device, allowing
for an angle to be created between both ends (Figures 3.16b and 3.16c). A slot and a sliding
pin will endow the mechanism its axial movement, the pin has a threaded end so that it can
be tightened after a specific displaced length. The “hinge pin” will allow for a hinge type of
movement.
To accommodate itself to the test subject’s length, the device will rely on a rolled ball screw,

which is composed of a threaded shaft, a nut, and rolling elements (composite ball inserts in
this case). First, the nut is fixed to the connector block and its rotary movement is prevented,
secondly, the threaded shaft is inserted inside the nut and is constrained on both ends by
retaining rings to prevent axial movement. By turning the shaft, rotary action is transformed
into linear motion by the aid of the ball inserts, thus allowing the connector block to move
forward and backward (Figure 3.17a). To avoid the rotation of the connector block due to its
weight, linear ball bearings are connected to "L" shaped "arms" on each side of the connector
block, the bearings will slide on two shafts that are fixed on the workstation. These bearings
allow for two parts in contact and with relative movement to have significantly lower friction
coefficients between them.
After the desired configuration is locked, the device is then ready to inflate the test specimen.

3.7 Rotation Module

After the test subject is inflated to a certain pressure, digital cameras will register the current
position of the speckle pattern on the surface. Because the cameras will be placed only on one
side of the device and will be stationary, the specimen will need to rotate for the whole outer
surface to be observable.
For the rotation not to provoke any unwanted surface tensions on the specimen, both ends

will rotate around a common axis and at the same angular velocity. For the rotation to be
successful, the fixation and alignment mechanisms on the outlet side will rotate as a whole with
the aid of a specifically designed shaft, the “outlet shaft”, connecting the mechanisms, that will
be concentric with the fixation part on the inlet side. The outlet shaft will be assembled on a
sleeve bearing for a low-friction rotation, and its axial movement will be prevented by retaining
rings (Figure 3.18).
On the inlet side, as the fixation part is assembled on the connector block and restrained of

axial movement because of the locker, a clearance between the two parts will allow for the fixation
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(a) (b)

(c)

Figure 3.13: Inlet side of the inflation module. (a) Module’s different components. (b) Radial shaft seal
is inserted in the bore, fixation part is aligned with the hole on the connector block and with
the seal. (c) Fixation part is inserted in the hole of the seal, fixation part blocker is screwed
to the connector block to hold the fixation part.

Figure 3.14: Outlet side of the inflation module. Plastic tubes attached to the tube connector allow for
the liquid to drain from inside the test specimen.

part to rotate with minimal effort. The radial shaft seal, designed to sit between rotating and
stationary components, also guarantees a relative movement between the parts with low friction
forces.
The rotation of both the outlet shaft and the fixation part will be held by a flat belt transmis-

sion (Figures 3.18 and 3.19), with approximately 10mm belts (Figure 3.20b). A convex shape
machined on both the outlet shaft (Figure 3.20c) and the inlet fixation part (Figure 3.20a) will
host the belts. The belts on both sides will be connected to a common shaft designed to hold
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3.7 Rotation Module

Figure 3.15: Representative FE analysis mesh reconstruction of a patient specific ATAA. The curvature
of the aneurysm can be observed. From Mendez et al. (2018).

(a) (b)

(c)

Figure 3.16: Alignment module. (a) The outlet fixation part’s initial position is aligned with the inlet
fixation part. (b) The pretended configuration is set and the sliding pin and hinge pins are
tightened to lock the position.(c) An angle is created between both fixation part’s front faces.

them. This shaft will be assembled on the workstation by two-shaft blocks on which sleeve
bearings will be assembled, endowing the shaft with a low-friction rotary movement (Figure
3.21). Again, retaining rings will restrict the shaft of axial movement, and a knob fixed to the
shaft will enable a manual rotation. To lock the specimen rotation shaft during inflation, and
to unlock it during the rotation, a wing screw can be tightened and loosened, respectively.
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(a) (b)

Figure 3.17: Extension mechanism. Allows for the inlet fixation part to have movement in the direction
of the outlet fixation part. (a) Shaft blocks hold the shafts in place and are screwed to the
workstation. (b) The knob connected to the screw allows for the manual rotation.

Figure 3.18: Flat belt connected to the outlet shaft allowing the alignment module on this side to rotate.

3.8 Materials, Dimensions, and Clearances

In this section, the choice of materials, dimensions, clearances, and tolerances of the parts and
assemblies strictly essential for the correct functioning and assembly of the experimental testing
device will be analyzed. The tolerances on the assembly of commercialized and normalized parts
will be stipulated according to the manufacturer’s technical specifications. ISO tolerance grades
can be found in table 3.1.
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Figure 3.19: Flat belt connected to the fixation part on the inlet side of the device.

(a) (b)

(c)

Figure 3.20: Convex shapes machined to endow stability during the belts movement. (a) Convex shape
on the inlet fixation part. (b) Convex shape’s length. (c) Convex shape on the outlet shaft.

3.8.1 Fixation Part (Inlet Side)

The fixation part, in direct contact with biological tissue and with water (or physiological saline),
will be made from stainless steel AISI 316 (American Iron and Steel Institute) due to its improved
corrosion resistance and good machinability. The groove which hosts the silicone/rubber band

39



3 Design of a testing device for an aortic aneurysm piece

Figure 3.21: Specimen rotation shaft assembly.

Table 3.1: Normalized tolerance grades for nominal dimensions up to 50 mm. From ISO (2018).
Nominal
Dim.
[mm]

Normalized tolerance grades

IT01 IT0 IT1 IT2 IT3 IT4 IT5 IT6 IT7 IT8 IT9 IT10 IT11 IT12 IT13 IT14 IT15 IT16

Above Until
(inc.)

Tolerances

um mm
- 3 0.3 0.5 0.8 1.2 2 3 4 6 10 14 25 40 60 0.1 0.14 0.25 0.4 0.6
3 6 0.4 0.6 1 1.5 2.5 4 5 8 12 18 30 48 75 0.12 0.18 0.3 0.48 0.75
6 10 0.4 0.6 1 1.5 2.5 4 6 9 15 22 36 58 90 0.15 0.22 0.36 0.58 0.9
10 18 0.5 0.8 1.2 2 3 5 8 11 18 27 43 70 110 0.18 0.27 0.43 0.7 1.1
18 30 0.6 1 1.5 2.5 4 6 9 13 21 33 52 84 130 0.21 0.33 0.52 0.84 1.3
30 50 0.6 1 1.5 2.5 4 7 11 16 25 39 62 100 160 0.25 0.39 0.62 1 1.6

and the zip tie is made at 1.5 mm from the edge to minimize the unusable specimen length.
The convex shape made to host the flat belt is machined with a 1 mm height to prevent it from
having axial movement along the fixation part and maintain the alignment of the flat belt during
rotation.
The radial shaft seal chosen is SKF1 8634 CRWA5 seal. The tolerances on both the housing

bore and the shaft are set according to the manufacturer’s indication, meaning that the housing
bore (31.75 mm of nominal diameter) will have an IT8 ISO tolerance. Furthermore, the depth
of the bore will be 0.3 mm deeper than the shaft’s thickness. The bore’s necessary chamfer and
radius are to be designed according to Figure 3.22, where r = 0.3 mm.
As mentioned previously, the fixation part will be secured in its place with the aid of the

fixation part locker. The fixation part is designed with a flap with a larger diameter than the
seal’s bore to prevent it from advancing furthermore inside the connector block. The locker
has a bore machined on one of the surfaces so that when the face presses against the connector
block, the fixation part’s flap remains housed inside the locker (Figure 3.23a). Furthermore, the
mechanism is designed to work with a clearance, c, between 0.2 and 0.3 mm (Figure 3.23b).
The nominal dimensions are:

1https://www.skf.com/group
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Figure 3.22: Bore requirements for SKF’s radial shaft seal assembly. From SFK (2019).

(a) (b)

Figure 3.23: Assembly of fixation part and locker on connector block. (a) Section view of the assembly.
(b) Detail A with design clearance.

- T = 5.20 mm
- t = 5.00 mm

Where T belongs to the locker, and t belongs to the fixation part.The tolerances for the hole
and the flap are H8 and h8, respectively. This means for the hole,

- Upper deviation = 18 µm
- Lower deviation = 0 µm

And for the flap,

- Upper deviation = 0 µm
- Lower deviation = -18 µm
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Since the maximum and minimum values for a dimension with a hole or female function
(meaning that during the assembly it will be on the outside of another part, position of tolerance
zone indicated with upper case letter) can be obtained, respectively,

Dmax = Dn +Du (3.6)

Dmin = Dn +Dl (3.7)

where,

- Dmax = Maximum dimension
- Dmin = Minimum dimension
- Dn = Nominal dimension
- Du = Upper deviation
- Dl = Lower deviation

And the maximum and minimum values for a dimension with a shaft or male function (mean-
ing that during the assembly it will be on the inside of another part, position of tolerance zone
indicated by lower case letter) can be obtained, respectively,

dmax = dn + du (3.8)

dmin = dn + dl (3.9)

where,

- dmax = Maximum dimension
- dmín = Minimum dimension
- dn = Nominal dimension
- du = Upper deviation
- dl = Lower deviation

From Equations (3.6) and (3.7), the dimensions for T are

Tmax = Tn + Tu ⇔ Tmax = 5.20 + 0.018 = 5.218 mm

Tmin = Tn + Tl ⇔ Tmin = 5.20 + 0 = 5.20 mm

and from Equations (3.8) and (3.9), the dimensions for t are

tmax = tn + tu ⇔ tmax = 5.0 + 0 = 5.0 mm

tmin = tn + tl ⇔ tmin = 5.0− 0.018 = 4.982 mm

Having the maximum and minimum dimensions, it is now possible to obtain the maximum
and minimum clearance value, Cmax and Cmin, respectively,

Cmax = Dmax + dmin (3.10)
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Cmin = Dmin + dmax (3.11)

From Equations (3.10) and (3.11), the maximum and minimum clearance values for c are

cmax = 5.218− 4.982 = 0.236 mm

cmin = 5.2− 5.0 = 0.2 mm

The clearance is within the design interval and the assembly of the two components is classified
as a clearance fit.
While rotating, the fixation part will be in contact with the connector block in a shaft/hole

relationship as shown in Figure 3.24.
The nominal dimensions are

- d = 22.23 mm
- D = 22.23 mm

Where d belongs to the fixation part and D to the connector block. In this assembly, a
clearance fit will also be chosen, allowing for an effortless and manual assembly while enabling
free rotation at the same time. More precisely, a close running fit will be chosen, a common
fit in mechanical assemblies, represented by its ISO symbol as H8/f7. This fit translates in
tolerances for d and D of f7 and H8, respectively.

3.8.2 Specimen rotation shaft

The shaft responsible for rotating the specimen will be in contact with two flat belts, allowing
it to transmit rotation to two different mechanisms simultaneously. The belt on the outlet shaft
will be in direct contact with the specimen rotation shaft, while the belt on the fixation part
will be in contact with a pulley which will then be assembled to the shaft (Figure 3.25a). The
specimen rotation shaft will have a slot on which a ledge on the pulley will slide (Figure 3.25b),
allowing it to follow the linear movement of the set on the inlet side. The clearance between the
ledge’s width on the pulley and the slot’s width on the shaft (Figure 3.25c), c2, should be larger
than 0.005 mm and smaller than 0.05 mm.
The nominal dimension of both b and B is 3 mm. By attributing an h7 tolerance to b, and

an F8 tolerance to B, the tolerance zones come as

- Upper deviation for b = 0 µm

- Lower deviation for b = −10 µm

- Upper deviation for B = 20 µm

- Lower deviation for B = 6 µm

By using the same method as previously shown, the limit dimensions for b can be obtained
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Figure 3.24: Assembly of fixation part on connector block. Dimension d has the same nominal value as
D.

(a) (b)

(c)

Figure 3.25: Assembly and clearance between specimen rotation shaft and pulley. (a) Section view of the
shaft-pulley set. b belongs to the pulley, B belongs to the shaft. (b) Clearance between parts
exaggerated for demonstration purposes.
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bmax = 3.0 + 0 = 3.0 mm

bmin = 3.0− 0.01 = 2.990 mm

and for B, the dimensions are

Bmax = 3.0 + 0.020 = 3.020 mm

Bmin = 3.0 + 0.06 = 3.006 mm

Since the clearance is nominally 0, it will be obtained by the chosen tolerance grades and
position of tolerance zone. Once the maximum and minimum dimensions of both parts are
known, the clearance can be calculated

c2max = 3.020− 2.990 = 0.030 mm

c2min = 3.006− 3.0 = 0.006 mm

It can be concluded that the design clearance between parts is respected.
Another clearance needs to be taken into consideration, on the assembly of the two compo-

nents, as shown in Figure 3.26.
Again, the nominal dimensions for the ledge’s height (h) and the slot’s height (H) are the same

(2.16 mm in this case), so the clearance, c3 will be determined by the tolerances. The tolerance
attributed to dimension h is h7, while to dimension H is F8. The mechanism is designed to work
properly with a minimum clearance of 0.005 mm and a maximum clearance of 0.05 mm. Since
the nominal value of this dimension belongs to the same interval, on the standard ISO tolerance
grade, as the one demonstrated in the analysis above, and the position of tolerance grades are
the same, the upper and lower deviations are also equal to the ones previously demonstrated.
The dimensions can now be determined

hmax = 2.16 + 0 = 2.16 mm

hmin = 2.16− 0.01 = 2.15 mm

Hmax = 2.16 + 0.020 = 2.18 mm

Hmin = 2.16 + 0.006 = 2.166 mm

From these values, the clearance can be determined

c3max = 2.18− 2.15 = 0.030 mm

c3min = 2.166− 2.16 = 0.006 mm

Is it possible to conclude that the chosen tolerances result in a clearance interval within the
desired.
The final tolerances to be determined on this assembly are for the pulley’s internal diameter
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Figure 3.26: Existing clearance between the ledge’s height and the slot’s height. H belongs to the shaft
while h belongs to the pulley. Clearance has been enhanced for demonstration purposes.

(DP ) and the shaft’s diameter (ds). The parts will have relative sliding movement with a
clearance (Figure 3.27) that will be determined by the tolerances since both dimensions are
nominally the same and equal to 14 mm. This value should be greater than 0.01 mm and lower
than 0.1 mm.
By attributing an F8 tolerance to DP and an h8 tolerance to ds, the resulting deviations are

- Upper deviation for DP = 43 µm

- Lower deviation for DP = 16 µm

- Upper deviation for ds = 0 µm

- Lower deviation for ds = −27 µm

By applying Equations (3.6) to (3.9), the maximum and minimum values for both dimensions
can be determined

DPmax = 14.0 + 0.043 = 14.043 mm

DPmin = 14.0 + 0.016 = 14.016 mm

dsmax = 14.0 + 0 = 14.0 mm

dsmin = 14.0− 0.027 = 13.973 mm

The clearance of the assembly can be achieved from Equations (3.10) and (3.11)

c4max = 14.043− 13.973 = 0.070 mm

c4min = 14.016− 14.0 = 0.016 mm

The final clearance values are too found within the required interval.
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Figure 3.27: Existing clearance between the pulley’s internal diameter and the shaft’s diameter. c4 has
been enhanced for demonstration purposes.

3.8.3 "L" shaped arm

The "L" shaped arm that connects the connector block to the linear guide shafts is composed
of 3 assembled parts that assemble on each other and are fixed with socket countersunk head
screws (Figure 3.28). The head of the screws will be sunk on conical grooves machined on the
opposite faces of the assembly faces on both parts 1 and 3. To guaranty that the assembly is
made without interference, when the assembly face on part 2 penetrates the grooves on both
part 1 and 3, a clearance should be present. The existing clearance, c5 (Figure 3.29), is designed
to be larger than 0 mm and lower than 0.1 mm.

The nominal values for both W and w dimensions are 36 mm, where W belongs to part 1 and
is considered a hole dimension, and w belongs to part 2 and is considered a shaft dimension. H
and h also have the same nominal value, 40 mm. Since both dimensions are on the same category
on the ISO tolerance table, their grade will be the same. W and H will have a tolerance of H8,
while w and h will have a tolerance of h8.
These translate in the following deviations:

- Upper deviation for H = 39 µm

- Lower deviation for H = 0 µm

- Upper deviation for h = 0 µm

- Lower deviation for h = −39 µm

- Upper deviation for W = 39 µm

- Lower deviation for W = 0 µm

- Upper deviation for w = 0 µm

- Lower deviation for w = −39 µm
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(a) (b)

Figure 3.28: Assembly sequence of the L arm. (a) The assembly face on part 2 will penetrate the grooves
present on both parts 1 and 3. (b) The separated parts are fixed together with socket
countersunk head screws.

(a) (b)

Figure 3.29: Section view of the assembly of part 2 on part 1. (a)

With the chosen tolerances, the maximum and minimum dimensions can be obtained for H
and h

Hmax = 40.0 + 0.039 = 40.039 mm

Hmin = 40.0 + 0 = 40.0 mm

hmax = 40.0 + 0 = 40.0 mm

hmin = 40.0− 0.039 = 39.961 mm

and for W and w
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Wmax = 36.0 + 0.039 = 36.039 mm

Wmin = 36.0 + 0 = 36 mm

wmax = 36.0 + 0 = 36.0 mm

wmin = 36.0− 0.039 = 35.961 mm

Having calculated the values for the dimensions, the maximum clearance values can be ob-
tained wither by analyzing the width of the section

c5max = 40.039− 39.961 = 0.078 mm

c5min = 40.0− 40.0 = 0.0 mm

or by analyzing the height of the section

c5max = 36.039− 35.961 = 0.078 mm

c5min = 36.0− 36.0 = 0.0 mm

3.8.4 Ensuring no interferences on assembly

In the previous analysis, an assembly between two parts was looked in to and the position of
tolerance zone H/h was chosen.
H/h tolerance position is characterized by assuming a lower deviation for holes, and an upper

deviation for shafts of 0 (Figure 3.30). This translates into the fact that when an assembly of
two parts is characterized by having H/h tolerances on the dimensions that fit together, in no
possible situation can interferences occur.

Figure 3.30: ISO position of tolerance zone relatively to the nominal (Basic) size. From infomech (2014)

Besides the tolerances and clearances presented in this chapter, several dimensions for parts
that fit together where no minimum or maximum clearances are of importance to the functioning
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of the device were designed with an H/h position. This decision guarantees that all these
assemblies can be made manually. Other tolerances positions will be taken into consideration
as well.
Furthermore, all technical drawings are presented with a general tolerance ISO 2768-1: 1989

medium (Table 3.2).

Table 3.2: Limits for linear measures [mm] according to the standard ISO 2768-1: 1989.
Tolerance
class

0.5 to 3 above 3 to
6

above 6 to
30

above 30
to 120

above 120
to 400

above 400
to 1000

above
1000 to
2000

f (fine) ± 0.05 ± 0.05 ± 0.1 ± 0.15 ± 0.2 ± 0.3 ± 0.5

m (medium) ± 0.1 ± 0.1 ± 0.2 ± 0.3 ± 0.5 ± 0.8 ± 1.2

c (coarse) ± 0.15 ± 0.2 ± 0.5 ± 0.8 ± 1.2 ± 2 ± 3

v (very coarse) - ± 0.5 ± 1 ± 1.5 ± 2.5 ± 4 ± 6

3.9 Conclusions

In this chapter the design of a testing device capable of performing experimentation on biological
tissue is presented. At this stage of development, a virtualization of the design was implemented.
The device is able to fix a tubular-shaped specimen by the edges. The sample is supposed to
be submitted to a physiological inflate loading. The versatility of the device allows not only for
parts with parallel end faces to be tested but also parts with different angles between the end
faces. Within the scope of human anatomy, this feature permits experimentation, for example,
on the ascending, descending, and abdominal aorta.
The analysis made in this chapter allowed to synthesize the design parameters necessary for

the fulfillment of the requirements. A critical part of the device is the fixation part, where special
care on selecting dimensions was necessary to guaranty the specimen is fixed while minimizing
the unused area of observation. It is important to mention that the geometry and tightening
method were chosen on empirical knowledge and to guaranty the success of the inflation of the
specimen, it is fundamental to manufacture the parts and assemble the device in a laboratory
environment while testing it with materials that can be approximated to biological tissue.
Materials for non-commercialized parts were chosen based on corrosion resistance, stainless

steel being the appropriate solution. The choice of clearances is based on the principle that most
parts can be manually assembled whilst not allowing for significant misalignment and vibrations.
The tolerances are within the reach of common machining techniques such as turning, drilling,
and milling.
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4 Digital-twin platform for testing an aortic
aneurysm piece: a case study

4.1 Introduction

The first step in the process of obtaining a 3D model of an aneurysm with a patient-specific
geometry is the conversion of Digital Imaging and Communications in Medicine (DICOM) files
obtained from clinical imaging into STL or equivalent formats. DICOM is the standard format
for medical images that can be exchanged with the data and quality necessary for clinical use,
and it is implemented on almost every radiology, cardiology imaging, and radiotherapy device.
Among several software nowadays available to process and convert DICOM files to 3D models,

one can highlight the following list: Materialise Mimics, Simpleware ScanIP Medical (Synop-
sys®), 3D Slicer, democratiz 3D®, InVesalius, and DICOM Viewer PRO (Inobitec®). Tables 4.1
(proprietary software) and 4.2 (open source software) present a comparison of several features
between the different software previously mentioned. The one that will be used in the present
study to generate a patient-specific 3D reconstruction of an ATAA is 3D Slicer. It has the advan-
tages of being open-access and operations can be automatised using the python programming
languages.

4.2 Patient-specific 3D geometric reconstruction

In anatomy, the human body can be divided into 3 planes, the coronal, the transverse, and the
saggital. These planes are used to accurately describe locations on the body and they are called
anatomic planes (Figure 4.1). When a CT exam is executed, the output it provides is images
of the three anatomic planes (Figure 4.3). In a CTA, since contrast has been injected into the
bloodstream, the identification of biological structures is easier, as can be shown in Figure 4.2.
The DICOM data used for the case study is from a CTA scan. When loading them to

the software, it is possible to observe the images taken on the three anatomical planes. By
segmenting images on the different planes, it is then possible to obtain a 3D model of any organ,
tissue, or bone. 3D Slicer has available several tools to aid in the process of segmentation, and
the one used in this study was the “grow from seeds”. This tool consists of using two different
markers, one to mark the pretended organ and the other to mark the background, and every few
layers on the anatomical planes “seeds” are planted, booth on the pretended organ and outside
of it (Figure 4.4). After executing the command, the software will automatically identify the
region being studied (Figure 4.5).
The aorta and the background were marked, starting from the first images where the aorta

was visible, on 10 approximately equally spaced images, on each plane. After the command
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Table 4.1: DICOM to 3D software comparison table (proprietary software).

Features Mimics Simpleware ScanIP
Medical DICOM Viewer PRO

Supported
input

CT, MRI, X-ray and
more.

CT, MRI, Ultrasound
and more.

PET and CT images.

Export STL, PACS1 compati-
ble.

STL and FE mesh. STL, OBJ, and PLY.

Versatility Quick, semi-automatic
segmentation. Exten-
sive set of tools, Pul-
monology module.

Automated image seg-
mentation, tools for
handling data with
poor quality.

Vessel Analysis algo-
rithm and vessel wall
tissue classification, 3D
tissue reconstruction.

Disadvantages Commercial software.
Additional modules
commercialized sepa-
rately.

Commercial software. Commercial Software,
does not support MRI.

Table 4.2: DICOM to 3D software comparison table (open source software)
Features 3D Slicer democratiz 3D® InVesalius

Supported
input

CT, Ultrasound, ra-
diation therapy images,
and MRI.

CT images. CT and MRI images.

Export STL, Poly Data, and
XML Poly Data.

STL. STL, OBJ, and PLY.

Versatility Over 150 extensions,
real-time 3D recon-
struction in surgical
intervention, and Ar-
tificial Intelligence
automatic segmenta-
tion.

3D model automatic
generation, online plat-
form and file sharing.

Used in hospitals and
clinics, semi-automatic
image segmentation,
and volumetric and
surface measurement
tools.

Disadvantages Quantity of modules
and tools make the soft-
ware complex to use.

DICOM files need to
be converted to NRRD
first.

Less consistent when
segmenting soft-tissue
structures.

was given for the software to extrapolate the whole aortic structure from the seeds, the result
was carefully inspected to guaranty that the boundary between the pretended structure and
the background was always on the correct location, and when the result was not according,
manual rectification was performed. Since the 3D resulting structure has a rough surface, proper
smoothing operations were performed obtaining the model in Figure 4.7. Different sections of
the aorta can be observed on the model, such as the ascending aorta, aortic branches, aortic
arch, and descending aorta.

1Picture Archiving and Communication System (PACS)
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Figure 4.1: Graphical demonstration of the three anatomical planes. From (Adistambha et al., 2012)

Figure 4.2: Identification of the location of the aorta on a CTA image. The contrast provokes an increase
in intensity.

The segmentation process allowed to obtain a volume, but to perform a computational anal-
ysis, creating a FE model mesh, an approximate geometry of the aneurysm is required. The
aneurysm section alone will be extracted from the obtained volume by making cuts on planes
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(a) (b)

(c)

Figure 4.3: CTA images of the each anatomical plane. (a) Transverse plane. (b) Saggital plane. (c)
Coronal plane.

that are approximately perpendicular to the specimens axis. The diameter of the aorta on the
cut cross sections (Figure 4.6) must be within the values of 26 and 34 mm as to maintain con-
sistency with the diameter range of the stent-graft used in ATAA repair. Splines where marked
on the cross sections to be defined as the end faces of the aneurysm, and the length was noted.
Because they are not perfect circles, the length values were used to calculate the diameter of the
theoretically circular end cross section as if the aorta was accommodating to a circular shape.
The perimeter of a circle, Pcir, can be defined as

Pcir = π × d (4.1)

were d is the diameter.
By arranging equation (4.1), the diameter, d, can be obtained as

d = Pcir
π

(4.2)

Table 4.3 shows that the results of the diameters for the theoretical circular geometries are
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Figure 4.4: Seeds are planted on the pretended organ and background on different layers of the CT images.

Figure 4.5: The software automatically identifies the aorta on every layer after the "grow from seeds"
command is given.

within the desirable interval.
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Table 4.3: Calculation of the circular cross section diameter for both ends of the aneurysm.
Cross section Spline length [mm] d [mm]
Section 1 104.67 33.32
Section 2 95.34 30.35

Figure 4.6: Portion of the aorta considered for the FE analysis. Cross section 1 is closest to the aortic
root while cross section 2 is closest to the aortic branches.

Figure 4.7: Volume obtained from the segmentation of CTA images.

56



4.3 Experimental test virtualization

4.3 Experimental test virtualization

4.3.1 3D geometry to model adaptation

The software used to simulate an internal pressure on the biological part is SOLIDWORKS® (Das-
sault Systèmes SolidWorks Corp.) Student edition. The analysis will be made using a shell with
a surface geometry concordant with the inner geometry of the aorta, with a constant thickness
of 1.9 mm based on presented papers where ATAA tissue was studied (Khanafer et al., 2011;
Di Giuseppe et al., 2019; Duprey et al., 2016).
When the STL file is loaded in the software, the geometry presented is a mesh (Figure 4.8)

with 79524 polygons that is not yet ready for analysis. The automatic tool, surface wizard,
converts this mesh file into a surface geometry, allowing only the manual input of refining the
detail of the surface, which will influence the number of faces present on the surface.
After the surface is generated with 1348 faces, some faces are not created and others are

deformed due to limitations on the manual setting of the detail during the surface wizard phase
(Figure 4.9a). This issue is fixed by deleting the surfaces and patching the hole with a surface
defined by the surrounding edges (Figure 4.9b).
Since the surface that is going to be analyzed does not include the end faces, since these will

be fixed during the non-linear simulation analysis, they will be merged thus reducing the number
of faces to fix, and allowing for a better performance of the hardware being used (Figure 4.10).
Finally, the creation of a simulation-ready geometry is complete.

4.3.2 Material model

As previously mentioned, aortic tissue has been characterized as a hyperelastic and incompress-
ible material. The constitutive model assumed for this simulation will be the hyperelastic and
isotropic two-term Mooney-Rivlin model (Mooney, 1940) used by Ruiz de Galarreta et al. (2017)
to present a methodology for verifying AAA wall stress. In this paper, AAA phantoms were
created, by segmenting CT images, with two commercially available bicomponent polyurethane
resins by a vacuum casting process.
The Mooney-Rivlin constitutive model (Bergström, 2015) is characterized by the following

expression

W = C10(I∗
1 − 3) + C01(I∗

2 − 3) + k

2 (J − 1)2 (4.3)

For this incompressible version of the model, k → ∞. To define the near compressibility of
the material the bulk modulus, k, was calculated using the expression

k = E

3(1− 2ν) (4.4)

Where E is Young’s modulus, and ν is Poisson’s ratio.
The incompressible version of the model is then characterized by the strain energy expression

W = C10I
∗
1 − 3) + C01(I∗

2 − 3) (4.5)
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Figure 4.8: Triangular-shaped polygon mesh geometry obtained from 3D Slicer software, with 79524
polygons.

(a) (b)

Figure 4.9: Surface creation from the STL initial geometry, with 1348 faces. (a) Existence of gaps on the
surface. (b) Deformed surfaces were deleted and the gaps were replaced based on surrounding
edges.

Where W is the strain energy, I∗
1 and I∗

2 are the first and second invariants of the Cauchy-
green deformation tensor, and C10 and C01 are material parameters. The Cauchy stresses in
uniaxial, planar, and equibiaxial deformations are expressed by (Bergström, 2015)

σuniax = 2
(
λ2 − 1

λ

)[
C10 + C01

λ

]
(4.6)

σplanar = 2
(
λ2 − 1

λ2

)
[C10 + C01] (4.7)
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Figure 4.10: Merging of the end faces to increase hardware performance.

σbiaxial = 2C10

(
λ2 − 1

λ4

)
+ 2C01

[
λ4 + 1

λ2

]
(4.8)

The material constants used for this concept proof will be 44.52 kPa for C10, 624.18 kPa for
C01, and 0.49 for ν (Ruiz de Galarreta et al., 2017).

4.3.3 Simulation and results

In the virtualization of the inflation of the specimen, The end faces, and the ones on their
periphery, were fixed, constraining them of translational motion and rotation. This condition
is only an approximation of the real boundary conditions during the actual experimental test.
Internal pressure is applied, being always perpendicular to the surface. 3 inflation trials were
executed, with 5 kPa, 10 kPa, and 20 kPa values for internal pressure. A curvature-based mesh
with triangular elements was generated with the following parameters:

- Element size: 4.0 mm
- Tolerance: 0.2 mm
- Number of nodes: 7022
- Number of elements: 3510
- Number of degrees of freedom: 34644

Figures 4.11 and 4.12 show the visualization of the test specimen on the testing device.
After all variables are set, the simulations are executed. The results for von Mises stress,

displacement, and strain are shown in Figures 4.13, 4.14, and 4.15.
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Figure 4.11: Isometric perspective of the virtualization of the assembly.

Figure 4.12: Front perspective of the virtualization of the assembly.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.13: Simulation results with 5 kPa of internal pressure. (a) and (b) von-Mises stress [Pa]. (c)
and (d) Displacement [mm]. (e) and (f) Strain.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.14: Simulation results with 10 kPa of internal pressure. (a) and (b) von-Mises stress [Pa]. (c)
and (d) Displacement [mm]. (e) and (f) Strain.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.15: Simulation results with 20 kPa of internal pressure. (a) and (b) von-Mises stress [Pa]. (c)
and (d) Displacement [mm]. (e) and (f) Strain.
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5 Conclusions and future work

The presented work was divided into different chapters, each one with an important role as
an introductory step to a large-scale investigation with the goal of adopting a biomechanical
approach to clinical practice. ATAA is a life-threatening pathology that takes thousands of lives
worldwide every year. To further dive into the study of its biomechanical behavior, one must
understand the anatomy of the aorta and the physiology behind aortic tissue and aneurysms.
The continuity of this study should be ensured with deeper research on the physiology of the
different layers of the aorta, both before and after the occurrence of an aneurysm, where the
significant existing heterogeneity should be deeply understood.
Computational tools have been increasingly used in clinical practice, where computed-aided di-

agnosis is possible through computer-aided detection and computer-aided quantification working
together to return usable quantities aimed at helping identify the pathology. Several techniques
have been presented to estimate in-vivo material properties and rupture risk index, but these
approaches require experimental tests to validate themselves. Several previously performed ex-
perimental tests were presented to understand the universe of biological tissue experimentation.
Specimen storing, handling and evaluation procedures, test protocols, and data analysis are
crucial information to biological tissue experimental practice.
With the aid of Axiomatic Design, it was possible to introduce an innovative experimental

device capable of performing an inflation test on an ATAA part. Functional requirements and
design parameters were determined so that all necessary functionalities were taken into con-
sideration. As future work, Axiomatic Design should be taken into further consideration and
the process variables need to be determined to build the pretended device. The dimensions of
a patient-specific geometry were used as a basis of work, however, the device was designed to
adapt to different lengths and curvatures of an ATAA and to perform inflation on aneurysms
from different segments of the aorta. The necessary parts that need to be fabricated were de-
signed, and the basic functioning and assembly were briefly explained. The device is capable of
inflating the subject with either a gas or a liquid. Some components of the full experimental
set were excluded from the technical drawing and graphical demonstrations, such as a liquid
or air pump, plastic tubes connecting the circuit, draining valve and reservoir, and the DIC
setup (software, cameras, tripods, and speckle pattern). As a suggestion for future work, to
assemble the entire experimental setup, all the previously mentioned components need to be
chosen based on the information presented in this work. The test specimen fixation technique
was chosen by an empirical method, and to perform the experimentation, this technique must
be previously validated in its capability of holding the subject in place and being leakage proof.
Once the setup is assembled, the first approach should be to use a material with a biomechanical
behavior similar to biological tissue to validate the device both in its mechanical operation and
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DIC performance.
A patient 3D-geometry was obtained via the segmentation of CTA images with open-source

software, a critical step in the FE analysis of the virtualization of the experimental test. Since
semi-automatic tools are used in obtaining this geometry, the accuracy of the models is fallible.
Furthermore, since rectification is done manually, and a final smoothing process is performed,
the final geometry is significantly influenced by the user’s input. As future work, several segmen-
tation methods should be taken into consideration, and the final geometry should be as similar
to the real geometry as possible.
By attributing known parameters to the obtained geometry, it was possible to create a digital-

twin platform and virtualise the experimental test. A hyperelastic and incompressible material
model characterized the FE analysis simulation. As a suggestion for future work, deeper research
into hyperelasticity should be made, and the constitutive model that better fits the experimental
data should be used. Finite element model updating is based on the solution of a minimization
problem where the goal is to minimize an objective function that evaluates the error between
the numerical and the experimental data. This method should be used on testing the ATAA
part to generate a model that better fits the biomechanical behavior of this material.
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1 Technical drawings

1 Technical drawings

In the following, the technical drawings of main parts of the device will be presented, as well as
assembly drawings:

1. Drawing DM-1

2. Drawing DM-2

3. Drawing DM-3

4. Drawing DM-4

5. Drawing DM-5

6. Drawing DM-6

7. Drawing DM-7

8. Drawing DM-8

9. Drawing DM-9

10. Drawing DM-10

11. Drawing DM-11

12. Drawing DM-12

13. Drawing DM-13

14. Drawing DM-14

15. Drawing DM-15

16. Drawing DM-16

17. Drawing DM-17

18. Drawing DM-18

19. Drawing DM-19

20. Drawing DM-20

21. Drawing DM-21

22. Drawing DM-22

23. Drawing DM-23

24. Drawing DM-24

25. Drawing DM-25
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26. Drawing DM-26

27. Drawing DM-27

28. Drawing DM-28

29. Drawing DM-S1

30. Drawing DM-S2

31. Drawing DM-S3

32. Drawing DM-S4

33. Drawing DM-S5

34. Drawing DM-S6
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Nº 51959

DM-S2

Verified

1 Connector block DM-3 AISI 316 21

1 Plastic holder M4x10 Plastic 20
Commercial 
component-

Fabory

1 Ball screw nut holder DM-7 AISI 316 19

1 Subset 1 DM-S1  18

2 Linear guide LUJR 12  17 Commercial 
component-SKF

8 Hexagonal low profile socket head 
screw M5x8mm  DIN 7984  Stainless 

Steel A2 16
Commercial 
component-

Fabory

1 Fixation part DM-1 AISI 316 15

1 Radial shaft seal  8634  14 Commercial 
component-SKF

1 Ball screw nut   13 Included in ball 
screw

1 Ball screw  DM-9  12 Commercial 
component-SKF

4 Precision shaft  LJ MR 12 100 
ESSC2  11 Commercial 

component-SKF

4 Shaft block  LSCS 12  10 Commercial 
component-SKF

2 Ball screw holder  DM-8 AISI 316 9

2 Retaining ring for shafts 6MM  DIN 471  Stainless 
steel 1.4122 8

Commercial 
component-

Fabory

1 Fixation part locker  DM-2 AISI 316 7

6 Hexagonal socket head screw 
M6x16mm  DIN 912  Stainless 

Steel A2 6
Commercial 
component-

Fabory

2 Sleeve bearing GFM-060709-
045  Polymer 5

Commercial 
component-

Igus

1 Male hose adapter  623400 00 44 BZ 
00  AISI 316L 4

Commercial 
component-

AIGNEP

4 Hexagonal low profile socket head 
screw M4x40mm  DIN 7984  Stainless 

Steel A2 3
Commercial 
component-

Fabory

1 Hexagonal nut M4  DIN 934  Stainless 
Steel A2 2

Commercial 
component-

Fabory

4 Hexagonal low profile socket head 
screw M3x8mm  DIN 7984  Stainless 

Steel A2 1
Commercial 
component-

Fabory
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NOVA School of Science and
Technology
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Designed

Drawn

Copied Master's Dissertation - Testing device for
an anatomical part

Francisco Castanho
Nº 51959

DM-S3

Verified

23/11/21
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1 Male hose adapter 623400 00 44 BZ 
00 AISI 316L 20

Commercial 
component - 

AIGNEP

1 Fixation part (inlet side) DM-10 AISI 316 19

1 Articulation connector - 1 DM-11 AISI 316 18

1 Articulation connector - 2 DM-12 AISI 316 17

1 Articulation connector - 3 DM-13 AISI 316 16

1 Hinge pin DM-15 AISI 316 15

1 Slot connector DM-14 AISI 316 14

1 Slot screw DM-16 AISI 316 13

4 Hexagonal low profile socket head 
screw M3x10mm DIN 7984 Staineless 

steel A2 12
Commercial 
component - 

Fabory

1 Connector with slot DM-17 AISI 316 11

2 Flange connector rod DM-18 AISI 316 10

1 Flange DM-19 AISI 316 9

4 Hexagonal low profile socket head 
screw M4x8mm DIN 7984 Staineless 

steel A2 8
Commercial 
component - 

Fabory

2 Retaining ring for shafts 14MM DIN 471 Staineless 
steel 1.4122 7

Commercial 
component - 

Fabory

1 Outlet shaft DM-20 AISI 316 6

1 Structutral profile DM-21 AISI 316 5

1 SLeeve bearing GFM-1416-17 Polymer 4

2 L-shaped profile 30x30mm DM-22 AISI 316 2
Commercial 
component - 

Fabory

2 Hexagonal low profile socket head 
screw M6x30mm DIN 7984 Staineless 

steel A2 1
Commercial 
component - 

Fabory
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Subset 4

NOVA School of Science and
Technology

1:2

Designed

Drawn

Copied Master's Dissertation - Testing device for
an anatomical part

Francisco Castanho
Nº 51959

DM-S4

Verified

1 Specimen rotation shaft DM-25 AISI 316 9

2 Specimen rotation shaft holder DM-22 AISI 316 7

1 Pulley DM-26 AISI 316 6

1 Specimen rotation shaft locker DM-24 AISI 316 5

1 Wing screw M6x25mm DIN 316 Stainless 
steel A2 4

Commercial 
componente-

Fabory

1 Star grip type plastic handle FS31 M6X15 Plastic 3
Commercial 

componente-
Fabory

2  Aluminium profile GFM-1416-08 Polymer 2
Commercial 

componente-
Fabory

2 Retaining rinf for shafts 14MM DIN 471 Stainless 
steel 1.4122 1

Commercial 
componente-

Fabory
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Device setup
table

NOVA School of Science and
Technology

1:5

Designed

Drawn

Copied Master's Dissertation - Testing device for
an anatomical part

Francisco Castanho
Nº 51959

DM-S5

Verified

16  Table fixator DM-27  AISI 316 6    

16 Hexagonal low profile socket head 
screw M4x14mm  DIN 7984  Stainless 

Steel A2 5   
Commercial 
component-

Fabory

1  Aluminium profile 45x45x245mm  MW10007

 Aluminium 
alloy Al Mg 
Si 6060 (ISO 

9006/1)

4   

Commercial 
component-
LIPRO/Metal 

Work

2  Aluminium profile 45x45x565mm  MW10007

 Aluminium 
alloy Al Mg 
Si 6060 (ISO 

9006/1)

3   

Commercial 
component-
LIPRO/Metal 

Work

2  Aluminium profile 45x45x340mm  MW10007

 Aluminium 
alloy Al Mg 
Si 6060 (ISO 

9006/1)

2   

Commercial 
component-
LIPRO/Metal 

Work

1  Setup table top  DM-28  AISI 316 1    
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NOVA School of Science and
Technology

1:5

Designed

Drawn

Copied Master's Dissertation - Testing device for
an anatomical part

Francisco Castanho
Nº 51959

DM-S6

Verified

18 Hexagonal nut M4 DIN 934 Stainless 
steel A2 9

Commercial 
component-

Fabory

4 Hexagonal nut M6 DIN 934 Stainless 
steel A2 8

Commercial 
component-

Fabory

4 Hexagonal low profile socket head 
screw M6x20mm DIN 7984 Stainless 

steel A2 7
Commercial 
component-

Fabory

18 Hexagonal low profile socket head 
screw M4x20mm DIN 7984 Stainless 

steel A2 6
Commercial 
component-

Fabory

1 Device setup table DM-S5 5

1 Subset 4 DM-S4 4

1 Subset 3 DM-S3 3

1 Subset 2 DM-S2 2

2 Subset 1 DM-S1  1  
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