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Abstract 

Simulations used for open cardiac surgical procedures usually involve an idealized phantom composed of 

commercial tissue substitutes or expensive single and cadaveric models. However, current phantoms lack 

patient specific pathologies and are often crude tubular models. Their mechanical properties are also very 

unrealistic and none of the present models are designed to be perfused in a physiologic manner. There is, 

therefore, a need for realistic physical training simulators to help surgeons to practice techniques, thus 

improve the procedures and patient safety.  

 

3D printing is a very promising and burgeoning field in medicine. It is an additive manufacturing process 

which is well suited to improving surgical training phantoms especially if one can create patient specific 

models which replicate the actual normal and pathological tissue characteristics and patient-specific 

geometries. An important aspect of 3D printed models used in surgical training is their limited material 

properties. To date, the simulators available lack the material properties needed to mimic the complex 

tissue properties of ascending aorta and the manipulations required during aortic surgery. For these 

reasons, the novel aspect of this thesis is to focus on the creation of synthetic composite materials that 

would be implemented in patient-specific geometries and would mimic the biomechanics of in vivo and 

ex vivo aortic tissue (normal and pathological). 

 

The research reported in this thesis aimed at establishing methods to create 3D printed aortic models 

with anatomical, tissue and physiological fidelities. Accurate patient-specific geometries were obtained 

by gated CT-Scan while the design of 3D printed and tunable composites was guided by the composition 

of the aortic tissue.  Mechanical evaluations of material samples were performed by tensile testing, nano-

indentation and suture retention strength tests. It was found that characteristics of the printed materials 

could be controlled, such as the hardness, strength and mechanical directional dependency.  

 

To demonstrate in vivo fidelity, a two-material composite was implemented into an aortic simulator and 

evaluated by echocardiographic speckle track analyses. The simulated tissue showed a good echogenicity 

and matched in vivo properties of patient aortas. 

 

This work demonstrates how a new generation of aortic simulators with patient-specific geometries can 

be created leveraging 3D printed tunable materials.  It shows that such simulators can replicate in vivo as 

well as ex vivo aortic properties for an enhanced surgical simulation training.  
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Résumé 

Les outils de simulations utilisés pour de la chirurgie cardiaque sont généralement des simulateurs aux 

géométries simplistes, ou bien des cadavres dont la quantité diminue au fil des ans et coûtent très chers. 

Cependant ces modèles synthétiques manquent de représentativité car ils n’ont que très rarement des 

formes pathologiques. On retrouve notamment des tubes très primaires pour simuler aussi bien des 

vaisseaux que des aortes. Les propriétés mécaniques de ces modèles ne simulent également pas bien le 

comportement des véritables tissus et aucun des simulateurs aujourd’hui ne peuvent subir une perfusion 

aortique. Il y a donc un véritable besoin de créer de nouveaux outils de formation pour aider les cardio-

chirurgiens à pratiquer leurs opérations afin d’en améliorer les gestes, les techniques et de diminuer les 

risques pour le patient. 

 

L’impression 3D est un domaine en pleine expansion, notamment en médecine. Il s’agit d’une méthode 

de fabrication par ajout de matière qui permette une amélioration des actuels simulateurs chirurgicaux. 

Cependant, la principale limite de cette technologie se trouve au niveau de ses matériaux qui ne peuvent 

actuellement pas imiter la complexité des tissus pour de la simulation chirurgicale. Cette thèse repose 

donc sur la création d’un matériau composite synthétique qui puisse être implémenté pour simuler du 

tissu aortique (in vivo et ex vivo) dans des géométries obtenues à partir d’images de patients. 

 

Le projet de recherche de cette présente thèse a donc pour objectif de créer des modèles aortiques 

imprimés en 3D ayant des fidélités d’ordre anatomique, mécanique (représentativité du tissu) et 

physiologique.  

Des géométries d’aortes de patients ont été obtenues à partir d’images CT-scan alors que le 

développement d’un matériau composite s’est fait en se basant sur la composition du véritable tissu. Les 

tests mécaniques effectués sur des échantillons de matériaux étaient en traction, compression et 

résistance à la suture. Nous avons trouvé que nous en avions pu contrôler la résistance en traction, 

compression et l’isotropie/ anisotropie. 

Le tissu synthétique a été ensuite implémenté dans une forme aortique pour une analyse par une analyse 

échocardiographique de suivi des marqueurs acoustiques. Le matériau a également montré une bonne 

capacité à être échogène et des similitudes de comportement mécanique avec de véritables aortes. 

Ces analyses ont donc démontré que les propriétés mécaniques de nos modèles permettent une bonne 

simulation d’aortes en conditions in vivo et ex vivo. Nous avons donc été en mesure de développer une 
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nouvelle génération de modèles aortiques faits d’un matériau composite dont les propriétés peuvent être 

contrôler afin d’améliorer la formation des cardio-chirurgiens.  
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1. Chapter 1: Introduction 

Cardiovascular disease is a leading cause of death in Canada that kills approximately 23% of those 

affected, mostly men (Government of Canada, 2016; Moore & Jimenez, 2011). The ascending thoracic 

aortic aneurysm (ATAA) is the most common pathology of the left ventricle outflow track, which has an 

incidence of approximately 10.4 per 100,000 person-years (Clouse et al., 1998). The ascending thoracic 

aorta (ATA) is deemed aneurysmal if the maximum diameter is 50% greater than the average healthy size 

(~25 mm) (Rosamond, Flegal, Friday, Furie, & Go, 2007) corresponding approximately to 50mm for an 

adult. This disease involves the aortic root and/or ascending aorta in approximately 60% of the cases 

(Isselbacher, 2005; Kouchoukos & Dougenis, 1997) (Figure 1).  It is caused by a remodeling of the medial 

layer of the vessel that produces an irreversible dilation of the vessel, resulting in an increased risk of 

vessel rupture or dissection due to weakness of the aortic wall. Untreated, rupture or dissection carry a 

mortality rate of 80-90%. 

 

 

Figure 1. a) Typical geometries of a human heart and b) an aorta with the blood flow directions illustrated with grey arrows. 

 

The treatment of an aneurysm involves cardiac surgery to replace the ATAA with a synthetic graft. Such 

operations when performed under emergency conditions following rupture or dissection have a surgical 

mortality of 15-24%.  Elective replacement prior to rupture or dissection is much safer with an estimated 

surgical mortality of 3.4% (Rampoldi et al., 2007; Williams et al., 2012). Such medical procedures require 
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high-levels of competency and precision that need to be acquired with significant training. To aid in 

acquiring the skills needed to perform complex procedures such as cardiac surgery, simulations are often 

used. Simulations are increasingly used to teach skills in a safe and controlled environment during 

interactive and/or immersive activities with actions or scenarios mirroring real life.  They also allow 

trainees to practice several times on numerous and different models. A large gain in performance has 

been found after simulation training (Norman, Dore, & Grierson, 2012) when the training tools are 

appropriately chosen for the tasks and level of experience of the learners (Adams et al., 2015; Maran & 

Glavin, 2003; Munshi, Lababidi, & Alyousef, 2015). Moreover, many studies have proven that medical 

simulations improve the ability to learn rapidly (Rosen, 2008), increase the knowledge, confidence and 

management skills (Chakravarthy et al., 2011).  

 

Simulations used for open cardiac surgical procedures usually involve an idealized phantom (also known 

as simulator) composed of commercial tissue substitutes or expensive single and cadaveric models. 

However, current phantoms lack patient specific pathologies and are often crude tubular models. Their 

mechanical properties are also very unrealistic, moreover none of the present models can be perfused in 

a physiologic manner. There is, therefore, a need for realistic physical training simulators to help surgeons 

to practice techniques thus improve the procedures and patient safety. 

 

3D printing is a very promising and burgeoning field in medicine. It is an additive manufacturing process 

in which several layers of monomer liquid can be laid down and solidified through ultraviolet rays or 

filaments can be melted by heat to make 3D objects in almost any shape. Powders are also an option but 

will not be used in this study. The resulting materials may be rigid or flexible. This 3D technology is well 

suited to improving surgical training phantoms especially if one can create patient specific models which 

replicate the actual normal and pathological tissue characteristics and patient-specific geometries. A most 

important aspect of 3D printed models used in surgical training relate to their material properties. To 

date, the simulators available lack the material properties needed to simulate surgical and the complex 

(non-uniform, heterogeneous, anisotropic) properties of ascending aortic tissue. The novel aspect of this 

thesis is to focus on the creation of synthetic composite materials which mimic the biomechanics of ex 

vivo/ in vivo tissue and allow for the full range of surgical manipulation under life-like conditions.  
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2. Chapter 2: Objectives, research question and overview of the thesis 

2.1. Objectives and research question 

The goal of my thesis research is to improve the surgical training of cardiac surgeons by developing better 

surgical training models. In particular, my research focused on using 3D printing of material composites 

to create normal and pathologic aortic geometries with similar aortic material properties which would be 

suited for perfusion, resection, cutting and suturing. Passive ex vivo and in vivo biomechanical 

characteristics of human thoracic ascending aortic tissues (ATA, ATAA) were measured and used to guide 

and validate material selection and composite creation.    

 

My fundamental research question was : Can 3D printed material be used to represent human aortic 

tissue needed for physical simulation?  

 

The objectives were to:  

1. Create a composite material by combining materials compatible with 3D printing to simulate the aortic 

tissue mechanical properties (ATA, ATAA): 

    1.1. Design and create 3D printed composites made of available 3D printed materials, 

    1.2. Quantify the material properties of the composites, the aortic tissue and commercially available 

materials used in medical simulation by mechanical testing for comparison purposes: 

 1.2.1. Tensile testing, 

 1.2.2. Surface hardness, 

 1.2.3. Suture retention strength. 

 

2. Create a series of anatomically correct ATA and ATAA training phantoms: 

    2.1. Static rigid phantom,  

    2.2. Static mechanically realistic phantom, 

    2.3. Physiologically realistic phantom. 

 

3. Evaluate the ability of 3D printed composite aortic models to replicate in vivo physiological tissue 

dynamics. 
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2.2. Overview of the thesis  

This thesis comprises nine chapters. The introduction is in Chapter 1, and the objectives as well as the 

research question are discussed in Chapter 2.  

Chapter 3 presents a literature review pertinent to the thesis and contains exerts of a paper I co-authored 

with Alexander Emmott (Emmott et al., 2016). It explains the biomechanics of ATA and their constitutive 

frameworks. 

Chapter 4 is a published manuscript that reviews the use of 3D printing in medical education and the state 

of the art of the current technologies. A method to create patient-specific simulator based on the example 

of an aortic phantom was developed and explained step-by-step.  

In Chapter 5, a second published manuscript is presented that focuses on designing and testing tissue-

mimicking multi-material composites for 3D printing. The mechanical properties of the material were 

evaluated and compared to normal and aneurysmal aortic tissues (ATA, ATAA).  

In Chapter 6, a draft manuscript that tested 3D printed aortic models in a flow loop for physiological 

fidelity is presented. In this work, we compared their echo-properties to the ones obtained for patients in 

the MUHC aortic clinic.  

Finally, conclusions and recommendations are presented in chapter 7 along with the original contributions 

to knowledge (Chapter 8) and the future work in Chapter 9..   
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3. Chapter 3: Literature review 

3.1. Biomechanics of the thoracic ascending aorta 

3.1.1. Thoracic ascending aorta 

Aneurysms of the thoracic ascending aorta often require prophylactic surgical intervention to resect and 

replace the aortic wall with a synthetic graft to avoid the risk of dissection or rupture. Such a procedure is 

recommended for patients with a maximum ascending aortic diameters at a range of 4.2-5.5 cm, 

depending on etiology and need for concomitant cardiac surgery (Bonow, 2008; Boodhwani et al., 2014; 

Hiratzka et al., 2010; Kuzmik, Sang, & Elefteriades, 2012). Although the risk of dissection and rupture 

increases with the size of aneurysm, different pathologies, including aortic valve phenotype and 

connective tissue disorders uniquely influence the mechanical dysfunction of the aortic wall. Dissection 

and rupture are mechanical modes of failure caused by an inability of the tissue to withstand local tissue 

stresses.  

The cause of ascending ATAA is often considered idiopathic, however, several pathological features have 

been suggested. This pathology is associated with known genetic mutations (Marfan syndrome, Ehlers 

Danlos syndrome) and bicuspid aortic valve patients.  Approximately 60% of thoracic aortic aneurysms 

involve the aortic root and/or ascending aorta (Isselbacher, 2005; Kouchoukos & Dougenis, 1997). 

 

3.1.2. Characteristics of the ascending aortic tissue 

Aortas have a three-layer structure that varies with location and age. The inner layer that comes in contact 

with blood flow is the intima, while the adventitia is the outer fibrous layer. The media (middle layer) is 

usually the thickest layer and provides the majority of biomechanical response in healthy tissue. The 

passive elastic behavior and tensile strength of the vessels are mostly controlled by the fibrils of elastin 

and collagen (Lasheras, 2007; Tsamis, Krawiec, & Vorp, 2013) both largely present in the media (Figure 2). 

At 80% of the total thickness of the aortic wall, the media is also the largest layer of the tissue (Morton & 

Barnes, 1982). Collagen fibers are mostly arranged circumferentially (Wolinsky & Glagov, 1964) and their 

orientations are important to the mechanical properties of the tissue as well as their directional 

dependency (isotropy, anisotropy) (Gasser et al., 2012). Normal aortas have been reported to be 

anisotropic with increased stiffness in the circumferential directions (Holzapfel, Sommer, & Regitnig, 

2004; Mulvany & Aalkjaer, 1990).  
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Figure 2. Histopathology of the ascending aorta using Movat pentachrome staining, a) in a 52-year-old man with a nondilated 
ascending aorta and b) a 51-year-old man with a 5.8-cm dilated ascending thoracic aortic aneurysm. Black indicates elastin; 

red/purple, smooth muscle cells; blue, mucopolysaccharides; and yellow, collagens. 
Reprinted with permission (Emmott et al., 2016). 

 

A mechanically-normal aorta distributes blood flow from the heart to the capillaries in order to carry 

oxygen to the body. This portion of the cardiovascular system is also known as the systemic circulation in 

which arteries have non-linear viscoelastic material properties and thus time-dependent deformations. 

These biomechanical properties are governed by both the composition and structure of the vessel wall. 

The elasticity aids to the propulsion of the blood during the loading cycles, when expansions and 

contractions of the arteries are generating energy. The energy will be absorbed by the tissue and its 

amount would vary with the patient health conditions (Chung, Lachapelle, Cartier, Mongrain, & Leask, 

2017). For instance, Chung et al. (2014) have shown that a loss of energy correlates with the aneurysm 

size and histopathologic findings. Such parameters could, therefore, be used as predictors for risk 

assessment. 

 

Under load free conditions, residual stresses and strains are present in the tissue. When an artery is 

radially cut, the ring unrolls and opens with an opening angle that is dependent on the residual stress and 

heterogeneity of the vessel (Taber & Humphrey, 2001). This residual stress in the artery is necessary for 

the active expansion and contraction that most vessels can control to modulate physiology (Humphrey, 

2010; Taber & Humphrey, 2001). 

 

3.1.3. Alteration of the mechanical properties  

Mechanical properties of the aorta can be affected by different factors such as ageing, diseases 

(atherosclerosis, diabetes, aneurysms, hypertension) and/or quality of life (smoking, exercise, food).  

Ageing causes many biomechanical changes to vessels including tissue remodeling due to degradations 

and syntheses of the tissue (M. Wang & Lakatta, 2002), an increase of the stiffness and stress due to heart 
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rate and blood pressure (Länne, Sonesson, Bergqvist, Bengtsson, & Gustafsson, 1992). It also affects the 

amount of collagen and concentration of elastin that increases and decreases respectively. Fibers of 

elastin tend to fragment (Tsamis et al., 2013) but the mechanisms behind this degeneration remain 

unknown. The wall thickness of ageing aortas has been reported to either increase (A. E. Li et al., 2004) or 

remain constant (Turkbey et al., 2014) over time. Even remaining constant requires the vessel to remodel 

and synthesis new material to keep up with the expansion. Mechanical fatigue failure likely also 

contributes to this tissue remodeling over a lifetime (Greenwald, 2007). As a result, the aorta naturally 

dilates over time at a rate of approximately 0.15 mm per year (Hager et al., 2002; Turkbey et al., 2014).  

 

When an aneurysm occurs in the ascending aorta the geometry and biomechanics of the tissue change 

(Driessen, Peters, Huyghe, Bouten, & Baaijens, 2003).  Generally degenerative ATAA has a decrease of the 

quantity and quality of elastin fibers which stiffen the tissue (Iliopoulos, Kritharis, Giagini, Papadodima, & 

Sokolis, 2009). In older patients, a loss of smooth muscle cells and increase in collagen content further 

increases the tissue stiffness. Over the evolution of the disease, the loss of tissue structure results in 

material properties that are not dependent on the direction (isotropy) (Chung et al., 2017). Aneurysms 

have been attributed to medial degeneration (formerly termed cystic medial necrosis or cystic medial 

degeneration (Hirst, Johns, & Kime, 1958)), a non-inflammatory loss of smooth muscle cells and 

fragmentation of the elastic fibres (Carlson, Lillehei, & Edwards, 1970; Hirst et al., 1958). Medial 

degeneration that leads to aneurysm is believed to be an imbalance in the synthesis and degradation of 

the medial matrix proteins but, currently, the cause of medial degeneration is still poorly understood. 

What is clear is that, as the ascending aorta dilates, it continues to lay down new tissue and tries to 

preserve its thickness, which would otherwise decrease with increasing diameter (Choudhury et al., 2009; 

Tang et al., 2005). Although medial thickness might decrease with idiopathic aneurysm (Tang et al., 2005), 

total wall thickness usually remains constant (Choudhury et al., 2009; Tremblay et al., 2009). The effect of 

age on aortic wall thickness is less clear and dependent on the disease state. In fast growing aneurysms, 

the rate of synthesis or degradation can cause the vessel to thin. 

 

3.1.4. Characterization of biomechanical parameters defining the aorta 

Laplace’s law  

Aortic size as a predictor of mechanical stability. Maximal aortic diameter is the primary criterion for 

patients who undergo prophylactic surgery of the aorta with graft replacement. It is important to 

acknowledge that this measure is not a mechanical property, but instead acts as a surrogate for tissue 



8 
 

circumferential stress (σθ). This mechanical interpretation follows Laplace’s law, which states that the 

circumferential stress in a vessel simplified by a cylinder with a defined thin wall thickness (τ) is a function 

of the aortic radius (r) and the pressure exerted on the vessel wall (P) by the following relation (Figure 3): 

σθ =
Pr

τ
            (1) 

This simple model of tissue stress fundamentally assumes the vessel material is linearly elastic and has no 

directional dependency in its mechanical properties (isotropic). It also assumes the vessel is a uniform, 

straight cylinder with no other applied stresses other than blood pressure. In this model, the 

circumferential stress in the vessel wall is then proportional to the size of the aneurysm alone if the tissue 

thickness and blood pressure remain constant. This suggests that, at exceedingly large aortic diameters, 

the circumferential stress might exceed the ultimate tensile strength of the tissue and rupture might 

occur. Setting a threshold diameter limit implicitly assumes that all thoracic aortas have the same ultimate 

strength, thickness, and blood pressure. 

 

The derivation of Laplace’s law assumes that the stress-strain relationship is linear, and related by a 

constant tissue stiffness modulus, also known as the Young’s or elastic modulus (E). Although aortic tissue 

is nonlinear and hyper-elastic, the linear elastic model can describe tissue deformation for small changes 

in strain (see green linear curve on Figure 4). The equation for linear stress-strain is presented as follows:  

σ = E. ε           (2) 

where σ and ε are the material stress and strain, respectively. It is well known that vessel stiffness (E) is 

variable from patient to patient and generally increases with age (Okamoto et al., 2002; Okamoto, Xu, 

Kouchoukos, Moon, & Sundt, 2003) and with aneurysm (Choudhury et al., 2009; Vorp et al., 2003). In a 

stiff rather than a compliant vessel, it is intuitive that wall stress will increase at a much faster rate as the 

vessel expands. Even with the assumption of linear elasticity, the sole use of diameter neglects differences 

in tissue stiffness. 
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Figure 3. Illustration of Laplace’s law: wall tensions in the vessel (simplified by a cylinder with a radius r larger than a wall 

thickness τ) when pressure P is exerted by the aortic blood flow. P is assumed evenly distributed over the wall. σθ is the 
circumferential stress. 

Reprinted with permission (Emmott et al., 2016). 

 

 

 

Figure 4. Typical shape of stress-strain curve for linear elastic (green line) and visco-elastic response of biological tissue (black 
line). (A) Elastic modulus of a linear elastic material (E), (B Elastic modulus of a nonlinear material (Em) and (C) Energy loss. 

Reprinted with permission (Emmott et al., 2016). 

 

Ex vivo evaluation 

Measurement of the tissue biomechanics 

Ex vivo mechanical testing of excised ascending aorta is the “gold standard” for assessment of mechanical 

properties, such as tissue stiffness. Healthy aortic tissue is acquired from transplant donors or from 

autopsy and ascending ATA specimens are acquired during elective surgical repair. Mechanical testing is 

done within 24-48 hours and specimens are kept mostly in a refrigerator (Choudhury et al., 2009; E. D. 

Matsumoto, Hamstra, Radomski, & Cusimano, 2002; J. S. Matsumoto et al., 2015), a freezer (Pham, 

Martin, Elefteriades, & Sun, 2013), or on ice (Chung et al., 2014). Freshness of the sample and techniques 

to keep the structure intact are major issues. To avoid tissue degeneration, aortas are often kept in saline 
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or gauze at a low temperature. Before testing an equilibration at room temperature is required for the 

tissue. Ideally, because of the temperature dependence of material properties, tests are conducted at 

body temperature.  

 

Although ex vivo mechanical testing is rigorous and reproducible, there are important limitations. Most 

importantly, it is a post-operative or post-mortem analysis, because it requires the tissue to be removed 

from the patient. It is also labour-intensive which translates to a limited number of tissue samples in any 

given study. Thus, interpretations and the conclusions might not be representative of the larger patient 

population. As can be seen in Emmott et al. (2016), the number of samples ranges between 6 and 40 in 

tensile testing, which leaves very little room for patient subcategorization with any statistical power. Also, 

ATA tissue is inhomogeneous with regional variations (Choudhury et al., 2009; Chung et al., 2014; 

Iliopoulos et al., 2009) . Most studies neglect this potential variability especially when a small quantity of 

tissue is analyzed. Moreover, several tissue samples are sometimes extracted from the same subject, thus 

the diversity of the patient population and their tissue characteristics remain limited (Khanafer et al., 

2011; T. Matsumoto et al., 2009). This can be overcome by systematically sampling labelled quadrants of 

ascending aorta for each specimen (Choudhury et al., 2009; Tremblay & Leask, 2011). 

 

Tensile testing derived metrics 

The passive biomechanical properties of the aorta are often evaluated using ex vivo tensile testing in 

which a sample of aortic tissue is stretched and the corresponding tension in the wall is measured. By 

measuring this tension along with the amount of stretch (displacement), a stress-strain relationship curve 

is developed. Vascular tissues, like the ascending thoracic aorta, are hyper-elastic materials characterized 

by a nonlinear relation between stress and strain (Figure 4). Moreover, vascular tissue is viscoelastic, 

which results in hysteresis in the tensile testing loop where the stress-strain relation follows different 

paths when load (loading) and removing load (unloading) are applied. These tensile tests can be 

conducted in a single direction, usually in either a circumferential or longitudinal orientation, and this is 

called uniaxial tensile testing; or tests can be conducted simultaneously in the circumferential and 

longitudinal directions, and this is called biaxial tensile testing. For uniaxial tensile testing, samples are 

often cut in rectangular shapes oriented along the desired axis and stretched lengthwise. Uniaxial testing 

generalizes the behaviour of the sample with 2 independent pieces, which might have unique structural 

imperfections and geometrical parameters, and can increase analytical errors. It also neglects the transfer 

of stress from one direction to the other. Therefore, biaxial tensile testing, which takes into consideration 
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the tensile properties in 2 axes simultaneously, is recommended. In this configuration, specimens are cut 

in squares, which allows for testing in 2 perpendicular axes and then stretched to obtain the tissue’s 

stress-strain response. Equi-biaxial tensile tests are biaxial tests in which the tissue is stretched or loaded 

simultaneously and equally in both axes. This allows for the coupled response of the tissue in both 

directions to be measured. 

 

Currently, there are several families of testing protocols that are used to evaluate the mechanical state of 

vascular tissues. Herein, we focus on the cumulative understanding of the mechanics of ascending aortic 

tissue using planar tensile testing; however, it is important to acknowledge that other metrics are needed 

for a holistic understanding of tissue biomechanics. In interpretation of published tensile test data, it is 

important to note there are multiple definitions of stress and strain or stretch that can be used. However, 

the main biomechanical parameters evaluated in the literature are the following. 

 

The apparent elastic modulus is a parameter of a non-Hookean material (a material with a nonlinear 

stress-strain relation) and can be thought of as a material’s resistance to deformation at a given strain or 

stress value. Elastic modulus, therefore, corresponds to the slope of the stress-strain curve under loading 

(Figure 4) and, because it is variable along the curve, must be defined at a specific strain or stress value. 

Although general trends can be derived from a study to study comparison (for instance, ascending ATAA 

are generally much stiffer than healthy ATA), stiffness values cannot readily be compared unless they are 

reported with a similar definition of stress and strain and reported at the same point on the curve. 

Notably, a material’s stiffness describes its relationship between the applied load (stress) and tissue 

stretch (strain) but does not describe the material strength. Because of the nonlinear stress-strain 

relationship of biological tissues, stiffness is a relative metric and compliant materials (low stiffness) might 

be strong and rigid materials (high stiffness) might be weak. 

 

Energy loss is a recently proposed biomechanical parameter. It has the advantage of being an integral 

metric of the mechanical response to loading and unloading and is self-normalizing, which makes it less 

susceptible to strain and stress definitions and testing variables. It is a measure of the relative amount of 

energy loss of the loading cycles during tensile testing (Figure 4) (Chung et al., 2014). This reflects the 

aorta’s natural physiologic function in absorbing energy during systole and returning a proportion during 

diastole. Increasing levels of energy loss indicates poor efficiency in performing this function. Higher 
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energy loss has been found to be associated with aortic size and to reflect the underlying histopathology 

(Chung et al., 2014). 

 

Indentation derived metrics 

Indentation testing, also known as a compression test, is used to evaluate the local material properties in 

contrast to tensile testing designed for macroscopic properties. It characterizes a large panel of tissue 

including the vascular tissue (T. Matsumoto, Goto, Furukawa, & Sato, 2004) but techniques are often 

custom-made thus difficult to compare. Moreover, publications on the evaluation of human aortas remain 

rare as porcine aortas are easier to collect and test. 

 

Indentation can be used to characterize the compressive stiffness of the material with a compressive 

modulus (Ecomp) generally defined by the method of Oliver and Pharr (1992). It helps to determine the 

tactile properties of the materials thus the haptics on a macro level. The parameter is calculated from the 

Poisson’s ratio of the material, the apparent elastic modulus and Poisson’s ratio of the indenter (Eind, νind), 

as well as the reduced modulus Er. 

 

Ecomp =
(1−ν2)EindEr

Eind−Er(1−νind
2 )

          (3) 

 

The Er is derived from the material stiffness obtained from compression (Si) and projected contact area 

(Ac) of the spherical tip. Ac is expressed with the radius of the sphere (R), the contact depth (hc) computed 

with the maximum depth penetration (hmax), the maximum load (Pmax) and stiffness corresponding to the 

slope of the beginning of the unloading curve (see Figure 5). 

 

Er =
√πSi

2√Ac
           (4) 

Si =
dP

dh
            (5) 

Ac = 2πRhc           (6) 

hc = hmax −
3Pmax

4Si
          (7) 
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Figure 5. Typical loading and unloading curves of the load and penetration-depth with visco-elastic materials in indentation. 
Pmax is the maximum load, hmax the maximum depth and Si the stiffness of the material calculated with the slope of the 

beginning of the unloading curve 

 

In vivo evaluation 

Clinical imaging modalities are the current standard for assessment of the degree of aortic dilation in cases 

of suspected aneurysm and aortic valve dysfunction. As a result, these methods have been adapted to 

infer the in vivo biomechanical properties of the aortic wall, in a preoperative and minimally invasive way. 

O’Rourke, Staessen, Vlachopoulos, and Duprez (2002) provide a comprehensive summary of the metrics 

used for in vivo mechanical imaging. In most cases, a patient with suspected aortic disease will undergo 

echocardiography (echo) imaging to observe valve function and phenotype and to measure the 

dimensions of the vessel. Echo Doppler measurements have the added benefit of visualization of 

hemodynamics in the ascending aorta, including the jet/wall interaction during systole. Two-dimensional 

and M-mode echo measurements in tandem with an aortic pressure line can be used to determine a 

pressure-diameter relation (often only in the circumferential direction), which can reveal the level of 

aortic distensibility and estimate stiffness. Using diameter change, in an observation of the long-axis of 

the aorta, Baumgartner et al. (2005) showed that young patients with Marfan Syndrome had significantly 

stiffer aortas compared with those in control subjects (Baumgartner et al., 2005). Similar work has been 

used to reveal the in vivo stiffening behaviour of the ascending aorta in response to chronic hypertension 

(Vitarelli et al., 2010). Recalling Hook’s law, strain alone is insufficient to estimate the stress in the tissue 

and requires a priori knowledge of the tissue material properties. Transverse (or short-axis) imaging of 

the aorta using 2- dimensional echo with speckle tracking, a process that tracks the movement of natural 

acoustic markers (“speckles”) that move with the wall, can better account for circumferential diameter 

change. Using this method, which is well established for left ventricle strain assessment (Hoit, 2011), the 
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full circumference of the aorta can be imaged, which accounts for nonuniform wall motion (Teixeira et al., 

2012). New developments in 4-dimensional (4D) echo (3-dimensional reconstruction with temporal 

resolution) will likely provide a more robust analytical tool for in vivo mechanical measurements and allow 

for simultaneous strain assessment in the circumferential and longitudinal aortic axes. Again, for such in 

vivo strain imaging to be used to estimate tissue stress requires knowledge of the tissue’s mechanical 

properties. Strain imaging will require extensive population analysis and comparison with ex vivo 

mechanical properties to become a reliable tool for patient stratification. 

 

3.2. Surgical education 

3.2.1. Medical simulation: an increasingly popular educational method 

Concept of simulation 

Surgeons require a high skill set that is traditionally acquired through an intensive training in the clinic 

which, for several years now, include medical simulation. This educational method allows a repeatedly 

practice at any time in safe and controlled environments without harming patients (de Montbrun & 

MacRae, 2012; Dutta & Krummel, 2006). The effectiveness of the training as well as its significant 

improvements in the learning curves of the users have been demonstrated in the literature (Chakravarthy 

et al., 2011; de Montbrun & MacRae, 2012; Dutta & Krummel, 2006; Marr et al., 2012). The main 

advantage of simulation is to provide an experience outside the clinical environment. Since the amount 

of experience is generally tied to the development of competency, the ability to continually practice and 

be engaged with simulated cases would greatly help the development of expert surgeons. 

 

Simulations are virtual or physical but can be complimentary. However, physical interaction has been 

proven to be the key for learning (Dutta & Krummel, 2006) and gaining motor skills needed for surgical 

intervention (Armillotta et al., 2007; Kalejs & von Segesser, 2009; Sulaiman et al., 2008; Suzuki et al., 

2004). The importance of being trained with graspable models was highlighted by many studies (Lujan & 

DiCarlo, 2006; Shah, Ahmed, Shenoy, & Srikant, 2017) who found that students had a preference for 

kinesthetic learning, also known as tactile learning. It teaches through interactions, physical involvement 

by the manipulation of tools made of textual materials mimicking real tissues. The importance of touch as 

well as real like tissue manipulation for learning and surgical training is the major impetus to develop a 

large panel of custom-made physical aortic simulators for the future generation of cardiac surgeons. The 
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models would have the advantages the anatomy of the vessel (normal or pathologic) but would also allow 

the practice of several medical manipulations (instrument handling, knot tying, suturing, sewing). 

 

Three levels are generally distinguished. Firstly, there is a technical goal which may be done without any 

clinical context. Trainees will be just learning and practicing the procedure. Secondly, there is the 

contextual approach where technical training is done in conjunction with cognitive simulation in which 

typical scenarios may be reviewed and discussed. And thirdly, there is a full blown scenario providing 

cognitive and circumstantial contexts (Dutta & Krummel, 2006; Evgeniou & Loizou, 2013) in which the 

trainee must manage a procedure in a hands on approach. The stress and anxiety levels generally increase 

through the steps and are known to be important as they will prepare the students to unpredictable real-

life situations (Kneebone & Baillie, 2008).  

 

Several categories of training were identified in the literature such as the (Chakravarthy et al., 2011; de 

Montbrun & MacRae, 2012; Dutta & Krummel, 2006; Marr et al., 2012):  

- standardized patients (played by actors), 

- partial-task trainers: trainers for specific medical procedures, 

- mannequins: patient simulators, 

- screen-based computer simulators: virtual patients on screen,  

- virtual-reality simulators: virtual patient's organs and anatomy on screen.  

However, none of the methods would be enough by themselves as they would be better used together 

and in conjunction (Fox, Walker, & Draycott, 2011). 

 

Simulators 

Human cadaveric tissue is commonly used in surgical education for the representative anatomically 

correct geometries (anatomic fidelity). However, types (disease, congenital defect for instance) and 

numbers of pathologies, as well as donors, would not allow every single student to practice on deceased 

patients. Post-mortem tissue left in the bodies or collected from them might also present alterations of 

properties depending on the type of preservation.  We therefore have a “pseudo tissue fidelity” with 

mechanical properties varying among cadavers. 

Animal tissue is also an alternative way to develop surgical skills but could differ in anatomy and 

properties. Therefore, both methods would give the opportunity to replicate surgeries and develop motor 
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skills, even though they would present limitations, remain expensive and impractical for large scale 

repeated training. 

 

Developing skills, knowledge and experience while being confronted to a large panel of pathologies with 

realistic tactile feel is primordial for optimal training. For those reasons, synthetic simulators were 

developed to compensate the lack of living tissues and organs. Needs would differ depending on the 

medical field and specialization, but the concepts would remain mostly the same for every application.  

One of the biggest challenges today in surgical simulation is the lack of materials to develop deformable 

polymers that would imitate the characteristics of soft tissue with a representative anisotropy/ isotropy, 

viscoelasticity and compressibility (Zhang, Zhong, & Gu, 2018). In addition, it has been shown that a good 

training tool should present specific features such as the possibility to use models several times, its 

feedback while practicing if instructors are not supervising, and variation of the level of difficulties with 

clinical variations (Evgeniou & Loizou, 2013). Creating surgical simulators is therefore a complex task and 

a limited number of applications and/or characteristics would have to be defined at the very beginning of 

the process. 

 

Bipolar definition of the fidelity 

The bipolar concept of low-fidelity (LF) and high-fidelity (HF) is common in medical simulation even though 

the definition of fidelity remains unclear. However, it usually refers to the degree of realism of the 

simulator (Paige & Morin, 2013), thus the physical resemblance to human patients (how the simulator 

looks, feels and acts) (Hamstra, Brydges, Hatala, Zendejas, & Cook, 2014).  

 

LF reproduces basic actions or scenarios but neglect factors and/or distractions (patient movements or 

discomfort) that the participants might experience under real-life conditions (Kneebone & Baillie, 2008; 

Maran & Glavin, 2003) and the training courses focus on small concepts and specific tasks until skills are 

fully mastered by the learners (sutures). However depending on the context, models should not be too 

oversimplified as they may affect skill transfers to the real tasks (Evgeniou & Loizou, 2013). Medical 

professionals usually start with LF environments and move towards using HF for advanced training 

because complex skills require complex tools (Norman et al., 2012). HF simulation mimics real-life 

conditions thus recreate very realistic situations where trainees are subjected to any number of situations 

and vast arrays of pathologies without putting patients at risk.  
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However, increasing the level of fidelity with complex and sophisticated simulators might not produce 

significant improvements.  In pediatric emergency care training, it has been shown that increasing the 

level of fidelity has no impact on the learning of non-technical skills (practice-based training) or mental 

strain.  HF did reduce the numbers of interruptions during the tasks and increased the performance (time 

between the beginning of the evaluation and oxygen prescription) (Meurling et al., 2014). In contrast, 

other studies (Adams et al., 2015; De Giovanni, Roberts, & Norman, 2009; Lee, Grantham, & Boyd, 2008) 

and review (Norman et al., 2012) suggest that there was no performance improvement using HF over LF, 

therefore complex HF might be superfluous especially for novices (Adams et al., 2015; Munshi et al., 2015) 

and when the costs are higher due to only small improvements and/or new features on the models (Maran 

& Glavin, 2003). 

 

To conclude, simulators need to be chosen in accordance with the tasks and learners (skills and  amount 

of practice required to develop one of them (Evgeniou & Loizou, 2013)) and LF simulation remains the 

most cost-effective method (E. D. Matsumoto et al., 2002). 

 

Typologies and dimensions of fidelity 

It may be too simplistic to limit the characterization of the simulation to LF and HF. A simulator could be 

both depending on which features (auditory, tactile or functional) are emphasized, in what contexts they 

are used and the learners being trained (Hamstra et al., 2014). For these reasons, Hamstra et al. (2014) 

identified two concepts: the structural fidelity (Does the simulator look like human patients?) and 

functional fidelity (What clinical tasks can we teach with the simulator?). Structural fidelity may not be 

the parameter that would improve the learning of the trainees since the physical resemblance does not 

necessarily affect the educational effectiveness. However, functional fidelity remains essential in surgical 

education as it would allow the practice of basic medical manipulations (suturing skills) with simulators 

mimicking the dynamic and tissue mechanics of real patients. Paige and Morin (2013) distinguished the 

physical, psychological and conceptual dimensions in simulation. The physical aspect defines the 

equipment (manikins) and environment (sounds, visuals, smells, etc.), when psychological refers to the 

emotional responses to the actions and the conceptual dimension recreates responses to medical 

situations such as a drop-in blood combined with a reduction in pulse strength for a state of shock. It is 

important for clinicians to learn the relationships between the different symptoms for good diagnostics.  
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Norman et al. (2012) differentiated the psychological fidelity to the engineering fidelity. Psychological 

fidelity would be the most important dimension in simulation as even simple models with no complex 

mechanisms could be good enough for teaching. For instance, practicing suturing skills would lead to a 

better performance if the trainees use extracted porcine tissue than good visual computer-based 

simulations with bad haptic rendering. The level of fidelity remains a debate within the medical 

community as fidelity does not equal better learning necessarily. The differentiation could be done with 

the type of procedure one is learning and the aim of the simulation. Most studies have focused on basic 

skills and basic procedures (Cook et al., 2011) thus fidelity is not that important, and learning can be 

attained with simple models. However, most studies have not looked a complex procedure, such as 

cardiac surgery. It is generally thought, that the more complex the procedure, the more fidelity required. 

In addition, if one is using simulation as an adjunct to clinical training, then some parts can be learned on 

a basic trainer and the more complex parts learned in the clinical environment. If one is using simulation 

instead of clinical experience, then the simulation must have extreme fidelity.  

 

3.2.2. State-of-the-art of vascular phantoms 

Cardiovascular diseases are treated most of the time by endovascular or surgical interventions (Moore & 

Jimenez, 2011). These cardiac procedures (listed in Table 1) require manipulations, reconstruction, repair 

or resection of diseased cardiac or vascular tissues which are all systematically involving the ATA (Rooke, 

Sullivan, & Jaff, 2007; A. Wang & Bashore, 2009).  

 

A wide range of cardiovascular phantoms are available on the market, but their goals and characteristics 

differ from one another.  An international study also revealed that there were large disparities between 

simulation centres as they would not necessarily use the same training tools for one specific task (Qayumi 

et al., 2014). Similarly, it was found that the education level of the participants, the lack of inter-

professional experience, the curricular integration and the infrastructure support would differ around the 

world. Postgraduate students are more likely to have simulation classes involving online modulus and task 

trainers, regardless the speciality. In this section, the major commercial products for surgical simulation 

are presented.  
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Table 1 Common cardiac diseases and treatments. 

   Treatments 

Cardiovascular 
disease  
 

Surgical manipulation  
(Doty & Doty, 2012; Barry D Mann, 2008; B. D. Mann, 2008) 

Endovascular manipulation   
(Doty & Doty, 2012; B. D. Mann, 2008) 

Ischemic heart 
disease  
 

Coronary bypass surgery 
(Miller, 1977) 

- Cross clamping 
- Cardiopulmonary bypass 
- Puncture of the aorta  
- Suturing  

Endovascular stent implantation  
(Doty & Doty, 2012)  

- Manipulation of catheter into coronary  

Valve disease  Aortic valve replacement  
(Sellke & Ruel, 2010) 

- Cross clamping 
- Cardiopulmonary bypass 
- Root surgery 
- Ascending aortic resection and reattach 

Transcatheter aortic valve implantation   
(A. Wang & Bashore, 2009) 

- Manipulation through the aorta 

Congenital disease Transcatheter procedure  
(Perloff, Child, & Aboulhosn, 2009) 

- Manipulation through the aorta 

Fontan procedure (Doty & Doty, 2012) - Cross clamping 
- Cardiopulmonary bypass 
- Incision of the aorta 
- Suturing 

Bentall procedure  
(Della Corte et al., 2012) 
 

- Cross clamping 
- Cardiopulmonary bypass 
- Incision of the aorta 
- Suturing 

Ross procedure  
(Conklin & Reardon, 2001)  

- Cross-clamping 
- Cardiopulmonary bypass 
- Valve surgery 
- Ascending aortic resection and reattach 

 

Cardiac simulators for imaging 

Anatomically cardiovascular phantoms exist for medical image acquisition training. CAE Healthcare and 

Blue Phantom™ collaborated to offer torsos suitable for transthoracic echocardiography ultrasound 

training. Similarly Computerized Imaging Reference Systems, Inc. has developed a phantom in which the 

organs are removable (Figure 6) (Blue Phantom, 2013; Computerized Imaging Reference Systems Inc., 

2014). These are models for non-invasive training and although incorporate a simulated heart and aortic 

aneurysm, but they are not meant for surgical training. 

 



20 
 

 

Figure 6. a) An ultrasound torso for medical image acquisition training (Blue Phantom, 2013) and b) an ultrasound torso with 
removable organs for transthoracic echocardiography ultrasound training (Computerized Imaging Reference Systems Inc., 

2014). 

 

These phantoms are an asset for evaluating medical imaging technologies but do not allow for physical 

manipulations. Boltz et al. (2010) described an anatomically correct beating heart phantom composed of 

soft silicone chambers and coronary arteries, which allows for additive pathologies (aberrant beats, 

stents, plaques, etc.) (Figure 7). The model is part of an assembly composed of the thorax, the compressor 

and the electrocardiography systems designed to evaluate technological advances in cardiac X-ray 

computed tomography.  

 

Similarly, Presotto, Bettinardi, Petta, and Gilardi (2012) worked on a silicone left ventricle shaped in half 

ellipsoid, which contained water and allowed the application of specific pressures on its surface (Figure 7) 

to assess the effect of motion in cardiac positron emission tomography and single photon emission 

computed tomography studies. The aim of the phantom was to evaluate the quality of the positron 

emission tomography images in a beating heart context (Sipila, Teras, Kokki, & Knuuti, 2007). The latter 

installed rubber balloons to represent the ventricle (inner balloon) and the cardiac muscle (gap between 

two balloons) of a dynamic heart with respiratory and cardiac movements. The phantom was filled with 

saline and computed tomography contrast agent (Figure 7). Silicone (Sylgard 527 A&B ®) has also been 

used to design an assessment tool for magnetic resonance imaging with physiological motions of the heart 

(twist, compression and translation) (Kee et al., 2010; Yan, McDonough, Pilla, & Xu, 2011) 

 

An asymmetric left ventricular motion model that replicates various pathologies for ultrasound and 

cardiac magnetic resonance has been described (Tavakoli et al., 2012). This phantom is made of polyvinyl 

alcohol cryogel (PVA) and has latex balloons inserted for the heart’s dilatations and contractions using air 

(Figure 7). The same material was used to create an atherosclerotic coronary artery composed of two 

layers in which a lipid pool was added for intravascular imaging and mechanical testing (Pazos, Mongrain, 

& Tardif, 2010). 
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Figure 7. a) An anatomically correct heart silicone model for medical imaging technologies (Boltz et al., 2010), b) a non-
anatomically correct left ventricle model made of  silicone gum for cardiac positron emission tomography and single photon 

emission computed tomography (Presotto et al., 2012), c) a ventricle made of balloons for positron emission tomography (Sipila 
et al., 2007) and d) a non-anatomically correct heart model made of polyvinyl alcohol cryogel for ultrasound and cardiac 

magnetic resonance (Tavakoli et al., 2012). 

 

Cardiac simulators for device testing 

Rapid prototyping has been used to create models for medical device testing. Biglino, Verschueren, Zegels, 

Taylor, and Schievano (2013) described a hypoplastic aorta and a right ventricle in Tangoplus Fullcure® 

elastomer (Figure 8). In the context of aortic stent design, Sulaiman et al. (2008) developed a life-size in 

vitro model of an aortic arch aneurysm made of soft and transparent silicone rubber, which allows 

circulation perfusion and visualization on each branch. 

Our group has developed a multilayer model made of PVA and a lipid pool is mimicking deformable 

atherosclerotic coronary artery was developed (Pazos et al., 2010). The phantom is suitable for mechanical 

testing and intravascular ultrasound imaging for a plaque study (Figure 8).  

 

Finally, a mock circulatory system made of polyurethane has been designed by Kolyva, Biglino, Pepper, 

and Khir (2012). This model is suitable was used to assess an intra-aortic balloon pump. The tool is 

composed of a left ventricle connected to a straightened aortic model with fourteen branches for the 

various peripheral organs. 
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Figure 8. a) A hypoplastic aorta and a right ventricle printed in Tangoplus Fullcure® (Biglino et al., 2013) and b a) stenotic cross-
section of a coronary polyvinyl alcohol cryogel phantom (image and geometry).Reprinted with permission (Pazos et al., 2010). 

 

Cardiac simulators for analyzing beating heart functions 

Training manikins for beating heart diagnosis are provided by companies like Koken Co., Laerdal Medical 

and Kyoto Kagaku Co. (Figure 9). As a matter of fact, personal health care workers can auscultate the 

models and differentiate several cardiac sounds (Koken Co., 2005; Kyoto Kagaku Co., 1999-2012). As an 

example the Cardiology patient simulator “K” of Kyoto Kagaku Co. can mimic eighty-eight pathologies. 

These models are not designed for surgical procedures. 

 

 

Figure 9. Physical assessment trainers with sounds of beating hearts: a) Koken Co.(Koken Co., 2005) b) Harvey® The 
Cardiopulmonary Patient Simulator with sounds of beating hearts, Laerdal Medical (Laerdal Medical, 2014),  c) Cardiology 

patient simulator “K”, Kyoto Kagaku Co. (Kyoto Kagaku Co., 1999-2012). 

 

Cardiac simulators for medical interventions 

Cardiovascular simulators for medical procedures can be divided in two groups. The “simple bench model” 

consists of practicing repeatedly specific tasks on simplified and non-expensive models. The “human 
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performance simulator” has interactive phantoms, computer interfaces and high technologic systems in 

a realistic simulated environment for a complete surgery (Trehan, Kemp, & Yang, 2014). 

 

“Simple bench model” 

Numerous manufacturers such as Lifelike Biotissue or The Chamberlain Group provide phantoms with 

training purpose. Nevertheless, realistic heart shaped simulators are limited. We found one example that 

was designed for dissection or removal of the left atrial appendage (Figure 10) (The Chamberlain Group, 

2014a). 

 

 

Figure 10. Heart phantom model for basic tasks (The Chamberlain Group, 2014a). 

 

Hollow cylinders that may be filled with blood mimicking fluids are commercially available for mimicking 

aortas, vessels and coronary arteries. These tubes are somewhat suitable for practicing sutures, dissection 

repair anastomosis and cannulation (act of inserting a small tube) (Figure 11). Indeed, several training 

models are available, including valve implantation on aortic roots fixed to stands, catheterization through 

detailed transparent hearts or superimposed tissues that replicate arterial structures. Moreover, devices 

insertion (stent, balloon, wire) can be evaluated (Figure 11).  
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Figure 11. a) Aorta and vessel models for suture training, b) an aortic root model for valve implantation training, c) a transseptal 
trainer, d) a catheter insertion trainer, e) a femoral closure wet trainer and f) a cardiac array trainer (The Chamberlain Group, 

2014b). 

 

An off-pump mitral valve replacement trainer consisting of PVA left atrium connected to PVA mitral valve 

annulus, a left ventricle and a mock circulatory loop were developed (Figure 12) (McLeod et al., 2011). 

The simulator’s configuration was evaluated by the use of ultrasounds and pressure measurements, which 

confirmed its capability of mimicking a beating heart.  

 

 

Figure 12. Mitral valve annulus model for mitral valve replacement training (McLeod et al., 2011). 

 

“Human performance simulator” 

The Ramphal cardiac simulator is a tissue-based simulator with a porcine heart connected to an air-pump 

system for surgical training purposes and to demonstrate the technology used during the procedures 
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(Ramphal et al., 2005) (Figure 13). The haemodynamic monitoring, coronary blood flow and the beating 

heart are simulated in a realistic environment. Moreover, a suture-able, moving and anatomically correct 

heart is provided by The Chamberlain Group (Figure 13) for a better understanding of the organ in motion 

(The Chamberlain Group, 2014a). 

 

 

Figure 13. a) Tissue based simulator with porcine heart for complete surgery training (Ramphal et al., 2005) and 
b) beating and suture-able heart model (The Chamberlain Group, 2014a). 

 

3.2.3. Limitations of the current simulators 

Cardiac simulators are limited in their available geometries often using straight tubes to represent blood 

vessels. Moreover, they usually use non-realistic (mostly rigid) materials for surgical training. To our 

knowledge, only a few materials have been mechanically tested for comparison to the human thoracic 

aortic tissues (normal and aneurysmal).  

 

Porcine aorta is also an option used in the simulation centers to compensate the lack of simulators or 

human donors. However, Martin, Pham, and Sun (2011) have shown the lack of representativity of the 

animal tissue as it would be significantly softer than aged human aortas (p < 0.001). The difference could 

be explained by a difference of composition since a histological analysis showed that porcine tissue had 

more elastin and less collagen than human aortas. 

 

PVA has shown ability to simulate soft tissues but requires thermal cycling to achieve suitable crosslinking 

(Pazos, Mongrain, & Tardif, 2009). PVA and silicone are both hyperelastic isotropic materials commonly 

used to simulate human soft tissues. Importantly, none of these materials adequately simulate the human 

aorta according to the medical professionals. Furthermore, the trainee should be confronted to various 

geometries and pathologies of aortas for optimal surgical training. Therefore, there is a need to produce 

anatomically correct vascular simulator with patient specific pathologies made of synthetic materials 
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which mimic the biomechanics of in vivo tissues (healthy and diseased) to improve training and 

understanding of the human anatomy, such as the aorta. 

 

Finally, 3D printing is a good alternative as it can make 3D objects in almost any shape with a large panel 

of materials (soft or hard). Therefore, the technology would be well suited for the creation of aortic 

simulators with various tissue characteristics and patient-specific geometries. 
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4. Chapter 4: Paper 1 

4.1. Preface 

The following manuscript was published in 2017 in the British Medical Journal Simulation and Technology 

Enhanced Learning: Garcia, J., Yang, Z., Mongrain, R., Leask, R. L., & Lachapelle, K. (2017). 3D printing 

materials and their use in medical education: a review of current technology and trends for the future. 

BMJ Simulation and Technology Enhanced Learning. doi:10.1136/bmjstel-2017-000234. 

 

Many groups in medical education are using 3D printed models for teaching anatomy (normal and 

pathologies) and practicing basic manipulations, therefore we believed that a review of the creating 

process was an important starting point for medical educators. In the manuscript, we explained the 

multidisciplinary concept to the reader and developed a method to fabricate simulators guided by 

educational objectives and based on the case of an anatomically correct ATA (Objective 2). The main goal 

of this review paper was to establish an easy-to-follow and straightforward technique to create 3D printed 

models with anatomic and/or tissue fidelity. 

 

This review outlined five technical steps required to complete a printed model based on the example of 

an ATA. Starting from the needs, the user has to 1) select the anatomical area of interest, 2) create the 3D 

geometry, 3) optimize the file for the printing as well as choose the 4) appropriate 3D printer and 5) 

materials. The fabrication of static rigid aortic phantoms from medical images (Objective 2.1.) was 

presented.  
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4.2. Abstract 

3D printing is a new technology in constant evolution. It has rapidly expanded and is now being used in 

health education. Patient-specific models with anatomical fidelity created from imaging dataset have the 

potential to significantly improve the knowledge and skills of a new generation of surgeons. This review 

outlines five technical steps required to complete a printed model: They include (1) selecting the 

anatomical area of interest, (2) the creation of the 3D geometry, (3) the optimisation of the file for the 

printing and the appropriate selection of (4) the 3D printer and (5) materials. All of these steps require 

time, expertise and money. A thorough understanding of educational needs is therefore essential in order 

to optimise educational value. At present, most of the available printing materials are rigid and therefore 

not optimum for flexibility and elasticity unlike biological tissue. We believe that the manipulation and 

tuning of material properties through the creation of composites and/or blending materials will eventually 

allow for the creation of patient-specific models which have both anatomical and tissue fidelity. 

 

4.3. Introduction 

The rapid development of 3D printing has created a new learning and teaching tool for medical education. 

The ability to produce patient specific in silico models from DICOM (digital imaging and communication in 

medicine) data derived during computed tomography (CT), magnetic resonance imaging (MRI), or 
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ultrasound scanning has been coupled with new, less expensive 3D printing technology. Depending on the 

area of interest, these printed models demonstrate anatomical and structural fidelity consistent with the 

patient’s actual disease process (Negi, Dhiman, & Kumar Sharma, 2014; Rengier et al., 2010).  This fidelity 

has allowed learners to view and understand gross pathology and structural relationships prior to surgical 

intervention. An improved understanding and visualization has in turn allowed surgical teams to plan 

interventions more accurately and guides with precision the margins of resection, modelling appropriate 

implant dimensions, and sometimes creating the implant itself (Malik et al., 2015; Rengier et al., 2010). 

 

However, the vast majority of printed models are made with hard materials and only a few present some 

flexibility and elasticity. Although hard materials are sufficient to recreate anatomical fidelity, it has been 

challenging to recreate models with tissue characteristics similar to the human pathologic specimen. 

Patient specific practice prior to an intervention could be improved with more representative materials.  

This will only be possible with a firm understanding of the tissue characteristics required of the model and 

the capacity of the printer to blend composite materials to mimic human tissue. The type of print material 

which can be printed is dependent on the type of printer used.  As many groups are using 3D printing 

technology and many more wishes to enter into this expanding field, we feel that a review of the 3D 

printing process would be an important starting point for medical educators.  

 

As with every educational tool, the appropriate construction and use of these models is guided by 

educational objectives. Once the need has been established, there are essentially five important and often 

related steps to the 3D printing process to create patient specific models which have anatomic and/or 

tissue fidelity: 1) Capture the area of interest, 2) Creation of 3D geometry from dataset specific to the area 

of interest, 3) Transformation of the 3D object to a file ready for printing, 4) Selection of the appropriate 

3D printer, 5) Selection of an appropriate use of materials (Figure 14). The main focus of the review is to 

describe the process required for the creation of 3D patient specific models and by way of example, we 

highlight the stepwise 3D printing process by referring to the creation of a thoracic aorta with a root 

aneurysm throughout the review.  We also discuss the available 3D printed materials best suited for 

various tissue types. Finally, we suggest future directions and areas of research to advance the field of 

printed materials.     

 



30 
 

 

Figure 14. Steps required in the creation of a 3D printed model in health care education. 
Reprinted with permission (Garcia, Yang, Mongrain, Leask, & Lachapelle, 2017). 

 

4.4. Capture the area of interest  

4.4.1. Understanding the need  

The first step in creating a new tool for medical education using 3D printing consists in defining the 

educational objective. Is the need to teach anatomy, pre-procedural planning or technical skills? In 

addition, which anatomical area needs to be represented and how much needs to be included? 

Understanding the educational need or learning gap you are trying to address is crucial in creating the 

most educational appropriate and cost-effective model.  

 

In planning the 3D printed model, four essential characteristics of the model should be addressed and 

aligned with the educational need: 

1) Size: How much of the organ or anatomical area is necessary? For example, is the whole ascending 

aorta required to instruct learners if the purpose is to teach the anatomy of the aortic root?  

2) Surrounding structures: Are the surrounding structures necessary to describe the relationships of your 

specific anatomical area of interest? For tumors and invasive cancer, having multiple different structures 

is crucial to understand relationships to tumors and plan for resection.  

3) Surgical manipulation:  Do you wish learners to not only view the pathologic anatomy but also perform 

dissection or resection? In this case, more emphasis will be placed on precise anatomic details including 

surrounding structures, especially if dealing with potential resection of tumors. The material 

characteristics of the model will be essential if you require a model which will allow one to cut, resect, 

and suture.   



31 
 

4) Accuracy and resolution of the model: How much granular detail and resolution is required for your 

teaching and learning?  Some models print to a resolution of 1mm, is this necessary? 

These four considerations will have impact on the type of imaging used to capture the area of interest, 

the resolution required, the nature of materials and composites employed, and the type of 3D printer to 

be used. All of these will have a direct impact on eventual costs for the production of a 3D printed model.  

 

In regard to the thoracic aorta, we wanted to create a 3D printed and anatomically correct model with a 

root aneurysm able to teach exclusively the geometry of the artery to the residents in cardiac surgery. We 

limited the representation of the aorta to the root, the ascending aorta, the arch and the commencing of 

the descending aorta (Figure 15). It also included the three major branches (from proximal to distal: the 

brachiocephalic artery, left common carotid artery and left subclavian artery) and the commencing of the 

two coronaries. We kept the real size of the artery but omitted the calcifications of the patient. High 

accuracy and resolution were required for the model to ensure the representation of a lot of details in the 

final product. 

 

 

Figure 15. Steps required in the creation of a 3D printed model in health care education. 
Reprinted with permission (Garcia et al., 2017). 

 

4.4.2. Selection of the anatomy 

Once the need has been defined, discussion of these requirements should be shared with the radiologist 

whose expertise is to choose the adequate medical imaging process for your specific 3D printed simulator, 

as well as the precision of the imaging data for an appropriate representation. The concept of the medical 

imaging process can be seen as a multitude of 2D pictures taken one after the other and which are 

separated with a controlled thickness determined in advance, thus the 3D representation is made by 

simply stacking successive layer of 2D images into a 3D volume. This explains why the accuracy of the 3D 
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geometry diminishes as the thickness between each slice increases (see Figure 16). Low resolution will 

produce large spaces between the 2D images, losing potentially important anatomical detail.  The distance 

between two slices is generally recommended to be 1mm or less (Friedman, Michalski, Goodman, & 

Brown, 2016) but J. S. Matsumoto et al. (2015) found that 1.5-3mm is an appropriate thickness for the 

chest and the abdomen and 0.4-0.75mm for bones and joints. In our lab, we used a slice thickness of 

0.625mm in our reproduction of cardiovascular (thoracic aorta with root aneurysm) and hepatic anatomy. 

 

 

Figure 16. a) An illustration of the planar 2D images of an area of interest captured by most medical imaging techniques, b) a 
segmentation of the object cross section (black circles) extracted and c) in interpolation required to fill in the missing volume 

between segments. 
Reprinted with permission (Garcia et al., 2017). 

 

Several imaging processes are used in radiology to capture 2D images of the human body but the most 

common technologies remain CT and MRI. For both methods, contrast agents are injected into the 

patients before each acquisition for a better distinction between the tissues by enhancing the contrasts 

of the structures of interest. Controlling the noise and resolution of the images also impacts on the quality 

of the 2D images (Ogden et al., 2015). A very high resolution of data imaging is always recommended, 

however, depending on the needs and the capabilities of the 3D printer selected for the fabrication, high 

resolution may not be required. As will be reviewed later, only a few printing technologies and apparatus 

models can reproduce very fine details.  

 

If one is interested in printing structures of the cardio-thoracic and vascular systems the best modalities 

to visualize arterial and venous vessels (Friedman et al., 2016)  are CT angiography and MRI angiography. 

CT is the method we chose to capture the geometry of the thoracic aortic model. CT and MRI both require 

electrocardiogram-gated acquisitions to identify the systolic and/or diastolic geometries while reducing 

body motion (Ripley et al., 2016) essential to avoid blurry images thus improving the visibility of aortic 
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valves while capturing the geometry of the aorta for instance. In the literature, CT datasets have also been 

used for other aortic models (Schmauss et al., 2012) and geometries as hearts with congenital diseases 

(Shiraishi, Yamagishi, Hamaoka, Fukuzawa, & Yagihara, 2010), aneurysm of the celiac trunk (Salloum et 

al., 2016), bronchial tree (Deferm, Meyns, Vlasselaers, & Budts, 2016) and oesophagus (Dickinson et al., 

2015). Similarly, structures of a pulmonary valve (Armillotta et al., 2007), cardiac tumors (Schmauss, 

Gerber, & Sodian, 2013) and thoracic aortas (Markl, Schumacher, Küffer, Bley, & Hennig, 2005) have been 

replicated from MRI images. Datasets from multiple imaging sources can be merged for optimal results. 

Indeed, pulmonary arteries for thoracic surgery training have been created with a mix of conventional CT 

and CT angiography images (Kurenov, Ionita, Sammons, & Demmy, 2015). Similarly, models for cardiac 

surgery and interventional cardiology have been developed with CT and MRI (Schmauss, Haeberle, Hagl, 

& Sodian, 2015) and mitral valve models by CT and transesophageal echochardiographic (Vukicevic, 

Puperi, Grande-Allen, & Little, 2016).  

 

Models that replicate soft tissue and the skeleton, such as the assembly of lungs and a thorax are made 

from CT images (Gillaspie et al., 2016), and require optimization of imaging for multiple tissue densities. 

Friedman et al. (2016) have used CT with a standard algorithm to capture bone geometries minimizing 

artifacts along the contacts between bone and soft tissues, while using MRI to provide high contrast 

between the cortical bone and the surrounding tissues. Temporal bone 3D reconstructions have been 

created from CT (Cohen & Reyes, 2015; Hochman, Kraut, Kazmerik, & Unger, 2014; Suzuki et al., 2004) or 

microCT (Hochman et al., 2015), while cone beam CT (cone formed by X-rays) and multislice CT (higher 

number of slices, thus a better resolution) are known to be other appropriate methods in 

craniomaxillofacial surgery (Huotilainen et al., 2014).  

In the field of neurosurgery, CT and MRI have been used to reproduce vascular and brain tissue (Kondo et 

al., 2016; Ploch, Mansi, Jayamohan, & Kuhl, 2016). CT imaging data has been used in otolaryngology-head 

and neck surgical training for the creation of endonasal, paranasal sinuses, skull base and mandibular 

phantoms (Chan et al., 2015), a malformed skull (Levi et al., 2002), as well as a cortical brain tumor 

structure through the skin, bone, dura mater and surrounded by normal brain (Waran, Narayanan, 

Karuppiah, Owen, & Aziz, 2014). Nevertheless, single CT datasets can also provide enough information to 

proceed a geometry extraction from the 2D images, as in the case of phantoms for endovascular aneurysm 

repair in complex neck anatomy (Tam, Laycock, Brown, & Jakeways, 2013) and a cerebral aneurysm 

(Wurm, Lehner, Tomancok, Kleiser, & Nussbaumer, 2011). 
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Finally, when metallic elements are involved in CT imaging (prosthesis, plate, screw, etc.) the artifacts 

distorting the geometry of the structure caused by beam-hardening or scatter can be well controlled with 

a dual energy CT giving a second less powerful X-ray after the conventional one for a better image quality 

(Friedman et al., 2016).  

 

4.5. Creation of 3D geometry from dataset specific to the area of interest 

Once an adequate clinical imaging dataset has been acquired, an in silico geometric object needs to be 

created. As a rule, one 3D object means one component that will be fabricated from one specific material. 

For instance, if the assembly is composed of two distinct objects such as a bone and ligament, both 

geometries need to be clearly defined separately before joining them back together as an assembly before 

the printing for a proper fabrication (see Figure 17). Often the two objects will be made of different 

materials or printed in different colours for clarity.  

 

 

Figure 17. Two distinct objects made of different materials or printed in different colors creating an assembly. 
Reprinted with permission (Garcia et al., 2017). 

 

The thoracic aortic model with root aneurysm did not include any secondary elements as the calcifications 

of the patient for instance. Therefore, a single 3D printed material was required to uniformly recreate the 

walls of the artery.   

 

When different objects are involved, it is best to define them directly from the acquired DICOM image by 

extracting points along the outline of the anatomical structure to define its geometry. This extracting 

process is called a segmentation which is often threshold-based (Huotilainen et al., 2014) therefore it is 

using the colour contrast between tissue densities to separate tissue structures into different objects 
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(Ripley et al., 2016). Some may prefer defining the geometries afterwards by dividing a bigger structure, 

however, this can be a complicated task for non-experienced design software users.  

 

When defining objects from DICOM images, the contrast levels or thresholds of the segmentation are 

highly dependent on the image.  Threshold levels often vary between, patient images and image quality 

from one slice to another may require altering threshold levels. Therefore, verification that the anatomical 

structures of interest are properly identified from the imaging data needs to be checked.  Once threshold 

levels have been defined, segmented points can be then extracted from the dataset along the outline(s) 

of the structure on the 2D images by appropriate segmentation software (Figure 18). Each 2D image (or 

slice) of the 3D imaging dataset are analyzed individually and data points are created along the perimeter 

(or outline) of the structure. The number of data points describing the geometry of the structure for one 

slice depends on the size of the structure at that specific cross-sectional view. Number of points should 

increase with the size of the perimeter of the structure to avoid losing details of the geometry. The data 

points from all slices are collectively called a point cloud as seen in Figure 18 representing the aortic model 

with root aneurysm. We were only able to select the inner lumen of the geometry due to the lack of 

visibility of the thickness of the walls. The thickness would have to be determined later after the creation 

of the 3D geometry of the inner lumen of the aorta.  

When stacking successive slices of 2D images to create an object, such as an aorta, each point is 

represented in the larger point cloud of the aorta. The multiple points of the cloud will be used to create 

the surface of the object. 

 

 

Figure 18. a) A point cloud created from two 2D images and an example of b) a point cloud obtained from the inner lumen of an 
ascending aorta of a patient from the Royal Victoria Hospital (Montreal, Canada) with a 0.625 mm thickness between the slices. 

Reprinted with permission (Garcia et al., 2017). 

 

Segmentation is necessary as it extracts the points used to create a contour of the structure which will be 

read and printed by a 3D printer in successive layers. Segmentation can be performed manually or 
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automatically. Manual segmentation is extremely slow but suitable for almost any anatomical structures 

even with complex geometries and in presence of artifacts, as the human visual system is still far superior 

to any algorithms in term of pattern recognition (Von Ahn, Maurer, McMillen, Abraham, & Blum, 2008). 

However, it requires an experienced user with a good 3D appreciation to diminish the risks of potential 

errors since low contrasts or overlapping tissues may complicate the task (Huotilainen et al., 2014). 

Automatic segmentation is much quicker, but can only be used for easily identifiable or high contrast 

structures (Friedman et al., 2016). Regardless, in any realistic setting, segmentation is always done via a 

mix of manual and automatic segmentations by leveraging the advantage of both techniques to produce 

the best results as we did for the thoracic aorta after we verified the dataset for proper gating before any 

attempt at segmentation. The segmentation procedure of a very clear dataset can be done within a few 

hours, while a very unclear dataset may take up to a week. Only a few slices were segmented at once to 

optimize between time and quality. Each time a set of images has been segmented, the segmented slices 

were checked one by one to ensure that the lumen in each slice was given a proper boundary; if not, 

manual correction was made. 3D visualization of the segmented section was generated to ensure the 

quality of segmentation. Special care was given to the aortic root where the shapes of the valves were 

extrapolated from the images of the blood flow, however we knew that they were closed as the dataset 

used were all taken during diastole.  

 

4.6. Transformation of the 3D object to a file ready for printing  

The point clouds defining the objects are exported into a mesh processing software to remove all visible 

artifacts manually created by selecting unnecessary points. Deformations can create cavities or peaks 

deforming the original geometry of the structure (Figure 19). Once the in silico model is optimized, a 

computational mesh (a surface composed of flat polygonal elements to approximate the geometry) is 

then created by connecting the points from the cloud as a grid in order to describe the object. 
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Figure 19. a) Artifacts from the point cloud of an ascending aorta of a patient from the Royal Victoria Hospital (Montreal, 
Canada) and b) an artifact before and after the mesh smoothing. 

Reprinted with permission (Garcia et al., 2017). 

 

At this stage of the process, the interconnected elements of the model may present new artifacts that 

should be removed, as well as surface irregularities or sharp edges. Most irregularities can be fixed by 

simply smoothing the surfaces with algorithms meant to remove details from the object (Figure 19). The 

procedure took less than a half hour for the case of the aorta. However, the user should be aware that 

excessive smoothing can also deteriorate the resolution of the 3D model. Too little smoothing generally 

increases the number of elements required to define the object while too much smoothing has the 

opposite effect. It is recommended to control the number of elements since file size increases with the 

number of elements, thus making computer manipulations more difficult. In our lab, we use the open-

source meshing software (MeshLab, Italy). 

 

For the thoracic aortic model with root aneurysm, once the point cloud of the inner lumen of the artery 

was cleaned we removed the vasa vasorum (small vessels) and other irregularities from the geometry. 

The mesh was then repaired and the number of elements decreased to simplify the geometry and make 

it printable. 

 

Manipulations of meshed anatomical geometries require powerful computers with good processors (Intel 

i7 with 3.2GHz or better), memory (8GB or better) and a good graphics card (with dedicated memory). 

Gaming computers and engineering workstations generally has the capacity to handle most 3D models, 

however with particular large files, custom made workstation may be required. An optimization of the 

model with a proper degree of smoothness and a reduction of the element numbers describing the shape 

of the structure, can diminish the processing time for visualization and editing.  

Sometimes, images obtained from the radiology may have poor resolution with no distinct boundaries, 

thus sections of the structure may not be fully defined. This lack of information can be replaced with a 
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manual reconstruction by computer aided design, 3D graphics software and even some mesh processing 

programs that can make very basic modifications of the geometry.  For example, we have previously used 

simple spherical segments to replace and approximate aortic valve leaflets missing from CT images, see 

Figure 20.  

 

 

Figure 20. Spheres created to approximate the shape of a patient-specific aortic root, open source Meshlab (MeshLab, Italy). 
Reprinted with permission (Garcia et al., 2017). 

 

Such software is also useful to make modification of objects if the printed model is made of several 

materials. As mentioned in the previous section, the geometry of each object of the model has to be 

defined individually, hence the easiest model would be made of only one object/material. To define the 

shape of the objects, it is recommended to use Boolean operations which are mathematical operations 

for volumes such as the addition (also called union) and subtraction, both most frequently used in medical 

simulation (Figure 21). For instance, if the user wants to print a liver containing a vein, the former will be 

removed from the liver with a subtraction giving two distinct objects (one for the vein and one for the 

hollowed liver without the vein) which will be finally printed together as an assembly. This step is crucial 

to avoid any volume overlapping (Figure 21) that would produce printing errors. Similarly, if a ball-shaped 

object made of the same material as the rest of the structure needs to be added to the geometry to 

simulate an aneurysm or a tumor, a union operation is required to create a unique object. 
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Figure 21. a) Most frequent Boolean operations to create objects (union and subtraction of volumes) and b) volume overlapping 
that should be avoided in any circumstances. 

Reprinted with permission (Garcia et al., 2017). 

 

To finalize the model, repair algorithms can highlight and correct all potential errors in your meshes which 

are not easy to see by eye, such as holes from non-connecting triangles or bad edges, overlapping triangles 

and small triangles that you may have missed and which are not part of the main geometry for instance 

(Figure 22). The software netfabb (Autodesk, California, USA) is open access and can perform these tasks 

for very simple geometries. For more complicated models, such as the patient specific aorta of Figure 19, 

a professional paid version is required.  

To create hollow objects, a thickness can be added to the mesh surface otherwise the whole model will 

be automatically filled and made of solid unless it is clearly specified in the geometry. This is the method 

we used to create an aortic wall of 2mm from the 3D object of the inner lumen in order to create a 3D 

printed model with the geometry of the in vivo artery.  

 

 

Figure 22. Mesh errors of a) non-connecting triangle, b) overlapping triangles and with c) an extra body that is not part of the 
main geometry. 

Reprinted with permission (Garcia et al., 2017). 

 

The aforementioned steps are important steps but also probably the most difficult in the creation of 3D 

printed models. Once again, if your mesh contains error(s), the printer might not be able to fabricate the 

object at all or mistakes would occur during the printing. Sometimes, it may be easier to remove and 



40 
 

replace an entire surface instead of trying to fix the original object. Knowledge in 3D computer-aided 

design is a significant asset. 

 

Once the 3D in silico solid model is finalized, the file can be then exported to the STL (stereolithography) 

standardized format for 3D printing before being uploaded to the 3D printer for fabrication. These files 

contain information related to the generated mesh, as well as orientation and position of the structure. 

Once again, only one object/material/colour can be assigned to one file. If several 

objects/materials/colours are required for the final 3D model, each object should be saved as a different 

file (see Figure 23) and all have to be uploaded simultaneously to the printer as an assembly. 

Material/colour is then attributed to each object with the 3D printer software.  

 

 

Figure 23. Multicolor 3D printed liver with a tumor (pink) of a patient from the Royal Victoria Hospital (Montreal, Canada) for 
surgical planning of a diseased liver. The print contain the portal vein, the hepatic vein as well as the tumor. 

Reprinted with permission (Garcia et al., 2017). 

 

4.7. Selection of the appropriate 3D printer  

Selecting the appropriate 3D printer to fabricate a patient specific model can be a challenge. It is most 

helpful to have clarified the educational needs and the intended use of the model prior to the printing 

process. This will help guide the selection and requirement for the 3D printer. Herein we describe the 

most suitable methods for printing which are currently available and will discuss the pros and cons for 

each of them.  

 

4.7.1. Description of the 3D printing methods  

The general concept of 3D printing is the fabrication of objects as a succession of layers (see Figure 24). 

Each layer of an object (or an assembly of objects) has the same thickness and the thickness depends on 

the accuracy of the method and the machine chosen. Moreover, 3D printers are not necessarily limited 
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to one material, for instance material (A) can be used for one object composed of layers 1, 2 and 3, while 

a second object (layer 4) can be fabricated with the material (B). This information has to have been 

previously defined by the geometrical files converted in STL that you have created for each distinct object. 

Some machines are even able to mix materials for one (or more) layer(s) in order to obtain specific colors 

or material properties. 

 

 

Figure 24. Aortic model in process for being printed on a FDM 3D printer by successive layers of ABS plastic (0.3mm thickness). 
Reprinted with permission (Garcia et al., 2017). 

 

Materials used in 3D printing are transformed during the fabrication of a model by changing their 

consistency. This process, commonly called the cure, can take the form of 1) a melting of hard filaments 

to give the desired form of the model by material distortion, 2) a liquid solidification for the construction 

of a solid structure, and 3) a powder solidification. 

1) Melting of hard filaments: Filaments are melted in FDM (fused deposition modeling) then injected 

through a nozzle to a bed while cooling and solidifying during extrusion (Figure 25). These printers are 

inexpensive and fast but are limited to rigid material. FDM needs a scaffold or bed to support the object 

during the printing. 

2) Liquid solidification: Liquid solidification is used in SLA (stereolithography) and PJ (polyjet) technology. 

SLA is the oldest method which contains liquid in a vat solidified with an ultraviolet (UV) laser controlled 

by lenses and mirror reflection, while a building platform is moved down for a layer-by-layer fabrication 

(Figure 25). A lattice structure is created to support the object. In contrast, PJ uses jets of liquid to build 

up thin layers of liquid before UV curing by sliding the head in the x and y axes then a moving platform for 

the z axis to build up successive layers (Figure 25). PJ is suitable for a wide range of coloured materials 

with specific properties (rubber-like material) (Biglino et al., 2013; Cloonan et al., 2014; Oxman, Tsai, & 

Firstenberg, 2012; Reiter & Major, 2011). 
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3) Powder solidification: Finally, powder materials can be solidified by SLS (selective laser sintering) and 

BJ (binder jetting). SLS uses a laser to create the surface of an object by sintering a powder. When a layer 

is done, the build plate is stepping down and covered with a new layer of powder using rollers to keep a 

constant thickness (Figure 25). At the end of the process, all powder is removed with compressed air and 

recycled (Wong & Hernandez, 2012). A wide range of materials are provided for SLS and no scaffold or 

support material is required since the unsintered powder provides support of the object during the 3D 

printing. Similar to the SLS, BJ has a platform covered with powder which is moved down while being 

solidified with a selective spraying of liquid binder, thus no support material is needed for the fabrication 

of the object (Figure 25). This technology offers a wide range of materials as far as a powder can be 

combined with a liquid with enough viscosity to form droplets (Guo & Leu, 2013). In addition, mechanical 

properties of the structures obtained by BJ in medical simulation are generally tuned by post-processing 

techniques, such as drying and/or heating. Both have an impact on the mechanical properties of the 

materials (hardness) however none can be precisely replicated for each fabrication resulting in variations 

or the characteristics from a model to another (Hochman et al., 2014).  
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Figure 25. Rapid prototyping methods with red arrows indicating the directions of motion (x, y, z axes). 
Reprinted with permission (Garcia et al., 2017). 

 

4.7.2. Support material 

Material cannot be deposited on empty space thus models with overhangs, as Figure 26, often require 

filler or support material in lattice (or scaffold) forms. Moreover, the filling material is meant to strengthen 

the structure during the printing, thus avoiding distortion of the model while the material is being cured. 

 

With filaments (FDM) or liquids (SLA), support materials provide lattices which can be easily removable 

by hand with a cutting tool, however they often leave undesired impressions on the surface requiring an 

additional polishing for a good finish. This step of the process is extremely delicate due to the risk of 

damaging the model by losing details of the geometry. A few support materials can also be easily removed 

when the model is complete by dissolution, as the PVA in FDM soluble in water. 
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In PJ, volumes of cured waxy support material are used to fill the overhangs. For the soluble ones, 

sculpting tools are generally used to clean the models, as well as water jets. Otherwise, bath of solutions 

can remove on its own the filling necessary for the printing. 

 

 

Figure 26. Structure with an overhang filled with a lattice structure, support material or non-cured material. 
Reprinted with permission (Garcia et al., 2017). 

 

If your 3D printer is fabricating models from powders (BJ, SLS), the overhangs will be filled with uncured 

material playing the role as support. This is also very easy to clean up.  

 

It is important to note that models printed with insoluble lattices or waxy support material can be 

extremely complicated to clean up especially when hollows are not easily accessible by hand or with tools.   

 

4.7.3. Costs of the printing: 3D printer, material and technical support 

The easiest, most accessible and cost-effective technology is the FDM (Wong & Hernandez, 2012), which 

is also the least expensive technology, see Table 2.  Price generally increases from BJ, to SLA and finally 

the SLS and PJ.  

Regarding the material costs, FDM filaments are once again the least expensive material of all 3D printer 

type and should be considered for large print volume where material property and high print resolution 

are not the main concern. Moreover, they are easy to store and use (Armillotta et al., 2007) leading up to 

the most user-friendly process. SLA and PJ can provide high resolution but are also much more expensive. 

SLA has the highest resolution of all types of 3D printer, while PJ printers allow the use and mixing of more 

than one material in a single print. BJ is also cost-effective and the overall cost of the printing low. The 

powders are somewhat more expensive than the filaments for FDM, nevertheless they have the 

advantage of being reusable when uncured but used as support for previous printings. Therefore, there is 

very little waste of material in comparison to liquid and filament methods. Moreover, BJ printers are fast, 

easy to use and maintain. Main consumable components are inexpensive and easily replaceable. BJ 

models are, however, more fragile than FDM prints when untreated. 
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In terms of technical requirements, risks of malfunction of the printer in FDM are rare and easy to solve. 

Common issues can be summarized as a melting or sliding problem of the material through the nozzles 

provoking a clogging, or when part does not attach properly on an inadequately heated print bed. Most 

failures in FDM printer trend to be caused by the design of the 3D model rather than any issues with the 

machine itself. The technology requiring the most extensive technical support is the PJ.  In order to avoid 

any clogging with a potential solidification of the liquid in the nozzles a technician should run a weekly 

maintenance by using all loaded materials if there is no scheduled printing to provide a continuous flow 

of materials in the printer. Moreover multiple pieces of the machine need to be frequently cleaned using 

very specific techniques, and mistakes can easily damage the equipment. Furthermore, the 3D printer 

should be kept in a specific environment with a ventilation system, and the materials protected from light. 

PJ machines also should not be turned off unless there is a long period of time (months) without printing. 

This involves a large waste of material by removing the liquid to empty the nozzles, thus maintenance 

costs become higher if you are using PJ sporadically than if you are continuously printing. Liquids for SLA 

also need to be kept away from light but the machines do not require weekly maintenance, such as SLS 

and BJ. They can be used whenever the user wants to print an object and all are easy to use. The most 

complicated part of the process may be the material removal after the printing. For Binder jet printers, 

excess material as well as the build area has to be manually vacuumed to remove unbound powder. For 

SLA printers, the print tank must be carefully inspected to ensure no cured material remains in the tank, 

for it may interfere with the curing process of future prints. 

 

Table 2. Main characteristics of the rapid prototyping methods: Stereolithograpy (SLA), PolyJet (PJ), Fused deposition modeling 
(FDM), Selective laser sintering (SLS), Binder jetting (BJ). Reprinted with permission (Garcia et al., 2017). 

Material based type Liquid Filament Powder 

Method Liquid 
solidification 

Liquid 
solidification 

Material 
melted and 
solidified by 
cooling 

Material sintered 
by laser 

Material 
solidified 
with liquid 
binder 

Process SLA PJ FDM SLS BJ 

General building speed 
(slow/intermediate/fast) 

Intermediate Intermediate Slow (Wong 
& 
Hernandez, 
2012) 

Fast (M. S. Kim, 
Hansgen, & Carroll, 
2008) 

Very fast 
(M. S. Kim 
et al., 2008) 

Printing 
quality 

Accuracy  
(low/intermediate/high) 

High (M. S. 
Kim et al., 
2008; 
Rengier et al., 
2010) 

High (Wong 
& 
Hernandez, 
2012) 

Low (Rengier 
et al., 2010; 
Wong & 
Hernandez, 
2012) 

Intermediate 
(Rengier et al., 
2010) 

Low (M. S. 
Kim et al., 
2008) 

Resolution of a typical 
machine 

5-25 micron 15-30 
micron 

100 micron 125 micron 100 micron 

Costs Machine  
($/$$/$$$) 

$$ $$$ $ $$$ $$$ 
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Material 
($/$$/$$$) 

$$ $$$ $ $$ $$ 

Overall cost for printing an 
object all costs included 
(low/intermediate/high) 

Medium 
(Rengier et 
al., 2010) 

High (M. S. 
Kim et al., 
2008) 

Low (Rengier 
et al., 2010; 
Wong & 
Hernandez, 
2012) 

High (Rengier et al., 
2010) 

Very low 
(M. S. Kim 
et al., 2008) 

 

4.7.4. Building speed, accuracy and quality of the fabrication 

The liquid-based technologies (SLA, PJ) provide the best accuracy and the powder-based (SLS, BJ) printers 

have the fastest build speed. This is the reason why we chose PJ process to create the thoracic aorta with 

root aneurysm for teaching purposes to ensure a high-quality printing that can replicate details in the 

geometry of the artery. We wanted indeed our 3D printed model to be as accurate as possible to show 

the in vivo geometry of a diseased aorta to the non-experienced surgeons. Methods using a support fiber 

lattice may degrade surface quality and may require hand finishing to remove the undesired impressions 

on the surface as explained above (Wong & Hernandez, 2012). Nevertheless good machines with a high 

resolution requiring support fiber scaffolds may still fabricate an object with a good surface roughness 

and definition (G. D. Kim & Oh, 2008) as the FDM and SLA (Table 2).  

 

In addition, powder fineness will impact the quality of the printing by SLS (Ventola, 2014), as well as the 

quality of the laser. This is the case for any printer using UV for solidification (SLA, PJ) and sintering (SLS). 

Powder sintering can also create pores/voids in the model (Guo & Leu, 2013) thus causing fragile 

structures with a low stiffness (G. D. Kim & Oh, 2008) in BJ, in opposite to the solid structures created by 

SLS (Wong & Hernandez, 2012). In contrast, liquids tend to create more homogeneous material properties 

(G. D. Kim & Oh, 2008; Wong & Hernandez, 2012) that can be hard as well as elastic (Blanco, Fernandez, 

& Noriega, 2014). 

  

Finally, good design and positioning of the object are required for an optimal fabrication regardless the 

technology itself. Mechanical property variations may be observed on the model depending on the 

method and parameters chosen, such as an anisotropic behavior corresponding to a higher resistance to 

deformation of the layer direction directly related to the building direction (M. S. Kim et al., 2008). 

Stiffness reductions can also be seen on the side of the object in contact with the support material which 

will be less exposed to the UV radiation cure during a polymerization (Blanco et al., 2014).  
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4.7.5. Selecting the right printer for teaching 

Depending on the educational need listed below recommendations of methods are made. 

1) Teaching anatomy, patient education: To teach the anatomy and explain the pathology or situation to 

the patients, hard material model are often sufficient. The low-cost and most accessible method FDM is 

most certainly the best choice if there is no need for fine printing definition and if the size of the model is 

large, otherwise we would recommend SLA. Models obtained by SLA present more detail thus would be 

better for small printing models (coronary arteries).  

However, in the case of the thoracic aortic model with root aneurysm we put the emphasis on the realism 

of the geometry by representing as much as details as possible which is why we needed to use one of the 

most accurate 3D printing method: PJ. It also allowed us to change easily the colours of the 3D printed 

model if desired. 

2) Surgical planning and review of procedure: Surgical planning and review of procedure do not necessarily 

require materials to have the same mechanical properties of the biological tissues. Hard material model 

can be well representative of the anatomical structure and once again, FDM and SLA might be your best 

options.  

3) Pre-procedural planning: Pre-procedural planning models are more complicated to fabricate since they 

require materials mechanically representative to the biological tissues. Discussions on the matter are 

provided in the following section where all printing methods are eventually used. 

 

4.8. Selection of an appropriate use of materials 

The selection of the material is directly linked to the selection of the 3D printing process and printer, as 

well as the needs of the model. All information developed in the following paragraphs are summarized 

and reorganized in Table 3. 

 

4.8.1. Rigid materials  

Human bones are the easiest biological tissues to reproduce by 3D printing as the majority of the materials 

are rigid. The most common option remains acrylonitrile butadiene styrene (ABS) by FDM (Chan et al., 

2015; Cohen & Reyes, 2015; Mowry, Jammal, Myer, Solares, & Weinberger, 2015) but powders of plaster 

(Chan et al., 2015) and hydroquinone (Hochman et al., 2015) were also used by BJ, as well as a mix of 

polyamide with glass beads by SLS (Suzuki et al., 2004). ABS is the same plastic used in water pipe of most 

home and is the most affordable material in 3D printing. It has proved to be an appropriate bone 
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substitute with good visual and haptic renderings for practicing the drilling with minimized cost, despite 

the softness of the material (Cohen & Reyes, 2015). Cohen and Reyes (2015) believed that the benefits of 

the training will be felt even if the mechanical properties did not match exactly the bone. This study is a 

perfect example showing that the tissue fidelity does not necessarily need to be completely realistic and 

that the purposes and the requirements of the models are absolutely essential in the choice of the proper 

materials.  

Rigid materials may also be adequate in the context of pre-procedural planning which has already proven 

its ability to improve the way surgeons think, interpret, evaluate a procedure and face a complex situation 

by simulating all steps in advance (Chua, Chou, Lin, Eu, & Lew, 1998; Gillaspie et al., 2016; Rengier et al., 

2010). A lack of imaging (Schmauss et al., 2013) and anatomic consistency (Charcot foot syndrome) 

(Giovinco et al., 2012), as well as the hard visualisation of a 3D geometry through a 2D monitor (Salloum 

et al., 2016), might all complicate surgical strategies that can be fulfilled with 3D printed models. The same 

rigid model can afterwards be used intra-operatively for orientation purposes (Spottiswoode et al., 2013). 

Moreover, Levi et al. (2002) have highlighted the importance for the residents to see an operation several 

times to memorize phases of the procedures. 

 

On the other hand, the physical and graspable models help the trainees to familiarize themselves with the 

human anatomy and unlimited pathologies for a superior understanding (Chae et al., 2015; Deferm et al., 

2016), tactile and visual 3D appreciations (Malik et al., 2015; Rengier et al., 2010). Therefore, the accuracy 

of the procedure will be higher and the diagnostic quality facilitated while the operating time is 

diminishing up to two thirds (Singhal et al., 2016), as well as the risks of complications and traumas of the 

patients (Rengier et al., 2010). Models can also be designed with removable structures for a better 

understanding and visualisations of multitude situations (Soares et al., 2013). 

 

4.8.2. Flexible materials 

Most of the 3D printing materials present a lack of realism to mimic adequately a soft human biological 

tissue thus post-processing might be required to soften printed structures. For instance, cartilaginous 

tissues for dissection and drilling needed a liquid coating to increase the physical strength of a structure 

created by BJ in contrast to the infiltrations of elastomeric resins meant to increase its flexibility (Chan et 

al., 2015). Similarly, BJ was used for tumors in the context of surgical simulation (Kondo et al., 2016), 

arteries to practice transcatheter valve replacements (Schmauss et al., 2015), as well as hepatic segments 

(Kong et al., 2016) and hearts (Noecker et al., 2006; Schmauss et al., 2015) to teach human anatomy.  
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By contrast, SLA had the capability to fabricate flexible hearts made in urethane suitable for cutting and 

suturing practices without post-processing (Shiraishi et al., 2010). Similarly, a cartilaginous trachea was 

also replicated by PJ (Walenga, Longest, & Sundaresan, 2014) providing a rubber-like material mixable 

with a rigid photopolymer to control the flexibility of the structure, as arteries (Biglino et al., 2013; 

Kurenov et al., 2015), soft tissue (K. Wang, Zhao, et al., 2016), mitral valve (Vukicevic et al., 2016) and 

cerebral aneurysms (Wurm et al., 2011). The trachea, arteries and soft tissues were created to be as 

realistic as possible while the mitral valve was used to learn catheter-based interventions and to evaluate 

a surgical device, moreover the aneurysm was to learn how to clip an artery. 

 

4.8.3. Printing with multiple materials 

Depending on the needs, several materials (colors, properties, textures) may be required to create a 

proper phantom. Waran et al. (2014) opted for the use of a multi-material PJ machine for a layer-based 

model made of rigid and soft tissues (bone, dura mater, tumor, normal brain). Similarly,  K. Wang, Wu, et 

al. (2016) created a material made of rigid fibers embedded in a flexible material to control the properties 

of the printed composite. Chan et al. (2015) manufactured separately the hard structure of the bone and 

the softer cartilaginous tissues with different materials and processes for a final realistic assembly of a 

replicated head and neck. Finally, Hochman et al. (2015) added as well three coats of urethane to simulate 

the dural membrane of the temporal bone models for a better tissue fidelity. 

 

Multi-material composites are the future in the creation of 3D printed models since none of the current 

available materials can mimic elastic and biological tissues. Hence printing materials containing fibers to 

control adequately the mechanical behavior of the object are being explored. Mechanical testing can be 

performed to analyze the biomechanical response of the human tissue by cutting, compressing or tearing 

apart the material for instance. Emmott et al. (2016) have described the tensile testing method commonly 

performed in our laboratory to evaluate the biomechanics of the aortic tissues.  
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Table 3. 3D printing technologies and materials involved in the fabrication of models for surgical training, their simulated body parts, purposes, requirements and the machines 
used. Reprinted with permission (Garcia et al., 2017). 

 Simulation Technology Material Reproduction Purpose Requirement Machine/ 
Manufacturer 

Ref 

Rigid 
material 

Bone FDM Acrylonitrile butadiene styrene (ABS) Temporal bone Drilling Quick and inexpensive fabrication  (Cohen & Reyes, 
2015) 

Inexpensive model with good haptic and visual 
aspects 

Makerbot x2 (Mowry et al., 
2015) 

Head and neck Endoscopic surgery Durability, accuracy, rigidity, homogeneousity Vantage/Stratasys (Chan et al., 
2015) 

BJ Plaster (ZP-130) + Binder (CA101 
Cyanoacrolate) 

Head and neck Dissection and drilling Anatomical fidelity, cut-ability, realistic 
response for drilling 

ZP printer 310/Z 
corporation 

(Chan et al., 
2015) 

Hydroquinone + Binder (Cyanoacrylate ) Cortical and trabecular 
temporal bones 

 Anatomical fidelity of the internal structure 
and proper mechanical characteristics 
(elasticity, hardness, vibrations while drilling) 

Z printer 650/3D 
Systems 

(Hochman et al., 
2015) 

SLS Polyamide + Glass beads Temporal bone  Drilling, burring and 
suction 

Suitable for surgical simulation  (Suzuki et al., 
2004) 

Tumor BJ Plaster (ZP-150) + Binder (ZB-63 clear)  
Wax coating 

Skull base tumor Investigation of the 
usefulness of the tumor 
by evaluating its 
visibility 

Tumor with mesh structure suitable for 
surgical simulation 

Z printer 450/3D 
systems 

(Kondo et al., 
2016) 

Semi-rigid 
material 

Cartilage PJ Rubber-like resin (TangoPlus FLX930) Trachea  Proper mechanical characteristics 
(compliance) 

Objet500/ Connex3 (Walenga et al., 
2014) 

BJ Plaster (ZP-15) + Binder  
Infiltration (Elastomeric resin, 30min) 

Septum, middle and 
inferior turbinares 

Dissection and drilling Anatomical fidelity, cut-ability, realistic 
response for drilling 

 (Chan et al., 
2015) 

Flexible 
material 

Artery PJ Rubber-like resin (TangoPlus FLX930) Human pulmonary 
arteries 

  Objet500/Connex3 (Kurenov et al., 
2015) 

Arteries  Proper mechanical characteristics 
(distensibility) 

Objet500/Connex3 (Biglino et al., 
2013) 

BJ Model infiltrated with polyurethane Ascending aorta Transcatheter valve 
replacement 

- Spectrum Z510/Z 
corporation 

(Schmauss et al., 
2015) 

Valve PJ Rubber like resin (TangoPlus FLX930 Shore 
27 and 35) 

Mitral valve Catheter-based 
interventions: Mitraclip 
procedure and plugin of 
a trans-catheter device 

No moving of the MitraClip after pulling and 
accuracy of the geometry 

Objet500/Connex3 (Vukicevic et al., 
2016) 

Heart BJ Plaster (ZP 150) + Binder (Z-bond 90) 
Plaster (ZP 150) + Binder (N/A) 

Hepatic segments   Realism of anatomical conditions, quality, 
color, and tactility  

Spectrum Z510/Z 
corporation 

(Kong et al., 
2016) 

Starch/cellulose + Binder (Polymer) 
Infiltration (urethane) 

   Spectrum Z510/Z 
corporation 

(Schmauss et al., 
2015) 

Starch-based powder  
Elastomer coating 

    (Noecker et al., 
2006) 

SLA Urethane  Cutting and suturing   (Shiraishi et al., 
2010) 

Cerebral 
aneurysm 

PJ Rubber-like resin Cerebral vessel Clipping the aneurysm Proper mechanical characteristics Objet500/Connex3 (Wurm et al., 
2011) 

Soft tissue PJ Rigid material (VeroBlackPlus RGD875) + 
Rubber-like resin (Tangoplus FLX930) 

  Proper mechanical characteristics Connex350 (K. Wang, Zhao, 
et al., 2016) 
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 Composite 
material 

Skin, bone, 
dura mater, 
tumor, brain 

PJ   Cutting and suturing 
(skin); Perforation and 
cutting (bone); Drilling 
(cranium) 

Phantom providing the haptic of a surgery with 
layers made of different materials 

Objet500/Connex3 (Waran et al., 
2014) 
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4.9. Discussion  

We described the main steps of a general and straightforward method to follow for the creation of 3D 

printed patient-specific models for medical education based on the model of a thoracic aorta with root 

aneurysm (Figure 27): teaching the anatomy, planning a surgery or practicing procedures and medical 

manipulations as the head model to practice the drilling in Figure 28 created by Chan et al. (2015) with 

one material or in Figure 29 with a combination of materials by Waran et al. (2014). We started by listing 

the most appropriate choice of imaging technology to visualize the geometry depending on the tissues 

and explained how to convert the information to a STL 3D geometrical object for fabrication.  

 

 

Figure 27. Model of the aorta with root aneurysm for teaching purposes. 
Reprinted with permission (Garcia et al., 2017). 

 

 

Figure 28. Head model made of one material to practice the drilling in medical simulation (Chan et al., 2015). 
Reprinted with permission (Garcia et al., 2017). 
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Figure 29. Head model made of a combination of materials to practice the drilling in medical simulation Waran et al. (2014). 
Reprinted with permission (Garcia et al., 2017). 

 

Medical imaging gives good anatomic spatial resolution but still need to be improved in some areas such 

as the aortic valves. In addition, the automatic segmentation is not optimal, cannot be entirely trusted 

(artifacts may not be detected or good part of the geometry may be identified as undesired) and is not 

good as manual segmentation. Creating a 3D geometrical model requires a high level of anatomical 

knowledge and coordination between surgeon, radiologist, and engineer. It is a relatively simple concept 

but does require specific multidisciplinary expertise. There is not a “one size fits” all in this growing field 

and educational goals, required technical expertise, and cost are important considerations when starting 

a 3D printing program. However, a good understanding of the 3D printing process will greatly help you 

meet your educational goals. A recent study has shown the possibility to fabricate very accurate 3D aortic 

models (c.f. intimal flap) with a 1mm of error in the mean difference in luminal diameter (Ho & Sun, 2017) 

which would allow an efficiency improvement by its use in medical simulation (see Figure 30). 

 

 

Figure 30. Accurate 3D model of an aortic aneurysm captured from CT imaging (Ho & Sun, 2017). 
Reprinted with permission (Garcia et al., 2017). 
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3D printing is an attractive, powerful, versatile technology which has the potential to be very accessible 

to anyone who would happen to be interested. It is gaining popularity mostly in orthopedics, dentistry 

and plastic surgery where bones are easier to replicate, even though much work is needed in this area.  

3D printed specific-patient models have demonstrated that they can increase performance and foster 

rapid learning (Rosen, 2008) while significantly ameliorating the knowledge, management and confidence 

of the trainees regardless of the area of expertise (Chakravarthy et al., 2011). Physical interaction has 

been proven to be the key to gaining motor skills needed for surgical intervention improving operating 

room outcomes (Armillotta et al., 2007; Kalejs & von Segesser, 2009; Sulaiman et al., 2008; Suzuki et al., 

2004). 

 

Nevertheless, very few materials currently present elastic properties ideal for surgical training in the field 

of cardiac surgery for instance. This is the current main limitation that the companies and researchers are 

trying to solve and even if there is a progress on the matter, soft materials such as silicone can already be 

printed but are not suitable for complex geometries (Oxman et al., 2012). In the near future, we believe 

that the most representative printed materials to mimic soft tissues would have to be made of several 

components. Manipulating the materials themselves as an area of research and innovation will widen the 

possibilities thus improve the mechanical responses of the printed models and provide better teaching 

tool for surgical education. A combination of materials in 3D printing have recently been explored by 

Waran et al. (2014), as well as in our lab where we tend to replicate the natural structure of the biological 

aortic tissue to mimic as far as possible its biomechanical properties.  

Printing materials were selected to create a novel flexible composite which simulates the composition of 

the aortic tissue by representing its smooth muscle cells with a non-mechanically responsive material and 

the matrix of proteins with a rigid one. Mechanical tests were performed for comparison purposes and 

resemblances with the biological material have been found. Hopefully this process and research will open 

a new future for 3D printing. One which will not only include anatomical fidelity but tissue fidelity as well. 

 

Finally, we believe that 3D digital reconstruction of surgical anatomy is complimentary to 3D physical 

models. Shah et al. (2017) studied the importance of the variation in teaching for undergraduate dental 

education and found that the majority of students had a preference for kinesthetic learning (tactile 

learning). Those physical interactions or activities are the reasons why 3D printed models are essential in 

the training of medical professionals.   
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5. Chapter 5: Paper 2 

5.1. Preface 

The following manuscript was published in 2018 in the Journal of Surgical Simulation: Garcia, J., M. 

AlOmran, A. Emmott, R. Mongrain, K. Lachapelle, and R. L. Leask. 2018. Tunable 3D printed multi-material 

composites to enhance tissue fidelity for surgical simulation, Journal of Surgical Simulation, 5: 87-98. 

In the previous manuscript, we developed a method to 3D print patient-specific aortic models but only 

used rigid materials. The presented work focused on the creation of heterogeneous and tunable 

composites by 3D printing (Polyjet technology) for aortic tissue-mimicking phantoms in the context of 

surgical training. We wanted to obtain a 3D printable and visco-elastic material that will eventually be 

implemented in patient-specific models to enhance the surgical simulation.  

We chose to replicate the natural structure of the vessel for the creation of the 3D printed tissue before 

testing the materials for comparison purposes (Objective 1.1.). Effects of the embedded fibers to the 

composite and variations in its structure were also investigated (Objective 1.2.). 

 

We found that three-material composites were able to reproduce mechanical properties of human 

ascending thoracic aortas that were previously collected from surgeries or autopsies (mechanical and 

physiological fidelities corresponding to the Objectives 2.2 and 2.3 respectively). In addition, changing the 

structure as well as the fibers geometry affected the mechanical properties of the composites (elasticity, 

strength and directional dependency) (Objective 1), thus improved the current homogeneous 3D printed 

TGPF930 material often used in surgical education. 

 

Complementary information about the data analyses in tensile testing is presented in Appendix 1. 

Appendix 2 gives more details about the chemical compositions and properties of the materials after 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).  
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5.2. Abstract 

Medical simulation is an important component in surgical education. Unfortunately, there are very few 

3D printed materials that have the tissue fidelity needed for enhanced learning of cardiovascular surgical 

techniques. Therefore, we sought to determine if we could develop 3D printed composites to better 

reflect the tissue mechanical properties of the ascending aorta. 

 

3D printed composites were created using commercially available materials for a Connex3 Objet500 3D 

printer (Stratasys, Eden Prairie, USA). Support material (SUP705) as well as rigid zigzag Vero fibers were 

systematically combined with an elastic polymer (TGPF930). The mechanical properties were evaluated 

in equi-biaxial tensile (tensile stiffness and visco-elasticity), nano-indentation (compressive stiffness) and 

suture retention strength (strength) (SRS) tests for comparisons to normal ascending thoracic aortas 

(ATAA) and ascending aortas with aneurysm (ATAA).  

 

When compared to TGPF930 (Unpaired t-test), the insertion of support material reduced the SRS 

(TGPF930: 4.45±0.49N, N=3 ;TGPF930 + SUP705: 2.57±0.32N, N=3; p=0.0023) and compressive modulus 

(TGPF930: 0.61±0.08MPa, N=6; TGPF930 + SUP705: 0.38±0.06MPa, N=6; p=0.0002).  Embedding Vero 

fibers increased the SRS (TGPF930: 4.45±0.49N, N=3; TGPF930 + Vero: 5.39±0.65N, N=3; p=0.0037), 
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compressive modulus (TGPF930: 0.61±0.08MPa, N=6; TGPF930 + Vero: 0.85±0.07MPa, N=6; p=0.0003) 

and allowed for tuning the mechanical directional dependency of the composite.  When all three 

components were combined, similarities were found with aortic tissue in terms of SRS (three-material 

composite: 4.25±0.67N, N=3; ATAA: 5.31±2.71N, N=3; p=0.6177) and compressive modulus (three-

material composite: 0.39±0.03MPa, N=6; ATAA: 0.36±0.12MPa, N=4; p=0.4485). 

 

The study has shown that the insertions of fibers and/or support material in a TGPF930 structure can 

control the mechanical properties of the 3D printed composites. We were able to simulate ex vivo passive 

tissue characteristics of aortas, therefore improving on the current homogeneous 3D printed TGPF930 

material often used in surgical education. 

 

5.3. Introduction 

Simulation is an important tool in medical education as it has been shown to enhance the learning and 

acquisition of basic technical skills outside the operating room (Malik et al., 2015). Surgical simulators are 

often made with synthetic material (latex, silicone) which acts as a surrogate for human tissue.  Such 

surgical simulators lack the anatomic, tissue and physiologic fidelity required for advanced surgical 

training. Biological tissue, such as animal and cadaveric material, provide excellent tissue fidelity, however 

they are expensive, lack patient specific pathologies and have limited physiological realism. For these 

reasons, we sought to determine if we could develop a 3D printing strategy to better reflect the 

anatomical, physiological and tissue fidelity needed for surgical simulation.  

 

Ascending aortas (AA) are frequently involved in cardiothoracic procedures where they are manipulated, 

canulated, cut, sewed and resected or reconstructed by surgeons. The vessel is very elastic and naturally 

designed to absorb the energy of systole and redistribute it through visco-elastic recoil during diastole 

(Windkessel effect). Pathologies of the ATA greatly change the mechanical properties and function of the 

vessel. With disease, the ATA stiffens, increases energy loss and loses its mechanical directional 

dependency (Chung et al., 2017; Shahmansouri et al., 2016). The energy loss is the amount of energy 

absorbed by the vessels during cyclic loading and is therefore a measure of the visco-elasticity of the tissue 

that estimates the ability of the material to perform a Windkessel function. Therefore, controlling the 

material properties of synthetic aortic tissues for realistic training models is important as it would provide 

trainees with the haptics of a large panel of potential pathologies. 
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This study aims to describe our process and technique for creating 3D printed material composites with 

variable and controllable mechanical properties to simulate aortic walls. Given the heterogenous nature 

of the ATA and its tendency to change its mechanical characteristics in diseased states, we elected to 

approach the problem of tissue fidelity by employing a fibrous multi-material composite using 

commercially available products. The material construct properties were compared and validated with ex 

vivo passive normal and abnormal freshly harvested aortic tissue.  

 

5.4. Materials and methods 

5.4.1. Creation of the heterogeneous synthetic aortic tissue  

To guide the development of our synthetic tissues, we first evaluated a flexible 3D printable material 

Tangoplus FullCure 930 (TGPF930) in which brittle support material (SUP705) and rigid Verowhite (Vero) 

were added to change the properties of the structure. All resins were available for use with a Connex3 

Objet500 (Stratasys, Eden Prairie, USA). Pure TGPF930 has previously been used to 3D print synthetic 

arteries (Biglino et al., 2013; Kurenov et al., 2015), mitral valves (Vukicevic et al., 2016) and cerebral 

aneurysms (Wurm et al., 2011). It is relatively elastic, homogenous and isotropic when printed by Polyjet 

technology, so limited in its ability to recreate different tissue pathologies. We used TGPF930 as a base 

material to create two- and three-material composites to tune the mechanical properties of our synthetic 

aortic tissue. The steps can be described as follows (Figure 31): 

• To soften a TGPF930 structure, we inserted brittle support material (SUP705); 

• To strengthen a TGPF930 structure, we embedded two layers of rigid Vero fibers; 

• To control the mechanical directional dependency, we embedded one layer of large fibers; 

• To create a tunable, soft but strong composite from a TGPF930 structure, we embedded two layers 

of rigid Vero fibers and inserted brittle support material (SUP705). 

 

Preliminary studies demonstrated that the size, volume density (distance between the fibers, number of 

layers of fibers) and shape of the fibers (pattern, amplitude and phase) have a significant impact on the 

stiffness of the composite material (Yang, 2016). We therefore chose a series of candidate composites 

based on these preliminary studies to demonstrate how the tissue fidelity can be tuned to create synthetic 

ATA tissue.  
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Figure 31. Composition and materials used to control the softness, strength and directional dependency of soft TGPF930 
structures, as well as a tunable, soft but strong three-material composite. 

Reprinted with permission 

 

5.4.2. Mechanical evaluations of the materials  

Each 3D printed sample was tested within 48 h of fabrication. Similarly, all samples were printed with the 

same printer and tested by the same operator, conditions and with fully defined standard operating 

procedures. The number of 3D printed samples was limited and the distribution is assumed to be normal.  

Moreover, all samples were printed with the same batch of raw materials. 

All aortic tissue was collected from transplant donors and patients undergoing surgery at the Royal 

Victoria Hospital (Montreal, Quebec, Canada) in accordance with the tri-council Ethical Conduct for 

Research Involving Humans. Three mechanical tests were carried out to assess the ability to tune the 

mechanical behavior of the 3D printed composites (tests and outcomes in Table 4). The results are 

compared with normal and aneurysmal ex vivo passive tissue characteristics of human ATA samples. 

Planar equi-biaxial tensile testing was used to reveal material abilities to deform and stretch (Emmott et 

al., 2016). In addition, nano-indentation testing (ASTM E2546) (also-known-as a compression test) was 
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used to evaluate the stiffness in compression, thus the compressive modulus important for the haptics on 

a macro level and tactile properties of the material. Finally suture retention strength (SRS) assessed the 

material’s ability to be sewed for suturing practice. 

 

Table 4. Mechanical tests and outcomes obtained from the study. 

Test Outcome 

Equi-biaxial tensile test Apparent elastic modulus (tensile stiffness: stiff/ soft) and energy loss (visco-

elasticity: inefficient/efficient Windkessel function) 

Nano-indentation test Compressive modulus (compressive stiffness: stiff/soft) 

Suture retention strength test Forces to tear the material (strength: tough/ fragile) 

 

5.4.3. Apparent elastic modulus and energy loss of the material: equi-biaxial tensile testing 

Equi-biaxial tensile testing was carried out within 24 h of the excision. Samples of human tissue or 

composite material (15x15mm2) were subjected to equi-biaxial stretching at constant strain rate 

(0.1mm/s) (ELF 3200, Bose Co., Framingham, USA) in a bath at 37°c. The engineering stress and strain of 

the loading curves were fit to a second order Mooney-Rivlin model (Pazos et al., 2009).  This model was 

used to calculate the apparent elastic modulus in MPa (commonly called stiffness in tensile testing, 

calculated with the slope of the loading curve) at 25% strains (Figure 32 (a)). The percentage of energy 

lost over the testing cycle was computed with the raw data to quantify the visco-elastic nature of the ATA 

and 3D printed composites. The loading and unloading stress-strain curves of the aortic tissue formed a 

hysteresis loop as a result of a storage and release of energy (Chung et al., 2014) (Figure 32). 

 

5.4.4. Compressive modulus: nano-indentation testing (ASTM E2546) 

Compressive tests were performed with the Nanovea M1 nano-indenter (Nanovea, Irvine, USA) as per the 

ASTM E2546 (Standard Practice for Instrumented Indentation Testing) with a 1mm diameter spherical tip 

to assess the compressive stiffness of the material with a compressive modulus (Ecomp in GPa). Ecomp 

defined in the Oliver-Pharr method (Oliver & Pharr, 1992) helps to determine the tactile properties of the 

materials thus their abilities to be squished. The parameter is calculated from the Poisson’s ratio of the 

material (ν is assumed 0.5), the apparent elastic modulus and Poisson’s ratio of the indenter (Eind=200GPa, 

νind=0.1), as well as the reduced modulus Er (in GPa). 

 

𝐸𝑐𝑜𝑚𝑝 =
(1−𝜈2)𝐸𝑖𝑛𝑑𝐸𝑟

𝐸𝑖𝑛𝑑−𝐸𝑟(1−𝜈𝑖𝑛𝑑
2 )

          (2) 
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The Er is derived from the material stiffness obtained from compression (Si in mN/μm) and projected 

contact area (Ac in μm2) of the spherical tip. Ac is expressed with the radius of the sphere (R in μm), the 

contact depth (hc in μm) computed with the maximum depth penetration (hmax in μm), the maximum load 

(Pmax in mN) and stiffness corresponding to the slope of the beginning of the unloading curve (Figure 32). 

 

𝐸𝑟 =
√𝜋𝑆𝑖

2√𝐴𝑐
           (3) 

𝑆𝑖 =
𝑑𝑃

𝑑ℎ
            (4) 

𝐴𝑐 = 2𝜋𝑅ℎ𝑐            (5) 

ℎ𝑐 = ℎ𝑚𝑎𝑥 −
3𝑃𝑚𝑎𝑥

4𝑆𝑖
          (6) 

 

5.4.5. Suture retention strength testing 

SRS is defined the maximum force in N required to tear the suture from the material. The evaluations 

were performed with a 500N vertical tensile tester EZ Test (Shimadzu, Columbia, USA) at room 

temperature with a single 4-0 prolene suture. The samples were pulled at 20mm/min (Figure 32 (c)).  

Triplicates of each synthetic aorta material were tested and compared with ATA tissue samples. 

 

5.4.6. Statistical analyses 

Data are presented as mean ± standard deviation and the analyses were performed using GraphPad Prism 

5 (GraphPad Software, Inc., La Jolla, USA). Comparisons between groups were done with Paired and 

Unpaired t-tests. A p value of 0.05 was taken as significant. The results are summarized in Table 5. 
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Figure 32. a) Equi-biaxial tensile test: tensile tissue tester stretching the sample and resulting stress-strain curve to evaluate the 
apparent elastic modulus Etensile(25%) (in red) of the material by computing the slope of the loading curve at 25% strain value. The 
energy loss was calculated by using the A and B areas, b) nano-indentation test: typical loading and unloading curves of the load 

and penetration-depth with visco-elastic materials in indentation. Pmax is the maximum load, hmax the maximum depth and Si 
the stiffness of the material calculated with the slope of the beginning of the unloading curve. Nanovea M1 nano-indenter 

(Nanovea, Irvine, USA) during a test using a spherical tip moving down and touching the surface of the sample, c) suture 
retention strength: Tensile tester EZ Test (Shimadzu, Columbia, USA) and a suture retention strength test with a 4-0 prolene 

suture. 
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5.5. Results 

5.5.1. Evaluation of the aortic tissue 

ATA were collected at the time of surgery. Pathologic specimens were obtained from patients with an 

ATAA. Normal specimens were obtained from donor hearts harvested for transplants. The apparent 

elastic modulus (computed at 25% strains) for normal aortas ranging from 0.05MPa to 0.09MPa 

(0.08±0.01MPa and 0.06±0.01MPa for the circumferential and axial directions, N=4 respectively). The 

normal energy loss of 20% to 29% (26±3% and 23±3% for the circumferential and axial directions 

respectively). The compressive modulus of the normal donors ranged from 0.26MPa to 0.51MPa 

(0.36±0.12MPa, N=4). Aneurysmal aortas had an apparent elastic modulus that ranged from 0.05MPa to 

0.11MPa (0.09±0.02MPa and 0.07±0.02MPa for the circumferential and axial directions, N=19 

respectively) and an energy loss from 23% to 36% (31±5% and 28±5% for the circumferential and axial 

directions respectively). The aneurysmal tissue compressive modulus ranged between 0.15MPa and 

0.36MPa (0.29±0.12MPa, N=3). Finally, the forces required to tear sutures from the aneurysmal ATA were 

between 3.09N and 8.33N in circumferential direction (5.31±2.71N, N=3), as well as 2.38N and 5.93N in 

axial direction (3.59±2.03N, N=3). 

 

5.5.2. Evaluation of the soft 3D printed material 

We evaluated TPF930 by itself and compared the material to ATA (Unpaired t-tests) (Figure 33). TGPF930 

had a similar SRS to the aneurysmal tissue (4.45±0.49N, N=3, p=0.5004). However, the printing material 

was stiffer and more viscous than ATA (p<0.05) due to its higher apparent elastic modulus (0.17±0.02MPa, 

N=3), compressive modulus (0.61±0.08MPa, N=6) and energy loss (39±6%, N=3). Consequently, TGPF930 

is stiffer and harder than human aortic tissues. 
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Figure 33. a) The apparent elastic modulus (Etensile(25%)), b) energy loss, c) suture retention strength (SRS) and d) compressive 
modulus (Ecomp) of pure Tangoplus FullCure 930 (TGPF930) and aortic tissues (normal and aneurysmal). p values of Unpaired t-

tests. 

 

 

5.5.3. Control of the 3D printed material softness 

The insertion of support material (SUP705) in soft TGPF930 structure significantly softened the composite 

but made it too brittle.  In fact, it was impossible to test the equi-biaxial tensile properties of these two-

material composites because every sample ripped during the experiments. In addition, it significantly 

decreased  the SRS by 42% (TGPF930 + SUP705: 2.57±0.32N, N=3, p=0.0023) and the compressive modulus 

by 38% (TGPF930 + SUP705: 0.38±0.06MPa, N=6, p=0.0002) when compared to pure TGPF930 (Figure 34). 

Therefore, adding the brittle component (SUP705) alone to the rubber material changes the overall 
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mechanical response of the structure but made the samples too brittle to be used as synthetic aortic 

tissue. 

 

 

Figure 34. a) The suture retention strength (SRS) and (b) compressive modulus (Ecomp) of pure Tangoplus FullCure 930 (TGPF930) 
and two-material composite (Tangoplus FullCure 930 (TGPF930) as well as support material (SUP705)). p values of Unpaired t-

tests. 

 

5.5.4. Control of the 3D printed material strength 

Two layers of rigid Vero fibers were embedded in a TGPF930 structure to reproduce the extracellular 

matrix structure of the arteries and strengthen the material. When compared to pure TGPF930 (Unpaired 

t-test), the fibers increased the energy loss (43±1%, N=3, p<0.0001), SRS (difference of 21%) (5.39±0.65N, 

N=3, p=0.0037) and compressive modulus (difference of 39%) (0.85±0.07MPa, N=6, p=0.0003) (Figure 35). 

Embedding layers of rigid Vero fibers in flexible TGPF930 structure affects significantly the energy loss, 

SRS and compressive modulus. 
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Figure 35. a) The apparent elastic modulus (Etensile(25%)), b) energy loss, c) suture retention strength (SRS) and d) compressive 
modulus (Ecomp) of pure Tangoplus FullCure 930 (TGPF930) and two-material composite (Tangoplus FullCure 930 (TGPF930) with 

two layers of rigid Vero fibers). p values of Unpaired t-tests. 

 

5.5.5. Control of the mechanical directional dependency of the 3D printed material 

To understand if fiber embedding could control the directional dependency of the material, one layer of 

two thick embedded Vero fibers (cross section area of 0.6x0.8mm2) was placed in the middle of a soft 

TGPF930 structure. The apparent elastic modulus in tensile of the axis at which the fibers were orientated 

was significantly higher (16%) than the other one (0.16±0.04MPa versus 0.13±0.03MPa, N=8 each, 

p=0.0347, Paired t-test) and but had minimal effect on the energy loss  (51±3% versus 57±8%, N=8 each, 

p=0.2032) (Figure 36). Different in stiffness in each principal direction can therefore be obtained when 

fibers are embedded in the rubber-like material.  
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Figure 36. a) The apparent elastic modulus (Etensile(25%)) and b) energy loss of the two principal directions of the two-material 
composite (Tangoplus FullCure (TGPF930) and one layer of large Vero fibers). p values of Paired t-tests. 

 

5.5.6. Tunable, soft but strong three-material composite 

Comparison to the 3D printed material  

The above results were used to tune a three-material composite to create a synthetic aortic tissue.  The 

results of a TGPF930 with two fiber layers (Vero White) material softened by support material (SUP705) 

are presented.  There was not a significant difference of the three-material composite with pure TGPF930 

(Unpaired t-test) in terms of apparent elastic modulus (0.16±0.02MPa, N=5, p=0.6010) and SRS 

(4.25±0.67N, N=3, p=0.6507) (Figure 37 (a-d)). However, the energy loss (40±3%, N=5, p=0.0158) was 

significantly higher and the compressive modulus (0.39±0.03MPa, N=6, p<0.0001) lower. Consequently, 

adding support material (SUP705) softened the overall structure and increased visco-elasticity. The fibers 

allow the material to maintain integrity and allow for tuning of the material anisotropy.  

 

Comparison to the aortic tissue 

The SRS (4.25±0.67N, N=3, p=0.6177) and compressive modulus (0.39±0.03MPa, N=6, p=0.4485 and 

p=0.0596 for normal and aneurysmal aortas respectively) of the three-material composite has shown 

similarities with the aortic tissue.  The 25% strain apparent elastic modulus (0.16±0.02MPa, N=5, p=0.0002 

and p<0.0001 for normal and aneurysmal aortas respectively) and energy loss (39.92±2.27%, N=6, 

p<0.0001) (Unpaired t-test) were still significantly stiffer and more viscous than human ATA (Figure 37 (e-

h)). 
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When looking at the average loading curve of the three-material composite (N=6) in comparison to normal 

(N=3) and aneurysmal (N=4) aortic tissues in tensile testing at lower strains, the properties are very similar, 

Figure 38. By 25%, strain hardening of the composite occurs at a higher rate than the human tissue.  
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Figure 37. Comparisons of the three-material composite to the 3D printed composite (a-d) and aortic tissue (e-h) in terms of 
apparent elastic modulus (Etensile(25%)) (a, e), energy loss (b, f), suture retention strength (SRS) (c,f) and compressive modulus 

(Ecomp) (d,h). p values of Unpaired t-tests. 
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Figure 38. Stress and strain loading curves of normal and aneurysmal aortas, as well as three-material composite. 

 

Table 5. Test applied and outcomes for each tested material. 

Material tested Test applied  Outcome 

TGPF930 Equi-biaxial tensile test 
Suture retention strength  
Nano-indentation test 

Stiffer (in tensile testing) and more viscous than ATA 
Strength similar to ATA 

Compo: TGPF930 + 
SUP705 

Nano-indentation test 
Suture retention strength 

Softer and less resistance to suture tear than aortic tissue 

Compo: TGPF930 + 
Fibers (two layers) 

Equi-biaxial tensile test 
Suture retention strength  
Nano-indentation test 

Stiffer (in compression and tension) and better suture tear 
resistance than TGPF930  

Compo: TGPF930 + 
One layer of thick 
fibers 

Equi-biaxial tensile test Control of mechanical directional dependency  

Three-material 
composite 

Equi-biaxial tensile test 
Suture retention strength  
Nano-indentation test 

Less stiff (in tensile testing) and more viscous than Compo: 
TGPF930 + Fibers (two layers) 
Stiffer (in tensile testing) and more viscous than aortic tissues  
Similar compressive stiffness and suture strength to ATA 

 

 

5.6. Discussion 
The 3D printed material TGPF930 has been used in surgical education and is suitable in some applications. 

However, the material properties of TGPF930 are uniform and isotropic. To resolve this issue, we created 

3D printable composites using TGPF930 to create synthetic ATA tissue for surgical simulation.  The 

mechanical testing was used to evaluate the tissue fidelity of our 3D printed models. The apparent elastic 

modulus and energy loss provide a measure of the dynamic response of the model due to the forces 
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created by blood flow.  The compressive modulus characterizes the feel or haptics and the suture 

retention strength simulates the material capacity of being sewed. 

 

The study has shown how we can control the softness, strength, and mechanical directional dependency 

of the materials with a fibrous structure and the insertion of support material. However, there are limits 

to the mechanical properties that can be tuned with the currently available commercial materials. In the 

future, further fine-tuning can be done by varying the fiber geometries as well as the amount of filling in 

the soft structure.  Despite the limitations, mechanical properties of the aortic tissue were replicated with 

the three-material composite such as the compressive stiffness and strength.  

 

We found the tensile properties of TGPF930 stiffer and more viscous than ATA tissue but this may not be 

a fair comparison. The use of the same strain range for tensile testing assumes the samples start at a zero-

stress state. When ATA tissue is excised, it demonstrates significant residual stress and recoils when cut. 

It is known that the physiological strain range of the aorta during a cardiac cycle is in the range of 5-10% 

due to blood pressure (Grøndal, Bramsen, Thomsen, Rasmussen, & Lindholt, 2012; Morrison, Choi, Zarins, 

& Taylor, 2009). To account for the residual stress in vivo, ex vivo biomechanical studies generally use 

higher strains (25%, 40% or maximum apparent elastic modulus) to identify the stiffness of the tissue 

(Emmott et al., 2016). The 3D printed materials do not demonstrate significant residual stress when 

printed and would likely only see such high strains due to surgical manipulation. Moreover, small 

differences in stiffness and energy loss may not be perceptible for surgical training. Future studies should 

examine the physiological fidelity of the composites implemented in phantoms using pressure dilation 

testing, echocardiography imaging (Maragiannis et al., 2015), strain imaging (Petrini, Eriksson, Caidahl, & 

Larsson, 2018) and subjective analysis of surgeons in training scenarios. In our study, we were able to 

reproduce the compressive modulus and SRS of ex vivo passive normal and aneurysmal ATA tissue. 

Matching these properties will help ensure the feel of manipulation and suturing are recreated in our 

synthetic models. 

 

The novelty of our method is the ability to create heterogeneous and tunable composites using a 

commercial 3D Polyjet printer and materials. Despite the advancements in printing technology, 

commercial 3D printers do not allow the user to alter the polymer formulation, thus limiting the starting 

point for surgical simulation. Making combinations of materials is an alternative to controlling the polymer 
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blend properties. To the best of our knowledge, this is the first study that has used the support material 

to soften the structure. 

Our analyses showed that the mechanical behavior of the 3D printable composite is largely dominated by 

the properties of TGPF930 (apparent elastic modulus and energy loss). The fibers allow for adjusting the 

directional properties of the material while the support material softens the composite and increases its 

viscosity. Using 3D Polyjet printing, we can manipulate these properties to adjust local material properties 

necessary to recreate thoracic aortic pathologies.  

 

Pathological ATA tissue is heterogeneous and can show a significant loss of anisotropy due to the 

degeneration and remodeling of the walls (Chung et al., 2017; Shahmansouri et al., 2016). Fibers of 

collagen of normal tissue are at a slight angle from the circumferential direction of the artery but tend 

towards the principal directions in distension state (Gasser, Ogden, & Holzapfel, 2006). Those property 

variations between the principal directions of the tissue can be replicated with the use of fibers mimicking 

fibrous proteins like collagen with different angular orientations (Chen et al., 2011; Finlay, McCullough, & 

Canham, 1995). Pathological tissue remodeling is also known to alter the ATA collagen and elastin 

structure resulting in large variations in material property amongst patients. This medical degeneration 

changes the anisotropy of the tissue (Chung et al., 2017; Shahmansouri et al., 2016). Therefore, adjusting 

these local properties could be key to tissue fidelity in aortopathies.  

 

Others have used multi-material composites to alter mechanical properties of 3D printed models made 

with Polyjet technology. A recent study developed 3D printed microcells made of hard elliptical or ellipsoid 

like fibers (non-specified materials) randomly distributed in a soft TGPF930 matrix in order to improve 

micromechanical models used in finite element analyses for numerical simulations (Reiter & Major, 2011). 

Materials were evaluated in tensile and compressive testing but were not compared to biological tissues. 

Similarly, K. Wang, Wu, et al. (2016) combined soft (TGPF930) and rigid Vero materials for soft patient-

specific tissue-mimicking phantoms but neglected the mechanical directional dependency of the overall 

structure by using fibers in only one direction. They also limited the assessment of their 3D printing 

multimaterials to uniaxial testing only, which may not be enough for a proper validation and 

representation of potentially anisotropic biological tissues. In addition, Vukicevic et al. [6] mixed both 

materials (TGPF930 and Vero) during the printing in order to change the hardness of the model. Two 

blends were created to differentiate the external structure and inner core of the valve leaflets in a model 

used for mitral valve repair strategies. However, both resulting materials remained homogeneous and 
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isotropic, which could potentially be a major limitation for a proper representation of soft tissue, as 

mentioned above. 

 

We have implemented the three-material composite in a patient-specific aortic geometry obtained by 

imaging data with the method developed by Garcia et al. (2017). To further our development, the 3D 

patient specific aortic models with high tissue fidelity need to be evaluated by experienced surgeons to 

validate the best combinations for task specific vascular surgical training. 

 

Beyond aortic surgery, the tunable 3D printed material could be used for other applications. Alterations 

of the composite structure would potentially allow accurate representations of other soft tissues and 

whole organs.  These phantoms will also be very useful for evaluating medical devices and imaging 

techniques. 

 

5.7. Conclusion 
In this study we reported that mechanical properties of 3D printed composites (hardness, apparent elastic 

modulus, energy loss, compressive modulus and SRS) can be controlled and adjusted by using rigid fibers 

and brittle support material. We replicated the ex vivo passive tissue characteristics of aortas, and 

therefore were able to improve the current homogeneous 3D printed TGPF930 material often used in 

surgical education. 
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6. Chapter 6: Paper 3 
 

The manuscript is in preparation for submission to Journal of Surgical Simulation.  

 

The paper deals with the creation of dynamic and echo-compatible aortic simulators with geometric and 

physiological fidelity. It builds on the previous paper (Garcia et al., 2018) which presented composite 

materials to mimic aortic tissue collected from patients. One of the structures of that study was taken and 

implemented to different geometries and tested by echocardiography. Appendix 5 explained how to 

implement the composite structure in the aortic geometries to obtain the phantoms. 

 

The aortic model material properties were analyzed by mechanical testing and in a simulated in vivo 

environment by incorporating it into a mock circulatory system for speckle tracking echocardiography 

(SPE) measurements.  SPE is a technique that quantifies the wall movement by tracking natural acoustic 

reflections of cross-sectional areas (physiological fidelity Objective 2.3). The perfused system would also 

allow the practice of entire surgeries instead of limiting the practice to simple and individual tasks 

(Objective 3). The study showed that the simulated in vivo measures co-varied with the destructive 

mechanical testing. Moreover, we found that that only the material composition had an impact on the 

overall mechanics of the models and the dynamic echo-compatible aortic simulators were able to 

reproduce motions and properties of real aortas.  

To conclude, we developed an enhanced and realistic aortic simulator for the practice of entire surgeries.  
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6.1. Abstract 

Surgical simulation is an essential part of training for cardiac surgery.  It helps trainees to develop skills, 

knowledge and experience. Nevertheless, the current aortic simulators remain very simplistic and can not 

replicate the variety of geometries or material properties of diseased aortas. For these reasons, we 

developed a novel technique to create 3D printed aortic models to be able to fabricate unique aortic 

geometries and adapt the material properties to better represent patient data.  In this study, we show 

the effect of geometry and material properties on the physiological fidelity of the models. 

 

Models were 3D printed with a Connex3 Objet500 3D printer (Stratasys, Eden Prairie, USA) with two 

geometries and two different material compositions.  A set of straight tube models and a set of idealized 

ascending aortic aneurysm models where produced.  For each geometry a one material elastic model 

made of TGPF930 (Tangoplus FullCure 930, Stratasys, Eden Prairie, USA) was printed. A second set of 

models was designed to replicate the natural structure of the aorta by imitating the collagen with 

embedded solid zigzag fibers made of Verowhite (Stratasys, Eden Prairie, USA) in a flexible TGPF930 

structure meant to simulate the elastin.   
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Each model was evaluated by ex vivo tensile testing (apparent elastic modulus and energy loss) and in 

vitro dynamic speckle tracking echocardiography SPE (cardiac cycle pressure modulus (CCPM)) to 

investigate the role of material composition/geometry on the physiological fidelity.  The speckle track 

echocardiography was compared to our patient cohort data (N=5, Age: 77±6 years old). 

 

Two-way Anova analyses showed that the ex vivo material properties were only dependent on model 

composition (apparent elastic modulus: p≤0.01 and energy loss: p≤0.001, N=3 for each category of 

simulators), but not the geometry. Similarly, SPE analysis showed the model composition, not the 

geometry determines the physiological fidelity. There was good covariance between the apparent elastic 

modulus at 25% strains and the energy loss obtained by tensile testing versus CCPM in SPE (apparent 

elastic modulus: r2= 0.5579, p=0.0041, N=12 and energy loss: r2= 0.8173, p<0.0001, N=12). Finally, when 

comparing the SPE data (N=3 for each category of simulators) with patient data (N=5), we showed that 

TGPF930 tubes and aortas were able to replicate the apparent vessel wall deformations of real in vivo 

data.  Moreover, adding fibers to the models had the ability to mimic the anisotropy and stiffest aortic 

tissue properties which could not be replicated by single material TGP930 models.   

 

The results provide a means to create surgical training models of the ascending aorta with biomechanical 

physiological fidelity of patient specific geometry which will help advance surgical training.  

 

6.2. Introduction  

Surgeons require a high skill set that is traditionally acquired through an intensive training in the clinic 

which, for several years now, includes some form of medical simulation. This educational method allows 

for repeated practice at any time in a safe and controlled environments without harming patients (de 

Montbrun & MacRae, 2012; Dutta & Krummel, 2006).  This improves knowledge, confidence as well as 

management skills of the trainees (Chakravarthy et al., 2011).  

 

Ideal cardiac surgical simulations involve realistic cardiovascular systems. However, the current vascular 

simulators remained oversimplified with no perfusion and basic tubular shapes for complex aortic or 

venous geometries (Cao, Duhamel, Olympe, Ramond, & Langevin, 2013; Pazos et al., 2010; Pepley et al., 

2018; Sulaiman et al., 2008).  The creation of patient-specific models with tuned material properties is 

possible from 3D printing (Garcia et al., 2017).  These methods can create models that have geometric 

and material property fidelity suitable for surgical training involving the ascending aorta.  
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To provide optimal surgical training, models also need to have biomechanical physiological fidelity.  The 

model vessel should be able to replicate the tissue deformations created by the dynamics of blood flow.  

Ideally, surgical simulators would be perfused and provide realistic pulse pressure-diameter fidelity for a 

variety of pathological states to allow trainees to practice surgical skills on moving vessels.  For example, 

ascending thoracic aneurysmal aortas (ATAA) can demonstrate aberrant hemodynamics and tissue 

distension when compared to a healthy ATA. These differences are created by abnormal left ventricle 

outflow tack blood flow and pathological tissue remodeling characterized by elastin degradation and loss 

of medial structure resulting in a dilation of the vessel (Chung et al., 2017; Holzapfel et al., 2004; Iliopoulos 

et al., 2009; Mulvany & Aalkjaer, 1990; Shahmansouri et al., 2016). To the best of our knowledge, no study 

has shown biomechanical physiological fidelity in a surgical simulator of the ascending aorta.  

 

The creation of a new generation of dynamic aortic simulators suitable for mock flow circulation will 

enhance the current cardiac surgical training. We developed 3D printing methods that allow for the 

creation of models with geometric fidelity from patient images (Garcia et al., 2017), as well as multi-

material structure able to adapt local mechanical properties and mimic human aortic tissue (Garcia et al., 

2018). In this study, we evaluated the capacity of the aortic simulators to replicate the deformations of 

real aortic tissue (physiological/ tissue fidelity) by speckle tracking echocardiography (Geyer et al., 2010). 

In addition, we investigated if the physiological fidelity of the models is dependent on material and/or 

geometry.  

 

6.3. Materials and methods 

6.3.1. Geometries and materials of the 3D printed aortic simulators  

Aortic models were developed by computer-aided design with a combination of two software (Solidworks 

(Dassault Systèmes, Waltham, USA), Rhinoceros 3D (Robert McNeel & Associates, Seattle, USA)), and then 

3D printed with a Connex3 Objet500 printer (Stratasys, Eden Prairie, USA). To understand the role of 

material composition and geometry on the physiological fidelity, two geometries were created using two 

different material compositions (Figure 39). Similar to our previous work (Garcia et al., 2018), we used a 

Connex3 Objet500 to 3D print our models, which were made of materials that have proven to be 

echogenic (Maragiannis et al., 2015). The physiological fidelity was assessed by speckle tracking 

echocardiography (SPE).  
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Straight tube models and an idealized ATAA geometry were created with and without inlaid fibers.  

The single-material models were made with the homogeneous, isotropic and elastic TGPF930 only 

(Tangoplus FullCure 930, Stratasys, Eden Prairie, USA). This 3D printed resin has already been used in the 

literature, however the use of this material has limitations as it does not have the ability to tune any 

mechanical properties. The two-material composite (Figure 39) was designed to broadly replicate the 

natural structure of the aortic tissue by imitating the mechanics and geometry of the fibrils of collagen. 

The latter were represented by zigzag fibers made of Verowhite (Stratasys, Eden Prairie, USA) embedded 

in the flexible TGPF930 material to simulate the elastin lamellae. The structure has shown its ability to 

control the softness (feel or haptic), stiffness (resistance of deformation) and mechanical directional 

dependency (anisotropy) of the material (Garcia et al., 2018).  

 

 

Figure 39 Aortic simulators with the two geometries (tube, aorta or idealized ATAA) and material (TGPF930, Composite). 

 

6.3.2. Echocardiography and dynamic speckle tracking 

A GE Vivid E95 echocardiographic unit (GE Healthcare, Chicago, USA) was used to obtain the imaging data 

for all analyses (patients and aortic simulators).  By placing Cardiac probe (M5Sc) on the anterior surface 

of the model, we acquire short axis images under pulsatile flow loop with a mean pressure of 90mmHg. 

The settings of the echocardiographic machine are as the following: frequency 2.3/4.6 MHz, AutoGain 2 

dB, compress 60 dB and depth 8.0 cm.  
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Aortic simulators 

Perfusion studies of the models were performed within 7 days of printing. A pulsatile flow loop consisting 

of a positive displacement piston pump (Cardioflow MR 1000, Shelley Medical, Toronto, Canada), pressure 

sensor (86A, TE Connectivity Measurement Specialties), resistance valve and an aortic model mounted in 

a water-bath as shown in Figure 40. For each SPE acquisition, a 0.5 Hz sinusoidal flow waveform was 

created by the pump and the relative diameter was measured (Figure 40). The pressure in the flow loop 

was adjusted to a mean pressure of 90 mmHg. The pressure and STE data was collected for 3 cycles and 

averaged to ensure a nontruncated cycle. 

 

 

Figure 40. Relative diameters and corresponding pressure obtained for the perfusion system 

 

Therefore, the data simultaneously acquired during the experiments were (1) the instantaneous cross-

sectional areas (thus deformations) of the simulators at the middle of the tube or idealized ATA aneurysm 

and (2) the simulated blood pressure obtained by the programmable piston-pump.  
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Figure 41. a) Piston-pump system for the evaluation of the aortic simulator by SPE and b) Picture of the operator performing 

the evaluation. 

 

Patient population 

Informed consents were obtained from patients in compliance with the Canadian tri-council policy 

statement on ethical conduct for research involving humans (Emmott et al., 2018). Patients were 

administered anesthetic before we recorded the aortic expansions with a transesophageal 

echocardiography probe inserted into the esophagus to record the maximum deformations of three 

cardiac cycles, as explained in a previous study led by Emmott et al. (2018) in our lab. The following data 

were recorded for each patient: (1) the instantaneous aortic cross-sectional areas (thus deformations), 

(2) the electrocardiogram and (3) the calibrated pulse tracing of 5 patients (Age : 77±6 years old).   

 

Speckle tracking analyses of both sets of data 

Analyses were performed with short-axis view and processed with GE’s Echo-PAC software (GE 

Healthcare, Chicago, IL, USA). The 2D strain analysis (SAX-PM for the model) function was used to 

manually place markers (or speckles) on the instantaneous lumen areas (obtained for patients or 

simulators) to track the displacements over time (Figure 42). From the displacements were finally 

computed the circumferential stretches (λcirc) of the aortas, as well as the maximum diameters. 

 

Pressure-stretch curves were then obtained for every sample and patient aortas and hysteresis loops were 

obtained. Slopes of the linear fits of the pressure and circumferential stretch (λcirc) curves were calculated 

to define the cardiac cycle pressure modulus (CCPM, slope of the curve) (Figure 42), which was originally 



 

81 
 

developed to better predict the need of surgery than the use of the aortic diameter (Emmott et al., 2018). 

Moreover, we took the ex vivo tissue thicknesses for the in vivo studies. 

 

 

Figure 42. a) Points taken along the aortic walls track displacements over time for the septal (sept), anteroseptal (ant sept), 

anterior (ant), lateral (lat), posterior (post) and interior (int) segments. b) Pressure-circumferential stretch curve to determine 

the slope, thus the Cardiac cycle pressure modulus (CCPM). 

 

6.3.3. Equi-biaxial tensile testing 

Equi-biaxial tensile testing is a common method to evaluate ex vivo material properties of the aortic tissue 

(Emmott et al., 2016). In this study, we used this method to compare the simulator outputs obtained by 

ex vivo (short squared samples extracted from the simulators) and in vivo (entire aortic simulators) testing. 

If we obtain a good covariance between the methods, it would mean that findings obtained by tensile 

testing could therefore be used to predict echo testing. 

 

All simulators were tested after SPE testing and within a week after fabrication. The same operators did 

the testing with the same equipment. We have a limited number of samples, but the distribution is 

assumed to be normal. Informed consents were obtained from patients in compliance with the Canadian 

tri-council policy statement on ethical conduct for research involving humans. 

 

Samples taken from patient aortas were collected at the time of surgery and stored at 4°c in a saline 

solution before carrying out the testing within 24 hours of excision. Normal tissue was obtained from 

donors. 
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Squared samples (15x15mm2) were stretched in a bath (37°c saline solution for the tissue and room 

temperature water for the 3D printed models) with a constant strain rate (0.1mm/s) and silk sutures 

connected to the ElectroForce® Planar Biaxial TestBench tensile tester (TA Instruments, New Castle, DE, 

USA) (Figure 43, a). The two-parameter Mooney-Rivlin energy function was used to fit the loading stress-

strain curves and calculate the apparent elastic modulus (or slope of the loading curve also-known-as 

stiffness Etensile 25%) at 25% strains, as well as the energy loss (Figure 43, b). The energy loss is quantifying 

the energy that would be absorbed and returned by the material, as does an aorta under physiological 

function during heart cycles (Chung et al., 2014)  

 

Figure 43. a) Equi-biaxial tensile tester with the generated stress-strain curves obtained from the stretching and b) the Apparent 

elastic modulus Etensile 25% as well as the Energy loss were calculated with the slope of the loading curve at 25% strains. 

 

6.3.4. Statistical analysis 

Data are presented as mean ± standard deviation and the analyses were performed by using GraphPad 

Prism 5 (GraphPad Software, Inc., La Jolla, USA). The significance was achieved at p values ≤0.05.  

The analyses used in the study started with the linear regression to determine the covariance. Covariance 

plots are presented with a linear regression line (solid, black) and a 95% confidence interval (dotted, 

black). In addition, we used a Two-way Anova and One-way Anova with Tukey’s multiple comparison test 

to compare sets of data. 

 

6.4. Results 

A total of 3 models per geometries and materials were 3D printed for the study and the experiments were 

carried out within a week after their creations. 
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6.4.1. Effects of the geometry and material on the model tensile properties  

Figure 44 displays the average and standard deviation of the tensile testing results for 3 replicate models 

in each category. Two-way Anova analyses confirms that the tensile properties of the models were 

dependent on the material composition but not the geometry (Etensile 25% p≤0.01 and energy loss p≤0.001 

respectively, N=3 for each category of simulators). 

 

 

Figure 44. Two-way Anova analyses to compare the effects of geometries and materials to the simulators with the a) Apparent 
elastic modulus (Etensile 25%) and b) Energy loss. 

 

6.4.2. Comparison of SPE to tensile testing 

TGPF930 already proved its echogenicity (Maragiannis et al., 2015), but the analyses showed that the 

composite was also echo-compatible for SPE analysis. The CCPM was compared to the apparent elastic 

modulus at 25% strains (Etensile 25%) and energy loss obtained by tensile testing (well-known method for 

material evaluation). We found that CCPM had a strong significant covariance with the apparent elastic 

modulus Etensile 25% (r2= 0.5579, p=0.0041, N=12) (Figure 45) and energy loss (r2= 0.8173, p<0.0001 N=12). 

(Figure 45).  Similar correlations were found between the ex vivo parameters and patient data (Emmott 

et al., 2018). 
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Figure 45. Comparison by linear regression of CCPM (Cycle Pressure Modulus) to the a) Apparent elastic modulus (Etensile 25%) 

and b) Energy loss. 

 

6.4.3. Comparison with aortic tissue 

We had a total of 5 patients for the study taken from a study previously led in our lab (Emmott et al., 

2018). The One-way Anova analyses and Tukey’s multiple comparison tests were used to compare the 

aortic simulators to in vivo patient data with CCPM. Similarities were found between TGPF930 models 

(tube and ATAA, N=3 for each type of simulators) and real aortas (N=5). Moreover, Figure 46 shows the 

ability of the composite to mimic the hardest tissues obtained from the patients.  

When the composite was used, we found higher CCPM than for models made of TGPF930 which proves 

than using fibers allow for tuning the properties of the aortic walls. However, the amount of fibers that 

was used in this study was probably too high, and their widths too large. Therefore, we will need to reduce 

both in order to mimic more patient aortic tissue. Being able to produce elastic material with controllable 

stiffness is key as it could be used to make more realistic 3D printed aortic tissue with local hotspots. 

 

Taken together the results show 3D printed dynamic aortic simulators can replicate local deformations of 

patient aortas tested by SPE. TGPF930 allows for similar deformations to human tissue, however 

pathological tissue could show high stiffness that this homogeneous resin can not reproduce. Therefore, 

we can see that using a 3D printed composite has the ability to change properties of the synthetic walls, 

thus would be able to mimic a larger population of patients which characteristics are known to show very 

large variations. 
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Figure 46.One-way Anova and Tukey’s multiple comparison tests to compare the 3D printed models to patient aortas.  

 

6.5. Discussion  

In this study we demonstrated 3D printed models can replicate the physiological deformation of a human 

ascending aortic aneurysm.  This biomechanical physiological fidelity is necessary to improve the look and 

feel of aortopathy surgical simulation training.  Furthermore, we showed SPE could be used on the models 

to estimate the material properties and that these estimates were representative of ex vivo tensile testing 

(apparent elastic modulus and energy loss).   

 

The study shows that the geometry of the 3D printed model has little effect on the physiological 

distension. Physiological fidelity can therefore be achieved by altering the material composition and not 

be affected if complex geometries, as captured patient specific aortas, are replicated. This fidelity is 

essential for a good simulated surgical training to prepare surgeons to real situations and apprehend the 

tactile feel of the tissue – important for skill developments (Lujan & DiCarlo, 2006; Shah et al., 2017). 

Moreover, it allows the dynamic models to move with simulated heart cycles when such motions are key 

for the practice of entire surgical procedures. The replication of realistic parts of the cardiovascular system 

for complete operations remained unfortunately inexistent on the market, thus needed to be developed. 

 

The possibility of tuning synthetic tissue that could be implemented in any geometrical simulators would 

inevitably enhance the current training models on the market. As shown in the literature, properties of 
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the aortic tissue remain very complex and would vary within the population. There is therefore a need to 

be able to control the mechanics of the simulator walls to change characteristics in accordance to 

pathologies and disease stages (Chung et al., 2014; Pisano et al., 2011; Schlatmann & Becker, 1977), 

instead of using single and not tunable materials for arteries, (Biglino et al., 2013; Kurenov et al., 2015), 

mitral valves (Vukicevic et al., 2016) or cerebral aneurysms (Wurm et al., 2011)  Studies demonstrated 

that pathological aortic tissue would have stiffness increases (Iliopoulos et al., 2009) resulting in an 

isotropic response of the tissue (Chung et al., 2017; Shahmansouri et al., 2016) instead of anisotropic for 

normal aortas (Holzapfel et al., 2004; Mulvany & Aalkjaer, 1990). Those are consequences of tissue 

remodeling which is degrading fibrils of elastin controlling passive elastic behavior when collagen is in 

charge of tensile strength (Tsamis et al., 2013). They are both largely present in the adventitia and media 

layers for normal tissue.  

 

The solution that we developed was the creation of 3D printed composites that could be indefinitely tuned 

to imitate a wide variety of patient aortic tissue by controlling the softness (feel or haptic), strength 

(resistance of deformation) and mechanical directional dependency of the material (Garcia et al., 2018).  

In this study, we found that the use of our fibers gave a high CCPM stiffness, thus we would need to reduce 

their amount and/or size to better mimic the aortic tissue. However, it proved that using fibers controls 

mechanical properties of the 3D printed materials and would therefore allow the possibility to 3D print 

higher fidelity models with local structure variations, thus replications of local mechanical response. 

 

The main limitation of the study remained in the limited numbers of samples. Properties of 3D printed 

models were assumed very consistent, however we were limited to 5 patient samples for SPE which may 

not provide a good representation of a diverse patient population. One of the reasons is that 

echocardiography used for aortic tissue evaluations is still a new method which was originally used for 

initial diagnoses to assess the global motion of the vessels in response to the stresses caused by blood 

pressure. Today, researchers are developing the technique to help medical professionals make surgical 

decisions (Satriano, Rivolo, Martufi, Finol, & Di Martino, 2015) as it is known that distensibility of the aortic 

tissue was correlating with risks of rupture. The use of echo-parameters could therefore replace or 

complete the current predictor of dangerous conditions (Di Martino et al., 2006; Wilson et al., 2003).  

 

For future work, we would need to determine ex vivo and/or in vivo mechanical properties of a large 

combination of composites (with different fiber densities, widths, patterns for instance), in order to adapt 
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the structures to patient specific aortas. A larger collection of patient data would also be required to have 

a better representation of the patient population properties. Those additional analyses would allow us to 

create even more realistic simulators with local mechanical variations to mimic the exact tissue 

mechanical responses. In addition, we would need to test the circuit with more realistic blood-mimicking 

liquid to enhance the training and validate the models by medical experts. 

 

6.6. Conclusion 

In the study, we developed dynamic echo-compatible aortic models able to reproduce motions thus 

properties of real aortas (physiological fidelity). It was found that ex vivo results obtained by tensile testing 

could be predicted from in vivo SPE analyses. The study has also shown that only the materials would 

impact the overall mechanics of the models. Those aortic surgical simulators would therefore enhance 

simulation training, ideal the practice of an entire surgery. 
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7. Chapter 7: Discussion and Conclusions 

Medical simulation is fundamental for the education of the future generations of physicians and surgeons. 

Strong knowledge and motor skills would be gained during classes providing learning activities in the form 

of practical exercises with specific-task training tools and/or simulated environments. In the thesis, I 

focused the research on the physical (thus not virtual) simulation of the ATA. Cardiac simulators currently 

used by simulation centres remain very simplistic with basic tubular geometries and/or may not 

necessarily have representative material properties. For these reasons, I investigated whether 3D printed 

composites could be used to represent human aortic tissue needed for physical surgical simulation. 

Therefore, the objective of this research was to produce synthetic 3D printed models with specific 

anatomical similarities (anatomic fidelity) and biomechanical properties of both normal and pathologic 

human aortas (tissue fidelity). For this purpose, we selected the high resolution (20-30 microns) Polyjet 

technology known for its fast building speed and ability to create multi-material objects with a wide range 

of coloured materials with specific properties (Biglino et al., 2013; Cloonan et al., 2014; Oxman et al., 

2012; Reiter & Major, 2011). This UV curing method is expensive (high machine and material costs) but 

remains today the only one with sufficient versatility.  

 

In the first manuscript (Garcia et al., 2017), we described an easy-to-follow and straightforward technique 

to fabricate 3D printed patient-specific simulators guided by educational objectives. The anatomically 

correct models obtained from those methods would ultimately be better than the tubular and idealistic 

current training tools. Each step of the creation process was explained in Chapter 4, from the 

segmentation of the imaging data to the choice(s) of material(s), based on the example of an ATA model.  

 

Designing an accurate medical simulator is complex and requires skills and techniques from multiple 

disciplines.  It starts with the participation of medical experts to obtain optimal imaging data. Gating of 

the image sequence is important when organs move. It helps avoid blurry images, but also lengthens the 

acquisition time. When poor images are provided, time-consuming and challenging idealizations and/or 

improvements of the geometries are required. Moreover, not all data is easily obtainable from one 

imaging technique. In the case of aortic models, CT is not optimal for identifying the wall thicknesses, 

which has to be estimated by applying constant offsets to the lumen, but local variations would be 

neglected. Consequently, post imaging fixing or improving the geometries can be done but are not ideal 

as they may not be representative of the in vivo geometry. 
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After segmentation, artifacts of the 3D parts would have to be removed and irregularities fixed by 

smoothing surfaces. This procedure is delicate as we do not want to deteriorate details that could be 

important in the representation of the area of interest. Also, too little smoothing generally increases the 

number of elements required to define the object while too much smoothing has the opposite effect. The 

control of the number of elements is important as it would affect the ease of manipulation of the object, 

as well as its level of details. Finally, for an accurate representation of the desired form of the model, the 

choices of the proper 3D printer and materials would be key. Printers do not offer the same resolution 

and the quality of the printing may depend on the viscosity of the liquid, when resins are used.  

 

After an in silico model is created, the challenge is to develop a method that would give the anatomic 

fidelity and also physiological fidelity.  It is important to investigate the possibility of creating materials 

with a realistic haptic rendering ideal for the practice of medical manipulations and the gain of motor skills 

(Armillotta et al., 2007; Kalejs & von Segesser, 2009; Sulaiman et al., 2008; Suzuki et al., 2004). For these 

reasons, tunable 3D printed multi-material composites were designed to replicate properties of ATA and 

ATAA for educational purposes. We sought to develop fibrous structures that would have similar 

characteristics of the real tissue when compared with tensile testing, nano-indentation and suture 

retention strength of human samples.  The fibers were selected to have the smallest size that the printer 

(Objet3 Connex500) could print without discontinuities. The impact of the embedded fibers were 

investigated, and we found that they could control the elasticity, strength and directional dependency of 

the material.  

Changes of the composite structure would therefore potentially be able to replicate specific patient 

characteristics (tissue fidelity) varying amongst population (Chung et al., 2017; Shahmansouri et al., 2016).   

We chose to use a homogenous pattern of fibers, but in future studies, local variations in the patterning 

could be used to better represent individual pathologies.  Such control of the mechanical properties would 

not be attained with the use of common homogeneous and isotropic materials.  

 

We acknowledge in this work, that our composite formulation did not perfectly match the ex vivo 

mechanical properties of the aortic tissue. However, it is important to note that assumptions were made 

during this research which probably impacted the values obtained for the analyses, especially in tensile 

testing. Biological and non-biological samples were, without exception, considered stress-free. Therefore, 

the presence of residual stresses in the aortas was neglected. We used the same strain range for all 

analyses, even though the aortic tissue would realistically not start at a zero-stress state. Such method 
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would unfortunately affect the results obtained for the material stiffness computed at a specific strain 

value (25%). The latter is usually taken higher than physiological strains (5-10% (Grøndal et al., 2012; 

Morrison et al., 2009)) to account the residual in vivo stresses of the tissue (Emmott et al., 2016). In 

addition, the absence of the residual stress in the 3D printed materials would not allow the models to 

recoil when cut, like vascular tissue. The compensation or replication of this mechanical response with 

the synthetic material has not been investigated. 

 

Similarly, comparisons between the aortic tissues and 3D printed materials should be nuanced, as all 

testing methods are labor-intensive, thus only limited numbers of biological samples are evaluated in any 

given study. In tensile testing, number of samples ranges between 6 and 40, which leaves very little room 

for patient subcategorization with any statistical power (Emmott et al., 2016). Also, ascending ATAA tissue 

is inhomogeneous with regional variations (Choudhury et al., 2009; Della Corte et al., 2012; Iliopoulos et 

al., 2009) but most studies neglect this potential variability especially when a small quantity of tissue is 

analyzed. Additionally, several tissue samples are sometimes extracted from the same subject, thus the 

diversity of the patient population would remain limited (Khanafer et al., 2011; T. Matsumoto et al., 2009). 

Consequently, interpretations and conclusions might not be entirely representative of the patient 

population. Also, data would only give the general and average characteristics of the vessel, thus neglect 

mechanical local variations of the tissue.   

 

In the stated objectives of the thesis, a goal was to move towards producing anatomically correct ATA and 

ATAA training phantoms that would replicate the deformation under pressure of real tissue (physiologic 

fidelity). To reach this goal, we implemented 3D printed structures presented in Garcia et al. (2018) to 

aortic models.  Each model was then evaluated by tensile testing and SPE to investigate the dynamic 

accuracy of the models at different points in the cardiac cycle. Replicating this mechanical response with 

this new generation of models is key, as they would allow the practice of entire surgical procedures during 

cardiac perfusion and on pump bypass instead of limiting the practice to simple cardiac arrested individual 

tasks. Moreover, they could help train medical experts recognize and diagnose pathologies during surgery 

and from dynamic medical imaging.   

 

The third paper helps move toward allowing surgeons to replicate a patient specific pathology prior to 

surgery.  Using medical imaging estimates of aortic biomechanics, 3D printed patient specific models can 

be recreated and allow the surgeon to practice the procedure on a model with physiological fidelity. 
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Previous work by our group has shown that energy loss can be used as predictors for risk assessment 

(Emmott et al., 2016). The results presented in my thesis shown that simulated in vivo measures co-varied 

with the destructive mechanical testing of the 3D printed models.  In addition, the same imaging used in 

patients confirmed that only the material composition of our models impacted the overall physiological 

fidelity and the geometry of the print did not significantly change it. The dynamic echo-compatible aortic 

simulators were also able to reproduce motions and properties of real aortas with room-temperature 

water.  

 

SPE was originally used for initial diagnoses to assess the global motion of the vessels in response to the 

stresses caused by blood pressure, which has only been recently used for the evaluation of the aortic 

properties by analyzing the local deformations of the walls in order to help surgeons to make surgical 

decisions (Satriano et al., 2015). It was shown that distensibility of the aortic tissue was correlating with 

risks of rupture. The use of echo-parameters could therefore be potentially replaced or could complete 

the current predictor of dangerous conditions (Di Martino et al., 2006; Wilson et al., 2003). Nowadays, 

surgical decisions are mainly taken in accordance of the maximum diameter of the dilatation, where 5-

5.5cm becomes risky for an adult (Rosamond et al., 2007; Saliba & Sia, 2015).  

 

The next step of this research would consist in 3D printing several models and methodically evaluate them 

with experienced cardiac surgeons from diverse hospitals. A collaboration with experts in medical 

simulation and education would be required to assess the efficiency of the training and quality of the ATA, 

ATAA models.  

Again, the objective of this research project was to create training tools for unexperienced cardiac 

surgeons, where the geometries, mechanics and physiological responses were crucial. The use of 3D bio 

printing (or biodegradable materials) was therefore not an option, as we are currently not able to create 

accurate and (large) parts with this method. Moreover, it would have cost more money (need of special 

room conditions) than PJ 3D printers and the storage of the materials would have been more complicated.  

 

In addition, a more detailed investigation of the fibers’ geometries would be necessary to better 

understand their impact on the mechanics of the composites. The models presented in Paper 2 were 

already selected from preliminary studies achieved by a master student (Zhang et al., 2018), who played 

with parameters shown in Appendix 7. Same as the collagen, we assumed that the greater the undulation 
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of the embedded zigzag geometries, the greater the extension at which the material stiffens. However, at 

this stage of the process we were limited by the technology its capacity to make thin and complex fibers. 

 

Similarly, more investigations could be done on the bio-fluid mechanics of the models connected to a flow 

loop, such as the assessment of the helical flow and/ or secondary flow. Those dynamic parameters would 

indeed affect the mechanical responses (stresses for instance) of the walls, thus the deformations. The 

use of the angiography procedure, Doppler imaging or the most recent cardiac magnetic resonance (Hope 

et al., 2011) or 4D MRI (Harloff et al., 2010; Markl et al., 2010) methods are non-invasive and could be 

used to obtain velocity profiles of the models and continue the research. 

 

Practical Issues 

For the creation of models with anatomic and tissue fidelity, we had to implement the composite structure 

in the aortic geometry. This might look trivial, but it was a major obstacle to the project. In opposite to 

standardized geometries used for the physiological models, there was no specific tool that would have 

done it automatically and accurately on patient-specific geometries. Therefore, we were forced to develop 

a method requiring the use of several software to create aortic geometries, fibers and projections over 

the models (Appendix 5). Projection was a reliable technique but would always slightly deform the fibers 

as there would not be smooth surfaces after segmentation of patient aortas.  

 

In addition, the creation of 3D printing patient aortic models was complex, especially the cleaning of the 

objects. Long tubular shapes with small diameters (coronaries, branches) and large curvatures are fragile 

when printed and thus not easy to clean with traditional tools (carving tools, waterjet). Stratasys advised 

us to leave them in a high PH solution for a few hours, however, we found that the resins absorbed liquids 

and a short analysis confirmed it by showing an increase weight of 7% (N=4) after a 3.5-hour bath 

(Appendix 3). Such reaction was therefore damaging the composites by changing the volumes of the inside 

structures (fibers and support material) and generating cracks on the outside. Consequently, we were 

forced to develop our own method which consisted of spraying models with a cleaning product made of 

ammonia (Appendix 6) to partially dissolve the support material before removing it by hand. The creation 

of novel 3D printing cleaning tools for specific and complex geometries could be an additional solution to 

improve the process.  
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Finally, to avoid any variabilities in the mechanical responses of the cured printed resins, we always 

underwent the analyses within 48 hours after printing for the squared sample (Manuscript 2) and within 

a week after fabrication for the simulators with physiologic fidelity (Manuscript 3). According to an 

investigation explained in Appendix 4, samples became too brittle for testing after three weeks when they 

were kept in sealed bag with air. Nitrogen would help and lengthen the product lifetime up to two more 

weeks. The technique used to remove 3D printed parts from the platform was also important, as we did 

not want to break any of the fibrous structure and damage the product when it was still warm. Once the 

samples were collected, we protected them from light in sealed opaque bags to avoid chemical as 

photopolymerization. Finally, the maintenance and conditions (UV lights, print heads, cleanliness) of the 

machine, as well as the quality of the resins (new or almost expired) would also be crucial for consistency 

matters.  

 

In conclusion, the research question of this thesis was whether 3D printed composites could be used to 

represent human aortic tissue needed for physical surgical simulation. The thesis has shown that we 

successfully developed methods to 3D print aortic models with anatomic, tissue and physiologic fidelity. 

We were therefore able to create medical phantoms with composite structures that would improve the 

current training tools and allow the practice of entire surgical procedures when being incorporated into a 

mock circulatory system. 
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8. Chapter 8: Original contributions to knowledge 

This research has established methods to create 3D printed aortic models with anatomical, tissue and 

physiological fidelities. Accurate patient-specific geometries were obtained by gated CT-Scan while the 

design of synthetic, 3D printed and tunable composites was guided by the composition of the aortic tissue. 

It was found that characteristics of the printed materials could be controlled, such as the softness, 

strength, and mechanical directional dependency. The simulated tissue also showed good echogenicity 

and matched properties of the aortic tissue. 

 

Using 3D printing to create precise and representative aortic models could therefore represent a widely 

used technique to fabricate realistic aortic models for surgical simulation. The work of this thesis had 

important and significant advances and the novel contributions presented in this research were: 

 

1. The development of a straightforward method to capture patient aortic geometries by CT-scan 

for 3D printed static rigid phantoms. 

A review manuscript about the current 3D printed phantoms in medical simulation was published 

and based on the example of the ATA. It appeared there was lack of vascular models for teaching 

purposes. Each step of the method was explained and adapted for the creation of 3D printed 

patient-specific aortas.  

 

2. The design of tunable fibrous composites to control material properties and replicate the 

biomechanics of normal and aneurysmal ascending aortas. 

We based the structure of our composites on the natural composition of the aortic tissue. The 

study has shown that variations in the fiber geometry would affect the elasticity, strength and 

mechanical directional dependency of the material. Therefore, compositions and structures could 

be adapted in accordance to the properties that the operator wants to replicate – properties that 

would vary among patients and diseases.  

 

3. The development of a method to implement the composites in the aortic models for mechanically 

realistic phantoms. 

There is currently no specific tool that would automatically and easily implement composites in 

aortic geometries, especially those obtained from segmentation. We therefore had to develop a 

technique combining several software in order to project grids of fibers over the models. 
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4. The development of a circuit to evaluate the physiological fidelity of the aortic phantoms.  

A mock flow circulation model was created to simulate aortas under physiological conditions for 

dynamic SPE. A positive displacement pump -that simulated heart cycles by changing pressures- 

was connected to a 3D printed aortic model while echo-parameters were evaluated. 

 

5. The development of dynamic aortic phantoms with physiological fidelity for perfusion system. 

A novel generation of dynamic 3D printed aortic simulators with physiological fidelity suitable for 

a perfusion system was developed to practice entire cardiac surgeries.  

 

To conclude, I made novel and meaningful contributions towards the improvement of the ascending 

thoracic aortic surgical simulator. The creation of such models has proven to be very complex due to the 

multidisciplinary nature of the project, as well as the technological constraints and limitations. Therefore, 

this work provides a prototype of the methods to create patient specific thoracic aortic medical simulators 

and identifies limitations that could be overcome with improvements in technology to evolve physical 

surgical simulators in general.  
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9. Chapter 9: Future work  

9.1. Aortic model and more detailed 3D printed tissue 

The method that we developed for the implementation of the composite is time-consuming. Moreover, 

we should be able to change the fibrous patterns locally in order to give more realistic patient specific 

models. The solutions of these problem would be: 

- Coding a program to implement automatically the composite/ fibrous structures in the patient 

specific aortic models, 

- Designing more fibres and defining their properties in order to be able to replicate a larger panel 

of tissue characteristics, 

- Mapping properties of patient-specific aortas in order to replicate local properties and 3D print 

more realistic models. 

 

9.2. Use of other 3D printed materials 

The study has shown the limitations of the current 3D printed materials. The next steps of the study would 

consist in: 

- Creating a new generation of materials with chemical engineers, 

- Trying other technologies or materials available on the market. 

We only had access to the soft 3D printed material TGPF930 when we started the study. However, others 

have been developed by Stratasys and will be soon on the market. 

 

9.3. Perfusion system 

The setup of the third paper for SPE remained idealistic and could be improved for future investigations 

with: 

- Having a 37⁰C blood-like liquid with a representative viscosity, 

- More realistic colors to simulate blood. 
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9.4. Sampling 

We had a limited number of aortic samples, thus were not able to make comparisons to specific groups 

that could have been divided by sex, age and pathologies, for instance. To solve this limitation, we should: 

- Continue evaluating ex vivo, in vivo aortic tissue for normal and pathological aortas. 
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Appendix 

1. Equi-biaxial tensile testing 

Stress and strain definitions 
Arteries have non-linear visco-elastic behavior as the tissue exhibits viscous and elastic characteristics 

under deformations with a time-dependent strain rate. Many definitions exist for the stress and the strain 

but we used the engineering stress S and strain e suitable for small deformations. 

𝑆 =
𝐹

𝐴𝑜
                       (8) 

𝑒 =
𝐿−𝐿0

𝐿0
                       (9) 

F is the recorded force, when L0 and L are the initial length and the length after deformation. A0 stands for 

the initial cross-section area calculated with the measured thickness and lengths of the specimen. The 

engineering stress does not consider the decrease of the cross-section area during the loading cycles.  

Once the stresses and strains have been calculated from the experimentation, a constitutive model can 

then fit the data.  

 

Non-linear continuum mechanics 
We applied the theory of continuum mechanics thus assumed infinitely divisible and locally homogeneous 

matters. Moreover, we simplified the conditions and assumed the materials (aortic tissue, 3D printed 

composites) to be isotropic, hyperelastic and incompressible. The incompressibility is often used to 

characterize the arterial walls as a consequence of a large amount of intracellular and extracellular water 

in the tissue (70-80% by weight) preventing the material from changing its volume when being pressurized 

(Chuong & Fung, 1984; Humphrey, 2010).  

 

For each deformation, displacements are expressed with vectors 𝑢(𝑥) to describe the motion of each 

point in the solid where x and X are the positions in the deformed and reference configurations 

respectively (Figure 47): 

𝑋 = 𝑥 + 𝑢(𝑥)                   (10) 

Displacement gradient tensor: 

𝛻𝑢 =
𝜕𝑢

𝜕𝑥
                  (11) 

Deformation gradient tensor with the identity tensor I: 

𝐹 = 𝛻𝑥 =
𝜕𝑥

𝜕𝑋
= 𝐼 + 𝛻𝑢                        (12) 
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The Jacobian describes the change of volume produced by deformations and is expressed with stretches 

in the principal directions λ1,2,3. J=1 because of the incompressibility. 

𝐽 =
𝑑𝑉

𝑑𝑉0

= 𝑑𝑒𝑡(𝐹) = 𝜆1𝜆2𝜆3                 (13) 

The right Cauchy-Green deformation tensor C, also called a material tensor, describes how the length and 

angles change between the positions: 

𝐶 = 𝐹𝑇𝐹                  (14) 

 

 

Figure 47. Deformation gradient F from the reference (blue) to the deformed position (green). 

 

Hyperelastic model 
For hyperelastic and isotropic materials, we chose to represent the elastic of the aortic tissue by the strain-

energy function Mooney-Rivlin where the energy stored is independent from the path. 

𝛹 = ∑ 𝑐𝑖𝑗
𝑛

1+𝑗=1
𝑖,𝑗=0,…,𝑛

(𝐼1̅ − 1)𝑖(𝐼2̅ − 1)𝑗 +
𝜅

2
(𝐽 − 1)2              (15) 

κ is the bulk modulus, cij are the material parameters and I1,2 the invariants. 

In equi-biaxial tension:  𝜆1 = 𝜆, 𝜆2 = 𝜆 and 𝜆3 = 𝜆−2 and the invariants are: 

{
𝐼1 = 𝑡𝑟𝑎𝑐𝑒 (𝐶) =  𝜆1

2 + 𝜆2
2 + 𝜆3

2 = 2𝜆2 + 𝜆−4

𝐼2 =
𝑡𝑟𝑎𝑐𝑒 (𝐶2)−𝑡𝑟𝑎𝑐𝑒 (𝐶)2

2
= 𝜆1

2𝜆2
2 + 𝜆2

2𝜆3
2 + 𝜆3

2𝜆1
2 = 2𝜆−2 + 𝜆4

           (16) 

Therefore, after simplifications the second order (n=2) Mooney-Rivlin will be: 

𝛹 = 𝑐10(𝐼1 − 3) + 𝑐01(𝐼2 − 3)                 (17) 

     = 𝑐10(2𝜆2 + 𝜆−4 − 3) + 𝑐01(2𝜆−2 + 𝜆4 − 3) 

The differences of Cauchy stresses in the principal directions σ1,2,3 for an incompressible hyperelastic are:  

𝜎1 − 𝜎3 = 𝜎2 − 𝜎3 = 𝜆1  
𝜕𝛹

𝜕𝜆1
− 𝜆3  

𝜕𝛹

𝜕𝜆3
= 𝜆2  

𝜕𝛹

𝜕𝜆2
− 𝜆3  

𝜕𝛹

𝜕𝜆3
            (18) 
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𝜎3 = 0 in equi-biaxial tension and Cauchy stresses can be calculated with the following relation and 

converted in engineering stress: 

σ1 = σ2 = 2c10(λ2 − λ−4) − 2c01(λ−2 − λ4)              (19) 

S1 = S2 = 2c10(λ − λ−5) + 2c01(λ3 − λ−3)              (20) 
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2. Compositions of the resins  

Thermal gravimetric analysis  
The thermal gravimetric analysis (or TGA) is a method measuring sample weights over time as a function 

of increasing temperature. It gives information on the decomposition reactions of materials (phase 

changes, absorption, desorption) by investigating the thermal stability of their systems. 

 

The method used with air was: 

1: Ramp 20.00⁰c /min to 550.00⁰c, 

2: Select Air, 

3: Ramp 20.00⁰c /min to 700.00⁰c. 

 

The Weight-Temperature curves of Verowhite and Tangoplus FullCure 930 presented three significant 

weight losses (200⁰c, 460⁰c and 500⁰c) while the support material only had two (225⁰c and 500⁰c) (Figure 

38). In Figure 38 (d), we can see that Verowhite would be less affected at a given temperature when 

compared to Tangoplus FullCure 930 and the support material. 

 

Those changes occurred at very high temperatures, thus we wouldn’t affect the material for normal use 

of the simulators. Moreover, Verowhite and Tangoplus FullCure 930 had decomposition at similar 

temperatures thus were made of the same chemical compounds.  

Finally, Verowhite would be more resistant than Tangoplus FullCure 930 and the support material. 
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Figure 48. Weight-Temperature (green) and Derivative weight-Temperature (blue) curves for TGA analyses of a) Verowhite, b) 
Tangoplus FullCure 930, the c) Support material, as well as a graphic showing all Weight-Temperature curves in d). 

 

Differential scanning calorimetry 
The differential scanning calorimetry (DSC) is a method to investigate the thermal characteristics of 

substances like polymers by analyzing the amount of heat required to increase the temperature of the 

sample.  

 

Tzero Aluminium pans were used for the experiments which consisted on: 

1: Equilibrate at -60.00⁰c, 

2: Ramp 10.00 °C/min to 100.00⁰c, 

3: Mark end of cycle 0, 

4: Ramp 10.00⁰c /min to -60.00⁰c, 

5: Mark end of cycle 0, 
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6: Ramp 10.00⁰c /min to 100.00⁰c, 

7: Mark end of cycle 0. 

 

Graphics in Figure 49 showed Heat flow-Temperature curves composed of the first heat cycle (in blue), 

cool cycle (in red) and second heat cycle (in green). Verowhite and Tangoplus FullCure 930 presented 

changes in heat capacity at approximately 50⁰c and -20⁰c respectively (midpoint temperatures) for 

glass transitions. By contrast, the support material did not present specific reaction while we 

increased the temperature. 

 

DSC showed a beginning of glass transition at 25⁰c for the Verowhite, which corresponds to regular 

room temperatures. Using 3D printed resins at 37⁰c to replicate physiological conditions could 

therefore start a material reaction and damage the samples. 

 

 

Figure 49. Heat flow-Temperature curves for DSC analyses of a) Verowhite, b) Tangoplus FullCure 930 and c) Support material. 

The first heat cycle is in blue, the cool cycle is in red and the second heat cycle in green.  
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3. Hydrophilic resins 
An investigation was carried out to determine if the 3D printed materials were absorbing water after being 

in a bath for 3.5 hours.  

We found that the weight of the three-material composites (N=4) showed a 7±2% increase caused by the 

absorption of water (Table 6) when samples (N=4) did not vary after the same amount of time in a dry 

environment (Table 7). A p=0.0009 was found for an Unpaired t-test. 

Therefore, the differences between the two studies confirmed the hydrophilic property of the resins.  

 

Table 6. Weights of the samples before and after a 3.5 hours water bath. 

Weight before bath (g) Weight after 3.5 hours bath 
(g) 

Difference 

0.0310 0.0335 7% 

0.0304 0.0324 6% 

0.0328 0.0344 5% 

0.1417 0.1567 10%  
Average 7% 

SD 2% 

 

Table 7. Weights of the samples before and after 3.5 hours. 

T=0s (g) After 3.5 hours (g) Difference 

0.0304 0.0305 0% 

0.0300 0.0301 0% 

0.0304 0.0306 1% 

0.0315 0.0314 0%  
Average 0% 

SD 0% 
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4. 3D printed composites over time 
A study was carried out to investigate the evolution of the material properties over time. We kept samples 

from light in sealed bags filled with air, as well as in containers with nitrogen. Two parameters were 

calculated from tensile testing, such as the apparent elastic modulus at 25% strains and the energy loss. 

We had N=3 samples per week.  

The composites kept in sealed bags with air became very brittle thus not testable after 3 weeks. This can 

be confirmed by the large and abnormal standard deviation obtained for the third week (Figure 50). The 

use of nitrogen helped in the storage of the 3D printed resins as we were able to test them up to 5 weeks. 

Nevertheless, we have not found large variations of the properties over time. 

To conclude, material properties did not vary over time, but the resins became brittle. The use of nitrogen 

lengthened the product lifetime up to 2 weeks.  

 

 

Figure 50. Variations over time of the apparent elastic modulus (Etensile (25%) (MPa)) and energy loss (%) for the three-material 
composite kept in air and nitrogen. 
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5. Implementation of the composite structure in the aortic geometries 

for static mechanically realistic phantoms 
One of the objectives of the thesis was to create static mechanically realistic phantoms (Objective 2.2) 

which were aortic models made of composite structures developed in Paper 2 (Garcia et al., 2018). The 

implementation of the synthetic material to the aortic geometries could be performed as follows. 

 

Creation of the inner structure 
First, we created two distinct aortic geometries from the lumen by adding two different offsets with 

Rhinoceros 3D (Nobert McNeel & Associates, Seattle, WA, USA). Each of the aorta was used to lay down 

one layer of fibers.  

In the case of a patient-specific geometry that would automatically be saved in STL format after the 

segmentation, we needed to create intermediate surfaces in order to be able to do the projection. For 

this reason, we used a reverse engineering tool named RhinoResurf to create surfaces over the multiple 

triangles constituting the STL geometry (Trunhoo, Network Technology, Nanjing, Jiangsu, China) (see 

Figure 51). 

In parallel, grids of fibers were made by computer-aided design (Solidworks, Dassault Systems, Waltham, 

MA, USA) and were projected with Rhinoceros 3D over each aortic model (one per offset) for the two 

layers – as required for the composites. At the end, we simply had to save the two layers of fibers alone 

in one first STL file (inner structure).  

 

 

Figure 51. Creation of an intermediate surface over the STL geometry for the projection of one layer of fibers. 

 

Creation of the outer structure 
To implement the two layers of fibers, we needed an outer structure. This is why, we created a 2mm-

offset aortic model obtained from the lumen after segmentation. We assumed a 2mm thickness aortic 
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wall (Arthur E Li et al., 2004). Boolean operations were then used to remove the fibers from the geometry 

with Netfabb (Autodesk, California, USA). A new STL format file could be finally saved (outer structure), if 

we limit our simulator to a two-material composite. 

For the three-material composites, there was a last step which consisted in creating a hollow by 

controlling the shell thickness of the structure. We took the previous model and “dug” into it for the 

creation of a new void that was then used for the insertion of the support material during the printing. It 

resulted in a new STL file (outer structure) without fibers and with a hollow made for the support material. 

 

Assembly of the STL files for the printing 
As explained by Garcia et al. (2017), one STL file corresponds to only one specific 3D printing material and 

with the method previously described, we created two of them, such as  

- one file for the two layers of fibers = inner structure, 

- one file for the 2mm-thickness aortic structure without fibers (with or without extra hollow) = 

outer structure. 

The fibers were made of rigid Vero when the outside was in soft TGPF930. 
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6. Ammonia 
 

The formula of Ammonia is NH3 (Figure 52). It is a compound of nitrogen and hydrogen that is miscible 

with water and gives basic aqueous solution. 

 

 

Figure 52. Ammonia formula 

 

  



 

120 
 

7. Tunable parameters of the fibers in the composites 
       

The rigid fibers used in Paper 2 and 3 were previously investigated in a Master thesis (Zhang et al., 2018). 

We changed several parameters including the diameter of the filets, the amplitude of the zigzags and the 

length (also known as a period for the sine function) as shown in Figure 53. 

 

Figure 53. a) Fibers embedded in the composite and the b) Tunable parameters (Diameter, Amplitude and Length) of the fibers. 

    


