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Abstract

Vascular bioprostheses offer promising solutions for replacing small-caliber ves-
sels. However, their clinical feasibility demands comprehensive evaluation beyond
mechanical and biological compatibility. This research focuses on investigating
thermal effects associated with the implantation of polymer-based (PCL:PGS)
vascular prostheses, as even minor temperature variations might significantly af-
fect clinical outcomes. The analysis employs numerical simulations based on Com-
putational Fluid Dynamics (CFD) to explore conjugate heat transfer phenomena
within vascular systems incorporating bioprostheses. Multiple geometries—linear,
curved, and bifurcated vessels—were modeled using OpenFOAM, varying velocity
and diameters to assess thermal behavior under realistic physiological conditions.
Results demonstrate minimal temperature variations (less than 0.1 K) introduced
by the prosthesis, irrespective of geometry complexity. Although slight temper-
ature increases occurred locally near the scaffold, these were deemed negligible,
confirming the prosthesis’s thermal safety and suitability for clinical implantation.
This study validates the thermal compatibility of PCL:PGS vascular prostheses,
significantly supporting their clinical implementation. Additionally, the estab-
lished CFD modeling framework provides an adaptable platform for future inves-
tigations under diverse physiological conditions, potentially facilitating targeted
patient-specific assessments and extended clinical applicability.
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Introduction

This thesis falls within the field of chemical bioengineering and fluid dynamics
applied to vascular bioprostheses. The primary objective of this research is to
analyze the thermal and fluid dynamic behavior of a synthetic vessel fabricated
through electrospinning, using a polymer blend of polycaprolactone (PCL) and
polyglycerol sebacate (PGS). Numerical simulations are performed using Open-
FOAM to study the temperature profile and fluid behavior under realistic oper-
ating conditions. The interest in vascular bioprostheses arises from the need to
develop more effective alternatives to traditional synthetic grafts. Cardiovascular
diseases represent one of the leading causes of mortality worldwide, with con-
ditions such as atherosclerosis, aneurysms, and arterial stenosis often requiring
surgical intervention through vascular replacement or bypass procedures. In this
context, innovative bioprostheses offer solutions that are more compatible with
physiological processes, reducing postoperative complications and improving pa-
tients’ quality of life. Bioprostheses made from bioresorbable materials provide
the advantage of promoting tissue regeneration, avoiding long-term complications
associated with permanent implants. The selection of the PCL-PGS blend comes
from its mechanical and elastic properties, as well as its ability to gradually de-
grade, allowing for the formation of new biological tissue. The research is struc-
tured into multiple phases. Initially, a detailed analysis of the circulatory system’s
anatomy is provided, with particular focus on the characteristics of blood vessels
and the biomechanical requirements that vascular prostheses should fulfill. Sub-
sequently, bioprostheses are discussed in general, with an in-depth examination
of polymeric materials used in biomedical applications, particularly the proper-
ties of PCL and PGS. Electrospinning, the fabrication technique adopted for the
preparation of experimental samples, is analyzed in detail to highlight the role of
process parameters in defining the structural characteristics of the bioprosthesis.
A fundamental aspect of this study involves the fluid dynamic modeling within
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the synthetic vessel. The flow is considered laminar, and blood is modeled as
an incompressible fluid. The Navier-Stokes equations serve as the mathematical
reference for fluid behavior analysis, while for the thermal aspect, an equivalent
condition is adopted to simplify the problem without neglecting the influence of
the material’s thermal conductivity. This condition is based on the assumption
that when the vessel diameter is significantly larger than the wall thickness, the
latter can be considered negligible in conduction calculations. However, a correc-
tive equation is introduced to account for the thermal conductivity of blood and
the polymer blend used, ensuring a more realistic model. Finally, the numerical
simulation phase is conducted using OpenFOAM, an open-source software widely
employed for fluid dynamic and thermal analysis. The vascular geometries are
modeled using Onshape, enabling the creation of precise and customized three-
dimensional structures. The simulation process involves the implementation of
the Navier-Stokes equations within the computational domain, with appropriate
boundary conditions to represent blood flow under physiological conditions. Nu-
merical discretization techniques based on the finite volume method are applied,
ensuring high accuracy in solving the governing equations. Post-processing is per-
formed in ParaView, where the obtained data are analyzed to visualize velocity,
pressure, and temperature profiles along the synthetic vessel. This phase allows
the identification of critical regions of flow instability or thermal accumulation,
which are essential for model validation and bioprosthesis design improvements.
The results will help assess the effectiveness of the bioprosthesis from a thermal
and fluid dynamic perspective, providing useful insights for future material and
production process optimizations. This thesis, therefore, aims to combine an en-
gineering approach to bioprosthesis design with advanced numerical simulation
tools, contributing to the understanding of vascular bioprosthesis behavior and
the definition of design criteria based on scientific evidence. The integration of
computational modeling and experimental analysis is a crucial aspect in advancing
next-generation bioprostheses, offering a solid foundation for optimizing materials
and fabrication processes. Furthermore, the findings of this research could serve
as a reference for future studies aimed at refining simulation methodologies and
evaluating additional material combinations for biomedical applications. The ap-
proach adopted not only provides a rigorous method for bioprosthesis analysis but
also opens new perspectives for the customization of implantable devices, with the
ultimate goal of enhancing clinical efficacy and improving patients’ quality of life.
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Chapter 1

Anatomy of the circulatory system

1.1 The human circulatory system and blood

The human circulatory system is a complex apparatus that ensures the con-
tinuous transport of oxygen, nutrients, hormones, and metabolic waste products
throughout the body. Its primary function is to maintain homeostasis by supply-
ing tissues with an adequate amount of oxygen while facilitating the removal of
carbon dioxide and other waste substances. This system is composed of an inter-
connected network of blood vessels that enable blood circulation, driven by the
propulsive action of the heart. The heart is the central organ of the circulatory
system, a hollow muscular structure divided into four chambers (two atria and two
ventricles), responsible for propelling blood through the vessels. The circulatory
system is divided into two main circuits[1]:

• Systemic circulation

Transports oxygenated blood from the left ventricle of the heart to the
entire body via the aorta and major arteries. After delivering oxygen to
the tissues and collecting carbon dioxide and metabolic waste products, the
deoxygenated blood returns to the right atrium through the venae cavae.

• Pulmonary circulation

Carries oxygen-poor blood from the right ventricle to the lungs through the
pulmonary artery. In the lungs, the blood becomes enriched with oxygen
and releases carbon dioxide before returning to the heart via the pulmonary
veins.
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Figure 1.1: Systemic and pulmonary circulation in human body.

Blood is the fluid that circulates within the circulatory system and performs
multiple vital functions. It is composed of 55% plasma and 45% formed ele-
ments. Plasma is a yellowish liquid containing plasma proteins (albumin, glob-
ulins, fibrinogen), electrolytes (sodium, potassium, calcium), glucose, lipids, vi-
tamins, and dissolved gases. The formed elements of blood play essential roles
in maintaining physiological functions and are categorized into three main types
of cells[1][2]. Erythrocytes, commonly known as red blood cells, are responsible
for oxygen transport due to the presence of hemoglobin. Their characteristic bi-
concave shape optimizes the surface area available for gas exchange, facilitating
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the release of oxygen to tissues and the uptake of carbon dioxide for elimina-
tion through the lungs. Leukocytes, or white blood cells, serve as the body’s
primary defense system against infections and pathogens. These immune system
cells can be further classified into different subtypes. Granulocytes are involved
in inflammatory responses and bacterial infections, lymphocytes play a crucial
role in specific immunity, and monocytes have the ability to differentiate into
macrophages, assisting in the destruction of microorganisms and the removal of
cellular debris. Lastly, platelets are small cell fragments that play a crucial role
in blood coagulation. In the event of vascular injury, these structures rapidly
aggregate at the site of damage, forming a hemostatic plug that prevents exces-
sive blood loss and facilitates the repair process of the injured vessel[3][2]. The
circulatory system also plays a fundamental role in regulating body temperature
and distributing hormones. Any alteration in its functionality can lead to various
pathologies, including hypertension, atherosclerosis, and thrombosis, ultimately
impairing the proper delivery of blood to tissues[4].

Figure 1.2: The diagram illustrates the primary components of blood separated by
centrifugation: plasma, white blood (leukocytes), platelets, red blood cells (erythro-
cytes).
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Figure 1.3: The image presents a high-magnification view of blood cells, high-
lighting their structural differences. The red blood cells (erythrocytes) appear as
biconcave discs. The white blood cells (leukocytes), visible in yellow. The platelets,
seen as small irregularly shaped fragments, are involved in the blood clotting pro-
cess.

1.2 Blood vessels

1.2.1 Introduction

Blood vessels form the transport network for blood within the body and play
a crucial role in maintaining homeostasis. They facilitate the distribution of oxy-
gen and nutrients to tissues, the removal of metabolic waste products, and the
transport of regulatory molecules such as hormones and growth factors[2]. Their
structure and function vary depending on their type and anatomical location, yet
they all share a general organization composed of specialized layers that ensure
strength, elasticity, and the regulation of blood flow. Blood vessels can be classi-
fied into three main categories based on their function and the direction of blood
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flow[1]:

• Arteries

Transport oxygenated blood from the heart to the tissues.

• Veins

Return deoxygenated blood from the tissues to the heart.

• Capillaries

Facilitate the exchange of gases, nutrients, and metabolic waste between the
blood and tissues.

Figure 1.4: The diagram illustrates the transition of blood flow through the vascular
system. Arteries carry oxygen-rich blood from the heart, which then moves through
arterioles into the capillary network. At the capillary level, oxygen and nutrients
diffuse into the surrounding cells, while carbon dioxide and waste products are
collected. The deoxygenated blood then flows into the venules and subsequently
into the veins, which return it to the heart for reoxygenation. This process ensures
efficient nutrient exchange and waste removal, maintaining homeostasis in tissues.

In addition to these primary categories, there are also arterioles and venules,
which serve as transitional vessels between arteries and capillaries and between
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capillaries and veins, respectively. Arterioles play a fundamental role in regulat-
ing blood pressure and distributing blood flow across different areas of the body.
Arteries can be further classified into elastic arteries and muscular arteries. Elas-
tic arteries, such as the aorta and pulmonary arteries, contain a large amount of
elastic fibers in their walls, allowing them to expand and contract with each heart-
beat. This elasticity helps maintain continuous blood flow even when the heart
is in its relaxation phase. In contrast, muscular arteries have a higher proportion
of smooth muscle tissue, which regulates the vessel diameter and, consequently,
the blood flow to different tissues[1]. Unlike arteries, veins have thinner walls and
are less elastic. However, they are equipped with one-way valves that prevent
blood from flowing backward, facilitating venous return to the heart, particularly
in the lower limbs, where gravity opposes the upward movement of blood. Cap-
illaries are the smallest blood vessels in the body and play a crucial role in the
exchange of gases, nutrients, and metabolic waste between the blood and sur-
rounding tissues. Despite their small size, capillaries exhibit structural variations
that influence their function and distribution across different organs. Continuous
capillaries are the most common type and are characterized by tightly connected
endothelial cells. This structure limits the passage of large molecules, ensuring a
selective exchange between the blood and tissues. These capillaries are primarily
found in muscles and the central nervous system, where an effective protective
barrier is required to regulate substance flow[5]. Fenestrated capillaries, on the
other hand, have small openings, or fenestrations, in their endothelial cells, allow-
ing for an increased exchange of substances between the blood and surrounding
tissues. This structural adaptation is particularly beneficial in organs involved in
filtration and secretion. In the kidneys, fenestrated capillaries facilitate plasma
filtration, playing a crucial role in the formation of urine. Similarly, in the en-
docrine glands, they enable the rapid transfer of hormones into the bloodstream,
ensuring efficient hormonal signaling throughout the body[2]. Lastly, sinusoidal
capillaries possess large openings between endothelial cells, making their walls
highly permeable. Due to this feature, they allow the passage of not only large
molecules but also entire cells, facilitating the transfer of substances and cellular
components between the blood and organs. This type of capillary is typically
found in the liver and spleen, where extensive macromolecule exchange and blood
cell turnover are essential for maintaining physiological balance [5][6].
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1.2.2 Structure of blood vessel walls

With the exception of capillaries, blood vessels have a layered structure com-
posed of three concentric layers, each with a specific function. The tunica intima,
also known as the inner layer, is the innermost layer and is in direct contact with
the blood. It consists of a single layer of endothelial cells that regulate vascu-
lar permeability, prevent coagulation, and modulate vascular tone by releasing
vasoactive substances such as nitric oxide and endothelin. These factors play a
crucial role in maintaining proper blood flow and preventing abnormal clot for-
mation. The tunica media is the middle layer, primarily composed of smooth
muscle cells and elastic fibers. Its thickness varies depending on the type of ves-
sel: in arteries, it is well-developed to withstand high pressures, while in veins,
it is thinner and less rigid. This muscular layer allows blood vessels to contract
and relax, actively regulating blood flow and pressure distribution across the cir-
culatory system. The tunica adventitia, or outer layer, is mainly composed of
connective tissue rich in collagen fibers, providing structural support and anchor-
ing the vessel to surrounding tissues. Within this layer, small blood vessels known
as vasa vasorum are present, supplying oxygen and nutrients to the walls of larger
blood vessels, ensuring their proper function and structural integrity[1][2].
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Figure 1.5: The image highlights the differences between arteries and veins. Arter-
ies have thicker walls with a well-developed tunica media, while veins have thinner
walls and contain valves to prevent blood backflow.

1.2.3 Vascular tissues

The walls of blood vessels are composed of various types of tissues, each play-
ing a specific role in regulating blood flow and ensuring the mechanical resistance
of the vessel. These tissues work together to maintain the functionality of the
circulatory system, adapting to the body’s physiological needs. The endothelial
tissue forms the inner lining of blood vessels and is essential for regulating blood
flow, inflammatory responses, and coagulation mechanisms. The endothelium is
in constant interaction with the bloodstream and responds to mechanical and
chemical stimuli by releasing vasoactive substances such as nitric oxide, which
modulate vasodilation and vasoconstriction. Additionally, it regulates vascular
permeability and prevents the adhesion of platelets and inflammatory cells to the
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vessel wall, thereby reducing the risk of thrombus formation. The smooth muscle
tissue, located in the tunica media, is responsible for the contraction and relax-
ation of blood vessel walls. This function is essential for regulating vessel diameter
and, consequently, controlling blood pressure and the distribution of blood flow
to various organs. Depending on the body’s needs, the vascular muscle tone can
be adjusted to either increase or decrease blood supply to tissues, ensuring an op-
timal balance between oxygen and nutrient demand and supply. The connective
tissue, primarily found in the tunica adventitia, plays a crucial role in provid-
ing mechanical strength and elasticity to blood vessels. Its structure is rich in
collagen and elastic fibers, which enable vessels to withstand pressure variations
while maintaining their structural integrity. Additionally, this tissue offers sup-
port by anchoring blood vessels to surrounding tissues and shielding them from
external mechanical stress[1]. The interplay between these tissues allows blood
vessels to continuously adapt to hemodynamic variations, ensuring efficient and
stable circulation throughout the body. Blood vessels are fundamental compo-
nents of the circulatory system, facilitating blood distribution and the exchange
of substances between tissues. Their complex structure, composed of multiple
specialized layers and tissues, enables them to meet the body’s physiological de-
mands. A comprehensive understanding of their types, structure, and function
is essential for advancing the study of vascular diseases and developing effective
therapeutic solutions[2].

1.3 Circulatory system diseases

The circulatory system plays a fundamental role in maintaining the body’s
homeostasis by ensuring the transport of oxygen, nutrients, and metabolites across
different tissues[7]. However, it is susceptible to numerous diseases that can com-
promise vascular function, leading to serious health consequences. Among these,
diseases affecting small blood vessels, particularly arteriosclerosis, hold significant
importance due to their impact on microcirculation and the functionality of vital
organs. Vascular diseases can be classified based on the nature of the damage and
the type of vessel involved[8]. The main categories include:

• Atherosclerosis and arteriosclerosis

Characterized by the thickening and hardening of arterial walls.
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• Thrombosis and embolism

Conditions that involve the formation of blood clots, which can obstruct
blood flow.

• Vasculitis

Inflammation of blood vessels, often of autoimmune or infectious origin.

• Aneurysms

Abnormal dilations of arteries that may lead to vascular rupture.

Among these conditions, arteriosclerosis of small vessels is particularly critical
as it can lead to chronic ischemia and organ dysfunction, significantly affecting
the microvascular network responsible for essential metabolic exchanges.

1.3.1 Arteriosclerosis in small blood vessels

Arteriosclerosis is a degenerative disease characterized by the loss of elasticity
in the arteries, leading to thickening and increased rigidity of their walls. Its most
common form is atherosclerosis, which involves the formation of lipid plaques on
the inner walls of arteries, progressively narrowing the vessel lumen and restricting
blood flow[9]. The World Health Organization (WHO) classifies the progression
of atherosclerotic plaques into three stages. In the initial phase, known as the
fatty streak, lipids begin to accumulate within the arterial wall, although this
does not yet cause a significant narrowing of the vessel. As the disease progresses,
the fibrous plaque develops, characterized by the proliferation of connective tissue
covering the lipid deposits, making the arterial wall stiffer and less elastic. In the
advanced stages, the plaque may ulcerate, leading to the formation of thrombi that
can completely obstruct the vessel and severely restrict blood flow[7]. Atheroscle-
rotic lesions tend to develop in areas exposed to high hemodynamic stress, such as
arterial bifurcations. In small blood vessels, the progressive narrowing can result
in chronic ischemia, causing irreversible tissue damage. The organs most affected
by this condition include the heart, brain, kidneys, and lower limbs. A reduction
in blood flow within coronary arterioles can lead to myocardial infarction, while
blockages in small cerebral vessels may result in strokes or transient ischemic at-
tacks (TIAs). When arteriosclerosis affects renal arterioles, it can contribute to
hypertensive nephropathy, whereas in the peripheral arteries of the lower limbs,
it may cause claudication intermittens and, in severe cases, gangrene[10].
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Figure 1.6: Stage of arteriosclerosis in human vessel.

1.3.2 Causes and risk factors

Atherosclerosis is a multifactorial disease influenced by several risk factors,
which can be categorized as modifiable or non-modifiable. Non-modifiable fac-
tors include advanced age, male sex, and genetic predisposition. These elements
contribute to an individual’s susceptibility to the disease, making early monitor-
ing crucial for high-risk populations[8]. Modifiable risk factors, on the other hand,
include smoking, hypercholesterolemia, hypertension, diabetes, obesity, physical
inactivity, and a diet rich in saturated fats. These factors play a significant role
in disease progression, as they contribute to endothelial dysfunction, lipid accu-
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mulation, and increased vascular resistance. Managing these risk factors through
lifestyle modifications and medical supervision is a key strategy for preventing
and slowing the advancement of the disease[9].

1.4 Treatments for small blood vessel diseases

Diseases affecting small blood vessels pose a significant challenge in modern
medicine[6]. The narrowing of vascular diameter, primarily caused by arterioscle-
rosis and atherosclerosis, can lead to chronic ischemia in tissues and impair the
function of vital organs such as the heart, brain, and kidneys[11]. The treat-
ment of these conditions relies on a combination of pharmacological therapies,
minimally invasive endovascular techniques, and, in advanced cases, surgical solu-
tions and innovative biotechnological approaches, such as bioengineered vascular
prostheses[12].

Figure 1.7: The image illustrates the stages of angioplasty, where a balloon catheter
expands a narrowed artery, followed by the deployment of a stent to keep the vessel
open and restore blood flow.
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1.4.1 Pharmacological approaches

Pharmacological therapy represents the first-line intervention for the treatment
of small blood vessel diseases. The primary goal is to slow disease progression,
improve blood flow, and prevent thrombotic events. Several classes of drugs are
commonly used to manage these conditions[13]. Statins are widely prescribed
to lower LDL cholesterol levels, stabilize atherosclerotic plaques, and reduce the
risk of ischemic events. By inhibiting cholesterol synthesis in the liver, statins
help prevent further narrowing of the vessels and decrease inflammation within
the arterial walls. Antiplatelet agents, such as aspirin and clopidogrel, play a
crucial role in preventing the formation of blood clots within damaged vessels.
These drugs work by inhibiting platelet aggregation, thereby reducing the risk
of thrombosis, which can lead to heart attacks and strokes[8]. Antihypertensive
medications, including ACE inhibitors and beta-blockers, are essential for low-
ering vascular resistance and reducing the pressure load on small blood vessels.
By maintaining optimal blood pressure levels, these drugs help prevent excessive
strain on the microcirculation, which is particularly important in conditions such
as hypertensive nephropathy. Antidiabetic medications are critical for control-
ling blood glucose levels, as diabetes accelerates the progression of atherosclerosis
in small vessels. Poor glycemic control leads to endothelial dysfunction and in-
creased oxidative stress, both of which contribute to vascular damage. Despite the
effectiveness of these pharmacological treatments in managing the disease, disease
progression may still require more advanced interventional procedures to restore
adequate blood flow in severely affected vessels[9].

1.4.2 Endovascular techniques

Minimally invasive endovascular procedures are commonly used to restore blood
flow in small blood vessels without the need for open surgery. One of the most
widely performed techniques is balloon angioplasty, which involves the insertion
of a catheter equipped with a small balloon. Once inflated, the balloon widens the
narrowed vessel, improving circulation and reducing the risk of ischemia. This pro-
cedure is often combined with the implantation of a stent, a small metallic struc-
ture that helps keep the vessel open and prevents restenosis—the re-narrowing
of the artery due to plaque buildup or excessive tissue growth. Another innova-
tive procedure is atherectomy, which mechanically removes atherosclerotic plaques
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from the inner wall of the vessel, further enhancing perfusion[14]. These inter-
ventions are particularly effective in the early and intermediate stages of vascular
disease. However, in cases of severe occlusions, they may not be sufficient, requir-
ing more invasive surgical approaches[8].

1.4.3 Surgical treatments

When endovascular techniques fail to restore adequate blood flow, more complex
surgical interventions become necessary. One of the most widely used approaches
is vascular bypass surgery, which reroutes blood circulation around a blocked or
severely narrowed vessel to ensure adequate tissue perfusion[15]. This technique
involves the creation of an artificial conduit that allows blood to bypass the oc-
cluded segment, restoring normal circulation. The bypass can be performed using
autologous grafts, meaning segments of the patient’s own veins or arteries, such
as the saphenous vein or the internal mammary artery. When autologous vessels
are not available or suitable, synthetic grafts made from biocompatible materials,
such as polytetrafluoroethylene (PTFE) or Dacron, can be used as an alternative.
These synthetic materials provide durability and structural integrity, although
their long-term success in small-caliber vessels may be limited due to a higher risk
of thrombosis and graft failure[13].

1.4.4 Vascular prostheses and vascular tissue engineering

Vascular tissue engineering has led to the development of bioengineered vas-
cular substitutes designed to enhance the biocompatibility and long-term func-
tionality of prosthetic blood vessels[16]. Small-caliber vascular prostheses must
meet specific requirements to minimize thrombotic complications and ensure effec-
tive integration with biological tissues[17]. Among the most innovative solutions
are polymeric vascular prostheses, such as those made from poly(-ϵ-caprolactone)
(PCL)[18]. This material provides an excellent balance between biocompatibil-
ity and mechanical resistance, making it a promising option for small-diameter
grafts[19]. Another promising approach involves bioabsorbable prostheses, which
gradually degrade over time while being replaced by regenerated vascular tis-
sue. This technique reduces long-term complications associated with permanent
synthetic materials and promotes natural tissue remodeling[20]. A particularly
advanced solution in this field is the development of vascular tissues through
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electrospinning[21]. This technique allows the creation of fibrous scaffolds that
mimic the native extracellular matrix, thereby facilitating cell proliferation and
improving endothelial integration. These properties make electrospun scaffolds a
highly effective strategy for promoting functional vascular regeneration in small-
diameter vessels[14][22].
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Chapter 2

Artificial vascular prostheses

2.1 History and evolution of artificial vascular pros-
theses

The development of artificial vascular prostheses is the result of a long histor-
ical journey that has accompanied the evolution of medicine and surgery. Since
ancient times, the cardiovascular system has been the subject of study and ex-
perimentation aimed at restoring blood flow in vessels compromised by disease or
trauma[23]. While early solutions were rudimentary and often ineffective, scien-
tific and technological progress has led to increasingly advanced techniques. The
true revolution occurred in the twentieth century when advancements in knowl-
edge of vascular biomechanics and material biocompatibility enabled the creation
of the first synthetic prostheses[14]. Initially, natural tissues and autologous ves-
sels were used, but research soon shifted toward synthetic materials capable of
withstanding hemodynamic stresses while ensuring proper integration with the
human body. Wars and the need for rapid intervention in patients with vascular
injuries accelerated research, leading to the discovery of polymers with properties
suitable for clinical use. Modern prostheses are the result of decades of research
on materials, design, and strategies for biological integration[24].
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Figure 2.1: A depiction of a surgical operation in a text from the second half of
the 16th century.

2.2 State of the art of artificial vascular prostheses

Artificial vascular prostheses represent a crucial solution for treating vascular
diseases that compromise the functionality of arteries and veins. The primary
objective of these devices is to restore blood flow in areas where the natural vessel
is damaged or obstructed. Depending on their application, vascular prostheses
can be classified into large-diameter prostheses (such as those for the aorta) and
small-diameter prostheses (such as peripheral artery grafts)[25]. Small-caliber
prostheses, in particular, pose greater design challenges due to the higher risk of
thrombosis and the need for improved hemodynamic performance[20]. Currently,
vascular prostheses are manufactured using a variety of synthetic and biomimetic
materials. Among the most commonly used polymers in clinical practice are[26]:

• Polyethylene terephthalate (PET) – Dacron

Widely employed for large-caliber prostheses, this material is durable and
biostable, available in different fabric configurations (woven or knitted) to
enhance flexibility and tissue integration.

• Expanded polytetrafluoroethylene (ePTFE, known as Gore-Tex)

Commonly used for medium- and small-caliber prostheses, ePTFE offers
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good mechanical resistance and reduced thrombogenicity due to its microp-
orous surface.

• Polyurethanes and poly(-ϵ-caprolactone) (PCL)

these polymers are emerging as more flexible and biocompatible alternatives,
with the potential to enhance tissue integration and reduce postoperative
complications.

Beyond material selection, current research focuses on improving prosthesis func-
tionality through innovative strategies. Some prostheses are treated with pharma-
cological agents to reduce thrombus formation, while others are designed with a
multilayer structure to mimic the biomechanical properties of natural vessels. The
use of bioactive materials represents another promising approach, aiming to pro-
mote integration with surrounding tissues and enhance graft endothelialization[17].

Figure 2.2: Vascular prostheses with different surface characteristics and sizes
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Figure 2.3: Implantation of a vascular prosthesis in the abdominal region of an
adult male.

2.3 Small-caliber prostheses

Small-caliber vascular prostheses (<5 mm in diameter) represent one of the most
complex challenges in biomedical engineering and vascular surgery. Unlike large-
diameter prostheses, which achieve high long-term success rates, small-caliber
prostheses are subject to a higher incidence of thrombosis and early occlusion,
significantly limiting their clinical efficacy. The primary difficulties encountered
with small-caliber prostheses arise from physiological phenomena related to the
reduced lumen size. In these vessels, blood flow velocity is lower than in larger
ones, increasing the contact time between blood and the prosthetic wall. This fac-
tor enhances platelet activation and thrombus formation, leading to rapid graft
occlusion[6]. Another major issue is the lack of endothelialization on the pros-
thesis’s internal surface. In natural vessels, the endothelium plays a crucial role
in regulating platelet aggregation and vascular permeability. However, the syn-
thetic surfaces of conventional prostheses, made of materials such as polyethylene
terephthalate (Dacron) or expanded polytetrafluoroethylene (ePTFE), do not ad-
equately support endothelial cell adhesion and proliferation, limiting their bio-
logical integration[27]. To overcome these limitations, research has focused on
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several innovative strategies. One of the most promising approaches is endothelial
cell coating, which involves seeding the prosthesis’s internal surfaces with au-
tologous endothelial cells or biomolecules that promote their proliferation. This
technique aims to mimic the natural physiological environment and reduce the
prosthesis’s thrombogenicity[28]. Another solution is the development of more
elastic and compliant materials, capable of better adapting to the biomechanics
of the replaced vessel. Advanced polymers such as modified polyurethane and
biodegradable copolymers offer greater hemodynamic compatibility than tradi-
tional materials, improving the transmission of pulsatile energy and reducing the
risk of material degradation due to concentrated stress[29]. The introduction
of microporous structures is another significant research area. Prostheses with
calibrated micropores can facilitate the integration of surrounding tissues and
promote cellular colonization, thereby enhancing biocompatibility and reducing
occlusion risk. Finally, controlled drug release directly from the prosthesis sur-
face is an innovative approach to improving graft patency. Coatings impregnated
with anticoagulants such as heparin or growth factors that stimulate endothelial-
ization have shown promising results in experimental models. Tissue engineering
techniques are opening new possibilities in the development of fully biological
prostheses. The idea is to use biodegradable scaffolds that serve as temporary
frameworks for the growth of new vascular cells. These scaffolds can be colo-
nized by endothelial cells and fibroblasts, ultimately leading to a structure that
remodels over time into a fully functional vessel integrated within the patient’s
body[30]. One of the most advanced approaches in this field involves the use of
dynamic bioreactors to culture cells under conditions that mimic physiological
blood flow, enhancing tissue maturation before implantation. These technologies
could lead to the creation of fully autologous vascular prostheses, minimizing the
risk of rejection and thrombosis[21].
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Figure 2.4: Implantation of a small-caliber vascular prosthesis in the coronary
artery..

2.4 Use of prostheses in vascular surgery

Artificial vascular prostheses play a crucial role in modern vascular surgery, pro-
viding solutions for conditions where natural vessels are unsuitable or unavailable.
These prosthetic grafts are employed in arterial bypass procedures, replacement
of aneurysmal segments, and the creation of vascular access for hemodialysis. In
bypass surgeries, they restore blood flow when native arteries cannot be used for
revascularization. In aneurysm repair, they replace the dilated portion of an artery
to prevent rupture. For patients with chronic renal failure, they ensure long-term
vascular access for hemodialysis, facilitating life-sustaining treatments[19]. De-
spite their widespread use, artificial vascular prostheses face significant challenges
that limit their long-term success. One of the most pressing issues is throm-
bogenicity, particularly in small-diameter grafts. The absence of a functional
endothelial layer increases the risk of thrombus formation, leading to occlusion
and graft failure. Ensuring that synthetic materials do not promote excessive
clotting remains a major hurdle in vascular graft design. Various surface modi-
fications, such as the incorporation of antithrombotic agents, are being explored
to mitigate this risk and enhance blood compatibility. Another critical limitation
is the mechanical mismatch between synthetic grafts and natural blood vessels.
Many prostheses lack the elasticity and compliance of biological arteries, leading
to abnormal blood flow patterns and mechanical stress at the graft-vessel junction.
This mismatch can contribute to intimal hyperplasia, a pathological thickening of
the vessel wall that can compromise long-term graft patency. Furthermore, while
some prostheses are designed for permanent implantation, others are intended to
degrade over time and be replaced by new tissue. However, controlling the degra-
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dation rate is complex—too rapid a breakdown can result in vascular instability,
while slow degradation may hinder proper tissue remodeling and integration[31].
Material degradation and chronic inflammatory responses also pose significant
concerns. Synthetic prostheses must withstand prolonged exposure to physiologi-
cal forces without structural failure. Over time, certain materials may degrade or
lose mechanical integrity, leading to complications such as aneurysm formation or
graft rupture. Additionally, some prosthetic materials may trigger chronic inflam-
matory reactions, further complicating long-term outcomes. The ultimate goal
is to develop prostheses that integrate seamlessly with biological tissues, promot-
ing healing while maintaining structural stability. To address these challenges,
ongoing research is exploring innovative strategies to enhance vascular graft per-
formance. Advances in 3D bioprinting allow for the fabrication of patient-specific
grafts with tailored architecture and porosity, improving both mechanical proper-
ties and cellular integration. Smart biomaterials, capable of responding dynami-
cally to physiological conditions, are being developed to improve graft adaptabil-
ity and longevity. Additionally, hybrid prostheses combining synthetic polymers
with biological components such as collagen, elastin, and chitosan are being in-
vestigated to enhance biocompatibility and encourage endothelialization[22]. As
these technologies advance, the future of vascular prostheses is moving toward
solutions that closely mimic the structural and functional characteristics of na-
tive blood vessels. The integration of bioactive materials and tissue engineering
techniques holds the potential to create grafts that not only restore blood flow
effectively but also support long-term vascular regeneration. These innovations
will ultimately lead to safer and more durable prosthetic solutions, improving out-
comes for patients with complex vascular conditions. By addressing the current
limitations of artificial vascular prostheses, ongoing research is paving the way for
next-generation grafts that combine durability, biocompatibility, and regenera-
tive potential. The continuous refinement of materials and fabrication techniques
promises to expand treatment options and enhance the success rates of vascular
surgeries in the years to come[32].
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2.5 Engineering and software in the study and de-
velopment of vascular prostheses

The development of vascular prostheses has undergone significant evolution in
recent decades due to biomedical engineering and the integration of advanced soft-
ware tools. These technologies enable the simulation, analysis, and optimization
of prostheses before their fabrication, improving mechanical performance, biocom-
patibility, and interaction with biological tissues[33]. Through the use of compu-
tational fluid dynamics (CFD), finite element modeling (FEM), and 3D printing,
it is possible to study prosthesis behavior under realistic conditions, reducing
the risk of clinical failures and increasing the effectiveness of surgical treatments.
Future research should focus on implementing even more advanced biomaterials
and integrating artificial intelligence to further optimize the personalization and
effectiveness of vascular prostheses[34].

• Computational fluid dynamics (CFD) for blood flow analysis

One of the fundamental aspects of vascular prosthesis design is evaluating
blood flow within the implanted device. CFD simulations allow the analysis
of critical parameters such as velocity distribution, pressure, wall shear stress
(WSS), and stagnation zones that may promote thrombus formation. Recent
studies have shown that optimized prosthesis geometries, based on CFD
models, can reduce the risk of occlusion and improve long-term patency.

• Finite element analysis (FEM) for structural evaluation)

Finite element analysis (FEM) enables the assessment of the mechanical re-
sponse of prostheses under various physiological loads. This methodology
allows for the prediction of material deformation, wear over time, and be-
havior under dynamic stresses, such as those generated by the heartbeat.
FEM modeling is essential for optimizing prosthesis compliance characteris-
tics, reducing the risk of complications such as intimal hyperplasia and the
formation of false aneurysms.

• Personalized design and 3D printing

With the advent of 3D printing, it is now possible to create custom-made
prostheses for each patient. This approach, combined with medical imaging
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techniques such as magnetic resonance imaging (MRI) and computed to-
mography (CT), enables the creation of highly accurate digital models of an
individual’s vascular system. These models are then used to produce person-
alized scaffolds that faithfully replicate the biomechanical characteristics of
native vessels. The use of innovative 3D-printable biomaterials, such as ther-
moplastic polyurethane (TPU) and polycaprolactone (PCL), has facilitated
the development of prostheses with improved elasticity and tissue compati-
bility. Studies have shown that prostheses fabricated using this technology
exhibit higher endothelialization rates, enhancing their long-term function-
ality.

One of the most important challenges for vascular prostheses is their integration
with surrounding tissues. The use of advanced tissue modeling algorithms allows
for the prediction of the biological response to the prosthesis and the optimization
of surfaces to reduce the risk of thrombosis. Recent studies have demonstrated
that bioactive materials and controlled-release coatings with anticoagulant drugs
can significantly mitigate the inflammatory response post-implantation. Prosthe-
sis compliance, defined as the ability of the material to adapt to pressure variations
during the cardiac cycle, is a crucial parameter for their effectiveness. FEM and
CFD simulations have identified optimal structures to minimize compliance mis-
match between the prosthesis and the native vessel. Compliance loss has been
identified as a significant issue in polyethylene terephthalate (PET) prostheses,
with a reduction of up to 60% observed within 24 hours of use[35].

2.6 Biodegradable prostheses

An important area of research in vascular prostheses focuses on biodegradable
materials, which are designed to gradually degrade and be replaced by the pa-
tient’s natural tissue. Unlike permanent synthetic grafts, these prostheses aim to
provide temporary structural support while facilitating the regeneration of func-
tional blood vessels. Among the most commonly used biodegradable polymers,
polyglycolic acid (PGA) and polylactic acid (PLA) have attracted significant at-
tention due to their controlled degradation rates. These materials are often com-
bined with stem cells or bioactive compounds to stimulate endothelialization and
improve integration within the vascular system[35]. In recent years, researchers
have explored hybrid prostheses, which integrate synthetic polymers with biolog-
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ical components such as collagen, elastin, and chitosan. This approach seeks to
enhance biocompatibility and promote the formation of a natural endothelial layer
on the graft’s inner surface, reducing the risk of thrombosis and improving long-
term function. The development of these bioengineered vascular grafts represents
a promising step towards personalized medicine, where prostheses can be tailored
to the specific physiological needs of each patient. Despite these advancements,
the clinical application of biodegradable vascular grafts remains challenging, as
the rate of material degradation should be carefully balanced with the pace of
new tissue formation. Achieving this balance is essential to prevent complications
such as premature graft failure or aneurysm formation, highlighting the need for
further research in this field [15].

2.7 Bioprostheses

Bioprostheses represent a class of medical devices designed to replace or support
damaged tissues and organs in the human body. Compared to traditional pros-
theses, bioprostheses are made from biological or biomimetic materials to enhance
integration with host tissues and minimize adverse reactions. The use of bioma-
terials in regenerative medicine has undergone significant evolution throughout
history. Early attempts at tissue replacement using natural materials date back
to the early 20th century, with the use of chemically treated animal tissues to
prevent immune rejection. During the 1960s and 1970s, the development of bio-
compatible polymers and tissue decellularization techniques led to the creation
of modern bioprostheses, particularly in the cardiovascular and orthopedic fields.
Bioprostheses can be manufactured using biological tissues of animal or human
origin, subjected to decellularization and chemical stabilization processes to ensure
durability and biocompatibility[21]. The most commonly used materials include:

• Xenogeneic tissues

Derived from animal species, such as bovine or porcine cardiac valves

• Allogeneic tissues

Obtained from human donors, such as homologous vascular grafts.

• Synthetic biopolymers
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Engineered to mimic the biomechanical properties of natural tissues and
support cellular regeneration.

Bioprostheses are medical devices specifically designed to replace or support
compromised biological structures, ensuring the restoration of their physiological
functions. Their versatility allows them to be used in various medical fields, as
they can interact safely and effectively with biological tissues. One of the primary
applications of bioprostheses is in cardiovascular surgery, where they are employed
for the replacement of heart valves, blood vessels, and other essential anatomical
structures required for proper circulatory function. In this context, bioprostheses
must ensure high biocompatibility, mechanical resistance, and optimal interaction
with biological fluids, minimizing the risk of thrombosis or inflammatory reac-
tions. The continuous evolution of biomaterials and manufacturing techniques
allows for the development of highly customized devices, capable of adapting per-
fectly to individual patient needs and significantly improving clinical outcomes[32].
Bioprostheses therefore represent a crucial technological advancement in modern
medicine, providing innovative solutions for the treatment of a wide range of
conditions and contributing to improved patient quality of life. The use of bio-
prostheses in vascular systems has become increasingly common for the treatment
of diseases that impair blood vessel functionality. Various clinical conditions, such
as arterial stenosis, aneurysms, thrombosis, and post-traumatic vascular damage,
can lead to altered blood flow and loss of vascular function. In these cases, the
replacement or support through bioprostheses is essential to restore circulation
and prevent severe complications. One of the primary reasons for using vascular
bioprostheses is the inability of damaged blood vessels to regenerate effectively on
their own. While the human body has intrinsic tissue repair mechanisms, such
as endothelial proliferation and vascular remodeling, extensive damage or specific
pathological conditions may render the healing process insufficient. Additionally,
even when autologous bypass surgery is an option, the availability of suitable
donor vessels may be limited, or harvesting procedures may lead to additional
complications. Bioprostheses therefore provide an effective alternative, restoring
the hemodynamic function of blood vessels by ensuring adequate blood flow dy-
namics. Their design takes into account critical factors such as biocompatibility,
mechanical resistance, and long-term durability, which are essential for reducing
the risk of thrombosis, inflammation, or rejection. Furthermore, depending on
the materials used and the manufacturing techniques applied, bioprostheses can
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be tailored to different vascular districts, ranging from large arteries to smaller
capillaries[23]. Another crucial aspect is the role of bioprostheses in cardiovascular
surgery and minimally invasive therapies. The use of synthetic or biological grafts
has significantly expanded treatment options, improving clinical outcomes and
reducing post-operative recovery times. For patients suffering from chronic vas-
cular diseases, such as advanced atherosclerosis, bioprosthetic implantation may
be the only viable option to prevent ischemic events and organ damage. The fu-
ture of vascular bioprostheses is continuously evolving thanks to advancements in
bioengineering and biomaterials. Emerging technologies, such as 3D printing and
electrospinning, are enabling the development of increasingly personalized pros-
theses, capable of replicating the biomechanical properties of natural vessels and
integrating more efficiently with surrounding tissues. Additionally, research in
biomaterials is leading to the creation of bioactive and resorbable scaffolds, which
promote endothelial regeneration and enhance implant longevity. The integration
of vascular bioprostheses into medical practice represents an essential therapeu-
tic strategy for numerous cardiovascular diseases. Their ongoing evolution not
only improves patient survival rates but also enhances quality of life, opening new
frontiers in regenerative medicine and advanced vascular surgery[35].

The production of vascular bioprostheses follows advanced processes that ensure
the quality of the implanted material. Some of the most widely used methods
include[15]:

• Decellularization

Removal of cells from the tissue to minimize immune response.

• Chemical crosslinking

Stabilization of structural proteins to increase mechanical resistance and
durability.

• Tissue engineering

Development of three-dimensional structures with mechanical properties
similar to natural vessels, including scaffolds and biomimetic matrices to
guide tissue regeneration.
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Figure 2.5: Different stage of decellularization.

The integration of bioprostheses into the circulatory system is a complex chal-
lenge that requires careful design to ensure compatibility with biological tissues
and proper hemodynamic function. Once implanted, the bioprosthesis must inter-
act with blood flow without altering its dynamics, preventing complications such
as turbulence, intimal hyperplasia, or thrombosis. To achieve this, the prosthetic
material must possess biomechanical properties similar to natural vascular tissues,
adapting to vascular compliance without creating structural discontinuities or lo-
calized rigidity that could compromise blood flow[23]. One of the most critical
aspects is the interface between the bioprosthesis and the vascular endothelium.
To reduce the risk of thrombogenesis and inflammatory response, it is essential
that the internal surface of the bioprosthesis promotes endothelial cell adhesion
and proliferation. In this regard, bioactive coatings and functionalized scaffolds
are often employed, incorporating biomolecules that enhance cellular recoloniza-
tion and improve tissue integration. Another key factor is the mechanical response
of the bioprosthesis to hemodynamic loads. The artificial vessel must withstand
mechanical stresses imposed by arterial pressure and pulsatile blood flow, pre-
venting wear and structural deformation over time. The design of optimized
geometries and the use of high-performance materials improve the mechanical
resistance and durability of the implant, reducing the need for long-term surgi-
cal revisions. Successful integration of bioprostheses into the circulatory system
requires a multidisciplinary approach, combining expertise in materials engineer-
ing, fluid dynamics, and cellular biology to develop increasingly efficient and safe
implants for patients[35].
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Chapter 3

Polymers

3.1 Introduction to polymers

Polymers represent a class of materials of extraordinary importance, utilized
across a wide range of sectors, from industrial production to biomedical applica-
tions. They are composed of macromolecules formed by repeating units, known as
monomers, which are covalently bonded together. Their chemical structure and
the arrangement of polymer chains confer specific properties that determine their
physical, chemical, and mechanical behavio[36]r. Scientific interest in polymers
has grown exponentially over the past decades, as their characteristics can be
modified to meet specific needs. In the biomedical field, polymers are particularly
studied for their ability to interact with biological tissues without inducing adverse
reactions, enabling the development of implantable devices, scaffolds for tissue en-
gineering, and controlled drug delivery systems[37]. The evolution of polymers has
followed a developmental trajectory that has transitioned from rudimentary natu-
ral materials to synthetic polymers with precisely engineered properties, designed
to optimize performance in biomedical applications. Advances in polymer chem-
istry and materials science have made it possible to create polymeric structures
with well-defined mechanical, rheological, and biological characteristics, making
these materials increasingly suitable for interaction with the human body. Their
versatility makes them suitable not only for implantable devices but also for appli-
cations in tissue engineering, regenerative medicine, and controlled drug release,
significantly impacting medical research and advanced therapies[38].
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Figure 3.1: Chemical structure of a generic polymer.

3.2 Synthetic polymers

Synthetic polymers are artificially created materials produced through chem-
ical polymerization processes. Their development has revolutionized numerous
industries, as their properties can be modified to adapt to specific application
contexts[39]. One of the key aspects of synthetic polymer design is the ability
to control their morphology, which can range from amorphous to semicrystalline
structures, thus influencing their flexibility, mechanical strength, and thermal sta-
bility. Additionally, their chemical reactivity can be modulated through function-
alization processes, allowing for optimized interactions with biological materials.
In the biomedical sector, some of the most commonly used synthetic polymers
include[37]:

• Polyethylene (PE)

Known for its high chemical resistance and biocompatibility, it is widely
used in joint prostheses and implant materials.

• Polymethyl methacrylate (PMMA)

Primarily utilized in dentistry and ophthalmology, it is valued for its trans-
parency and mechanical stability.

• Polytetrafluoroethylene (PTFE)

Commonly known as Teflon, it is employed in vascular prostheses due to its
chemical inertness and reduced plasma protein adhesion.
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• Polyurethanes

Elastomeric materials with excellent mechanical strength, often used for
cardiovascular devices and implant coatings.

Recent research is focusing on the use of functionalized polymers, which are
chemically modified materials designed to enhance cell adhesion and biological
compatibility. Functionalized polymers can incorporate specific chemical groups
that promote cell interaction, enable controlled drug release, or facilitate pro-
grammed degradation over time. Among the most widely used functionalization
techniques are graft polymerization, plasma treatment, and biomolecule modifi-
cation. These innovative polymers are being employed in the design of advanced
medical devices, such as artificial heart valves, resorbable sutures, and antibac-
terial coatings for orthopedic implants. Furthermore, the use of functionalized
polymers has enabled the development of smart biomaterials, capable of respond-
ing to external stimuli such as temperature, pH, and mechanical stress, opening
new frontiers in biomedical applications[40].

Figure 3.2: Everyday objects made from polymers: a variety of plastic-based items
used in daily life, including packaging, utensils, electronics, and medical tools.
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Figure 3.3: Colorful polymer granules sorted by hue, ready for industrial processing
and manufacturing applications.

3.3 Natural polymers

Natural polymers have emerged as promising biomaterials for vascular prosthe-
ses due to their superior biocompatibility, biodegradability, and ability to support
cell integration. These materials, often derived from animal or plant sources,
closely mimic the extracellular matrix (ECM), making them ideal candidates for
vascular grafts. Among the most widely studied natural polymers are collagen,
elastin, chitosan, silk fibroin, and bacterial cellulose, each offering unique ad-
vantages in vascular tissue engineering. Collagen, the most abundant structural
protein in mammalian connective tissues, plays a critical role in providing mechan-
ical strength and cell adhesion sites for endothelial cells. Due to its bioactivity,
collagen has been extensively used in the fabrication of vascular grafts, either
alone or in combination with synthetic polymers to enhance durability. However,
collagen-only grafts tend to lack mechanical stability and degrade rapidly, making
crosslinking techniques or hybrid scaffolds essential for improving their long-term
performance[41]. Elastin is another key component of natural blood vessels, con-
tributing to their elasticity and compliance. It plays a crucial role in regulating
vascular smooth muscle cell (SMC) activity and preventing excessive cell prolif-
eration, which can lead to intimal hyperplasia. Despite its functional advantages,
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elastin is challenging to isolate in large quantities, and its integration into vas-
cular prostheses often requires recombinant production or blending with other
biopolymers. Chitosan, a polysaccharide derived from chitin, has gained atten-
tion in vascular applications due to its antimicrobial properties, biodegradability,
and hemocompatibility. It has been explored as a coating for vascular grafts to
improve endothelialization while reducing thrombogenicity. However, its mechan-
ical properties are insufficient for use as a standalone vascular graft material,
necessitating reinforcement with synthetic polymers such as poly(caprolactone)
(PCL). Silk fibroin, extracted from silk, has demonstrated excellent biocompat-
ibility and mechanical strength, making it a viable material for small-diameter
vascular grafts. Unlike synthetic polymers such as expanded polytetrafluoroethy-
lene (ePTFE), silk fibroin has been shown to promote faster endothelialization and
superior cell attachment, reducing the risk of thrombosis. Research has focused
on electrospinning silk fibroin into nanofibrous scaffolds, mimicking the architec-
ture of natural blood vessels[42]. Another promising natural polymer is bacterial
cellulose (BC), a polysaccharide produced by Komagataeibacter xylinus. BC of-
fers high mechanical strength, water retention, and excellent biocompatibility,
making it a strong candidate for vascular grafts. Unlike other natural polymers,
BC is resistant to enzymatic degradation in the human body, ensuring longer
graft patency. Preclinical studies have demonstrated the long-term stability of
BC-based vascular grafts, with evidence of sustained patency and endothelial-
ization in animal models. Despite these advantages, the clinical application of
natural polymer-based vascular prostheses remains limited by their mechanical
weakness, inconsistent degradation rates, and complex fabrication requirements.
Hybrid approaches that combine natural polymers with synthetic materials or
bioprinting techniques are being actively explored to overcome these challenges.
Future research aims to enhance the mechanical and biological properties of nat-
ural polymer grafts, paving the way for their broader clinical adoption in vascular
surgery[43].
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Figure 3.4: In this figure, we can see different sources of natural polymers: in the
top left, the latex from the rubber tree; in the top right, crustacean shells rich in
chitin; in the bottom left, starch extracted from corn and potatoes; in the bottom
right, silkworm cocoons.

3.4 Biocompatible polymers and biopolymers

The concept of a biocompatible polymer refers to a material that, once intro-
duced into the body, does not trigger adverse reactions such as inflammation,
rejection, or toxicity. Biocompatibility depends on the chemical structure of the
polymer, its interaction with proteins and biological cells, and its ability to resist
enzymatic or hydrolytic degradation. Biopolymers, on the other hand, represent
a subclass of polymers that are derived from natural sources or produced through
biological processes. Many biopolymers are also biodegradable, making them ideal
for applications that require gradual dissolution over time, such as scaffolds for
tissue engineering and controlled drug delivery devices [41].
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3.5 Biopolymers

3.5.1 Introduction to biopolymers

Biopolymers represent a class of materials of growing interest in scientific re-
search and industry due to their natural origin, biocompatibility, and biodegrad-
ability. Unlike synthetic polymers, biopolymers are produced by living organisms
or derived from renewable raw materials. Their chemical structure varies de-
pending on their source and the biological function for which they have been
evolutionarily selected, making them highly versatile in multiple applications. In
recent years, biopolymers have seen widespread use in biomedical applications
due to their ability to integrate with human tissues without triggering adverse
immune responses. They are employed in the production of implantable devices,
scaffolds for tissue engineering, controlled drug delivery systems, and advanced
biomaterials[44].

3.5.2 Types of biopolymers

Biopolymers can be classified into different categories based on their chemical
structure and biological function. Among the most extensively studied biopoly-
mers are polysaccharides, polypeptides, and natural polyesters. Polysaccharides
are biopolymers composed of complex sugars and are particularly valued for their
hydrophilicity and ability to form protective films. Due to their high biocompat-
ibility, they are widely used in biomedical applications, such as controlled drug
release systems and advanced wound dressing materials[21]. Polypeptides and
proteins, on the other hand, are biopolymers made up of long chains of amino
acids and play a fundamental role in the structure of biological tissues. They are
extensively utilized in the production of scaffolds for regenerative medicine, as
they support cell adhesion and proliferation. Collagen and fibrin are examples of
polypeptides with well-established clinical applications. Another important class
is natural polyesters, which are biosynthesized by microorganisms or extracted
from plants. These polymers are distinguished by their excellent biodegradability
and bioabsorption properties, making them particularly suitable for the produc-
tion of resorbable implantable devices. A significant example is polyhydroxyalka-
noates (PHA), a family of biodegradable polyesters produced by bacteria, widely
studied for advanced biomedical applications. Finally, biopolymers can be com-
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bined to form hybrid materials, known as composite biopolymers. These materials
integrate multiple types of biopolymers to enhance their mechanical and biological
properties, providing innovative solutions for the fabrication of implants, sutures,
and tissue engineering materials[45].

3.5.3 Properties of biopolymers

The properties of biopolymers depend on their chemical composition and molec-
ular structure. Some of the key characteristics that determine their applicability
include[41]:

• Biodegradability

The ability to degrade into non-toxic byproducts through enzymatic or hy-
drolytic processes.

• Biocompatibility

Favorable interaction with biological tissues without inducing inflammatory
or immune reactions.

• Structural flexibility

The capability to be processed into various forms, such as films, hydrogels,
fibers, and three-dimensional scaffolds.

• Customizable mechanical properties

The ability to modulate elasticity, strength, and hardness to meet specific
requirements in medical and industrial applications.

3.5.4 Applications of biopolymers

Thanks to their unique properties, biopolymers have a wide range of applica-
tions in the biomedical field. Biopolymers are extensively used in the fabrication of
three-dimensional scaffolds that support cell growth and tissue regeneration. Ma-
terials such as collagen, poly(lactic acid) (PLA), and poly(caprolactone) (PCL)
are employed to construct biomimetic structures capable of replicating the archi-
tecture of biological tissues. The integration of biopolymers into drug delivery
systems enables the controlled and targeted release of pharmaceuticals, enhanc-
ing therapeutic efficacy while minimizing side effects. Polymeric nanoparticles and
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biopolymer-based hydrogels are currently among the most promising technologies
for the treatment of chronic diseases and cancer. Biopolymers are also utilized
in the manufacturing of vascular prostheses, artificial heart valves, biodegradable
sutures, and orthopedic implants. Their ability to integrate with host tissues and
biodegrade over time makes them ideal for long-term implantable applications.
Additionally, advanced wound dressings made from biopolymers, such as bioac-
tive bandages and antimicrobial hydrogels, accelerate wound healing and reduce
the risk of infections. Materials like chitosan and alginate are widely used in
the treatment of burns and chronic ulcers, offering significant advancements in
regenerative medicine and wound care[46].

3.5.5 Future developments

The evolution of biopolymer research is focusing on new strategies to enhance
their properties and expand their biomedical applications[40][42][31]. Some of the
major emerging trends include:

• Smart biopolymers

Materials capable of responding to environmental stimuli such as tempera-
ture, pH, and biological signals, enabling personalized drug release or con-
trolled tissue regeneration.

• Biofabrication technologies

The use of 3D printing and bioprinting facilitates the creation of complex
structures with optimized mechanical and biological properties.

• Nanotechnology applied to biopolymers

The integration of nanoparticles into biopolymer matrices enhances their
mechanical strength, bioactivity, and interaction with cells.

• Sustainability and production from renewable sources

Research is increasingly focused on developing biopolymers derived from
agricultural waste and renewable resources, thereby reducing environmental
impact and production costs.
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Chapter 4

Poly(caprolactone) and
poly(glycerol sebacate)

4.1 Poly(caprolactone) (PCL)

4.1.1 Chemical structure and properties

Poly(caprolactone) (PCL) is a semicrystalline aliphatic polymer belonging to
the polyester family. It is well known for its biocompatibility, biodegradability,
and workability, which make it a strategic material for numerous applications
in the biomedical field. Due to its easy processing and controlled degradation,
PCL is widely used in tissue regeneration, drug delivery systems, and vascular
prostheses fabrication. PCL is a linear polyester derived from the polymerization
of ϵ-caprolactone, a six-membered lactone. Its repeating unit is represented by
the following structure[36]:

−[O − (CH2)5 − CO]n−

Each monomeric unit consists of six carbon atoms, an ester group (-COO-), and
an oxygen atom.
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Figure 4.1: Chemical structure of PCL.

This configuration provides PCL with the following properties:

• Good flexibility and mechanical strength

Due to the presence of long aliphatic chains that allow high conformational
mobility.

• Hydrophobicity

Resulting from the absence of free polar groups along the polymer backbone,
which limits water absorption and affects cell adhesion.

• Moderate crystallinity ( 45-50%)

Contributing to its structural resistance and influencing its degradation rate.

• Hydrophobicity

From a thermal perspective, PCL has a relatively low melting temperature
( 60 °C), making it easily processable through melting, molding, and advanced
techniques such as electrospinning (which will be discussed later).

The biodegradation of PCL primarily occurs through hydrolysis of ester bonds
in aqueous environments. This process is catalyzed by environmental factors such
as temperature, pH, and enzyme activity, making PCL particularly suitable for
long-term applications, such as tissue engineering scaffolds. Compared to other
biodegradable polyesters, such as poly(lactic acid) (PLA) and poly(glycolic acid)
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(PGA), PCL degrades at a significantly slower rate, with a resorption time rang-
ing from months to several years. This makes it ideal for implants requiring
gradual replacement by native biological tissue. Biologically, PCL exhibits high
biocompatibility, meaning it does not elicit significant immune responses upon im-
plantation. However, its poor hydrophilicity may limit cell adhesion, a drawback
often addressed through chemical modifications or blending with more hydrophilic
polymers[47].

Figure 4.2: Granules of PCL.

4.1.2 Applications

PCL is extensively documented for its biomedical applications, particularly in
tissue engineering and regenerative medicine. One of its most relevant applica-
tions is in the field of vascular prostheses, where it is employed in the fabrication
of scaffolds for blood vessel regeneration. In this context, it is often combined
with more elastic polymers such as poly(glycerol sebacate) (PGS) to enhance its
mechanical performance and reduce thrombogenicity. In the area of bone and
cartilage regeneration, PCL is used to develop scaffolds capable of supporting
the repair of these tissues. Its slow degradation rate ensures that the material
provides structural support while allowing gradual cellular infiltration and tissue
remodeling[48]. Another significant application of PCL is in the development of
controlled drug delivery systems. Its biodegradable nature enables the encapsu-
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lation and progressive release of pharmaceuticals, making it suitable for treating
chronic diseases or enabling localized administration of bioactive agents. Beyond
these applications, PCL is also utilized in the production of resorbable sutures and
orthopedic devices. Biodegradable sutures made from PCL gradually dissolve in
the body, reducing the need for additional surgical procedures for removal. Simi-
larly, orthopedic plates and fixation devices composed of PCL provide temporary
mechanical support before being naturally resorbed over time. Despite its advan-
tages, PCL has some inherent limitations, particularly its low hydrophilicity and
relatively low elastic modulus. These factors can restrict its applications in areas
requiring high mechanical performance and optimal cell adhesion. To overcome
these limitations, PCL is often blended with other polymers to enhance its me-
chanical and biological properties. The combination with poly(lactic-co-glycolic
acid) (PLGA) accelerates degradation and improves cellular support, while the
incorporation of poly(glycerol sebacate) (PGS) increases elasticity and reduces
thrombosis risk in vascular applications. Furthermore, PCL is frequently com-
bined with natural polymers such as collagen and gelatin, which significantly
enhance cell adhesion and promote neotissue formation. Electrospinning is an ex-
tremely effective technique for obtaining micrometric PCL fibers used in scaffold
production for tissue engineering and other biomedical applications. The choice
of solvents plays a fundamental role in ensuring a stable process and accurate con-
trol of fiber morphology. Chloroform is the most commonly used solvent for PCL
electrospinning, but in recent years, alternative mixtures such as formic acid and
acetic acid have been explored, allowing the production of nanometric fibers[49].

4.2 Poly(glycerol sebacate) (PGS)

4.2.1 Chemical structure and properties

Polyglycerol sebacate (PGS) is a biodegradable polymer belonging to the class
of synthetic polyesters. It was developed to provide an elastomeric, biocompatible
material with mechanical properties suitable for various applications in regenera-
tive medicine and tissue engineering. PGS is distinguished by its elasticity, high
hydrophilicity, and ability to support cell adhesion, making it particularly suit-
able for the fabrication of scaffolds for soft tissue and vascular regeneration. Its
controlled degradability further enhances its suitability for applications requiring
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the gradual replacement of the material with newly formed tissue[50]. PGS is
a crosslinked polyester synthesized via the polycondensation of glycerol and se-
bacic acid. Glycerol, a tri-hydroxylated molecule, contributes to the formation
of a three-dimensional network, while sebacic acid, a long-chain aliphatic diacid,
imparts flexibility and elasticity to the polymer. The synthesis of PGS occurs
through a two-step process. Initially, a prepolymer is formed via controlled-
temperature reaction under vacuum conditions. This is followed by a thermal
curing step that induces crosslinking, thereby defining the final properties of the
material. The degree of crosslinking directly influences the polymer’s stiffness and
degradation rate, allowing its characteristics to be tailored to specific applications.
Physically, PGS exhibits a rubbery and flexible nature, with tensile strength that
varies according to its crosslinking density. Its inherent hydrophilicity facilitates
interaction with biological fluids, making it an excellent candidate for vascular and
cardiac applications [51]. A key feature of PGS is its controlled biodegradability,
which can be adjusted by modifying its polymeric network density and the envi-
ronmental conditions in which it is placed. The degradation mechanism primarily
involves hydrolysis of ester bonds, leading to the breakdown of the material into
biocompatible byproducts such as glycerol and sebacic acid, both of which are
metabolized by the body without toxic effects. Compared to other biodegrad-
able polyesters, PGS degrades more rapidly than polycaprolactone (PCL) but
more slowly than poly(lactic-co-glycolic acid) (PLGA). This intermediate degra-
dation rate makes it highly adaptable for applications requiring specific resorption
times[52].

Figure 4.3: Chemical structure of PGS.
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4.2.2 Applications

From a biological perspective, PGS has demonstrated high biocompatibility,
eliciting minimal inflammatory response while supporting cell adhesion and pro-
liferation. In vitro and in vivo studies have shown strong attachment of endothe-
lial cells, fibroblasts, and myocytes on PGS surfaces, suggesting its suitability for
soft tissue and vascular regeneration. Due to its elasticity, biocompatibility, and
controlled degradability, PGS has been extensively explored for various applica-
tions in tissue engineering. One of its most promising uses is in the fabrication
of scaffolds for blood vessel regeneration. PGS, owing to its high elasticity, can
replicate the biomechanical properties of arteries and provide a favorable envi-
ronment for endothelial cell growth. Unlike other synthetic materials that may
exhibit thrombogenicity or excessive stiffness, PGS offers mechanical properties
closer to those of native tissue, making it a superior alternative for vascular grafts.
Beyond vascular engineering, PGS has also been successfully employed in cardiac
and muscle tissue regeneration, where an elastic and biocompatible material is es-
sential. Additionally, its use extends to cartilage repair and scaffold fabrication for
skin and soft tissue regeneration, where its hydrophilic nature facilitates nutrient
diffusion and cellular colonization[53]. Another significant area of development
for PGS is in controlled drug delivery, where its adjustable degradability allows
for the gradual release of therapeutic agents in specific biological environments.
This feature makes it particularly suitable for long-term drug delivery systems,
useful for chronic therapies or localized treatment of injuries. PGS can be pro-
cessed into various forms using advanced fabrication techniques. Among these,
electrospinning is widely used to produce ultrafine fibers for three-dimensional
scaffold fabrication, enabling high porosity and structural biomimicry. Electro-
spinning of PGS, often combined with other polymers such as PCL, allows for the
development of fibrous structures with tunable mechanical properties, enhancing
cell interaction and tissue regeneration capabilities. This topic will be discussed
in greater detail later, as it represents one of the most promising approaches for
biomedical applications of PGS[54].
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Chapter 5

Electrospinning

5.1 Overview

Electrospinning is a versatile and efficient technique for the production of poly-
mer fibers with diameters ranging from the micrometer scale down to a few
nanometers. The process utilizes electrostatic forces to generate a jet of polymer
solution or molten polymer, which is progressively stretched and dried, forming
continuous and highly porous fibers[55]. The fundamental principle of electro-
spinning is based on applying a high-voltage electric field to a polymer solution
contained in a syringe with a thin needle. The needle is connected to a high-voltage
electrode, while a grounded collector, usually metallic, serves as the surface where
the fibers are deposited. When the applied voltage exceeds a critical threshold,
electrostatic repulsion forces within the polymer solution overcome the liquid’s
surface tension, leading to the formation of the so-called Taylor cone. From this
cone, a polymer jet emerges, which, due to solvent evaporation and electrostatic
forces, thins down to form continuous fibers. As the polymer jet develops, elec-
trostatic forces cause it to oscillate and stretch irregularly. This effect results in
the formation of extremely thin fibers, which deposit to create a porous network
[14].
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Figure 5.1: Schematic representation of electrospinning nanofibers. The process
involves a high-voltage power supply that creates a potential difference between the
metallic needle and the grounded rotating collector, resulting in the formation of
charged polymer jets that solidify into nanofibers.

The success of electrospinning depends on several parameters that influence the
morphology and properties of the produced fibers. These parameters include[56]:

• Polymer solution properties

Such as viscosity, electrical conductivity, and surface tension. A viscosity
that is too low may lead to droplet formation instead of continuous fibers,
while excessive viscosity may hinder jet formation.

• Electrical parameters

Including the applied voltage and the distance between the needle and the
collector. A voltage that is too low may be insufficient to overcome the
liquid’s surface tension, while an excessive voltage may cause uncontrolled
material deposition.

• Environmental conditions

Such as humidity and temperature, which influence the solvent evaporation
rate and fiber formation.

The type of collector used to gather the fibers directly affects their morphology.
Stationary flat collectors lead to the formation of randomly oriented, nonwoven
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structures, whereas high-speed rotating collectors promote fiber alignment, gener-
ating more ordered structures with superior mechanical properties[57]. Addition-
ally, there are variations of the traditional technique, such as coaxial electrospin-
ning, which enables the production of core-shell fibers, and melt electrospinning,
which eliminates the use of toxic solvents by utilizing molten polymer instead of
a polymer solution. Thanks to its ability to produce nanofibers with controlled
porosity and high surface area, electrospinning is employed in numerous fields,
including[58]:

• Tissue engineering

For the fabrication of biomimetic scaffolds that support cell growth.

• Controlled drug delivery systems

Leveraging the capability to encapsulate active ingredients and release them
in a controlled manner.

• Filtration and biosensors

Utilizing the high surface area and permeability of nanofibers.

Figure 5.2: Electrospinning machine.
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Electrospinning, therefore, represents an innovative and highly versatile tech-
nology for the production of polymer nanofibers. Its ability to control fiber mor-
phology and properties through process parameter optimization continues to drive
new biomedical and industrial applications. Although challenges remain, such as
industrial scalability and improved fiber reproducibility, ongoing research in this
field is leading to increasingly efficient and widely applicable solutions[59].

5.2 Electrospinning in vascular tissues engineering

5.2.1 Introduction

Electrospinning has emerged as one of the most promising techniques for fab-
ricating biomimetic scaffolds for vascular tissue engineering. Due to its ability to
generate nanometer- and micrometer-scale fibers, this technique enables the high-
fidelity reproduction of the extracellular matrix (ECM) structure, promoting cell
adhesion and proliferation. As discussed in the previous chapter, the process in-
volves applying a high-voltage electric field to a polymer solution, inducing the
formation of a jet that solidifies into ultrafine fibers, which are deposited onto a
collector to form a three-dimensional porous structure. This configuration allows
for the production of scaffolds with highly controllable morphology and optimal
parameters for tissue engineering[16]. The primary advantage of electrospinning
lies in its ability to create structures that replicate the mechanical and biochemical
characteristics of the native ECM. In particular, fibers can be aligned to mimic
the anisotropic organization of biological tissues, a crucial aspect of vascular engi-
neering. Recent studies have demonstrated that by adjusting the rotation speed
of the mandrel on which the fibers are deposited, a highly aligned arrangement of
collagen fibers can be achieved, thereby enhancing interactions with endothelial
cells. Despite these advantages, electrospinning still presents some limitations, in-
cluding poor cell infiltration in thicker tissues due to small pore sizes and the need
to optimize the degradation of the polymers used. To overcome these challenges,
various strategies are being developed, including combined techniques such as
merging electrospinning with melt spinning and incorporating bioactive materials
to enhance cell integration[6].
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5.2.2 Research and contributions of different study groups

1. Duan et al. (2016) Research Group
Duan et al. developed vascular scaffolds with a core-shell structure using coax-
ial electrospinning. The fiber core was composed of poly(ϵ-caprolactone) (PCL),
chosen for its mechanical stability, while the coating was made of collagen to
enhance biocompatibility and promote cell adhesion. The results showed excel-
lent endothelial cell proliferation and good mechanical resistance of the material.
However, the degradation of PCL remains relatively slow, which could hinder full
integration with native tissue in the long term. The study utilized scanning elec-
tron microscopy (SEM) and transmission electron microscopy (TEM) to confirm
the core-shell structure of the fibers, while thermogravimetric analysis (TGA) and
UV-spectrophotometry were used to assess the scaffold’s mechanical and biochem-
ical properties [60].

2. Boland et al. (2004)
Electrospinning of collagen and elastin: Another significant contribution comes
from the group of Boland et al., who studied the electrospinning of collagen and
elastin for the creation of biomimetic vascular substitutes. Their research demon-
strated that the addition of elastin improves the mechanical compliance of the
scaffold, making it more similar to that of natural arteries. However, the fibers
proved to be fragile in humid environments and required cross-linking treatments
to ensure adequate stability. The group employed Fourier-transform infrared spec-
troscopy (FTIR) and mechanical tensile testing to evaluate the stability and me-
chanical performance of the scaffolds [26].

3. Chung et al. (2010)
Chung et al. adopted an innovative approach by combining electrospinning and
melt spinning to create multilayer structures with adjustable porosity. Their scaf-
fold consisted of macro- and nanometric fibers of poly(L-lactide-co-ϵ-caprolactone)
(PLCL), a bioabsorbable elastomeric material. The results highlighted good cell
proliferation capacity and mechanical behavior comparable to that of native ar-
teries. However, the combination of two fabrication techniques made the process
more complex and less scalable for clinical applications. The study employed
scanning electron microscopy (SEM) to analyze fiber morphology and mechanical
testing (MTS ReNew Model 1122) to evaluate tensile strength and elongation [61].
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4. Fu et al. (2014)
Fu et al. explored the use of hybrid scaffolds composed of gelatin/PCL and colla-
gen/PLCL for applications in vascular tissue engineering. Their research demon-
strated that combining natural and synthetic polymers improves both the biocom-
patibility and mechanical properties of the material. In particular, scaffolds made
of collagen/PLCL exhibited greater elasticity compared to gelatin/PCL scaffolds.
However, variability in fabrication methods could affect the reproducibility of re-
sults. The study utilized X-ray diffraction (XRD) and mechanical tensile testing
to analyze the crystalline structure and mechanical properties of the scaffolds [62].
Electrospinning represents an extremely versatile and promising technology for
the creation of vascular scaffolds. Studies conducted to date have demonstrated
that combining synthetic and natural polymers is essential for obtaining materials
with good mechanical properties and adequate biocompatibility. However, some
challenges remain to be addressed, including controlling material degradation, op-
timizing porosity to promote revascularization, and ensuring long-term mechanical
stability. Future research should focus on integrating biofunctionalization tech-
niques and validating them in preclinical models to bring these solutions closer to
clinical application[5].
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Chapter 6

Blend production

6.1 Polymeric blend

This research employs a polymeric blend of poly(caprolactone) (PCL) and poly(glycerol
sebacate) (PGS), a combination of materials that has gained increasing interest in
the field of bioengineering. The research group at the Department of Civil, Chem-
ical and Environmental Engineering Department (University of Genoa) and that
at IRCCS Policlinico San Martino Hospital have already optimized the electro-
spinning process for the fabrication of small-caliber vascular prostheses using this
polymeric mixture, demonstrating the feasibility of the technology and the po-
tential clinical applicability of the material. Studies conducted so far have shown
that the PCL:PGS blend meets the requirements for the development of vascu-
lar grafts, complying with industry standards. One of the innovative aspects of
this combination is its bioresorbability, which differentiates it from other biopoly-
meric blends currently under investigation for vascular applications. While several
bioengineered materials being studied for vascular bioprostheses share key proper-
ties such as elasticity, biocompatibility, and biodegradability, the PCL:PGS blend
stands out for its ability to be completely resorbed and replaced by native tissue
over time. This characteristic represents a major advantage over other experi-
mental bioprostheses, which, despite being degradable, often exhibit significantly
slower degradation rates or lack the controlled resorption necessary for effective
tissue regeneration. The ability of a prosthesis to degrade in a controlled manner,
synchronizing with tissue remodeling, is a key aspect in regenerative medicine. A
resorbable vascular graft could significantly reduce the risks associated with long-
term complications, such as chronic inflammation, fibrosis, or late-stage throm-
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bosis, which remain critical challenges in the development of bioprostheses. By
allowing gradual tissue integration and replacement, the PCL:PGS blend offers a
pathway toward functional vascular regeneration, rather than merely providing a
passive conduit for blood flow[63]. The use of this polymeric blend is supported
by recent research, which has demonstrated the material’s favorable performance
in terms of biological compatibility and mechanical properties. Although pre-
liminary results are promising, the PCL:PGS blend remains in an experimental
phase and is not yet commercially available. Ongoing research aims to further
consolidate knowledge on this biomaterial and assess its actual applicability in
clinical settings. As previously discussed, the prosthesis production process has
already been optimized, which demonstrated the feasibility of using a PCL:PGS
blend for manufacturing small-caliber vascular grafts. However, the focus of this
study is not the production of the prosthesis itself but rather the analysis of
the internal conditions within the vessel made from this specific material, with
particular attention to thermal, fluid dynamics, and structural aspects[64]. The
primary objective is to understand the fluid behavior within the prosthesis, in-
vestigating potential temperature variations, thermal gradients, and interactions
with blood flow to assess the impact of the blend on vascular functionality. These
data are crucial for improving the design and performance of the device, ensuring
that the material properties not only meet mechanical and biological requirements
but are also optimized in terms of fluid dynamics and heat transfer. This study,
therefore, contributes to an advanced optimization framework, aiming to further
validate the blend’s behavior not only in terms of fabrication but also in terms of
biomechanical and thermal response under realistic operating conditions.

6.2 Sample production

The sample production follows a standardized laboratory protocol to ensure the
reproducibility and consistency of the process. For the preparation of the poly-
mer blend, two distinct solutions are prepared: one based on poly(caprolactone)
(PCL) and one based on poly(glycerol sebacate) (PGS), both at a 20% (w/v)
concentration. As solvents, a mixture of chloroform and ethanol in a 9:1 (v/v)
is used. This combination was selected as it allows for complete polymer solu-
bilization, while preserving their chemical-physical properties and optimizing the
solution viscosity for the subsequent electrospinning process. For each polymer,
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5.0 mL of solution is prepared by dissolving 1.0 g of polymer in 4.5 mL of chloro-
form and 0.5 mL of ethanol. The solutions are left under magnetic stirring for 24
hours to ensure homogeneous polymer chain dispersion and complete dissolution
of the material[65]. After the stirring period, the two solutions are combined in a
1:1 (v/v). Specifically, PGS is added to the PCL solution, as the latter exhibits
significantly higher viscosity. This approach facilitates better miscibility between
the two components and prevents the formation of non-homogeneous aggregates.
The mixture is then subjected to an additional magnetic stirring phase for ap-
proximately 3 hours, after which a uniform polymer solution is obtained, suitable
for further processing.
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Figure 6.1: PCL used for sample production.
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Figure 6.2: PGS used for sample production.
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6.3 Electrospinning and study objectives

Once the polymeric mixture is obtained, it is loaded into the electrospinning
machine, allowing for the fabrication of a fibrous structure intended for the pro-
duction of a vascular bioprosthesis. Electrospinning is a fundamental technique
for developing three-dimensional scaffolds with optimized morphological and me-
chanical properties for tissue engineering applications.

Figure 6.3: Electrospinning machine used for sample production. On the left,
the machine is idle before production. On the right, the machine is in operation,
halfway through the sample production process.

The production of scaffolds through electrospinning is a highly parameter-dependent
process, as the correct configuration directly influences the morphology, struc-
ture, and mechanical properties of the fibers obtained. In this study, the sam-
ple was produced using a set of optimized parameters to ensure the formation
of a small-caliber vascular bioprosthesis, with a diameter suitable for vascular
applications[63].

1. Generator Voltage: 17 kV
The applied voltage during the electrospinning process is a critical parameter, as
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it determines the formation of the polymer jet and the subsequent fiber deposition
onto the collector surface. In this case, the voltage was set at 17 kV, an appropriate
value to ensure the correct formation of the Taylor cone, which is the point where
the polymer is accelerated and transformed into fibers under the influence of
the electric field. A voltage that is too low may prevent jet formation, while
an excessively high voltage may lead to process instability and an uneven fiber
distribution.

2. Collector Translation Limits: 21 mm (left) and 115 mm (right)
The movement of the collection system, represented in this case by the rotating
collector, is regulated by two translation limits: 21 mm for the left limit and
115 mm for the right limit. This motion determines the deposition area and
directly affects the uniformity of the scaffold. A controlled translation mechanism
prevents excessive fiber accumulation in specific areas and ensures a homogeneous
distribution of material across the collector surface.

3. Translation Speed: 600 mm/min
The translation speed of the deposition system was set at 600 mm/min, a value
chosen to maintain a balanced fiber distribution on the collector surface. A speed
that is too slow could lead to excessive fiber density in certain regions, whereas
an excessively high speed could disrupt fiber continuity and introduce structural
defects.

4. Collector Diameter: 5 mm
One of the key aspects of this study is the investigation of small-caliber vascular
scaffolds, where the diameter of the collection collector plays a fundamental role.
In this case, a 5 mm diameter was chosen, which allows for the fabrication of a
device suitable for the replacement of small-diameter blood vessels. This value falls
within the physiological range of peripheral or coronary arteries. The selection of
this parameter is therefore strategic for designing a functional and biomechanically
adequate bioprosthesis.

5. Generator Current: 3 mA
The current supplied by the generator was set at 3 mA, ensuring a stable electric
flow throughout the electrospinning process. The current level influences the
stability of the polymer jet and fiber formation, preventing undesirable effects

59



such as droplet formation (electrospraying) or jet breakage.

6. Collector Rotation Speed: 500 rpm
The rotation speed of the collector influences fiber morphology and alignment
within the scaffold. In this study, the collector was set to rotate at 500 revolutions
per minute (rpm), an optimal speed for obtaining well-aligned and uniformly
distributed fibers. A higher rotation speed promotes the formation of oriented
fibers along the collector axis, improving the mechanical resistance of the material
in the direction of blood flow[64].

The optimization of electrospinning parameters is essential to obtain vascular scaf-
folds with suitable biomechanical and morphological characteristics. The selected
values in this study were chosen based on previous experimental experience and
are considered ideal for fabricating small-caliber vascular bioprostheses. Among
the analyzed parameters, the 5 mm collector diameter is of particular interest, as
it corresponds to the dimensions of the small-diameter blood vessels studied in
this thesis. This selection enables the development of devices applicable to real
vascular scenarios, particularly for peripheral or coronary artery replacement[48].
This study is part of a broader framework aimed at optimizing the electrospinning
process, with the objective of obtaining bioprostheses with high mechanical per-
formance and functional properties, capable of replicating the characteristics of
native blood vessels and ensuring seamless integration with surrounding biological
tissue.
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Figure 6.4: The 5 mm vessel fabricated in this study according to the aforemen-
tioned parameters.
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6.4 Criteria for the selection of vessels and their
parameters for numerical modeling

The selection of arteries in this study was conducted with the aim of representing a
wide range of vascular conditions in terms of diameter, anatomical position, and
function. Four arteries were chosen: the coronary, femoral, carotid, and radial
arteries. In order to cover both small-caliber vessels, which are more clinically
critical and still under investigation, and larger-caliber vessels, which are useful
for broader comparisons in fluid dynamics. The selection was guided by the in-
tention to analyze arteries from different anatomical districts, including both the
upper limbs (radial artery) and lower limbs (femoral artery), as well as a central
region represented by the carotid and coronary arteries. This diversity allows for
the exploration of fluid dynamic scenarios characterized by distinct physiological
conditions, variations in pressure and flow, and differences in interactions with
the vascular wall. The selected arteries have diameters of 2.5, 3.5, 5, and 7 mm,
as shown in Table 6.1, enabling the study of both small and large vessels to assess
the applicability of models across all types of prostheses used in vascular surgery.
Indeed, for small-caliber vessels, as previously analyzed, research is still ongoing,
making it essential to optimize solutions for the design of bioprostheses. Con-
versely, in large-caliber vessels, fluid dynamic interactions can provide valuable
insights for validating computational models on more stable structures that are
already well-established in the medical field.
Each artery exhibits specific hemodynamic characteristics influenced by parame-
ters such as age, sex, weight, pathological conditions, physical activity status, and
numerous other factors. Moreover, the literature indicates that blood flow varies
significantly among individuals, and available data represent average values ob-
tained from large population studies. Since this thesis does not focus on a specific
patient category, intermediate parameters were considered to ensure adaptable
results. The analysis of these arteries allows for the evaluation of fluid dynamic
behavior under different conditions, with the aim of developing simulation tools
that can assist surgeons in personalizing interventions. The objective is not to
examine a single clinical scenario or conduct an accurate numerical analysis for a
medical study, but rather to establish a methodological framework for adapting
models to specific cases, thereby enabling surgeons to conduct targeted studies
based on their individual needs. The investigation of vessels with different char-
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acteristics facilitates the identification of key parameters for the design of vascular
bioprostheses, improving the understanding of hemodynamic conditions and po-
tential clinical implications. The adopted approach lays the groundwork for future
optimizations, aiming to make numerical simulations increasingly precise tools for
surgical practice. Although this study aims to analyze and establish the foun-
dation for optimizing the PCL:PGS blend, its potential also lies in the ability to
optimize other bioprostheses by appropriately modifying the computational model
based on the chemical-physical parameters of the specific bioprosthesis under con-
sideration.
The 1 mm thickness of the bioprosthesis wall, as reported in Table 6.1, was deter-
mined experimentally. Unlike other parameters for which consolidated data can
be found in the literature, there are currently no known experimental values for
a vascular prosthesis made of poly(caprolactone) (PCL) and poly(glycerol seba-
cate) (PGS). This lack of data is due to the fact that the PCL:PGS blend has
never been studied before, and its characterization is being carried out for the
first time through the present thesis work. The innovative nature of this mate-
rial necessitated a direct experimental approach to determine the prosthetic wall
thickness, providing a realistic parameter for numerical simulations. To this end,
several vascular bioprostheses were fabricated through electrospinning, with a di-
ameter of 5 mm, corresponding to the only dimension available in the university’s
laboratory facilities. The thickness of the obtained prostheses was subsequently
measured using a caliper to derive a representative average value. In addition
to serving as a reference for the numerical model, this operation allowed for the
practical verification of the feasibility of producing the bioprosthesis with such a
thickness. The experimental validation of the thickness was particularly signifi-
cant for two reasons. First, it confirmed that the electrospinning process could
generate structures free of significant discontinuities, meaning no defects or voids
within the fibrous matrix. The presence of structural defects would have com-
promised both the effectiveness of the prosthesis and its reproducibility. Second,
the thickness needed to be sufficiently small to ensure adequate elasticity of the
device. Excessive thickness could have rendered the structure too rigid, limiting
its ability to adapt to the mechanical stresses typical of the vascular environment.
It is important to emphasize that the 1 mm value does not represent a fixed stan-
dard, but rather an average value obtained from the measurements conducted.
The experimental variability was not considered in the numerical simulations, as
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this study does not aim to establish a definitive thickness for the prosthesis but to
provide a reference useful for modeling. Consequently, the standard deviation or
a specific margin of error was not taken into account, as these factors do not crit-
ically impact the objectives of the computational analysis. Looking ahead, once
the feasibility of implanting bioprostheses made from the PCL:PGS blend has
been verified, it will be up to manufacturers to optimize the constructive parame-
ters according to specific clinical needs. The final determination of the prosthesis
thickness for medical applications will depend on several factors, including the
patient’s physiological conditions and the characteristics of the vascular district
in which it will be implanted. Therefore, this study provides a methodological
basis for future optimizations, without constraining the design of bioprostheses to
an absolute thickness value.

Diameter [mm] Blood Flow [mL/min] Thickness [mm]

Femoral 7[66] 350[67] 1

Carotid 5[68] 500[69] 1

Coronary 3.5[70] 150[71] 1

Radial 2.5[72] 6.7[72] 1

Table 6.1: The table presents a summary of the diameter, blood flow, and thick-
ness of the four different arteries: femoral, carotid, coronary, and radial. The
first column specifies the arterial type, while the second column provides the di-
ameter of each artery in millimeters (mm). The third column reports the blood
flow measured in milliliters per minute (mL/min). The final column presents the
thickness of the arterial wall. This table provides a structured overview of key vas-
cular parameters that are essential for fluid dynamics analysis and computational
modeling in vascular research.

The parameters reported in Table 6.2 are additional parameters employed in the
simulations. Unlike others that may vary depending on vascular geometry or
the location of arteries within the human body, these parameters are intrinsic to
the materials and fluids considered. This characteristic grants them a universal
value within the context of numerical simulations, making them applicable in fu-
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ture studies regardless of the specific anatomical configuration. In other words,
they do not depend on the selection of the analyzed arteries or their location
in different body districts but rather on the physical and chemical properties of
the constituent materials and fluids under examination. Such independence is
a key aspect, as it allows the simulation results to be extended to different sce-
narios without requiring a redefinition of these parameters based on the vascular
structure analyzed. The choice to adopt realistic and non-averaged parameters,
detached from the specificity of the considered arteries, represents a strategic ap-
proach to ensuring greater flexibility and reproducibility in future scientific and
engineering applications.

PARAMETER SYMBOL VALUE UNIT

Dynamic viscosity of blood [73] ν 3.5×10−3 Pa·s

Specific heat capacity of blood [74] cp 3.65 J/(kg·K)

Molecular weight of blood [75] MW 64.5 kDa

Density of blood [76] ρ 1060 kg/m3

Thermal conductivity of blood [77] k 0.5 W/(m·K)

Thermal conductivity of real vessel [77] k 0.5 W/(m·K)

Thermal conductivity of blend [78] k 0.05 W/(m·K)

Temperature of blood [1] Tb 311 K

Temperature of human body [1] Thb 309.5 K

Table 6.2: Summary of the main physical properties of blood and the materials
used in this study. The table includes dynamic viscosity, specific heat capacity,
molecular weight, density, and thermal conductivity for both blood and the studied
vascular materials. These parameters are fundamental for computational modeling
and numerical simulations.
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Chapter 7

Governing equations
Modeling of conjugate forced convection us-
ing effective boundary conditions

7.1 Navier-Stokes equations

The Navier-Stokes equations are fundamental in fluid dynamics as they describe
the behavior of real fluids by considering the forces acting on them. In the field
of bioengineering combined with fluid dynamics, these equations are crucial for
modeling and analyzing blood flow within vascular bioprostheses. Blood can be
considered an incompressible and viscous fluid, whose motion is governed by the
Navier-Stokes equations. The correct application of these equations allows for
precise prediction of blood flow behavior, providing essential information for the
design and optimization of vascular bioprostheses. The objective of this chapter
is to provide an overview of the Navier-Stokes equations, emphasizing their appli-
cation in blood flow modeling and their significance in the design and evaluation
of bioprostheses[34]. Laminar flow is a condition in which a fluid moves in paral-
lel layers without turbulence. In the human circulatory system, blood generally
flows in a laminar regime within blood vessels, particularly in medium and large
arteries and veins. The characteristics of laminar flow are:

• Reynolds Number

The flow regime (laminar or turbulent) is determined by the Reynolds num-
ber (Re), a dimensionless parameter that evaluates the ratio between inertial
and viscous forces in a fluid. In the context of blood flow, an Re value lower
than 2000 indicates a laminar flow.
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• Velocity Profile

In laminar flow, blood velocity is highest at the center of the vessel and
gradually decreases towards the vessel walls, creating a parabolic velocity
profile across the vessel’s cross-section.

Understanding laminar flow is crucial in the design of medical devices, such as
stents and vascular prostheses, to ensure that blood flow remains smooth and
to minimize turbulence, which could lead to complications. In Computational
Fluid Dynamics (CFD), assuming a laminar flow regime simplifies mathematical
models, reducing computational time and resources required for simulations.

7.2 Problem definition and homogenization proce-
dure

The hydrodynamic and thermal interactions occurring within a fluid flowing through
a channel, subjected to an external force in the x̂ direction, are analyzed in this
study, as depicted in Figure 7.1(a). This problem is addressed in the context
of conjugate heat transfer (CHT), where the interplay between thermal conduc-
tion within the stationary walls and forced convection in the fluid phase is ex-
amined numerically. To describe the system, the governing equations for mass,
momentum, and energy conservation are formulated under the assumptions of
steady-state, incompressible, and Newtonian flow conditions. These equations,
expressed in dimensional form, define the behavior of the system at any given
point (x̂1, x̂2, x̂3) = (x̂, ŷ, ẑ) within the fluid domain (β). The mathematical for-
mulation governing this problem is presented below:

∂ûi

∂x̂i

= 0, (7.1)

ρ ûj
∂ûi

∂x̂j

= −∂P̂

∂x̂i

+ µ
∂2ûi

∂x̂2
j

, (7.2)

ûj
∂T̂

∂x̂j

=

(
kf
ρcp

)
∂2T̂

∂x̂2
j

, (7.3)

Here, û represents the velocity vector, while P̂ and T̂ denote the pressure and
temperature, respectively. The physical properties of the fluid, including density
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(ρ), dynamic viscosity (µ), thermal conductivity (kf ), and specific heat capacity
(cp), are assumed to be constant, meaning that their variations with temperature
along and across the channel are neglected. For the solid bounding layers (σ),
the thermal field is governed by steady-state conduction, which is described by
Laplace’s equation. This equation characterizes the spatial distribution of tem-
perature T̂ within the solid domain, ensuring a proper formulation of the heat
transfer problem:

∂2T̂
∂x̂2

j

= 0. (7.4)

A uniformly prescribed temperature T̂C is applied at the outer surfaces (IC) of
the bounding plates. Specifically, this condition is imposed at x̂2 = −e for the
lower boundary and at x̂2 = H + e′ for the upper boundary. The side surfaces
of the plates, which are perpendicular to x̂1 = x̂ and correspond to the channel
inlet and outlet (denoted as Iad), are considered adiabatic, meaning that no heat
transfer occurs through these boundaries. At the solid-fluid interfaces (Iσβ), both
temperature continuity and heat flux conservation must be satisfied. These con-
ditions ensure a consistent heat transfer mechanism across the fluid-solid domain.
The complete set of boundary conditions governing the system is mathematically
expressed as follows: 

T̂ = T̂C at IC ,

∂T̂
∂x̂1

= 0 at Iad,

T̂ = T̂ ,
∂T̂

∂n̂
= κ

∂T̂
∂n̂

at Iσβ,

(7.5)

Here, κ =
ks
kf

represents the solid-to-fluid thermal conductivity ratio, while n̂

denotes the dimensional distance measured along the direction normal to Iσβ at
any given point. Additionally, the fluid enters the channel with a uniform velocity
û1

∣∣x̂1 = 0 = ûinlet and a uniform temperature T̂
∣∣x̂1 = 0 = T̂ inlet. At the solid-

fluid interface (Iσβ), a no-slip velocity condition is imposed, ensuring that the
fluid adheres to the bounding surfaces. At the channel outlet, the static pressure
is set to zero, serving as a reference condition. Furthermore, all flow and thermal
fields are periodic in the spanwise direction, denoted as x̂3 = ẑ.

68



Figure 7.1: Sketch of the problem under consideration. The plane interfaces
delimited by ŷ = 0 and ŷ = H constitute the virtual boundaries where effective
conditions are to be enforced.

7.2.1 The homogenization-based upscaling

The previously described analysis provides a detailed resolution of both the fluid
and solid domains, capturing the complete thermal and hydrodynamic interac-
tions. However, when the focus shifts towards the macroscale behavior of the
channel flow, a computationally efficient approach is preferable. In such cases, an
upscaling strategy can be employed to replicate the effects of wall roughness by
introducing effective velocity and temperature boundary conditions at fictitious
plane interfaces positioned near the actual physical boundaries. In this work, a
multiscale homogenization approach is adopted, closely following the methodol-
ogy previously derived, validated, and refined in [79, 80, 81]. The main difference
is that, while the original studies focused on natural convection, the present anal-
ysis considers forced convection, meaning that buoyancy effects are not included
in the formulation. In the limiting case of a channel flow confined by a smooth
wall with a finite thickness e and a finite thermal conductivity ks, it is possible to
derive analytical solutions for the temperature boundary conditions, expressed as
follows:

T

∣∣∣∣
n̂=0

≈ T̂C +
e

κ
× ∂T

∂n̂

∣∣∣∣
n̂=0

, (7.6)
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This formulation implies that the temperature at the inner surface of the wall,
T
∣∣
n̂=0

, deviates from the reference uniform value T̂C prescribed at the outer sur-
face. In the previous equation, n̂ represents the dimensional distance measured
along the direction normal to the solid-fluid interface, where n̂ increases as one
moves towards the fluid region. More specifically, if the condition is applied at

the lower (or alternatively the upper) smooth wall, the gradient
∂T

∂n̂
corresponds

to
∂T

∂x̂2

for the lower boundary, and to − ∂T

∂x̂2

for the upper boundary, following

the coordinate system adopted in Figure 7.1.
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Chapter 8

Onshape

8.1 Overview

As can be found on the official website, Onshape is a cloud-based CAD platform
that enables 3D modeling, simulation, and data management. Unlike traditional
CAD software, Onshape does not require installation on local computers since
all operations are performed directly in the browser, allowing for real-time access
independent of location. One of Onshape’s distinguishing features is the ability
to collaborate in real time with other team members. Multiple users can work
simultaneously on the same model, making modifications and instantly viewing
changes made by others. It is a software that uses parametric modeling within a
defined virtual space, allowing users to define dimensions and geometric relation-
ships between different parts of a model, even for the creation of highly complex
models. This methodology makes it much easier to modify the design, as it is
sufficient to change constraints and basic parameters (such as length, width, an-
gles) to automatically update the entire model while maintaining good control
over the model’s geometry. The platform supports a wide range of file formats
for importing and exporting data, such as STEP, IGES, STL, and DXF, ensur-
ing compatibility with other CAD systems and facilitating collaboration between
different platforms. The software supports a range of features, such as direct mod-
eling and editing, and includes advanced capabilities for simulation and rendering.
The intuitive interface allows users to quickly learn how to create and modify mod-
els, making the software accessible to both beginners and professionals. In this
thesis, Onshape was used to design and model vascular bioprostheses, adapting
parameters for specific cases based on the requirements of each design[82].
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Figure 8.1: Onshape software logo.

Figure 8.2: Onshape software interface.

8.2 Geometry

As discussed in Chapter 6, we examined four different type of arteries: coronary,
carotid, femoral, and radial. Accordingly, vascular geometries have been developed
to conform to the anatomical structure of the human circulatory system in the
analyzed regions. This approach ensures results that closely approximate real
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physiological values, providing an accurate foundation for future studies aimed at
optimizing bioprostheses based on this specific blend. It is important to note that
this study does not consider vessel replacement through bypass procedures, as
these involve numerous variables that are not functional to the objectives of this
research. Each vessel has been designed with the diameters previously presented,
resulting in four different size variations for each geometry. All other parameters
remain unchanged. The length values do not correspond to a specific vessel;
instead, an extended terminal section has been employed to facilitate convergence
in numerical calculations within the software. The geometries considered in this
study are:

• Linear vessel

The blood vessel shown in Figure 8.3 can exist in both vertical and horizontal
orientations. The vertical configuration is of particular interest due to the
significant influence of gravitational force as a parameter. The vessel has a
simple cylindrical shape, with the scaffold positioned in the central section.
As we can see in Figure 8.3, there is an initial section, colored in blue, which
represents the vessel before the insertion of the scaffold and has a length
of 10 cm. The orange section represents the placement of the scaffold and
has a length of 15 cm. The silver section represents the vessel after the
scaffold and has a length of 25 cm. The different colors serve to distinguish
the regions, as the boundary conditions vary, along with the simulation
parameters. The linear geometry is presented with the same dimensions in
the various sections, incorporating the four previously mentioned diameters:
2.5 mm, 3.5 mm, 5 mm, and 7 mm.

Figure 8.3: Geometric representation of the linear vessel using Onshape software.
The blue section refers to the vessel before the scaffold, with a length of 10 cm.
The orange section represents the scaffold, with a length of 15 cm, while the silver
section corresponds to the vessel after the scaffold, with a length of 25 cm.
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Figure 8.4: 3D representation of a section of a linear vessel from the human
circulatory system.

• Curved vessel

This type of blood vessel can also be represented in a vertical orientation;
however, it would not introduce a study significantly different from the one
previously analyzed. The vessel retains a cylindrical shape, but unlike the
linear vessel, it features a curvature in the central section where the scaffold
is positioned. This curvature influences the variation in flow velocity. As
we can see in Figure 8.5, there is an initial section, colored in blue, which
represents the vessel before the insertion of the scaffold and has a length
of 10 cm. The grey section represents the placement of the scaffold and
has a length of 15 cm. The silver section represents the vessel after the
scaffold and has a length of 25 cm. The different colors serve to distinguish
the regions, as the boundary conditions vary, along with the simulation
parameters. The curved geometry is presented with the same dimensions in
the various sections, incorporating the four previously mentioned diameters:
2.5 mm, 3.5 mm, 5 mm, and 7 mm.
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Figure 8.5: Geometric representation of the curved vessel using Onshape software.
The blue section refers to the vessel before the scaffold, with a length of 10 cm.
The grey section represents the scaffold, with a length of 15 cm, while the silver
section corresponds to the vessel after the scaffold, with a length of 25 cm.

Figure 8.6: 3D representation of a section of a curved vessel from the human
circulatory system.

• Bifurcated vessel

This vessel is more complex, and given human anatomy, it can only be rep-
resented in a vertical orientation with the bifurcation directed downward.
Starting from a cylindrical structure, it features a bifurcation after the scaf-
fold placement. This configuration demonstrates how temperature variation
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stabilizes differently when distributed across multiple sections. The pres-
ence of the scaffold in the bifurcated section would not result in a case
significantly different from the one previously analyzed. As we can see in
Figure 8.7, there is an initial section, colored in blue, which represents the
vessel before the insertion of the scaffold and has a length of 10 cm. The light
grey section, represents the placement of the scaffold and has a length of
15 cm. The section following, represented by the dark grey, yellow, orange,
and silver colors, represents the vessel after the scaffold and has a length
of 43 cm. The bifurcated geometry is presented with the same dimensions
in the various sections, incorporating the four previously mentioned diam-
eters: 2.5 mm, 3.5 mm, 5 mm, and 7 mm. To achieve thermal stability,
it was necessary to significantly increase the length of the section following
the scaffold, as thermal stability had not yet been reached in the bifurcation
area. The different colors serve to distinguish the regions, as the boundary
conditions vary, along with the simulation parameters. In this specific case,
the section following the scaffold is characterized by different colorations.
However, this chromatic differentiation holds no significance from either an
anatomical or computational perspective. It is merely a result of the way
the software handles the geometry construction, distinguishing the various
parts as separate entities. In the numerical computation, however, all these
sections share the same boundary conditions and are therefore considered
as a single entity.
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Figure 8.7: Geometric representation of the bifurcated vessel using Onshape soft-
ware. The blue section refers to the vessel before the scaffold, with a length of 10
cm. The light grey section represents the scaffold, with a length of 15 cm. The
section represented by the dark grey, yellow, orange, and silver colors, corresponds
to the vessel after the scaffold, with a length of 43 cm.

Figure 8.8: 3D representation of a section of a curved vessel from the human
circulatory system.
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Chapter 9

OpenFoam

9.1 Overview

As can be found on the official website, OpenFOAM (Open Source Field Operation
And Manipulation) is an open-source software for computational fluid dynamics
(CFD), widely used for the numerical simulation of complex physical phenomena
in continuum mechanics[83]. Based on the C++ programming language, Open-
FOAM enables the resolution of problems related to fluid dynamics, heat transfer,
and fluid-structure interactions, making it an ideal tool for analyzing thermal be-
havior within a vascular bioprosthesis[84]. The software employs the finite volume
method (FVM) to discretize the governing equations, including the Navier-Stokes
equations, which describe the behavior of blood flow, and the energy equation,
which governs heat transfer. This combination provides a detailed representa-
tion of the temperature distribution and thermal variations occurring within the
examined prosthetic blood vessel[33].

Figure 9.1: OpenFoam software logo.

As can be found on the official website, the graphical interface of OpenFOAM is
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represented by the ParaView software, a powerful open-source post-processing tool
widely used for visualizing and analyzing numerical simulation results. ParaView
allows graphical representation of simulated data, offering a wide range of tools
for three-dimensional analysis, data manipulation, and animation generation[83].
One of ParaView’s key features is its ability to visualize the temporal evolution of
simulations, enabling the analysis of dynamic and transient phenomena through
an intuitive interface. The software supports a variety of file formats and is capable
of handling large datasets thanks to its scalable architecture, which allows process-
ing both on local workstations and on high-performance computing clusters[85].
In the context of this thesis, ParaView is crucial for analyzing the temperature
profile within the vascular bioprosthesis, as it allows for a detailed visualization
of heat distribution within the simulated model. Through its post-processing
tools, it is possible to evaluate the spatial and temporal variation of temperature,
identifying potential thermal gradients that may be critical for the bioprosthesis’
functionality. Moreover, the integration with OpenFOAM enables the extraction
and analysis of numerical data related to temperature, velocity, and pressure fields,
facilitating the comparison between different geometric configurations and bound-
ary conditions. The ability to generate thermal maps, cross-sectional views, and
animations makes ParaView an essential tool for interpreting simulation results
and validating the developed models[84].
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Figure 9.2: ParaView software interface with a generic time-dependent simulation
example, aimed at illustrating the graphical representation of the results.

9.2 Structure

OpenFOAM is structured into a set of software tools categorized into three main
components:

• Solvers

Programs or numerical algorithms that solve a set of mathematical equa-
tions associated with a specific physical problem. In OpenFOAM solvers
are designed to handle various types of simulations in computational fluid
dynamics (CFD). Each solver employs methods based on the discretization
of differential equations, enabling the computation of physical variable evo-
lution within the simulation domain.

• Utilities

Tools for data processing and management, used for mesh generation, bound-
ary condition definition, and result analysis.
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• Core Libraries

Modules responsible for managing interactions between mesh elements, im-
plementing physical equations, and performing numerical discretization.

OpenFOAM provides dedicated environments for both pre-processing and post-
processing of data. The interface for these operations consists of built-in utilities,
ensuring uniform and consistent data management throughout all phases of the
simulation process. At the core of its structure lies a set of object-oriented classes
that allow users to manipulate meshes, geometries, and discretization techniques
with a high level of abstraction in the code[83]. These classes serve as fundamen-
tal building blocks for the development of OpenFOAM-based applications and
tools, facilitating the construction of new algorithms and promoting extensive
code reuse. Thanks to its numerous capabilities, OpenFOAM enables the simula-
tion of a wide range of physical phenomena and supports the generation of meshes
even for highly complex geometries. Another key advantage of OpenFOAM is its
ability to execute most operations in parallel, fully leveraging the capabilities
of modern multi-core processors and multi-processor systems. This significantly
enhances computational efficiency and reduces simulation times, making it par-
ticularly suitable for complex numerical analyses[84].

Figure 9.3: Diagram of the OpenFOAM software structure.

• Fluid Dynamics Physical Modelling

– Turbulence modelling
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– Thermophysical modelling

– Multiphase flows

– Rotating flows with multiple reference frames (MRF)

– Dynamic meshes

– Compressible/thermal flows

– Conjugate heat transfer

– Lagrangian particle tracking

– Reaction kinetics / chemistry

• Geometry And Meshing

– Mesh generation for complex geometries with snappyHexMesh

– Mesh generation for simple geometries with blockMesh

– Mesh conversion tools

– Mesh manipulation tools

• Data Analysis

– ParaView post-processing

– Post-processing command line interface (CLI)

– Graphs and data monitoring

• Numerical Solution

– Numerical method

– Linear system solvers

– ODE system solvers

• Computing And Programming

– Equation syntax

– Libraries of functionality

– Parallel computing
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9.3 Settings

In this study, OpenFOAM was employed to generate CFD simulations that model
the thermal behavior of blood within the vascular bioprosthesis. The solver
rhoSimpleFoam was used to solve the fluid dynamics and heat conduction in
the presence of forced convection. Various vascular geometries (linear, curved,
and bifurcated) were considered to assess the effect of vessel shape on temper-
ature distribution. The parallel computing capabilities of the software allowed
for a significant reduction in simulation time, enabling efficient handling of de-
tailed meshes and long-time-scale analyses. The use of OpenFOAM in this study
enabled:

• Modeling heat transfer within the bioprosthesis by reproducing blood flow
dynamics throughout the cardiac cycle.

• Analyzing the influence of vessel geometry on temperature distribution,
identifying potential areas of heat accumulation or dissipation.

• Validating results through comparison with experimental data and simplified
models based on analytical equations.

The ability to modify and customize OpenFOAM solvers made it possible to
implement realistic boundary conditions based on physiological data related to
blood flow and the thermal properties of the prosthetic material used.

Figure 9.4: Example of simulation with OpenFoam on ParaView’s interface.
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The management of a case in OpenFOAM follows a modular organizational struc-
ture, allowing for flexible definition and control of simulation parameters.

9.4 Case’s structure

A case in OpenFOAM is divided into three main directories[83]:

• System: This folder contains the essential configuration files for controlling
the execution of the simulation. Specifically:

– controlDict defines the control parameters, such as the simulation start
and end times, time step size, and data output settings.

– fvSchemes specifies the discretization schemes used to solve the differ-
ential equations.

– fvSolution sets the tolerances and numerical methods related to the
solvers used. These files enable the configuration of solution parameters
in accordance with the physiological conditions of blood flow, which are
fundamental for studying heat transfer within bioprostheses.

• Constant: This directory includes the complete mesh description, stored in
the polyMesh folder, and gathers the physical properties of the system (e.g.,
gravity, turbulence properties, etc.). Accurate mesh definition is crucial for
realistically replicating vascular geometries and ensuring that the computed
temperature profile reflects real-world conditions.

• Time directories: These folders store data for each simulated time step.
The data include initial values, boundary conditions, and computational
results for physical fields such as temperature, velocity, and pressure. This
system allows for tracking the temporal evolution of parameters, which is
essential for analyzing how blood flow influences the thermal profile of the
bioprosthesis.
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Figure 9.5: Structure of OpenFoam’s directory for a generic case study.

The hierarchical structure of a case in OpenFOAM facilitates modular simula-
tion management, enabling independent modification of parameters and config-
urations. In this study, this organization allowed the replication of specific con-
ditions of the human circulatory system and the comparison of results obtained
from different prosthetic geometries. This approach aimed to optimize biopros-
thesis design concerning heat transfer efficiency.

9.5 Implementation and setup in our solver

From a computational perspective, modeling the problem requires the adoption
of specific simplifying assumptions and boundary conditions. In Chapter 6, the
numerical selection of parameters was determined based on the physical charac-
teristics of the system and the available data. However, it is also necessary to
define the implementation aspects required for the simulation. Blood is known to
be a non-Newtonian fluid, meaning that its viscosity depends on the velocity gra-
dient. However, for the specific purpose of this simulation, the approximation of a
Newtonian fluid has been adopted. This simplification is justified by the fact that,
in the context of heat exchange analysis, the non-Newtonian behavior of blood
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does not introduce significant variations in the results. Conversely, this character-
istic would be crucial in rheological studies, where the viscoelastic properties of
the fluid strongly influence flow dynamics. The assumption of Newtonian blood
therefore allows for simplified calculations without introducing significant errors in
heat transfer phenomena. Another assumption made is that blood is considered an
incompressible fluid, which is consistent with the literature and the physiological
conditions of the circulatory system. This assumption allows for the application
of the Navier-Stokes equations in their classical formulation for low-velocity flows,
avoiding complications related to compressibility effects. From a fluid dynamics
perspective, laminar flow is assumed, a condition that depends on the Reynolds
number, which must be below 2000 for the hypothesis to be valid. However, the
Reynolds number is not a fixed value, as it depends on the blood velocity and
the vessel diameter. Therefore, this assumption will be verified in the simulation
results to confirm that the calculated values comply with the laminar regime.
Furthermore, the no-slip condition is considered, meaning that the velocity of the
fluid in proximity to the vessel wall is zero. This assumption is consistent with
the physiological conditions of the vascular system and represents a fundamental
constraint in numerical fluid simulations. Regarding the treatment of vascular
walls, an equivalent boundary condition has been adopted, as described in Chap-
ter 7, which replaces the vessel wall thickness with a simplified condition. This
approach allows for avoiding direct modeling of the wall, reducing computational
complexity while preserving the accurate representation of thermal and fluid dy-
namic phenomena. The boundary conditions imposed in the simulation domain
require specifying velocity and pressure values at both the inlet and outlet of the
vessel. However, to ensure simulation stability, it is not possible to assign both
variables simultaneously at the inlet and outlet. Consequently, a velocity value at
the inlet was assigned, calculated based on the considered volumetric flow rate,
while at the outlet, a zero-pressure condition was imposed. This approach allows
for numerically determining the outlet velocity and the inlet pressure, thereby
providing a comprehensive representation of flow conditions. Furthermore, each
imposed flow rate generates a pressure variation along the vessel. Thus, it is possi-
ble to calculate the pressure gradient as a function of the inlet velocity, providing
an additional verification of the coherence of the simulation assumptions.
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Chapter 10

Results

As previously introduced in the preceding chapters, this study aims to analyze the
temperature profile within a vascular bioprosthesis made from a polycaprolactone
(PCL) and polyglycerol sebacate (PGS) blend, evaluating its thermal and fluid
dynamic behavior through numerical simulations in OpenFOAM. The simulations
were conducted within the framework of computational fluid dynamics (CFD) by
solving the Navier-Stokes equations under the assumption of laminar, incompress-
ible flow. Three different vascular geometries were considered: a straight vessel,
a curved vessel, and a bifurcated vessel, to assess the influence of conduit mor-
phology on heat transfer conditions. The key parameters in this study are vessel
geometry and, most importantly, the presence of the PCL-PGS blend, which rep-
resents the most innovative aspect of this work. Additionally, flow conditions play
a significant role, although they exhibit considerable variability depending on the
individual, patient category, and pathological conditions. Consequently, while the
flow values used in the simulations provide a reference, they cannot be considered
representative of a specific clinical scenario. To ensure the generalizability of the
study, the physical and chemical properties of blood and the bioprosthetic material
were selected based on established data. Moreover, to avoid explicitly modeling
heat transfer within the vessel wall, a boundary condition presented in Chapter 7
was adopted. This approach accounts for wall thickness and thermal conductivity
without directly incorporating the wall into the simulation. Table 10.1 provides
a comprehensive summary of the parameters implemented in the software for the
execution of the simulations, including both established values and averaged pa-
rameters to support a generalized analysis.
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Parameter Value Unit

Femoral artery 7[66] mm

350[67] mL/min

Carotid artery 5[68] mm

500[69] mL/min

Coronary artery 3.5[70] mm

150[71] mL/min

Radial artery 2.5[72] mm

6.7[72] mL/min

Wall Thickness 1 mm

Dynamic viscosity of blood [73] 3.5×10−3 Pa·s

Specific heat capacity of blood [74] 3.65 J/(kg·K)

Molecular weight of blood [75] 64.5 kDa

Density of blood [76] 1060 kg/m3

Thermal conductivity of blood [77] 0.5 W/(m·K)

Thermal conductivity of real vessel [77] 0.5 W/(m·K)

Thermal conductivity of blend [78] 0.05 W/(m·K)

Temperature of blood [1] 311 K

Temperature of human body [1] 309.5 K

Table 10.1: Summary of vascular and physical parameters used in the simulation.
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10.1 Case-specific analysis of thermal and flow dy-
namics

The analysis of results focuses on the variation of temperature within the consid-
ered vascular configurations, evaluating how vessel geometry and the presence of
the scaffold influence heat transport. The objective of this section is to examine
the temperature distribution along the longitudinal axis of the vessel and com-
pare different geometric configurations to highlight differences in heat dissipation
mechanisms. To achieve this, the data have been represented using two main vi-
sualization methods: temperature graphs along the vessel axis and cross-sectional
views of the simulation domain. The former illustrates temperature variation
along the vessel length, distinguishing the temperature distribution at the center
of the lumen and near the vessel wall. In the linear cases, both profiles are pre-
sented to demonstrate the constancy of temperature at the center of the vessel, as
predicted by theoretical assumptions. However, in curved and bifurcated config-
urations, the temperature graph is shown only near the wall, as this is where the
most significant thermal variations occur and represents the most relevant aspect
for this study. Cross-sectional views, on the other hand, allow for direct observa-
tion of local temperature variations, highlighting the thermal gradient generated
by blood flow and the potential influence of vessel geometry. The analysis was
conducted on three different vascular configurations: a straight vessel, a curved
vessel, and a bifurcated vessel. For each configuration, temperature profiles ob-
tained from the simulations were examined, and the results were compared to
assess the impact of vessel morphology on heat transfer conditions. In addition to
the case-by-case analysis, three reference elements are also presented to support
the interpretation of the overall results. The first concerns the temperature be-
havior in a vessel without scaffold, which is useful for highlighting differences in
thermal profiles compared to the bioprostheses under investigation. The second
element consists of a representative case showing the velocity distribution in a
linear vessel. Although this is not the primary focus of the thermal analysis, ex-
amining the velocity profile allows for verification of the assumptions formulated
in the numerical model, particularly the presence of laminar flow and adherence
to the vessel wall according to the no-slip condition. Finally, an exploratory case
is introduced involving a linear configuration with the same diameters as those
used in the previous cases, but with a significantly greater length. While the ge-
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ometries analyzed in the other simulations represent vascular segments of realistic
dimensions, this extended configuration is designed to conceptually represent the
continuity of the human circulatory system, which has no defined beginning or
end. The aim is to observe the evolution of the thermal profile under prolonged
conditions, simulating a virtually infinite vessel segment in order to evaluate tem-
perature behavior over extended lengths and in the absence of major geometric
discontinuities.

10.2 Linear vessel geometry

The linear vessel configuration serves as the reference case for this study, allowing
the analysis of temperature variation in a simplified system, free from curvatures
or bifurcations that could influence thermal distribution. Four different geometries
were considered, characterized by internal diameters of 2.5 mm, 3.5 mm, 5 mm,
and 7 mm. The objective of this section is to evaluate the influence of diameter
on temperature variation along the vessel length, both at the center and at the
wall.

10.2.1 Case without scaffold

To understand the effect of the scaffold on thermal distribution, the temperature
variation in a vessel without a scaffold was initially analyzed (Figure 10.1). The
temperature profile shows a progressive decrease along the vessel axis, confirming
the expected behavior. Blood enters the system at a temperature of approximately
38°C, while the external wall of the vessel is at body temperature, approximated
to 36.5°C. This heat exchange leads to a gradual cooling of the fluid, with a more
pronounced decrease near the wall compared to the central region. The observed
linear trend is consistent with literature findings for similar conditions, highlight-
ing the role of the thermal gradient between blood and surrounding tissues.
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Figure 10.1: Temperature profile along the axis of the linear vessel with a diameter
of 3.5 mm, without the presence of a scaffold. The central temperature remains
constant along the entire length of the vessel, consistent with theoretical expecta-
tions. In contrast, the wall temperature exhibits a progressive decrease due to heat
exchange with the external environment. This trend is expected, as the external
vessel wall temperature is approximately 36.5°C, while the blood temperature is
around 38°C, leading to a thermal gradient that drives heat dissipation.

The thermal distribution observed in the cross-sectional plane of the linear vessel
(Figure 10.2) highlights a clear difference between the central and peripheral re-
gions of the vessel. Specifically, a pronounced radial thermal gradient is evident,
with higher temperatures concentrated along the central axis of the vessel and
progressively lower values towards the outer walls. This distribution confirms the
expected behavior of blood flow, which maintains higher temperatures in the cen-
tral region due to the reduced influence of thermal exchange with the surrounding
environment. The presence of axial symmetry in the observed thermal distribution
confirms the stability of the flow and aligns with the expected physical behavior
for steady-state conditions in the absence of a scaffold. These observations pro-
vide an essential reference for understanding the subsequent effect introduced by
the addition of the scaffold device on the overall thermal distribution within the
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vessel.

Figure 10.2: Cross-sectional temperature distribution in the linear vessel model
without scaffold, highlighting the radial temperature gradient and axial symmetry
indicative of stable, laminar flow conditions.

10.2.2 Temperature profile along the vessel axis

Regarding the cross-sectional analysis of vessel models equipped with scaffolds
of varying diameters, additional thermal distribution images have not been in-
cluded. This decision stems from the observation that cross-sectional views of
vessels with scaffolds are perfectly comparable to the one previously presented for
the scaffold-free model, exhibiting no visually discernible differences. Although
the axial temperature profiles subsequently discussed indicate that slight thermal
variations indeed exist, such variations are minimal enough to remain impercepti-
ble in cross-sectional representations. Therefore, to avoid redundancy and main-
tain clarity in the discussion, it was deemed appropriate to omit these additional
images. The variation in temperature was analyzed through the representation of
thermal profiles for each diameter, as shown in the following graphs.
The temperature distribution along the axis of the vessel with a 2.5 mm diame-
ter is presented in Figure 10.3. It can be observed that the central temperature
(T center) remains constant throughout the entire vessel length, consistent with
what was observed in the case without a scaffold and with the theoretical pre-
dictions for this type of flow. Conversely, the temperature at the vessel wall (T
wall) exhibits a progressive decrease along the vessel axis. However, in the re-
gion occupied by the scaffold, a partial increase in temperature is observed. This
behavior can be attributed to the different thermal conductivity of the scaffold
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compared to natural vascular tissue: while the wall of a biological vessel allows
continuous heat exchange with the surrounding environment, the scaffold limits
heat transfer between the blood and the external medium. As a result, there is
reduced thermal dissipation and a consequent localized increase in temperature.
The overall temperature trend along the wall, characterized by a gradual decrease
interrupted by a local increase in correspondence with the scaffold, confirms the
role of the scaffold in altering the thermal balance of blood flow.

Figure 10.3: Temperature profile along the axis of the linear vessel with a diameter
of 2.5 mm. The central temperature remains constant along the length of the
vessel, while the wall temperature shows a progressive decrease, with a rise in
correspondence with the scaffold. This behavior is attributable to the scaffold’s
lower heat exchange capacity compared to the natural vascular wall, which leads
to reduced heat dissipation in this region.

Figure 10.4 illustrates the temperature distribution along the axis of the vessel
with a 3.5 mm diameter. Once again confirming the trends observed in previous
cases and aligning with theoretical expectations. Compared to the 2.5 mm diam-
eter case, the temperature increase in the region occupied by the scaffold appears
less pronounced. This behavior may be attributed to the greater thermal capacity
of the fluid, which facilitates a more uniform heat distribution and mitigates the
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localized effect of the scaffold on temperature variation.

Figure 10.4: Temperature distribution along the axis of the linear vessel with a
diameter of 3.5 mm. The central temperature remains constant, while the temper-
ature at the vessel wall progressively decreases. Compared to the 2.5 mm diameter
case, more abrupt temperature variations are observed along the vessel, and the
final temperature is slightly higher. The temperature increase near the scaffold is
less pronounced, suggesting a reduced local effect of the structure on heat distribu-
tion.

Figure10.5 presents the temperature distribution along the axis of the vessel with
a 5 mm diameter. Compared to smaller-diameter vessels, a more pronounced
stabilization of the wall temperature is observed, although a thermal gradient is
still present. The difference between the central and peripheral temperatures is
reduced, indicating an improved retention of heat within the vascular lumen.
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Figure 10.5: Temperature distribution along the axis of the linear vessel with a 5
mm diameter. Compared to smaller vessels, the temperature at the wall exhibits
greater stability, with a reduced thermal gradient. The difference between the core
and wall temperatures is lower, indicating enhanced heat retention within the vas-
cular lumen and reduced heat dissipation at the boundary.

Finally, Figure 10.6 illustrates the thermal profile for the vessel with a diameter
of 7 mm. The increase in vessel diameter further reduces heat loss along the
vessel wall. This observation suggests that, as the vascular caliber increases, the
thermal gradient becomes less pronounced, thereby preserving blood temperature
more effectively compared to smaller-diameter vessels.
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Figure 10.6: Temperature distribution along the axis of the linear vessel with a
diameter of 7 mm. The thermal profile shows a further reduction in temperature
loss along the vessel wall compared to smaller diameters. The central temperature
remains nearly constant, while the wall temperature exhibits a more gradual de-
cline. This trend indicates that larger vessel diameters contribute to better thermal
retention within the lumen, minimizing heat dissipation and reducing the temper-
ature gradient between the core and the periphery.

Comparison of all diameters

The graph in Figure 10.7 presents the temperature profiles along the vessel wall
for all considered diameters (2.5 mm, 3.5 mm, 5 mm, and 7 mm), enabling a direct
comparison of how the vascular caliber influences thermal variation. The expected
trend is confirmed: in vessels with larger diameters, the temperature along the
wall decreases more gradually, approaching the ideal linear decline observed in the
case without a scaffold. Conversely, smaller diameters exhibit a more pronounced
deviation from this behavior, with sharper variations in the temperature profile.
A key observation is the localized temperature increase in correspondence with
the scaffold region, which is most evident in the smallest diameter (2.5 mm) and
becomes progressively less pronounced as the diameter increases. This effect re-
sults from the scaffold’s lower thermal conductivity compared to the natural vessel
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wall, which limits heat dissipation to the external environment. Consequently, in
narrower vessels, where the surface-to-volume ratio is higher, the scaffold has a
stronger influence on the overall thermal balance. For the larger diameters (5
mm and 7 mm), the temperature profile more closely follows the expected linear
trend, indicating that in these cases, the scaffold has a reduced impact on thermal
dissipation. This suggests that, for vessels of greater caliber, the presence of the
scaffold does not significantly alter the expected thermal gradient along the wall,
preserving a temperature decrease more similar to that of a natural vessel.

Figure 10.7: Temperature profiles along the vessel wall for all considered diame-
ters (2.5 mm, 3.5 mm, 5 mm, and 7 mm). The graph highlights the influence of
vessel caliber on thermal variation, showing that larger diameters exhibit a more
gradual temperature decrease, approaching the linear decline observed in the case
without a scaffold. In contrast, smaller diameters display more pronounced devi-
ations, particularly in the scaffold region, where a localized temperature increase
is evident. This effect is attributed to the scaffold’s lower thermal conductivity,
which reduces heat dissipation to the external environment. As the diameter in-
creases, the scaffold’s influence diminishes, allowing the thermal profile to more
closely resemble that of a natural vessel.
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10.2.3 Analysis of velocity distribution in extended config-
urations

This exploratory study focuses on a significantly longer linear vascular configura-
tion compared to previously analyzed cases, aiming to clearly observe the evolution
of the fluid dynamic profile. This analysis conceptually represents the continuity
of the human circulatory system and assesses blood flow velocity behavior under
prolonged conditions without significant geometric discontinuities. As illustrated
in Figures 10.8 and 10.9, increasing vessel length allows the complete develop-
ment of the velocity profile to be clearly visualized, revealing the characteristic
parabolic distribution typical of steady laminar flows. In the limited-length geom-
etry (Figure 10.8), the velocity profile appears incomplete and nearly uniform in
the central region. Conversely, in the extended model (Figure 10.9), a fully devel-
oped fluid dynamic regime is distinctly evident, confirming theoretical predictions
associated with stabilized laminar flows.

Figure 10.8: Velocity profile along a short linear vascular segment. The graph
illustrates an incomplete velocity distribution characterized by an almost uniform
central region, indicating that the flow has not yet reached a fully developed laminar
regime due to the limited vessel length.
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Figure 10.9: Velocity profile in an extended linear vascular configuration. The
clearly parabolic shape of the velocity distribution demonstrates the achievement
of a fully developed, stabilized laminar flow, validating theoretical expectations for
long vessels without geometric discontinuities.

10.3 Curved vessel geometry

The next step of the analysis involves the study of curved vessel configurations.
This scenario presents increased complexity compared to the previously examined
linear cases due to the presence of curvature, which introduces additional fluid-
dynamic and thermal phenomena. The diameters considered for these vessels
remain consistent with previous cases, allowing direct comparison. In this analysis,
particular emphasis will be placed on cross-sectional studies, as these provide
critical insights into the flow behavior and thermal distribution influenced by
curvature effects.
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10.3.1 Temperature and velocity fields along the vessel axis

Temperature fields In the curved vessel configurations showed in Figures
10.10, 10.11, 10.12 and 10.13 the temperature fields reveal significant deviations
from the linear case due to curvature-induced complexities. Although turbulence
cannot be explicitly discussed, given the low Reynolds numbers (well below the
typical turbulent threshold of approximately Re = 2000), significant flow unsteadi-
ness is clearly observable. Starting with the smallest diameter configuration (Fig-
ure 10.10, Re = 17.22), minimal unsteadiness is present, with a generally smooth
temperature distribution that closely resembles a stable laminar profile. As the
diameter and corresponding Reynolds number increase, particularly evident in
Figures 10.11 (Re = 275.388), 10.13 (Re = 321.392), and 10.12 (Re = 642.66),
significant unsteady flow patterns emerge. These instabilities are generated as
fluid particles fail to follow the curved geometry precisely, resulting in regions of
flow separation and uneven temperature distribution. The presence of these re-
gions can potentially create localized areas of reduced thermal and fluid-dynamic
efficiency, with possible medical implications. Since the solver employed for these
simulations computes flow fields transiently, the images represent a snapshot at a
particular instant in time, capturing the dynamic nature of the flow. Flow insta-
bilities lead to vortex formation, consequently enhancing heat transfer within the
fluid. However, direct visual comparisons between these cases remain challenging,
as variations in vessel diameter and fluid velocity are simultaneously introduced.
To effectively isolate and compare the specific impacts of individual parameters,
a dedicated study varying only one parameter at a time would be required.
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Figure 10.10: Temperature distribution in the curved vessel configuration with Re
= 17.22. The thermal profile appears stable and symmetric, indicating minimal
flow unsteadiness due to the low Reynolds number and moderate curvature effects.

Figure 10.11: Temperature distribution in the curved vessel configuration with Re
= 275.388. The thermal profile appears stable and symmetric, indicating minimal
flow unsteadiness due to the low Reynolds number and moderate curvature effects.

102



Figure 10.12: Temperature distribution in the curved vessel configuration with Re
= 642.66. The thermal profile appears stable and symmetric, indicating minimal
flow unsteadiness due to the low Reynolds number and moderate curvature effects.

Figure 10.13: Temperature distribution in the curved vessel configuration with Re
= 321.392. The thermal profile appears stable and symmetric, indicating minimal
flow unsteadiness due to the low Reynolds number and moderate curvature effects.

Velocity fields Examining the velocity fields in curved vessel configurations
Figure 10.14, 10.15, 10.16 and 10.17, substantial differences from the linear sce-
nario are again observed, consistent with the thermal analysis previously dis-
cussed. Starting with the smallest Reynolds number case (Figure 10.14, Re =
17.22), the flow remains relatively stable and exhibits a symmetric and stream-
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lined velocity distribution, closely following the vessel’s geometry. As the Reynolds
number increases, flow complexity and unsteadiness become progressively pro-
nounced. For instance, Figure 10.15 (Re = 275.388) displays initial signs of sec-
ondary flows and regions of velocity variations caused by curvature-induced flow
separation. This phenomenon intensifies further at higher Reynolds numbers, as
clearly depicted in Figures 10.17 (Re = 321.392) and 10.16 (Re = 642.66). In these
cases, significant flow instability is apparent, characterized by intricate velocity
patterns and clearly visible vortices. These flow disturbances indicate that parti-
cles increasingly fail to adhere strictly to the vessel contours, creating regions of
low velocity and potential stagnation. Such conditions are medically significant, as
these low-velocity regions might lead to reduced efficiency in transport processes
and could favor adverse physiological conditions. The presented snapshots rep-
resent instantaneous velocity distributions captured from transient simulations,
reflecting the dynamic and evolving nature of flow instabilities. As previously
noted, direct comparative analysis between different cases remains challenging
since both vessel diameter and fluid velocity parameters vary simultaneously. A
dedicated parametric analysis varying only one parameter at a time would be
essential for more precise quantitative comparisons.

Figure 10.14: Velocity distribution in the curved vessel configuration with Re =
17.22. The velocity field remains streamlined and symmetric, closely following the
geometry of the vessel, demonstrating laminar and stable flow conditions at this
low Reynolds number.
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Figure 10.15: Velocity distribution in the curved vessel configuration with Re =
275.388. The velocity field remains streamlined and symmetric, closely following
the geometry of the vessel, demonstrating laminar and stable flow conditions at
this low Reynolds number.

Figure 10.16: Velocity distribution in the curved vessel configuration with Re =
642.66. The velocity field remains streamlined and symmetric, closely following
the geometry of the vessel, demonstrating laminar and stable flow conditions at
this low Reynolds number.
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Figure 10.17: Velocity distribution in the curved vessel configuration with Re =
321.392. The velocity field remains streamlined and symmetric, closely following
the geometry of the vessel, demonstrating laminar and stable flow conditions at
this low Reynolds number.

10.3.2 Temperature profile along the vessel axis

The numerical temperature graphs for curved vessel configurations are presented
in Figures 10.18, 10.19, 10.20, and 10.21. Central temperature values are omit-
ted since previous linear vessel analyses demonstrated negligible central tempera-
ture variation; this omission simplifies graph interpretation for the more complex
curved geometries. As previously observed in cross-sectional analyses, the tem-
perature profiles for curved vessels exhibit notably less stable and more irregular
behaviors compared to linear cases, reflecting the complex and unstable fluid dy-
namics induced by curvature. Specifically, temperature fluctuations become more
prominent downstream of the curvature, evidencing regions of variable heat trans-
fer efficiency. Nonetheless, each graph consistently highlights a distinct temper-
ature increase near the scaffold region, indicating locally enhanced heat transfer
phenomena induced by flow disturbances associated with curvature and scaffold
interaction.
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Figure 10.18: Temperature profile along selected segments in the curved vessel with
diameter of 2.5 mm. The graph highlights the irregular and fluctuating behavior
of the temperature distribution induced by vessel curvature, with a noticeable tem-
perature increase near the scaffold region.
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Figure 10.19: Temperature profile along selected segments in the curved vessel with
diameter of 3.5 mm. The graph highlights the irregular and fluctuating behavior
of the temperature distribution induced by vessel curvature, with a noticeable tem-
perature increase near the scaffold region.
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Figure 10.20: Temperature profile along selected segments in the curved vessel with
diameter of 5 mm. The graph highlights the irregular and fluctuating behavior of
the temperature distribution induced by vessel curvature, with a noticeable temper-
ature increase near the scaffold region.
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Figure 10.21: Temperature profile along selected segments in the curved vessel with
diameter of 7 mm. The graph highlights the irregular and fluctuating behavior of
the temperature distribution induced by vessel curvature, with a noticeable temper-
ature increase near the scaffold region.
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Comparison of all diameters

Examining the overlapping temperature profiles for curved vessels (Figure 10.22),
significant differences in temperature distribution among the various diameters
become apparent, demonstrating the pronounced influence of geometry on local
heat transfer. Compared to analogous linear cases, curved configurations display
greater fluctuations and intensified thermal gradients downstream of the scaffold
region, underlining the increased sensitivity of curved vessels to diameter and
velocity variations. These observations emphasize the complexity introduced by
vessel curvature and reinforce the necessity of detailed analysis when evaluating
heat transfer in curved vascular geometries.

Figure 10.22: Overlapping temperature profiles for curved vessel configurations
with varying diameters. The graph illustrates significant variations and en-
hanced temperature fluctuations downstream of the scaffold region, underscoring
the heightened influence of curvature on local thermal dynamics compared to linear
configurations.
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10.4 Bifurcated vessel geometry

The analysis of bifurcated vessel configurations introduces an additional layer of
complexity, as these geometries are characterized by a distinct branching struc-
ture, significantly influencing local fluid dynamics and heat transfer. The temper-
ature distribution within bifurcated vessels holds even greater clinical and engi-
neering relevance due to the pronounced effects of flow separation and interaction
at the bifurcation.

10.4.1 Temperature and velocity fields along the vessel axis

Temperature fields Examining the temperature fields presented in Figures
10.23, 10.24, 10.25, and 10.26, a substantial increase in flow instability and ir-
regularity is immediately noticeable downstream of the bifurcation point. The
branching significantly amplifies temperature fluctuations and non-uniformities,
creating regions with enhanced mixing and convective heat transfer. These irreg-
ularities are especially evident for higher Reynolds numbers, reflecting intensified
disturbances within the flow. Each image clearly highlights areas where fluid par-
ticles deviate from ideal trajectories, producing localized temperature gradients.
Such areas could potentially present medical challenges, including regions of dis-
turbed physiological function. The temperature profiles of bifurcated vessels thus
require meticulous consideration, reinforcing the necessity for targeted studies to
address the complexities inherent in these configurations.
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Figure 10.23: Temperature field for the bifurcated vessel configuration with 2.5
mm diameter and Re=17.22. The presence of bifurcation significantly increases
flow complexity and generates noticeable temperature fluctuations. Areas of non-
stationarity, particularly around the bifurcation, indicate localized disturbances,
enhancing heat transfer through vortex formation and fluid separation phenomena.

Figure 10.24: Temperature field for the bifurcated vessel configuration with 3.5
mm diameter and Re=275.388. The presence of bifurcation significantly increases
flow complexity and generates noticeable temperature fluctuations. Areas of non-
stationarity, particularly around the bifurcation, indicate localized disturbances,
enhancing heat transfer through vortex formation and fluid separation phenomena.
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Figure 10.25: Temperature field for the bifurcated vessel configuration with 5
mm diameter and Re=642.66. The presence of bifurcation significantly increases
flow complexity and generates noticeable temperature fluctuations. Areas of non-
stationarity, particularly around the bifurcation, indicate localized disturbances,
enhancing heat transfer through vortex formation and fluid separation phenom-
ena.

Figure 10.26: Temperature field for the bifurcated vessel configuration with 7 mm
diameter and Re=321.392. The presence of bifurcation significantly increases
flow complexity and generates noticeable temperature fluctuations. Areas of non-
stationarity, particularly around the bifurcation, indicate localized disturbances,
enhancing heat transfer through vortex formation and fluid separation phenom-
ena.

112



Velocity fields The velocity fields in bifurcated vessels, shown in Figures 10.27,
10.28, 10.29, and 10.30, exhibit even more pronounced complexity compared to
linear and curved vessels. The bifurcation induces notable flow disturbances,
resulting in non-stationary flow conditions with significant velocity fluctuations,
particularly around the bifurcation region. Similar to curved vessels, certain fluid
particles fail to smoothly follow vessel geometry, creating regions of flow separa-
tion and recirculation. These regions, characterized by vortices and pronounced
velocity gradients, substantially enhance heat transfer and underscore the poten-
tial challenges posed by bifurcations in biomedical applications, such as localized
damage to vascular tissues or increased thrombosis risks.

Figure 10.27: Velocity magnitude field for the bifurcated vessel configuration with
2.5 mm diameter and Re=17.22. The bifurcation clearly induces a disturbed ve-
locity profile, characterized by regions of flow separation and recirculation. These
non-stationary flow patterns may significantly impact heat and mass transfer, po-
tentially affecting vascular health or device performance.
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Figure 10.28: Velocity magnitude field for the bifurcated vessel configuration with
3.5 mm diameter and Re=275.388. The bifurcation clearly induces a disturbed ve-
locity profile, characterized by regions of flow separation and recirculation. These
non-stationary flow patterns may significantly impact heat and mass transfer, po-
tentially affecting vascular health or device performance.

Figure 10.29: Velocity magnitude field for the bifurcated vessel configuration with
5 mm diameter and Re=642.66. The bifurcation clearly induces a disturbed ve-
locity profile, characterized by regions of flow separation and recirculation. These
non-stationary flow patterns may significantly impact heat and mass transfer, po-
tentially affecting vascular health or device performance.
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Figure 10.30: Velocity magnitude field for the bifurcated vessel configuration with
7 mm diameter and Re=321.392. The bifurcation clearly induces a disturbed ve-
locity profile, characterized by regions of flow separation and recirculation. These
non-stationary flow patterns may significantly impact heat and mass transfer, po-
tentially affecting vascular health or device performance.

10.4.2 Temperature profile along the vessel axis

The numerical temperature graphs for bifurcated vessel configurations are pre-
sented in Figures 10.31, 10.32, 10.33, and 10.34. Central temperature values
are omitted since previous linear vessel analyses demonstrated negligible central
temperature variation; this omission simplifies graph interpretation for the more
complex bifurcated geometries. As previously observed in cross-sectional analyses,
the temperature profiles for bifurcated vessels exhibit notably less stable and more
irregular behaviors compared to linear and curved cases, reflecting the complex
and unstable fluid dynamics induced by bifurcation. Specifically, temperature
fluctuations become more prominent downstream of the bifurcation, evidencing
regions of variable heat transfer efficiency. Nonetheless, each graph consistently
highlights a distinct temperature increase near the scaffold region, indicating lo-
cally enhanced heat transfer phenomena induced by flow disturbances associated
with bifurcation and scaffold interaction. A brief overview of bifurcated vessels
highlights a further complexity introduced by the geometry, as seen in Figures
10.31, 10.32, 10.33, and 10.34. Starting from the smallest diameter configura-
tion (Figure ??), temperature profiles display significant fluctuations immediately
downstream of the bifurcation, evidencing a highly disturbed flow and variable
heat transfer patterns. These fluctuations become increasingly pronounced as ves-
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sel diameter increases, as clearly visible in Figure ??. The bifurcation geometry
generates regions of intense mixing and temperature irregularities, far surpassing
those observed in linear and curved vessel configurations.
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Figure 10.31: Temperature profile along selected segments in the bifurcated vessel
with diameter of 2.5 mm. The graph highlights the irregular and fluctuating behav-
ior of the temperature distribution induced by vessel curvature, with a noticeable
temperature increase near the scaffold region.
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Figure 10.32: Temperature profile along selected segments in the bifurcated vessel
with diameter of 3.5 mm. The graph highlights the irregular and fluctuating behav-
ior of the temperature distribution induced by vessel curvature, with a noticeable
temperature increase near the scaffold region.
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Figure 10.33: Temperature profile along selected segments in the bifurcated vessel
with diameter of 5 mm. The graph highlights the irregular and fluctuating behav-
ior of the temperature distribution induced by vessel curvature, with a noticeable
temperature increase near the scaffold region.
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Figure 10.34: Temperature profile along selected segments in the bifurcated vessel
with diameter of 7 mm. The graph highlights the irregular and fluctuating behav-
ior of the temperature distribution induced by vessel curvature, with a noticeable
temperature increase near the scaffold region.

Comparison of all diameters

Examining the overlapping temperature profiles for bifurcated vessels (Figure
10.35), significant differences in temperature distribution among the various di-
ameters become apparent, demonstrating the pronounced influence of geometry
on local heat transfer. Compared to analogous linear and curved cases, bifurcated
configurations display greater fluctuations and intensified thermal gradients down-
stream of the scaffold region, underlining the increased sensitivity of bifurcated
vessels to diameter and velocity variations. These observations emphasize the
complexity introduced by vessel bifurcation and reinforce the necessity of detailed
analysis when evaluating heat transfer in bifurcated vascular geometries. Such en-
hanced temperature variability underscores the critical role bifurcation geometry
plays in amplifying fluid dynamics complexities and heat transfer rates, empha-
sizing its importance for accurate modeling and design in biomedical engineering
applications.
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Figure 10.35: Overlapping temperature profiles for bifurcated vessel configura-
tions with varying diameters. The graph illustrates significant variations and en-
hanced temperature fluctuations downstream of the scaffold region, underscoring
the heightened influence of curvature on local thermal dynamics compared to linear
configurations.

10.5 Concluding observations

The results obtained in this thesis were analyzed through two distinct approaches:
temperature graphs along the vessel axis and instantaneous cross-sectional snap-
shots of temperature and velocity fields. These methodologies provided comple-
mentary insights into the thermal behavior of blood flow within vascular pros-
theses. The presence of the prosthesis was observed to influence the temperature
distribution, albeit minimally. The data demonstrate that while the scaffold intro-
duces a localized zone of elevated temperature, this increment is notably small and
therefore does not represent a significant obstacle to the practical realization and
clinical application of this type of prosthesis. Indeed, recognizing the existence of
this region is crucial from an engineering perspective, even though its magnitude
remains negligible, highlighting the safety and efficacy of the proposed solution.
Further analysis revealed that vessel diameter significantly affects temperature
distribution. Larger diameter vessels were consistently associated with smaller
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temperature variations due to their capacity to accommodate greater volumes of
warm fluid, thus enhancing heat dispersion. Conversely, smaller diameter vessels
exhibited more pronounced temperature fluctuations, aligning with previous find-
ings which identified these vessels as particularly challenging from an engineering
standpoint. Fortunately, the temperature variation observed in smaller vessels,
despite being comparatively larger, remains trivial enough to avoid presenting
any real impediment to clinical implementation. Investigating the relationship
between fluid flow and vessel diameter revealed a correlation with the Reynolds
number (Re). It was observed that increased flow rates, independent of vessel
diameter, led to higher Re values. However, even at the highest Re observed
(approximately 650), the flow remained within the non-stationary regime, clearly
below the turbulent threshold which typically starts around Re = 2000. Therefore,
these fluid dynamic conditions confirm that the blood flow remains safely within a
laminar or slightly non-stationary regime, rather than transitioning to turbulence.
These observations hold true across all examined geometries, although more com-
plex geometries, such as curved and bifurcated vessels, introduced additional non-
linear flow characteristics. Specifically, these geometries fostered increased vortex
formation and flow instabilities, thereby intensifying local temperature fluctua-
tions. Nonetheless, these variations remained sufficiently minor and non-critical
from a biomedical engineering perspective. To conclusively illustrate the minimal
impact of the scaffold, a comparative analysis between scaffold-equipped and nat-
ural vessels was performed using linear geometry at a 3.5 mm diameter. Figure
10.36 clearly demonstrates that scaffold presence induces a temperature increase
below 0.1 degrees, applicable to both Celsius and Kelvin scales. This minimal
rise firmly establishes the vascular prosthesis as clinically viable and implantable
without significant risk of thermal complications.
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Figure 10.36: Comparison of the wall temperature profiles along the longitudinal
axis for two linear vessels (diameter = 3.5 mm): one including the scaffold (green
curve) and one without it (purple curve). The position of the scaffold is indicated
by the blue region. The scaffold introduces a localized region of slightly increased
temperature due to altered heat transfer dynamics. However, as clearly depicted,
this increase remains well below 0.1 degrees (applicable to both Kelvin and Cel-
sius), confirming that the thermal effect of the scaffold is minimal and clinically
negligible.
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Conclusions

The objective of this thesis was to analyze temperature variations within a vascu-
lar bioprosthesis composed of poly(caprolactone) (PCL) and polyglycerol sebacate
(PGS). The collaborative research carried out by the Department of Civil, Chem-
ical and Environmental Engineering at the University of Genoa and the IRCCS
Policlinico San Martino Hospital has already optimized the electrospinning man-
ufacturing process for small-caliber vascular prostheses utilizing this polymeric
blend, confirming its implantability based on biological and mechanical criteria.
To fully evaluate the prosthesis’s implantability, my research focused specifically
on thermal aspects, aiming to assess whether the presence of the prosthesis sig-
nificantly impacts local temperature profiles. Through detailed computational
fluid dynamics (CFD) simulations, this study demonstrated that the tempera-
ture variation induced by the prosthesis is minimal. Specifically, the presence of
the scaffold introduced only a negligible local temperature increase, generally less
than 0.1°C (or Kelvin), compared to the physiological state without the prosthesis.
Such small thermal variations indicate no significant risk or medical contraindi-
cation associated with implanting the prosthesis from a thermal perspective, thus
affirming its overall suitability for clinical applications. These results underscore
that the bioprosthesis is thermally compatible, ensuring patient safety and clinical
efficacy. An essential contribution of this thesis is its advancement in computa-
tional modeling methodology. The CFD model developed throughout this research
offers remarkable versatility, providing a robust and highly adaptable computa-
tional framework. The primary strength of the approach lies in its flexibility
and scalability; the established simulation setup and computational algorithms
can easily accommodate variations in clinical parameters or changes dictated by
specific patient conditions or disease pathologies. This inherent adaptability dra-
matically increases the model’s applicability, enabling it to support a wide range
of future studies within biomedical engineering and clinical research. Indeed, the
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developed model can readily incorporate alterations in geometric parameters, flow
conditions, or material properties by simply adjusting the input parameters. Such
adaptability means the model can extend beyond standard physiological condi-
tions to simulate scenarios representative of particular pathological conditions or
to cater to unique patient cohorts. This creates opportunities to analyze and
predict the prosthesis’s thermal impact under extreme or specialized conditions,
such as pulsatile blood flow, non-Newtonian blood behavior, or various vascu-
lar pathologies. Conducting such studies would be crucial to ensuring that the
prosthesis remains thermally inert and safe under conditions significantly different
from the standard scenarios explored in this work. The research presented in this
thesis, therefore, not only verifies the thermal implantability of the specific vas-
cular prosthesis under investigation but also lays a fundamental groundwork for
a variety of future computational studies. Future research endeavors can leverage
this validated computational framework to investigate numerous clinically relevant
scenarios without extensive redevelopment of the underlying CFD infrastructure.
Consequently, this methodology significantly accelerates the pace of research and
development in vascular prosthetics, enabling swift and reliable evaluations across
diverse medical and physiological contexts. This work constitutes a critical step
forward providing both immediate insights for prosthesis implantation and endur-
ing computational tools to support ongoing biomedical innovation.
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