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Abstract 

Nitinol (NiTi) is a type of smart material renowned for its unique characteristics, 

such as the shape memory effect (SME) and superelasticity (SE). This thesis 

investigates the applications of NiTi in both engineering and biomedical fields, 

focusing specifically on innovative actuators and the development and optimization of 

self-expanding stents. In the engineering domain, a novel Shape Memory Alloy 

(SMA)-metamaterial actuator is proposed, capable of exhibiting reversible, multi-

directional elongation induced by the unidirectional contraction of a single SMA 

component upon heating. A theoretical model to predict the actuation stroke based on 

the material properties and geometry was developed and validated, demonstrating the 

potential of SMA-metamaterial actuators for applications requiring multi-axial 

motion. In the biomedical field, the work examines the evolution of self-expanding 

stents, with a focus on optimizing NiTi braided stents, laser-cut stents, and additive 

manufacturing (AM)-based stents. The design and optimization of an SX NiTi braided 

stent were explored using analytical and numerical models, along with Multi-

Objective Particle Swarm Optimization (MOPSO), improving key parameters such as 

radial force, stiffness, and deployment precision. The thesis also investigates the 

superelastic behavior of the laser-cut SX NiTi Scitech-Solaris stent through finite 

element modelling and experimental validation. Furthermore, the potential of AM for 

producing patient-specific stents with complex geometries is discussed, emphasizing 

the advantages and challenges associated with surface quality and porosity control. 

Overall, this work contributes to advancing the understanding and practical application 

of NiTi in both engineering and biomedical domains, offering new insights into 

actuator design, stent optimization, and its advanced manufacturing techniques. 
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Aim of Thesis 

The aim of this thesis is to explore the application of Nitinol (Nitti) in both 

engineering and medical fields, specifically focusing on actuators and biomedical 

devices like stents, through a comprehensive approach that combines theoretical 

modelling optimization, experimental validation, and advanced manufacturing 

techniques. 

1.1.1 Application of NiTi in engineering: actuators 

The aim of this phase is to design, develop, and validate a novel shape memory 

alloy (SMA)-metamaterial actuator capable of multi-directional elongation driven by 

unidirectional contraction upon heating. 

To achieve this aim, the following steps were undertaken: 

• Creating a theoretical model to predict the actuation stroke based on material 

properties and the metamaterial geometry, providing insights for future 

optimization. 

• Designing the actuator with three core components: an SMA element for 

activation, a bias component for reversibility, and a metamaterial geometry 

for amplifying and redirecting actuation forces globally. 

• Testing the actuator's functionality involved conducting multiple activation 

and deactivation cycles under various configurations to evaluate its 

performance and reusability. 

• Validating the actuator's performance confirmed the alignment of the 

theoretical model predictions with the observed actuation behavior. 

1.1.2 Application of NiTi in medical devices: stents 

The second phase explores the design, optimization, and manufacturing of Nitti-

based stents for biomedical applications, with a focus on achieving high performance, 

and customization and classifying stents based on quantitative figures of merit. The 

objectives are: 
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• classify stents based on quantitative figures of merit, providing a valuable 

tool to assist designers in selecting the most appropriate stent for specific 

applications. 

• Investigating the evolution of stent designs and classifying manufacturing 

techniques, including braided, laser-cut, and additively manufactured stents 

Braided stents: 

• Designing a SX NiTi braided stent  

• Analyzing the stent behavior using analytical and numerical models. 

• Enhancing the performance of the stent in terms of increasing radial 

stiffness, radial force, and deployment precision (reducing foreshortening) 

by applying Multi-Objective Particle Swarm Optimization (MOPSO)  

Laser-cut stents: 

• Using the SX NiTi Scitech-Solaris stent as a case study to demonstrate 

design and superelastic behavior. 

• Identifying and validating the material model that best represents the unique 

properties of the NiTi alloy used in the Scitech-Solaris stent. 

• Simulating Crush-Resistance (CR) tests with high accuracy through a 

combined experimental and FEM approach. 

Additive Manufacturing (AM) of Stents: 

• Introducing Additive Manufacturing (AM), specifically laser-based powder 

bed fusion (LB-PBF), as a transformative technique for fabricating NiTi 

stents with intricate, patient-specific geometries. 

• Highlighting the advantages of AM, such as design flexibility and waste 

minimization, alongside its challenges, including surface quality, porosity 

control, and process complexity. 

• Providing insights into variability among printing machines and proposing 

some stent designs tailored to meet the specific requirements and limitations 

of these machines. 
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Thesis outline 

 

This thesis is organized into six chapters, each addressing a specific aspect of 

the application of Nitinol (NiTi) in engineering and medical fields, with a particular 

focus on actuators and biomedical devices like stents. The chapters are structured to 

build a cohesive narrative, beginning with an introduction to NiTi and progressing 

through design, optimization, and advanced manufacturing techniques. The content of 

each chapter is summarized as follows: 

Chapter 1: This chapter provides an overview of NiTi's unique properties, 

including the shape memory effect (SME) and superelasticity (SE). It discusses the 

state of the art in NiTi applications, focusing on its use as an actuator and in biomedical 

devices such as stents.  

Chapter 2: This chapter focuses on the design, development, and validation of 

a novel SMA-metamaterial actuator. It includes theoretical modelling, design process, 

and experimental testing of the actuator. The chapter discusses the actuator's 

components, functionality, and potential applications, supported by experimental 

results and implications for future optimization. 

Chapter 3: This chapter explores the design, optimization, and manufacturing 

of NiTi stents. It is divided into three main sections: 

• Braided Stents: Design and optimization of a self-expanding (SX) NiTi 

braided stent using analytical and numerical models, supported by Multi-

Objective Particle Swarm Optimization (MOPSO). 

• Laser-Cut Stents: A case study on the SX NiTi Scitech-Solaris stent, 

focusing on dimensional measurements, material modelling, and Crush-

Resistance (CR) simulations validated against experimental data. 

• Additive Manufacturing (AM) of Stents: An introduction to AM techniques, 

highlighting their advantages, challenges, and design considerations for 

stent fabrication. This section also addresses the variability among AM 

machines and proposes stent designs tailored to specific machine 

requirements. 
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Chapter 4: This chapter summarizes the key findings of the research, 

emphasizing the contributions to the fields of engineering and biomedical applications. 

It also discusses the implications of the findings and suggests potential directions for 

future work. 

Chapter 5: This chapter includes a comprehensive list of all references cited 

throughout the thesis, providing a solid foundation for the research conducted. 
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Chapter 1: Introduction 

This chapter outlines the state of the art on Nitinol (NiTi) (section 1.1), providing 

a comprehensive overview of its discovery, underlying mechanisms, and distinctive 

characteristics, such as the shape memory effect (SME) and superelasticity (SE). The 

microstructural and mechanical behavior of NiTi are explored, emphasizing its phase 

transformations and the factors influencing its unique functionality. 

1.1 STATE OF THE ART ON NITINOL 

In the early 1960s, a fascinating discovery was made by metallurgist William 

Buehler and his colleagues at the U.S. Naval Ordnance Laboratory (NOL). They were 

investigating an equiatomic alloy made of nickel and titanium (NiTi). During their 

investigations, Buehler and physicist Frederick Wang made an extraordinary 

discovery: They observed that when the alloy was formed at high temperatures and 

subsequently cooled, it could undergo deformation while retaining its ability to recover 

its original shape. The remarkable part occurred upon reheating the material, as it 

"remembered" its initial configuration and reverted to its original form[1]. This 

phenomenon, later termed the shape memory effect (SME), marked a significant 

breakthrough in materials science. This discovery was significant at the time, and to 

this day, NiTi alloys are frequently referred to as Nitinol (NiTi). Among the many 

types of shape memory alloys (SMAs) that can recall and return to their original shape 

when subjected to thermal or mechanical stress, NiTi is by far the most popular and 

extensively employed because of its superior properties. 

In light of NiTi's groundbreaking discovery and its extraordinary properties, it is 

essential to understand the underlying structural characteristics that contribute to its 

desired functional and mechanical attributes. The unique behavior of this alloy is 

closely linked to its phase diagram, which illustrates the relationship between 

temperature and composition as shown in Figure 1 . The diagram reveals how 

variations in the alloy's composition can lead to the development of secondary phases, 

which significantly impact its functional and mechanical attributes[2]. The highlighted 

central region of the diagram indicates the NiTi intermetallic compound, where 

optimal properties are achieved. Careful control over the alloy's composition during 
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manufacturing is crucial to ensure that the desired characteristics are maintained for 

various applications, including medical devices and actuators.  

 

 

Figure 1. Binary phase diagram of NiTi alloys [3]. 

 

From a microstructural point of view, NiTi has two main solid phases with 

distinct features and characteristics; the austenitic phase, also called the parent phase, 

a simple cubic B2 structure (Figure 2(a)), which is stable under low stress and high 

temperature, and the martensitic phase, also called daughter phase, a monoclinic B19’ 

structure (Figure 2(b)), which is stable under high stress and low temperature [4].  
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Figure 2. Crystal structures of nickel–titanium shape-memory alloy (NiTi SMA): (a) B2 cubic 

(austenite); (b) B19′ monoclinic (martensite) [5]. 

 

During cooling, the austenite gradually transforms into martensite at specific 

temperatures known as Ms (the start of martensite formation) and Mf (the finish of 

martensite formation). Conversely, when heated, martensite reverts to austenite at As 

(the start of austenite formation) and Af (the finish of austenite formation). This 

transformation is characterized by thermal hysteresis, meaning that the transformation 

temperatures differ for heating and cooling cycles. 

 

 

Figure 3. typical DSC curve of an equiatomic NiTi alloy [6]. 

Mechanical deformation is indeed another mechanism that can trigger the 

martensitic phase transformation in NiTi alloys. This transformation occurs when the 

material is subjected to external stress, leading to changes in its microstructure.  

 



 

4 Chapter 1: Introduction 

In addition, the martensitic phase is divided into two forms: twinned and 

detwinned. Detwinned martensite is a state in which the martensite crystals have 

undergone a process that removes the twin boundaries, resulting in a more stable 

microstructure. Twinned martensite, on the other hand, has twin boundaries making 

the material less stable. The detwinned martensite is stable at high-stress state 

regardless of temperature, while twinned martensite is stable at both low-stress and 

low temperatures[7]. The solid-state transformation from austenite to martensite 

occurs almost instantly by rapid cooling or by inducing stress (Figure 4).  

 

 

Figure 4. Martensite-austenite phase transition [8]. 

 

NiTi also exhibits remarkable properties such as shape memory effect (SME) 

and superelasticity (SE) attributed to its peculiar crystal structure and phase 

transformation between austenite and martensite [9]. To better clarify the underlying 

mechanisms, additional information will be provided in the next two sections. 

1.1.1 Shape memory effect (SME) 

Figure 6 demonstrates the stress-strain-temperature curve of a NiTi alloy, which 

represents the SME and SE. Starting at point A on the curve, when the alloy is stored 

at temperatures above the austenite finish temperature (Af), it predominantly exists in 

the austenitic phase. Upon cooling to lower temperatures (point B), the alloy 

transforms into twinned martensite. When external stress is applied to this martensitic 

structure, it leads to reorientation and detwinning of the martensite variants, resulting 
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in a macroscopic shape change. This detwinning process is characterized by a stress 

plateau in the stress-strain curve (point C), where one martensite variant grows 

preferentially in a specific direction at the expense of eliminating other variants. After 

unloading, this new configuration is retained (point D). However, when the material is 

heated back to temperatures above Af (point E), a reverse phase transformation occurs, 

transitioning from detwinned martensite back to austenite, allowing the material to 

recover its original shape (returning to point A). This remarkable behavior exemplifies 

the SME and enables various applications, including orthodontic wires and actuators 

[10–13]. 

SME can be categorized into three main types: one-way shape memory effect, 

two-way shape memory effect, and full-course shape memory effect, which  is 

demonstrated in Figure 5. 

One-way SME  

This phenomenon occurs when the alloy deforms at lower temperatures and can 

recover its original shape only during the heating process. Upon heating, the material 

transitions from the martensitic phase to the austenitic phase, restoring its predefined 

shape. 

Two-way SME 

 In this case, some alloys can remember and recover both the high-temperature 

phase when heated and the low-temperature phase when cooled. This means that the 

material can return to a specific shape at both ends of the temperature spectrum. 

Full-Course SME 

This advanced form of shape memory effect allows the material to restore its 

high-temperature phase shape upon heating while simultaneously changing the low-

temperature phase into a different shape with an opposite orientation when cooled. 
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Figure 5. Schematic diagram showing the distinct types of SME in NiTi: One-Way, Two-Way, and 

Full-Course [14]. 

 

1.1.2 Superelasticity (SE) 

Through superelasticity (SE), a significant portion of strain can be recovered 

simply by unloading the deformed part of a NiTi alloy in its austenitic phase [15–19]. 

This remarkable phenomenon arises from the stress-induced martensitic (SIM) 

transformation that occurs during the loading of the austenitic phase. When a 

sufficiently large mechanical stress is applied to the NiTi in its austenite phase, as 

shown in point A in Figure 6, it undergoes a phase transformation to the detwinned 

martensite phase. In this phase, NiTi can tolerate much higher levels of strain than 

other materials without experiencing permanent deformation. When the stress is 

released, point X in Figure 6, NiTi spontaneously reverts to its original austenite phase 

and shape. This ability to undergo large recoverable deformations is what grants NiTi 

its SE. Unlike typical metal alloys that have recoverable deformability below 1%, 

elastic recovery of NiTi can reach up to 8% strain [20–22]. It is important to note that 

the superelastic mechanical properties of NiTi are only evident within the temperature 

range between the austenite finish and detwinned martensite deformation temperatures 

( 𝐴𝑓 < 𝑇 < 𝑀𝑑) [23]. The remarkable elasticity of superelastic NiTi is particularly 

advantageous for biomedical devices, such as stents.  
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Figure 6. Shape memory effect and SE of NiTi, adapted from [9]. 

 

1.1.3 Biomedical applications of NiTi 

NiTi has revolutionized the field of biomedical devices due to its exceptional 

properties, such as SE, which allow it to mimic bone-like behavior in implants. Its 

distinctive characteristics, including the SME  and high damping capacity, make NiTi 

highly suitable for various medical applications.  

Generally, NiTi-based medical devices can be classified into two main 

categories: implantable devices and non-implantable devices. 

Implantable devices  

NiTi biocompatibility and resistance to corrosion make it suitable for long-term 

implantation within the human body. Moreover, NiTi's superelastic properties allow it 

to withstand significant mechanical stress without permanent deformation, which is 

particularly advantageous in dynamic environments like the cardiovascular system. 

Examples of implantable devices include vascular and cardiovascular applications like 

peripheral stents, aneurysm coils, cardiovascular luminal shields, heart valves, and 

septal occluders. Other examples, as shown in Figure 7, include bone plates, screws, 

dental arch wires, Simon IVC filters, stents, and devices for internal bone fixation 

[24,25]. 
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Figure 7. Examples of NiTi's medical implants in the human body [14]. 

 

Non-Implantable Devices 

 NiTi’s superelasticity at body temperature has made it an essential material for 

minimally invasive therapeutic devices. This category encompasses surgical 

instruments and tools used during medical procedures, such as stone and blood clot 

retrieval devices, endoscopes, and vena cava filters. It also includes dental instruments 

like endodontic rotary files and orthodontic arch wires [14]. 
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Figure 8. Examples of NiTi in non-implantable medical devices: (a) Arrow interaortic balloon pump, 

(b) RITA tissue ablation device, (c) guide wire, (d) grasper with NiTi tubing and internal actuation 

wire for knot operation, and (e) Surgical Innovations endoscopic instruments with NiTi rods for 

actuating scissors and graspers. Examples of NiTi in non-implantable medical devices: (a) Arrow 

interaortic balloon pump, (b) RITA tissue ablation device, (c) guide wire, (d) grasper with NiTi tubing 

and internal actuation wire for knot operation, and (e) Surgical Innovations endoscopic instruments 

with NiTi rods for actuating scissors and graspers[14]. 

 

1.1.4 NiTi as an actuator 

Shape memory alloys (SMAs) are materials that have the ability to recover their 

original shape after loading through a thermally-induced crystallographic phase 

transition from martensitic to austenitic state [26–28]. This remarkable property makes 

them particularly well-suited for implementation in actuators since the SME is 

functional over a considerable strain range (ca. 2-5% strain) and is also characterized 

by a high force-to-stroke ratio [29]. The most commonly used SMA in the field of 

actuation is NiTi. Although the phase transition temperatures of this alloy can be varied 

by altering the mixing ratios of its constituent elements, NiTi is normally in martensitic 

phase at room temperature and typically undergoes thermal hysteresis between the 
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martensite and austenite phases at a temperature range of 20-50 K. NiTi 's ability to 

undergo phase transformations in response to thermal changes makes it an excellent 

candidate for various actuation systems. The combination of its lightweight nature, 

compact size, and ability to generate significant force relative to its volume further 

enhances its applicability in actuator designs.  

In actuator applications, NiTi can convert thermal energy into mechanical work. 

This capability allows it to perform tasks such as opening or closing mechanisms based 

on temperature fluctuations. For example, NiTi actuators are utilized in automotive 

applications, such as antiglare rear-view mirrors that automatically adjust based on 

ambient light conditions. Additionally, they are employed in microgrippers for precise 

manipulation of small objects in robotic systems. Another innovative application 

involves using NiTi in shape-morphing structures, such as aerodynamic wings or car 

spoilers that adjust their shape based on airflow or speed. This capability can enhance 

vehicle performance and fuel efficiency by optimizing aerodynamics dynamically.  

The adaptability of NiTi actuators makes them suitable for various industries, 

including aerospace, robotics, and consumer electronics. As research progresses and 

manufacturing techniques improve, the potential for NiTi-based actuators continues to 

grow, paving the way for more advanced and efficient systems across multiple sectors.  
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Chapter 2: Bidirectional Actuator Based on 

NiTi 

This chapter outlines the design challenges and methodologies for developing 

SMA-based actuators with enhanced functionality. Section 2.1 provides an 

introduction to the fundamental principles behind SMA actuation and highlights the 

limitations of traditional one-way SMA actuators, emphasizing the need for bias 

mechanisms to achieve reversibility. Section 2.2 introduces the concept of a novel 

SMA-based actuator incorporating a metamaterial geometry, detailing its design 

principles and unique properties. The theoretical model, presented in section 2.3, 

presents the theoretical model developed to predict the actuation performance of the 

system, including its global biaxial deformation capabilities. Section 2.4 describes the 

experimental methodology employed for prototyping and testing the actuator, while 

section 2.5 discusses the results and implications of the findings. Finally, section 2.6 

summarizes the insights obtained from this study and their implications for future 

designs of SMA-metamaterial actuators. 

2.1 INTRODUCTION 

Since the implementation of SMAs in actuators [10–13] requires the application 

of a pre-strain, a stand-alone one-way SMA-based actuator is only suitable for one-

time use, as once the actuator is heated it reverts to its original state and the initial level 

of pre-strain is not re-applied upon cooling. To avoid this design problem and impart 

reusability to the actuator, a so-called ‘bias’ mechanism is incorporated into the 

actuator, which counterbalances the actuation of the SMA component and returns it to 

its initial pre-strain state once the actuator is deactivated. The bias component imparts 

reversibility to the actuator by taking advantage of the differences in Young’s modulus 

between martensitic and austenitic phases (with the latter being the stiffer of the two). 

Ideally, the counterbalance component should ensure that the SMA component is at 

its maximal level of recoverable pre-strain in its cold phase while exerting the smallest 

possible amount of resistance to the SMA contraction upon heating [30]. This delicate 

balancing act between these two opposing factors is highly dependent on the relative 

stiffnesses, volume fractions, and type of mechanical interaction between the SMA 



 

12 Chapter 2: Bidirectional Actuator Based on NiTi 

and bias components, and careful consideration must be given at the design stage to 

these aspects to ensure that the optimal stroke and/or force output is obtained.   

Several studies may be found in the literature regarding the design, fabrication, 

and implementation of SMA-based bias actuators in various applications [31]. The 

SMA component is typically employed in the form of wire, strip or spring, with the 

former two favoring high-force applications and the latter systems requiring a large 

stroke output. On the other hand, the bias component can be integrated in the form of 

a fixed weight, springs, a deformable elastic block of material, a flexing beam, or even 

a second, opposing the SMA component [32–43]. Furthermore, the actual actuation 

stroke/force of the actuator need not necessarily act in the same direction as the 

contraction of SMA component upon heating. It is possible to change the direction of 

actuation, enhance the resultant stroke and even obtain an overall elongation output 

instead of a contraction by mechanical design. One of the most well-known examples 

of such an actuator is the SMA-sandwich actuator, where the SMA component is 

integrated into the faces of a sandwich structure with a soft core and selective 

activation of the SMA component on one surface results in a tailorable flexural 

deformation that induces elongation of the actuator in the direction orthogonal to the 

contraction of the SMA component [44–50]. The resultant elongation stroke imparted 

by such a system can considerably exceed the actual contraction of the SMA 

component, but the enhanced stroke comes at the cost of a significant reduction of 

actuation force in the same direction. 

2.1.1 Mechanical metamaterials 

Mechanical metamaterials are a class of artificially engineered materials that 

exhibit extraordinary and often counterintuitive mechanical properties, which are 

rarely found in nature. These unique behaviors arise from their carefully designed 

microstructural geometry rather than the chemical composition of the materials used. 

These materials are constructed from repeating unit cells and can demonstrate 

remarkable static and dynamic properties, such as a negative Poisson's ratio, which is 

called auxetic behavior, negative compressibility, tunable stiffness, and exceptional 

strength-to-weight ratios. The tailored design of these materials enables them to 

achieve specific mechanical responses, opening up innovative possibilities for 

applications across a wide range of fields [51]. 
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From a geometrical perspective, re-entrant structures, chiral honeycombs, and 

rotating rigid units represent the three primary classes of auxetic metamaterials, as 

illustrated in the Figure 9. These geometries have the potential to exhibit auxetic 

behavior, meaning they expand laterally under compressive loads and contract 

globally under tensile loads. 

 

   

(a) (b) (c) 

   

(d) (e) (f) 

Figure 9. The three main categories of auxetic metamaterials include: (a) re-entrant hexagonal 

honeycombs, (b) hexachiral structures, (c) rotating rectangular plates, (d) rotating rhombohedral 

plates, (e) rotating parallelograms, and (f) rotating triangular plates [51]. 

 

In this work, a novel SMA-based actuator is proposed which takes this concept 

further and can exhibit a reversible, global elongation in multiple directions induced 

by the unidirectional contraction upon heating of a single SMA component. This 

actuator incorporates a metamaterial geometry coupled with a SMA and a bias 

component and takes advantage of the negative Poisson’s ratio and particular 

kinematic deformation mode of the metamaterial to generate a uniform controllable 

force/stroke output in both the axial and transverse directions. I have designed and 

assembled a fully-functional prototype of this actuator using additive manufacturing 

technology and commercially bought components and tested it under various loading 

conditions. In addition, I have also developed and validated a theoretical model which 

may be used to predict the actuation output of the metamaterial actuator based on the 
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geometric parameters of the system and the material properties of the individual 

components. 

2.2 DESIGN OF THE SMA-METAMATERIAL ACTUATOR 

The SMA-metamaterial actuator proposed in this work is based on the rotating 

squares auxetic metamaterial geometry and is designed to exhibit an elongation stroke 

concurrently in both the x- and y-directions upon activation. The rotating squares 

system [52], shown in Figure 10 , is one of the most well-known geometries with the 

ability to exhibit a negative Poisson’s ratio and belongs to a class of auxetic 

metamaterials known as rotating rigid unit systems. These systems include rotating 

rectangles [53,54], rhombi [55], parallelograms [56,57] and triangles [58,59] amongst 

others as well as 3D rotating polyhedra [60,61] and have the potential to exhibit giant 

negative as well as large positive Poisson’s ratios. Like all classes of mechanical 

metamaterials, the mechanical properties of these systems are almost entirely 

dependent on their structure and can be tailored as function of the geometric 

parameters.  

The rotating squares metamaterial, as its name implies, deforms through rotation 

of squares which are connected to each other at the vertices through pin-joints (in the 

mechanism’s idealized state) [52] or through a thin strip/block of material (in a single-

material perforated metamaterial system) [62–65]. It exhibits an in-plane Poisson’s 

ratio of -1 which means that any elongation or contraction in one direction upon 

loading is accompanied by an identical strain in the transverse direction. In addition, 

as a pin-joint mechanism, the rotating squares geometry has also been shown to be 

completely unaffected by edge effects and deforms in the same manner in a periodic 

infinite, large-scale finite and small-scall finite environment. These two factors make 

it particularly well-suited for implementation in a biaxial actuation system. 
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Figure 10. Schematic of a rotating square metamaterial unit cell before and after tensile loading. 

 
To induce a global expansion of the actuator upon activation, it is first necessary 

to select the correct position for insertion of the pre-strained SMA component, which 

undergoes contraction upon heating. The deformation of the idealized rotation square 

system may be expressed in terms of the change in the angle between the square units, 

θ and this variable governs both the internal localized deformations of the structure 

and the resultant global strains. As shown in Figure 10, the SMA component must be 

inserted between the points marked A and B since a decrease in the distance between 

these two points, lAB, upon rotation of the squares induces an expansion of the 

metamaterial system. Therefore, to quantify the relationship between the internal unit 

cell lengths lAB and lCD and the global lengths in the x- and y-directions, denoted by the 

L, these variables must be expressed in terms of the internal angle between squares, 

and the side length of the squares, a. The following terms may be obtained: 

 
𝐿 = 2𝑎[𝑠𝑖𝑛( 𝜃) + 𝑐𝑜𝑠( 𝜃)] Equation 1 

𝑙𝐴𝐵 = 2𝑎 𝑐𝑜𝑠( 𝜃) Equation 2 

𝑙𝐶𝐷 = 2𝑎 𝑠𝑖𝑛( 𝜃) Equation 3 

 

Since deformation occurs through a change in θ while the side length of the 

squares, a, remains constant, the relative changes in these three lengths once the 

θa

L

A

B

C D

θ + Δθ
a

L + ΔL

A

B

C D

lAB

lAB+ΔlAB

Where for tensile loading:   ΔL > 0,    Δθ > 0,   ΔlCD > 0  and   ΔlAB < 0

Initial Final

L L + ΔLlCD lCD+ΔlCD
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metamaterial deforms may be expressed in terms of Δθ. An example is plotted in 

Figure 11, where the relative lengths L/a, lAB/a, and lDC/a.  

 

 

Figure 11. Plot showing the variation in relative lengths L/a/, lAB/a, and lCD/a upon varying the angle θ. 

 

As one may observe, the resultant plot is axi-symmetric, and the system has one 

fully-opened configuration at θ = 45° where L/a = 2.828 and two fully closed 

configurations at θ = 0° and θ = 90° where L/a = 2. It is also evident that to have an 

inversely-proportional relationship between the lengths L and lAB, the angle θ must be 

between 0° and 45°. Furthermore, this relationship is nonlinear and it is clear that at 

low θ values, a small decrease in the length of lAB results in the largest relative increase 

in L. 

 

2.3 THEORETICAL MODEL 

Before a prototype SMA-metamaterial actuator based on this concept can be 

produced, it is necessary to first develop analytical expressions which may be used to 

predict the actuation output of the system as a function of the material properties of 
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the individual components and the overall geometry of the system. As stated in the 

previous section, this actuator consists of three components: the SMA, the bias 

component and the metamaterial geometry; each of which has a distinct role to play in 

ensuring the overall functionality of the composite system. The SMA component 

induces the actuation of the system, the bias component imparts reversibility upon 

deactivation and reusability to the actuator, while the metamaterial geometry controls 

the actuation stroke and force output of the system in the axial and transverse 

directions. These three components are shown in Figure 12, where in order to 

maximize the actuation stroke output, the SMA component is placed in position lAB 

and the bias component in position lCD. This means that, as illustrated in Figure 11 the 

contraction of the SMA component upon activation is counteracted by an elongation 

of the bias component imposed through the kinematic constraints of the rotating 

squares metamaterial deformation mode. Since lAB > lCD, this also induces an overall 

positive actuation stroke of the actuator, i.e. L increases. 

To quantify the actuation stroke of the system, it is necessary to equilibrate the 

forces and displacements of the SMA and bias component along the direction lAB. 

Since the SMA component is aligned along lAB, the force-displacement plot obtained 

from uniaxial loading of this component can be used directly, as shown in Figure 12 

(green and red lines). However, this is not the case for the bias component, which is 

oriented in a direction perpendicular to lAB. Therefore, the forces and displacements 

exerted by the bias component in the direction lAB, which are necessary to equilibrate 

the system, must first be found through the kinematic laws that define the deformation 

of the metamaterial system. 
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Figure 12. A qualitative plot showing the forces and displacements acting along lAB for the SMA in 

martensitic (blue) and austenitic state (red) and the opposing bias component (green). The equilibrium 

points at the SMA hot and cold states are also indicated. 

2.3.1 Assumptions 

The model, which predicts the actuation output of the system on the basis of the 

equilibrium of forces generated by the interaction between the SMA and bias 

component, is based on a number of assumptions, listed below: 

• The metamaterial geometry exerts a solely kinematic influence on the 

deformation of the overall system and does not contribute any internal 

energy in terms of work done to the actuator. The influence of factors such 

as friction at the joints of rotating units and weight is considered to be 

negligible.  

• The stress-strain behavior of the SMA component at the martensitic phase 

can be represented in terms of a tri-linear model with each line representing 

the twinned martensite state (M), transition state (T) and detwinned 

martensitic state (DM), respectively (see Figure 12). On the other hand, the 

austenitic state is represented by a linear model. This approach corresponds 

with that utilized in previous works found in literature pertaining to 

analytical and numerical analyses of SMAs [30,66–68]. 

• Upon activation/heating, the SMA component undergoes a complete 

transition from martensitic to austenitic phase. This is typically the case for 

SMA systems with a small cross-sectional area such as wires and strips 

activated through the Joule effect. 

Austenite

(Eq. 8)
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(Eq. 5, 6 and 7)
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(Eq. 13)
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• The model is static and, hence, the deformation of both the SMA and bias 

component is elastic, fully recoverable and unaffected by the velocity of 

activation (transformation from martensitic to austenitic phase is almost 

instantaneous once activated through the use of an electrical current).   

The pre-strain of the SMA component is also fully induced by the elastic bias 

component, which in this case was assumed to be an elastomer or a spring which 

deforms linearly over high strains. This means that during assembly of the actuator, 

the SMA component should ideally be introduced first within the system at a pre-

determined length, lSMA, followed by the insertion of the elastic bias component. In 

order for the bias component to exert a pre-stress on the SMA component, the initial 

length at rest of the bias component, lE, must be less than the length lCD which 

corresponds to the length lAB of the SMA component. This condition may be expressed 

as follows: 

𝑙𝐸 < √4𝑎2 − 𝑙𝑙𝑆𝑀𝐴

2  Equation 4 

 

and it ensures that the pre-strain applied to the bias component in order to integrate it 

within the actuator imparts sufficient force to counterbalance the SMA and induces a 

pre-strain in the latter component. 

At this point, it is important to note that although the bias component deforms 

axially in a linear elastic manner, the fact that it is placed in a position which is 

perpendicular to the SMA component, means that the equilibrating force induced by 

the bias component in the direction lAB is nonlinear and kinematically dependent on 

the metamaterial geometry used. Thus, in Figure 12, the force-displacement plot of the 

bias component along lAB is represented by a nonlinear curve. 

2.3.2 Geometry-Force calculations 

As stated previously, the force-displacement relationship of the SMA component in its 

martensitic phase is represented by a tri-linear model. The SMA has an initial length 

of lSMA at rest and the model (shown in Figure 12) may be expressed in terms of force 

(FAB) and total length (lAB) along the line between the points A and B as follows:  

 
𝐹𝐴𝐵 = 𝑘𝑀(𝑙𝐴𝐵 − 𝑙𝑆𝑀𝐴),   

where   𝑙𝑆𝑀𝐴 ≤ 𝑙𝐴𝐵 < (𝑙𝑆𝑀𝐴 + 𝑑𝑇) 
Equation 5 
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𝐹𝐴𝐵 = 𝐹𝑇 − 𝑘𝑇(𝑑𝑇 + 𝑙𝑆𝑀𝐴 − 𝑙𝐴𝐵),  

 where   (𝑙𝑆𝑀𝐴 + 𝑑𝑇) ≤ 𝑙𝐴𝐵 < (𝑙𝑆𝑀𝐴 + 𝑑𝐷𝑀) 
Equation 6 

𝐹𝐴𝐵 = 𝐹𝐷𝑀 − 𝑘𝐷𝑀(𝑑𝐷𝑀 + 𝑙𝑆𝑀𝐴 − 𝑙𝐴𝐵), 

 where   (𝑙𝑆𝑀𝐴 + 𝑑𝐷𝑀) ≤ 𝑙𝐴𝐵 

Equation 7 

 

 

where kM, kT and kDM are the stiffness constants for the twinned martensitic state, 

transition state and detwinned martensitic state, respectively, while FT, dT, FDM and 

dDM represent the force (F) and displacement (d) thresholds required to switch from 

the first to second state (Equation 5 to Equation 6) and the second to third state ( 

Equation 6 to Equation 7). These three lines represent the force-displacement Behavior 

of the martensitic SMA in the twinned, transition and detwinned state respectively and 

are valid within the limits defined in the equations. 

This approach to modelling the force-displacement of martensitic SMA is 

identical to the analytical method employed previously by the same authors to model 

uni-axial bias actuator behavior [30] and is analogous to the Souza-Auricchio 

numerical method [66,67] used in many commercial FE software. The equations are 

expressed in terms of stiffness constants, transformation displacements and forces 

rather than Young’s moduli, strains and stresses in order to ensure that these equations 

may be applied to an SMA component in any form, be it as a wire, strip, spring or even 

more complex geometric forms. In the case of SMA wires, as used in the experimental 

part of this work, these terms may easily be derived directly from basic stress-strain 

plots, while for other forms less straightforward analytical expressions may be required 

to obtain these constants. Similarly, the austenitic force-displacement behavior 

(indicated in Figure 12 by the red line) is represented by the following linear model: 

𝐹𝐴𝐵 = 𝑘𝐴(𝑙𝐴𝐵 − 𝑙𝑆𝑀𝐴) Equation 8 

 

where kA represents the stiffness constant of the SMA in its austenitic phase.  

On the other hand, as shown in Figure 12, the force-displacement behavior of 

the bias component counteracting the SMA is represented by a non-linear model along 

the line AB. This is due to the fact that although the stiffness of the bias component 

per se is constant, it is aligned along the line CD, orthogonal to the line AB. This means 

that the force component exerted along the line AB as a result of the elongation of the 
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bias component varies non-linearly as a function of the initial configuration of the 

rotating square metamaterial as shown in Figure 13(c). 

 

Figure 13. a) A qualitative plot showing the linear force-displacement model used to describe the 

deformation of the elastic bias component along the line between points C and D. b) A diagram 

showing the forces (FAB and FCD) acting along the directions lAB and lCD in the central pore between 

the rotating square units. c) A plot showing the relationship between changes in the lengths lAB and lCD 

and d) a graph showing the relationship between overall actuator length in axial and transverse 

direction, L, and the internal length parameter lAB.   

 

The force-displacement relationship along the line CD for the elastic bias 

component may be defined by Equation 9. 

 

𝐹𝐶𝐷 = 𝑘𝐸(𝑙𝐶𝐷 − 𝑙𝐸) Equation 9 

 

where lE is the initial length of the elastic bias component and kE is the associated 

stiffness constant (see Figure 13(a)). This equation can be used to find the resultant 

force and displacement acting along line AB through the following kinematic and 

geometric relationships (shown in Figure 13(b)): 

 

𝐹𝐴𝐵 =
𝐹𝐶𝐷
𝑡𝑎𝑛 𝜃

 Equation 10 
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𝜃 = 𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑙𝐴𝐵
2𝑎

) Equation 11 

 

𝑙𝐶𝐷 = √4𝑎2 − 𝑙𝐴𝐵
2  Equation 12 

 

which in turn can be used to obtain the following non-linear model for the bias 

component along line AB (shown in Figure 12): 

 

𝐹𝐴𝐵 =
𝑘𝐸 (√4𝑎

2 − 𝑙𝐴𝐵
2 − 𝑙𝐸)

𝑡𝑎𝑛 (𝑎𝑟𝑐𝑐𝑜𝑠 [
𝑙𝐴𝐵
2𝑎]

)
 Equation 13 

 

The cold equilibrium point, shown in Figure 13, is the point at which the force 

exerted by the martensitic SMA component and the counteracting elastic bias 

component are equal. Ideally this point should be met at the detwinned martensitic 

state of the SMA component in order to ensure that the actuation stroke is completely 

recovered once the actuator is deactivated as demonstrated in [30]. Therefore, the 

resultant length at the cold equilibrium point, lAB Eq.C, may be found by solving 

Equation 7 and Equation 13. Once the SMA component is heated and undergoes a 

reverse transformation, this equilibrium point shifts to the point where Equation 8 and 

Equation 13 are equal. By solving these two equations, one may find the resultant 

length at the hot equilibrium point, lAB Eq.H. 

Once the lengths lAB of the actuator when the SMA is in its martensitic and 

austenitic phase, lAB Eq.C and lAB Eq.H, are known, these variables can be used to find the 

corresponding cold and hot equilibrium global lengths of the actuator, LEq.C and LEQ,H 

(shown in Figure 13(b)) ), through Equation 14 and Equation 15: 

 

𝐿𝐸𝑞.𝐶𝑜𝑙𝑑 = 𝑙𝐴𝐵_𝐸𝑞.𝐶𝑜𝑙𝑑 +√4𝑎2 − 𝑙𝐴𝐵_𝐸𝑞.𝐶𝑜𝑙𝑑
2  Equation 14 

 

𝐿𝐸𝑞.𝐻𝑜𝑡 = 𝑙𝐴𝐵_𝐸𝑞.𝐻𝑜𝑡 +√4𝑎2 − 𝑙𝐴𝐵_𝐸𝑞.𝐻𝑜𝑡
2  Equation 15 
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These equations define the relationship between the contraction of the SMA wire 

and the global metamaterial geometry and are obtained through the expansion of the 

generic Equation 1. 

The difference between these two values results in the predicted global actuation 

stroke in the axial and transverse directions, dL, as follows: 

𝑑𝐿 = 𝐿𝐸𝑞.𝐻𝑜𝑡 − 𝐿𝐸𝑞.𝐶𝑜𝑙𝑑 Equation 16 

 

Due to the nonlinearity of the relationship between L and lAB (Equation 17),  

shown in Figure 13(d), it is evident that in order to obtain the maximum actuation 

stroke, dl, lAB Eq.Cold, should ideally be close to the maximum permissible value of lAB, 

i.e. lAB → 2a. This means that the initial configuration of the rotating squares 

metamaterials should ideally be at a θ value close to 0°. Yet, it is also important to note 

that one must be careful to ensure that the initial length of the SMA component, lSMA, 

is not equal or almost equal to 2a since this would entail that the bias component cannot 

exert any meaningful pre-stress on the wire due to the rotating squares mechanism 

being blocked in its fully-opened state. Thus, the initial length of the SMA component 

which allows one to obtain the maximum permissible actuation for a given bias 

component must first be found through the analytical model.   

 

𝐿 = 𝑙𝐴𝐵 +√4𝑎2 − 𝑙𝐴𝐵
2  Equation 17 

 

 

To summarise, the model presented in this section demonstrates how the 

actuation stroke of the metamaterial actuator may be predicted and tailored as a 

function of metamaterial configuration and material properties of the SMA and bias 

components. 

2.4 EXPERIMENTAL SET-UP  

Bearing in mind the insights obtained from the theoretical model described in 

the previous section, a prototype actuator is designed based on this concept which is 

able to impart a global biaxial actuation. As detailed in the following sections, the 

metamaterial was printed using a fused-deposition method (FDM) 3D printer as four 

separate parts and assembled using commercially bought components. The SMA 
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component was integrated within the system in the form of a thin wire attached 

between points A and B and was heated by passing through an electric current from a 

power supply while the bias mechanism was incorporated through the insertion of a 

number of elastic bands at points C and D of the actuator in order counter the 

contraction of the SMA wire upon heating.  

2.4.1 Thermo-mechanical characterization of the SMA wire 

A NiTi shape-memory wire with a diameter of 0.23 mm was used in this work. 

The chemical composition of the wire provided by the supplier is presented in Table 

1. A thicker sample of wire (diameter 0.43 mm) with the same chemical composition 

was previously characterized by Panciroli [69] and it was found that the wire has a 

martensitic finish transformation temperature of 40°C (315 K) and an austenitic finish 

transformation temperature of 79°C (353 K). In order to characterize the force-

displacement and stress-strain behavior of this wire at complete martensitic and 

austenitic phases, a sample was subjected to tensile loading using Galdabini® 

tensiometer. The wire was affixed to screws from both ends and trapped using two 

nuts. The screws were then inserted into two ABS 3D-printed holders which are 

clamped by the jaws of the tensile loading machine as shown in Figure 14(a). 

Table 1. Percentage chemical composition of NiTi wire [69]. 

Ni Co Cu Cr Fe 

55.42 0.005 0.005 0.005 0.005 

Nb C H O Ti 

0.025 0.037 0.001 0.033 44.46 

 

The wire sample tested had an effective length of 206 mm and was tested at room 

temperature and under heated conditions (i.e. at complete martensite and austenite 

phases respectively). The wire was subjected to a two-step loading and unloading 

cycle. For the martensitic test, a tensile elongation of 24 mm at a speed of 6 mm/min 

was applied followed by a return to the initial position at the same speed. Before 

initiating the test, the samples were pre-heated and allowed to cool off gradually in 

order to ensure that any pre-strain applied to the wire during the clamping process is 

removed. For the austenitic test, a smaller tensile elongation was applied, and the wire 

was heated by the Joule effect throughout the duration of the entire loading and 

unloading procedure. This was done by connecting a power supply to the screws to 

which the SMA wire was affixed and applying a current of 0.75 A. In order to ensure 

that the applied current is sufficient to induce an austenitic transformation, the 
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resistivity of the wire was measured prior to the tensile test at low and high ranges of 

current and was found to be 8.92× 10-7 Ωm and 6.36 × 10-7 Ωm, respectively. These 

values are comparable with those found in literature for martensitic and austenitic 

nitinol wires [70]. Once the test sample is mounted, the ABS 3D-printed holders ensure 

that the wire is isolated from the metallic clamps of the tensile loading machine and 

that the current heats up the wire. The following stress-strain graph, shown in Figure 

14(b), was obtained following data smoothening procedures to eliminate minor noise 

in the data points.  

 

 

Figure 14. a) Image showing how the SMA wire was set up for the tensile loading test. b) Stress-strain 

plot of the SMA wire in martensitic and austenitic state and c) linearization of the experimental plot 

used to obtain the parameters implemented in the theoretical model (see Table 3). 

 

2.4.2 Additive manufacturing and assembly of the SMA-metamaterial actuator 

The rotating square metamaterial structure was designed to function as a single 

unit cell pin-joint system with minimal stiffness. The four identical square units 

making up the system were designed using SolidWorks® (see Figure 15(a, b, g)) and 

additively-manufactured from Onyx® material using a Markforged® FDM 3D-

printer. These square units were designed with an effective side length, a, of 70 mm 

and an out-of-plane thickness of 20 mm. In order to lower the mass of the squares and 
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avoid unnecessary waste of material, the squares were designed as thick truss systems 

with a cross pattern, which ensures that the squares retain their rigidity whilst 

minimizing the volume of printing material used [71]. The base metamaterial system 

was then assembled with the addition of metal commercially-bought hinges (see 

Figure 15(d)) which were attached to the square units through screws, positioned at 

points A and B shown in Figure 6e. On the other hand, the squares were connected at 

points C and D through the 3D printed pin-joints shown in Figure 15(f). In order to 

support the actuator on a surface without influencing its in-plane deformation, 

spherical rolling bearings were attached to the center of each of the four rotating square 

units (see Figure 15(c)). Lastly, the joints (both plastic and metallic) and spherical 

bearings were all lubricated with machine grease in order to minimize friction. 

 

Figure 15. Technical drawing of a) assembled and b) individual rotating square units making up the 

actuator. c) Spherical bearings used to minimize friction between the supporting surface and actuator 

and d) metallic hinges inserted in points A and B of the system. e) SMA-metamaterial actuator 

showing the wire inserted between points A and B, the elastic rubber bands (bias mechanism) between 

points C and D and the wiring connecting the metallic hinges to the power supply. Figures f) and g) 

show a zoomed in version of the joints at points C and D which are jointed together through the 

insertion of a metal M3 screw. 
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A length of SMA wire was inserted into the actuator by attaching it to points A 

and B through the use of knots. The initial length of the wire used varied between 

different experimental runs, but in each case, it was chosen on the basis of resulting in 

a metamaterial configuration which has a θ value between 10° and 20°. The latter limit 

ensures that the inverse relationship between lengths lAB and L is retained while the 

former guarantees that the level of pre-strain imparted by the bias mechanisms to the 

SMA wire does not result in the length lAB surpassing the mechanical limit of lAB/a = 

2.828 which is equivalent to a geometrically unrealizable θ < 0° value.  

Moreover, in order to ensure that any slippage of the wire during experimental 

testing is detected, the original length of the wire was marked with white corrective 

fluid after pre-heating it to eliminate any pre-strain applied during the assembly 

process. Following the insertion of the SMA, the bias component was added to the 

system in the form of elastic rubber bands attached to the protruding screws in 

positions C and D. The rubber bands (with an initial length, lE, of 25 mm) were tested 

under tensile loading conditions using an extensiometer and were found to have an 

average linear stiffness of 0.1 MPa over a strain range of 0% to 160%. The system was 

then allowed to equilibrate before proceeding with the actuation tests. To activate the 

actuator by heating up the SMA component, a power supply was used and, following 

preliminary testing, it was found that a current of 1 A for a time period of 10 seconds 

was sufficient to guarantee that the wire reached its complete austenitic transformation. 

The power supply was connected to the actuator by soldering the wire to the metal 

hinges as shown in Figure 15(e) rather than directly to the SMA wire, in order to ensure 

that the connections do not interfere with the deformation of the actuator.  

2.4.3 Experimental test runs 

Three experimental runs were conducted in order to verify the functionality of 

the prototype SMA-metamaterial actuator. In the first test, a single elastic rubber band 

was used as a bias mechanism, in the second, two, and, lastly, in the third, three. The 

initial length of the SMA wire, lSMA, for each test is listed in Table 2. In each testing 

run, the actuator was activated and deactivated 10 times in a row in order to analyses 

the reversibility of actuation stroke and reusability of the actuator. This was done 

through sequential 10 seconds of activation (with a current of 1 A from a power supply) 

followed by 60 seconds of deactivation in order to allow the SMA wire to cool and 

return completely to its martensitic state. The deformation of the actuator was captured 
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using a digital camera (Nikon®) with a frame rate of 5 Hz. Key frames were extracted 

from the recorded video, and displacement measurements were carried out manually. 

In this methodology, a set of four points A, B, C and D of the actuator along with the 

external corners of the rotating squares, were tracked in order to obtain the 

experimental values of lAB, lCD and L throughout each activation and deactivation 

cycle, as shown in Figure 16. The global actuation stroke, dL, for each cycle was 

calculated as the difference between the length of L before and after activation.  

Table 2. List of parameters for three experimental tests run. 

Test Number No. of Elastic Bands Initial Length of SMA wire (mm) 

I 1 110.2 

II 2 111.5 

III 3 117.2 

 

 

 

Figure 16. Image showing the points which were tracked using image correlation techniques (marked 

with a cross) in order to measure lengths lAB, lCD and L. 

 

2.5  RESULTS AND DISCUSSION 

The resultant global actuation stroke, dL, obtained for each experimental run with 

respect to the number of activation/deactivation cycles, along with images of the 

actuator in its activated and deactivated states are presented in Figure 17. It is clearly 

evident from the plots that while in Test I the actuation stroke was almost nail, in Test 
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runs II and III, a significant actuation stroke is observed which remained more or less 

stable over 10 consecutive activation/deactivation cycles, undoubtably demonstrating 

both the functionality and reversibility of the prototype actuator. Moreover, as shown 

in Figure 17(a), the actuation stroke is biaxial, and the rotation of the square units is 

plainly visible indicating that the pin-jointed metamaterial structure is indeed 

deforming as intended.  

 

 

Figure 17. a) Images showing the second cycle i) deactivated actuator, followed by ii) activation and 

iii) deactivation] of the actuator with 3 elastic rubber bands (Test III) b) Plots showing the resultant 

global actuation stroke measured for each activation/deactivation cycle of the three experimental tests 

listed in Table 2. Note that in Test I, the number of cycles was terminated early due to the fact that 

almost no actuation stroke was observed over repeated cycles. 

In order to analyze these results in the context of the predictions of the theoretical 

model presented in Section 3 of this article, it is necessary to first obtain the Young’s 

moduli, EA, EM, ET and EDM, transformation stresses, σT and σDM, and strains, εT and 

εDM, of the SMA in martensitic and austenitic phase. Utilizing linear regression, the 

following constants, presented in Table 3, were obtained from the stress-strain plot 

shown in Figure 14(b). 

Table 3. Young’s moduli, transformation stresses and strains obtained from the austenitic and 

martensitic stress-strain plot shown in Figure 5b. 

SMA Parameters 

EA 24815.14 MPa ft. 0.015 

EM 7614.26 MPa σT 106 MPa 

ET 1724.63 MPa εDM 0.054 

EDM 8790.63 MPa σDM 175 MPa 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0 2 4 6 8 10

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0 2 4 6 8 10

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0 2 4 6 8 10

d
L

(m
m

)

d
L

(m
m

)

d
L

(m
m

)

Test I

No of Cycles No of Cycles
No of Cycles

Test II Test III

b)  i) ii) iii)

Deactivated Activated DeactivatedDeactivated

a)  i) ii) iii)



 

30 Chapter 2: Bidirectional Actuator Based on NiTi 

 

 

These terms can be used to obtain the corresponding stiffness constants and 

transformation forces and displacements necessary to plot the tri-linear martensitic 

model (Equation 5- Equation 7) and linear austenitic model (Equation 8) as follows: 

 

𝑘𝐴 =
𝐸𝐴𝐴

𝑙𝑆𝑀𝐴
 

Equation 18 

𝑘𝑀 =
𝐸𝑀𝐴

𝑙𝑆𝑀𝐴
 

Equation 19 

𝑘𝑇 =
𝐸𝑇𝐴

𝑙𝑆𝑀𝐴
 

Equation 20 

𝑘𝐷𝑀 =
𝐸𝐷𝑀𝐴

𝑙𝑆𝑀𝐴
 

Equation 21 

𝐹𝑇 = 𝜎𝑇𝐴 
Equation 22 

𝐹𝐷𝑀 = 𝜎𝐷𝑀𝐴 
Equation 23 

𝑑𝑇 = 𝜀𝑇𝑙𝑆𝑀𝐴 
Equation 24 

𝑑𝐷𝑀 = 𝜀𝐷𝑀𝑙𝑆𝑀𝐴 
Equation 25 

 

where A is defined as the cross-sectional area of the SMA wire (πd2/4) and lSMA, 

the length of the wire. The initial lengths used for each test are listed in Table 2. For 

the elastic rubber bands, the stiffness constant of a single rubber band, kR, was equal 

to 0.1 MPa and, thus, the stiffness constant used to plot the force/displacement plot of 

the bias mechanism, kE, may be found as follows: 

 
𝑘𝐸 = 𝑁𝑘𝑅 Equation 26 

 

Where N is the number of rubber bands used in each test (listed in Table 2). 

 

Utilizing these constants, the simultaneous equation pairs: Equation 7 and 

Equation 13, and Equation 8 and Equation 13, were solved numerically in order to obtain 

the cold and hot equilibrium points, lAB Eq.C and lAB Eq.H, respectively. These values were 



 

Chapter 2: Bidirectional Actuator Based on NiTi 31 

then used to find the predicted actuation stroke, dL, for each of the three experimental 

test runs using Equation 14 -Equation 16. These theoretically predicted values are plotted 

along with the average value of the global actuation stroke obtained from the 

experimental results in Figure 18. 

 

 

Figure 18. The plot showing the comparison between the theoretical dL values predicted by the 

analytical model and the corresponding average experimental values (over 10 cycles) with standard 

deviation. 

 

It is evident from Figure 18 that while the theoretical model overestimates the 

experimental actuation stroke, particularly for Tests I and III, the trends obtained using 

both methods are congruous with each other. The discrepancies in the magnitude of 

the values were also to be expected since the experimental prototype does not 

completely conform with all the assumptions used to derive the analytical expressions. 

For example, the model assumes ideal frictionless rotation of the square units, however 

some friction is always present despite the lubrification of the joints and the use of 

spherical bearings. Moreover, the model does not take into account the influence of 

functional fatigue, which cannot be disregarded completely for actuator configurations 

where the SMA component is subjected to a high initial level of pre-strains such as in 

Test III. In view of this, the theoretical model is envisaged to be primarily utilized as 

a pre-design tool for the fabrication of SMA-metamaterial actuators since it has the 

highest accuracy for predicting the initial actuation cycles of the system. 

The results obtained from the tests on the metamaterial actuator prototype also 

provide a number of additional insights on the functionality of this actuator. In the case 
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of Test I, where only one rubber band was used, it was clearly evident that the force 

generated by this elastic bias component was not sufficient to guarantee a sufficient 

level of pre-strain to the SMA component in order to allow it to reach its complete 

detwinned martensitic state. This, in turn resulted in an extremely low actuation stroke 

output (as also predicted by the theoretical model) as well as decreasing the amount of 

recoverable actuation stroke due to the fact that the cold equilibrium point is reached 

at the transition phase of the martensitic SMA. This highlights the importance of 

having a bias component that is capable of generating the necessary level of pre-strain 

in the SMA component, elsewise the actuation output will be extremely low. However, 

whilst increasing the level of pre-strain will give a higher actuation stroke, it is also 

important to keep in mind that a large pre-strain value will lead to an increase in the 

fatigue of SMA component, resulting in yielding, and thus a decrease in functionality, 

occurring at a lower number of actuation cycles. This factor was, in fact, particularly 

evident in Test III. Although the plot shown in Figure 17(biii) indicates an almost 

constant actuation stroke, dL, throughout the 10 activation/deactivation cycles, a closer 

analysis of how the absolute value of the global length of the actuator, L, varies with 

each cycle (see Figure 19a(ii) and 10(b)) shows that this value is significantly 

decreasing after every cycle despite the actuation stroke remaining constant. This 

indicates that the SMA wire is undergoing irreversible yielding with each cycle due to 

the high level of pre-strain imposed by the bias mechanism (in this case 3 rubber 

bands). This effect is not visible in the Cycle No° vs dL plot shown in Figure 17(biii) 

due to the fact that the elastic bias mechanism is undergoing a large level of pre-strain 

itself and thus the actuation stroke lost due to yielding relaxation of the SMA 

component is re-gained by the imposition of an additional increment of pre-strain on 

the wire. This leads to an initial masking of the SMA yielding effect which is 

advantageous if maintaining a constant actuation stroke is the main function of the 

actuator, however it is also expected to result in a more rapid deterioration of actuator 

functionality over time. On the other hand, in the case of Test II, it is clear that the 

change in L is minimal over 10 cycles and that both actuation stroke and absolute 

actuator dimensions remain almost constant (see Figure 19(ai)). This indicates that out 

of the three configurations tested, this is the one which shows the best performance 

since it is characterized by an appreciable actuation stroke while the observed yielding 

of the SMA component is minimally over 10 cycles.  
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Figure 19. a) Plots showing how the absolute value of L changes over testing time for i) Test II and ii) 

Test III. The dotted red lines indicate the actuation cycles while the black lines are plotted by linear 

regression of the actuator in its activated and deactivated state separately in order to roughly indicate 

how L changes over time. b) Images showing the difference in the deactivated configuration of the 

actuator in Test III after i) the 1° cycle and ii) the 10° cycle. 

 

From the insights obtained from the theoretical model and experimental results, 

it is clear that in order to design an SMA-metamaterial actuator with optimal 

performance based on the rotating squares mechanism, one should aim to: 

• Ensure that the bias mechanism used exerts sufficient force on the SMA 

component in order to bring it to the highest possible allowable pre-strain 

value which does not result in irreversible yielding effects. By reaching the 

optimum equilibrium point one can obtain the highest actuation stroke of 

the SMA component while minimizing loss of functionality due to fatigue. 

• Design the rotating square metamaterial system in such a way as to have an 

initial configuration at the cold martensitic equilibrium point which has a 
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low θ value. This ensures that the actuation stroke of the SMA component 

(LEq.Hot – LEq.Cold) is amplified to its maximum level and translates in a large 

global actuation stroke, dL.  

Before concluding, it is imperative to point out that the SMA-metamaterial 

actuator proposed and prototyped in this work is merely one example which illustrates 

the potential of this new class of SMA actuators. The main advantage of using a 

metamaterial geometry to control the global actuation output of an SMA-based 

actuator lies in the fact that one can manipulate the deformation of these systems based 

on geometry. Thus, the designer has a variety of options to choose from when 

designing these types of actuators in order to obtain a tailored and desired output. For 

example, the actuator presented in this work, which is designed to exhibit a biaxial 

positive stroke, can easily be changed into an actuator which delivers a biaxial negative 

stroke (i.e. overall global contraction) simply by inverting the positions of the SMA 

wire and bias component, i.e. placing the SMA wire in position CD and the bias 

mechanism in position AB. Furthermore, the force exerted by the bias mechanism can 

be tuned simply by changing its placement with respect to the SMA component. By 

changing the position (such as for example attaching it to the center of the rotating 

squares), one can alter the bias force it exerts in counteracting the SMA component 

and hence one can simply optimize the SMA-bias equilibrium point as a function of 

bias component positioning rather than by using a different material. 

The use of a biaxial actuator which is activated through the uniaxial deformation 

of a single component such as the one proposed in this work presents various 

advantages over traditional biaxial actuators powered by separate components for each 

direction. The most obvious advantage is the reduced risk of unequal actuation in the 

transverse and axial directions in case of a malfunction. Since the global actuation 

stroke is induced solely by a single SMA component and is kinematically governed by 

the metamaterial geometry, the ratio of axial to transverse actuation stroke is fixed by 

design and cannot physically change while the system is in place. This means that if 

actuation is blocked in a single direction, then by default it is also obstructed in the 

orthogonal direction, thus retaining the uniformity of bi-directional actuation. This, in 

turn, also reduces the need for constant recalibration of the actuator after use, as is the 

case for biaxial actuators which are driven by separate, independent components for 

each direction. This property makes metamaterial-based actuators particularly well-
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suited for potential future use as platforms for biaxial loading testing rigs as well as 

implementation in deployable structures requiring tailored biaxial actuation.  

Finally, it is important to emphasize that while in this work the main aim was to 

design a reversible actuator capable of producing an equal biaxial actuation stroke and, 

hence, the auxetic rotating square mechanism with a characteristic Poisson’s ratio of -

1 was chosen, a plethora of other rotating structures may be found within the literature, 

which may be used to design similar actuators with different advanced functionalities. 

For example, certain configurations of the rotating rectangle mechanism are known to 

have the capability of exhibiting giant negative/positive Poisson’s ratio and one may 

take advantage of this property to simply greatly amplify the actuation stroke of the 

standalone SMA component in a single direction. On the other hand, if one wishes, for 

instance, to design an actuator which exhibits an equal tri-axial deformation, rotating 

systems with trigonal in-plane symmetry such as rotating triangle structures may be 

used as a basis for such an actuator. All in all, the possibilities for designing and 

realizing SMA-metamaterial actuators with multi-axial actuation capabilities and 

geometrically-tailored outputs are nearly endless, and I believe that the results 

presented in this work will give rise to further studies on this interesting class of smart 

composite structures. 

2.6 SUMMARY AND IMPLICATIONS 

In this work, I have designed a new reversible SMA-based actuator with an equal 

biaxial actuation stroke based on an auxetic metamaterial structure. Through the use 

of the rotating square system, which is characterized by a Poisson’s ratio of -1, the 

axial unit-directional contraction of the SMA component upon activation is translated 

into a biaxial global expansion of the overall actuator. An experimental prototype of 

this actuator was manufactured and assembled and then tested under three different 

configurations over 10 activation/deactivation cycles. A theoretical model which may 

be used as a pre-design tool for the realization of SMA-metamaterial actuators with a 

tailored actuation stroke has also been developed and its predictions compared with 

the experimental results. This work highlights the potential of SMA-metamaterial 

actuators for implementation in systems requiring a multi-axial actuation output and I 

hope that the findings presented in this work will function as a blueprint for the design 

of other metamaterial-based SMA actuators with advanced functionalities. 
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Chapter 3: NiTi Stent for Biomedical 

Applications 

This chapter provides a comprehensive exploration of the development, design, 

and optimization of self-expanding (SX) NiTi stents, with a focus on their application 

in minimally invasive treatments for vascular diseases. It begins with an introduction 

(section 3.1) to atherosclerosis, the clinical motivation for stent development, and an 

overview of percutaneous vascular interventions (PVI) as a preferred treatment 

method. Section 3.13.1.1 reviews the historical evolution of stents, from early bare-

metal designs to advanced drug-eluting and biodegradable stents, highlighting key 

advancements and challenges. Section 3.1.2 classifies stents based on material 

properties and deployment methods, emphasizing the distinct roles of balloon-

expandable and self-expanding stents. Sections 3.1.3 through 3.1.5 delve into the 

material properties, geometrical designs, and figures of merit critical to optimizing 

stent performance. 

Finally, the chapter delves into the manufacturing techniques employed in the 

fabrication of NiTi stents, with a particular focus on braiding, laser cutting, and AM. 

Section 3.2 focuses on the optimization of braided stents to enhance their 

mechanical performance and adaptability to complex vessel geometries. This goal is 

achieved through FE simulations and optimization techniques, with detailed results 

from the Multi-Objective Particle Swarm Optimization (MOPSO) algorithm presented 

in subsection 3.2.5 derived from analytical modelling and validated through FE 

analysis (subsection 3.2.4). The results and discussion in subsection 3.2.6 provide a 

comprehensive analysis of the stent's improved performance metrics, highlighting key 

insights into the relationship between design parameters, and their influence on radial 

force, stiffness, and foreshortening under simulated physiological conditions.  

Section 3.3 explores the laser-cutting technique, with the Scitech-Solaris stent as 

a case study. The stent's design, featuring a hybrid open- and closed-cell structure, is 

detailed in subsection 3.3.3, with precise dimensions obtained through microscopic 

imaging and integrated into CAD models. subsection 3.3.4, introduces the superelastic 

NiTi material model, refined through experimental testing and FE simulations. The 
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discussion in subsection 3.3.5 highlights the capability of simulations to evaluate the 

impact of various geometrical design parameters, providing insights into optimizing 

the stent’s performance. 

Section 3.4 addresses the emerging field of AM, emphasizing its transformative 

potential for creating next-generation, patient-specific stents. The section provides an 

overview of AM’s advantages and challenges, including its ability to fabricate 

complex geometries and tailor stents to individual patient anatomies, moreover it 

focuses on laser-based powder bed fusion (LB-PBF) and its key process parameters. 

Challenges such as anisotropy and surface roughness are addressed in Subsection 3.4.2 

with solutions including chemical etching and heat treatments.  

Together, these sections present a comprehensive understanding of the 

manufacturing processes and design considerations necessary for advancing NiTi stent 

technology. 

3.1 INTRODUCTION 

Atherosclerosis is the hardening and narrowing of blood vessels caused by the 

accumulation of plaque or lipid deposits lining the vessels over time, causing vascular 

occlusion, and affecting the blood flow. Severe atherosclerosis could lead to diseases 

like coronary artery disease, cardiovascular disease, peripheral artery disease (PAD), 

and other cardiovascular pathologies. Historically, traditional surgical operations have 

been utilized to address severe cases of atherosclerosis. However, in recent years, 

percutaneous vascular intervention (PVI) has emerged as one of the most effective 

alternative treatments [72]. Unlike traditional open surgery, PVI is a minimally 

invasive treatment in which a catheter with a balloon or stent is inserted into a stenosed 

or occluded vessel to open it up and restore the cardiovascular circulation which has 

been clogged by atherosclerosis. Percutaneous transluminal angioplasty (PTA), 

venoplasty, and stenting are different types of PVI techniques. PTA involves inserting 

and inflating a balloon within the narrowed artery to compress the plaque away and 

widen the vessel lumen, while venoplasty extends this concept to the venous system, 

addressing stenoses/occlusions and restoring venous patency by using a similar 

balloon dilation technique in veins rather than arteries [73]. Stenting, on the other hand, 

involves placing a stent in the stenosed/occluded vessel permanently to provide 

structural support and prevent the vessel from recoiling and re-narrowing. A stent is a 
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tiny tubular structure, which is in most cases made of metal, to support and maintain 

the patency of narrow or blocked vessels. Compared to traditional open surgery 

methods, PVI stenting offers several clinical advantages. By eliminating the need for 

conventional open surgery, PVI stenting minimizes patient trauma, operation time, 

hospital stays and convalescence. Beyond its clinical implications, PVI stenting is 

advantageous on the economic side for both healthcare systems and patients, as it 

decreases the need for prolonged hospitalization, post-operative care, and 

rehabilitation expenses. Additionally, PVI stenting provides benefits on the social side 

by offering patients faster recovery times and lowering re-hospitalization chances, 

allowing them to return to their daily activities sooner. 

PAD presents a significant economic burden; the annual costs on hospitalization 

alone in the U.S. exceeding $21 billion [74]. As stated previously, stenting has emerged 

as a promising solution in endovascular peripheral applications due to their remarkable 

mechanical properties and potential clinical benefits. However, the success of stenting 

relies on a comprehensive understanding of key factors influencing stent performance.  

3.1.1 Evolution of stents 

The word "stent" was first used in the context of medical devices in the mid-20th 

century. It is named after a British dentist, Dr. Charles T. Stent, who contributed to the 

development of materials used in making early medical devices [75]. He designed and 

developed a stainless steel “coil spring graft” successfully placed in the femoral artery 

of a dog [76]. He also developed NiTi coil wire stents [77] that led future research on 

stenting [78]. In 1986 doctors U. Sigwart and J. Puel placed the first stainless steel 

stent into the stenosed lesion of a man, immediately following balloon angioplasty 

[79–81]. After this first intervention, the use of stents grew exponentially and there has 

been continuous improvement in the design and materials of the stents since then. 

Unfortunately, the first generation of bare metal stents (BMSs) showed in-stent 

restenosis (ISR) rates up to 20%, leading to necessary re-intervention [82]. ISR is a 

gradual re-narrowing of a stented vessel segment that can occur a few months after 

stent placement [83]. Adverse effects were not only caused by the stent itself, but also 

by its malapposition and, in general, by the deployment methods [82,84]. Nevertheless, 

research on nondegradable BMSs rapidly led to the development of better performing 

stents characterized by good processability, mechanical properties, and economical 

efficiency which are currently in use for various treatment of cardiovascular diseases 
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[84]. A decade later, the first drug-eluting stents (DESs) were used, improving clinical 

outcomes by minimizing ISR rates down to 4% [82]. DESs, like BMSs, have the base 

platform made of stainless steel, CoCr alloys, NiTi alloys, or other biocompatible 

alloys, but they also provide drug delivery (e.g. paclitaxel, everolimus) through coating 

technology (polymer-controlled or polymer-free). Localized drug delivery was an 

important improvement in the development of better-performing stents, resulting in a 

decrease in ISR rates, however, the problem of stent thrombosis (ST) [81] remained 

unsolved. Stent thrombosis is more common in perioperative peripheral arterial 

disease patients, especially those with chronic total occlusion lesions. Factors such as 

stent type, loss of collaterals, and edge restenosis contribute to stent thrombosis. 

Additionally, complex lesion characteristics, dual antiplatelet therapy duration, and 

stent fractures play a role in stent thrombosis [85]. Non-stented thrombosis rates 

affecting the femoro-polpliteal district vary with different angioplasty methods. 

Histopathological studies reveal collagen deposition, intramural calcification, and 

thrombotic material in chronic total occlusion lesions, which affect stent expansion. 

Short dual antiplatelet therapy duration may significantly contribute to stent 

thrombosis. Disease location, especially in superficial femoral artery stents, influences 

stent thrombosis risk [86,87]. Distal stent locations contribute to worse long-term 

outcomes due to contiguous popliteal and infrapopliteal disease [88,89]. 

Ideally, a stent, after being implanted and having performed its function for the 

expected timeframe, would disappear. Although this is utopian, considerable research 

has been carried out on the development of biodegradable/bioresorbable stents 

(BDSs/BRSs), both with a polymeric or metallic platform. The degradable polymers 

include polylactic acid (PLA), poly-L-lactic acid (PLLA), polycaprolactone (PCL), 

racemic polylactic acid (PDLLA) and many others. The degradable alloys include 

magnesium, zinc and iron alloys [80]. The use of BDSs would bring many clinical 

benefits, such as avoiding adverse events associated with the presence of the stent in 

the vessel, recovering the unimpeded vasomotion [90] of vessels (which was due to 

the presence of a “foreign body” like a stent), and the possibility for the patient to 

undergo MRI (magnetic resonance imaging) without concerns [91]. Unfortunately, 

initially developed BDSs had strut thicknesses much higher than their nondegradable 

counterparts to compensate for their weaker mechanical properties [82], especially due 

to the low elastic modulus of the biodegradable material. BDSs are still considered a 
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promising development, but their associated drawbacks mean that there is still need 

for further investigations before they can be widely utilized [81]. 

3.1.2 Classification of stents 

Stents can be classified based on different factors, such as the stent’s topology, 

material selection and deployment method. Here, I classified them based on the 

material properties and subsequent insertion/deployment method, which can be either 

self-expanding (SX) or balloon-expandable (BX). 

Balloon-expandable and self-expanding stents. In BX stents, the stent is 

mounted on a balloon-tipped catheter and deployed at the plaque site by means of a 

guidewire. When the stent is in place, the balloon is inflated, causing the stent to 

expand and apply radial pressure against the vessel walls. This breaks the plaque, 

which is often calcified, recovering the vessel patency, and providing structural 

support. After deployment, the balloon is deflated and removed, leaving the stent in 

place due to plasticization of the material Figure 20(a). Conversely, SX stents are 

designed to expand on their own once deployed due to their inherent material 

properties. These stents are crimped onto a delivery system inside a sheath and 

deployed in position. Upon release from the delivery system, the sheath is removed, 

and the stent expands until it reaches the vessel wall, exerting outward pressure to keep 

the vessel open. The expansion is due to the superelastic recovery of the NiTi alloy 

from which the stent is made, as elaborated upon in the next section. Like BX stents, 

SX stents are left in place permanently to provide long-term support, prevent vessel 

recoil, and maintain blood flow Figure 20(b). 

  

(a) (b) 

Figure 20. Two deployment methods of stents: (a) balloon-expandable stents, (b) self-expanding 

stents. 
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It must be noted that angioplasty or other vessel preparation techniques can be 

performed before inserting a SX stent [92] for several reasons, including preparing the 

lesion site by dilating the narrowed artery, facilitating stent positioning and 

deployment, debulking atherosclerotic plaque to create space for stent placement, and 

reducing the risk of complications. This preparatory step is particularly crucial in cases 

of calcified lesions or tortuous vessels to ease stent delivery and ensure optimal stent 

function. More often SX stents require post dilation balloon angioplasty to reach full 

expansion and proper arterial wall apposition. SX stents exhibit continued expansion 

over several days until they reach their maximum diameter, typically occurring within 

a few weeks following implantation [79] as opposed to BX stents, where the maximum 

diameter is achieved immediately upon implantation. 

During the manufacturing process, BX stents are produced in a crimped state 

and then expanded to the diameter of the vessel by inflating a balloon, resulting in the 

stent being plastically deformed. Therefore, BX stents must be able to withstand plastic 

deformation to maintain the required size after deployment [93,94]. On the other hand, 

SX stents are typically designed with a slightly larger diameter than the vessel in which 

they will be deployed, therefore, they must possess sufficient elasticity to be crimped 

into the smaller delivery system before expanding in the desired position [94]. The 

lower elastic modulus of SX stents, compared to BX stents, makes them more 

compliant and therefore easier to insert, thus reducing the risk of stent dislodgement 

and migration [93,95]. 

BX stents have limited radial compliance compared to SX stents, making them 

more susceptible to permanent deformation when exposed to external forces. This 

limitation affects their performance in arteries like the femoro-popliteal district ones, 

which experience significant deformation (torsion and bending) during daily activities. 

SX stents are better suited for dynamic arteries with large biomechanical deformation 

such as these [96]. SX stents can also better adapt to the artery’s shape and diameter, 

making the deployment easier and minimizing trauma during implantation [97]. BX 

stents show less recoil in comparison to their SX counterparts when placed in calcified 

lesions, hence they are still preferred for renal and coronary stenting [93]. 

All this indicates that SX and BX stents have important differences for clinical 

and mechanical purposes and their suitability for insertion is primarily determined by 
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the type of the vascular system in question. In this review, I will focus primarily on 

SX stents and their applications in venues and arterial vessels.   

3.1.3 Available materials for stents 

The selection of materials for stent fabrication is a critical aspect, which involves 

several key factors to ensure optimal performance and patient safety. The primary 

concern is the biocompatibility of the stent, ensuring that it does not induce any 

adverse reactions when deployed into the patient's body. Furthermore, the stent 

material must have radiopacity, allowing for easy detection under fluoroscopic 

imaging to ensure the stent is positioned accurately during deployment.  Moreover, it 

is crucial to select a stent material with excellent corrosion resistance to avoid 

corrosion, as this significantly impacts the long-term durability and performance of the 

stent [98]. 

In addition to the previously mentioned characteristics, stents require specific 

mechanical properties as a result of a balance between stiffness (required to sustain 

dilation and resisting elastic recoil of the vessel) and compliance (to accommodate 

bending during the deployment phase and during the body movement).Figure 21(a) 

shows a typical stress-strain curve illustrating the behavior of ceramics, metals, and 

polymers. Unlike ceramics, which have a low fracture toughness and lack plasticity, 

and polymers, which struggle to achieve sufficient strength and stiffness, metals are 

an excellent choice for manufacturing stents due to their natural balance of elasticity 

and rigidity compared to other materials [99]. Generally, the metals often used in stent 

manufacturing include 316L stainless steel (316L SS), cobalt-chromium (CoCr), NiTi, 

titanium (Ti), magnesium (Mg) alloys, pure iron (Fe), platinum-iridium (PtIr) alloy 

and tantalum (Ta) [84,94]. 

The characteristics of materials required for stents vary depending on the 

application. NiTi is one of the most effective materials for SX stents [98,100]. In fact, 

a SX stent must undergo large deformation and have quite low elastic modulus to 

maintain its compliance, allowing it to be crimped inside a sleeve for delivery and 

expanded after deployment [101,102]. On the contrary, BX stents must have high 

modulus of elasticity for minimum recoil and possess high strength and the ability to 

work also slightly beyond the elastic region [94,98], making the stainless steel an 

appropriate material for this kind of stents [98].  
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Figure 21(b) shows the static stress-strain curve of stainless steel and NiTi, 

where it can be seen that, thanks to its superelastic behavior, NiTi could reach large 

deformations (more than 8%) [103], and yet being capable of recovering its initial 

shape. It is worth noting that this work is intended to focus its attention on NiTi SX 

stents. 

 

  

(a) (b) 

Figure 21. (a) Qualitative stress-strain curves of metals, ceramics, and polymers, adapted from [99], 

(b) stress-strain curve of stainless steel and NiTi, adapted from [104]. 

 

NiTi satisfies the requirements for medical applications, due to its excellent 

biocompatibility, mechanical properties, and corrosion resistance. However, it is 

important to note that NiTi’s inherent radiopacity is lower than that of traditional 

stainless-steel stents, which can hinder clear visibility under imaging techniques such 

as fluoroscopic and X-ray imaging [105]. This visibility is essential for accurate stent 

placement and effective post-procedure monitoring. To address this limitation, 

radiopaque markers made of high-density materials (platinum, gold [106] and tantalum 

[107]) are inserted at key points of the stent and significantly enhance visibility during 

imaging. This approach offers practical solutions to enhance the stent's visibility 

without compromising its mechanical properties.  

For the case of SX stent design, it is possible to benefit from the SE of NiTi as 

the performance of a SX stent is dependent on the ability of the material to store elastic 

energy whilst it is constrained in the delivery system, making it an ideal choice for 

manufacturing this kind of stents [100]. Most of the NiTi stents can be crushed until 
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they are almost completely flat and yet return to their original shape without any 

permanent deformation. This feature is especially important in superficial vessels like 

the carotid artery that are vulnerable to external crushing [100]. 

The shape memory properties of the NiTi are not utilized in stenting applications, 

since the transition temperatures (which are dependent on the stoichiometric element 

ratio) ensure that the material never transitions to the twinned martensitic phase at 

body temperature. 

In most cases, after the insertion of SX stents, additional angioplasty procedures 

are also performed to help the stent better performance and efficiency [93,108] and 

this procedure increases the complexity of the force displacement path of a NiTi stent 

during deployment. For instance, based on the work of T.W. Duerig and M. Wholey 

[93], Figure 22 shows a schematic to clarify this point by showing normalized radial 

forces (N/mm) on the stent and on the vessel, with respect to their diameters (mm), in 

three phases of stent deployment. The dashed blue line depicts the initial crimping of 

the stent, from a completely uncrimped stent (maximum diameter, no radial force on 

it (point a in the Figure 22), to a crimped state (minimum diameter, maximum radial 

force on it, point b in the Figure 22). Upon release from the sheath, the stent expands 

until it encounters the inner wall of the vessel at point c. From this point the force on 

the vessel increases until the stent and the vessel find an equilibrium diameter and 

stress (point d in the Figure 22). Further expansion is then achieved through balloon 

angioplasty, extending the stent to point e, which in turn causes the vessel to expand 

to the same diameter (point e'). Following balloon deflation, compressive force from 

the vessel is exerted on the stent, causing it to recoil to the diameter at point f. This 

marks the final equilibrium in stress and diameter between the stent and the vessel. It 

should be noted that the stiffness during the loading of the stent, kl (initial crimping 

phase and last recoiling phase after angioplasty) is larger than the stiffness during the 

unloading, ku, of the stent, according to the hysteresis cycle due to the superelastic 

nature of the material. 

 



 

46  

 

Figure 22. Schematic (adapted from [93]) of radial force exerted by a NiTi SX stent when deployed in 

a vessel with subsequent angioplasty as a function of the diametral dimension (left) and schematic 

stress-strain curve of superelastic NiTi (right). 

Path Force-displacement diagram Stress-strain diagram 

a →b 
Minimum stent diameter, max force reached with kl 

stiffness 

First loading phase, max 

stress and strain  

b → c 
Stent deployment, force decrease with ku stiffness, 

onset of vessel impingement  

Unloading following lower 

stiffness branch 

 

c →d 
Stent and vessel reach a first equilibrium point in d 

(before balloon angioplasty) 

d → e / e' 
Balloon inflation, vessel expansion to point e', stent 

expansion to point e 

e / e' → f 
Balloon deflation, vessel and stent reach last 

equilibrium point 

Second loading phase due to 

vessel elastic spring back 

 

 

3.1.4 Figures of merits of SX stents 

This section investigates some of the main figures of merit associated with SX 

NiTi stents, highlighting key mechanical characteristics and performance indicators 

essential for evaluating their effectiveness in clinical settings [109]. Each property 

plays a crucial role in determining the functionality and durability of stents within the 

dynamic environment of the human body. Understanding these figures of merit is 
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essential for both stent designers and healthcare professionals to ensure optimal patient 

outcomes and minimize complications associated with stent implantation. These 

figures of merit are intended to help the designer to fully exploit the potential of AM 

technology in designing the new generation of stent and, to this end, the list focuses 

on the mechanical behavior of the stents rather than the clinic aspects, which can be 

evaluated only with proper trials. The figures of merit identified here are a comparison 

tool for various stent designs. In this work I decided to adopt an approach based on 

general definitions, without having a reference stent as a benchmark, due to great 

variability in the design of commercially available stents. 

Foreshortening 

Once the stent is expanded radially, it becomes shorter in the axial direction 

because of Poisson’s effect, as shown in Figure 23. The term used to describe this 

phenomenon is called foreshortening and can be calculated through the Equation 27 

where 𝐿0 represents the initial stent’s length before deployment in the vessel, while 𝐿𝐷 

represents the final length of the stent after it has been inserted in the blood vessel.  

A stent with an excessive axial reduction is very difficult to precisely position at the 

atherosclerotic plaque site. This difficulty can lead to incomplete coverage of the 

plaque, causing damage to the thin endothelial layer and reducing the treatment's 

efficacy [80,110]. 

The axial misalignment, that in the most severe cases could also lead to the 

migration of the stent inside the vessel, is related both to the deployment procedure 

and to the foreshortening and it must be considered as one of the potential clinical 

problems which undermines the stent efficacy in restoring the vessel patency [111]. 

To enhance the performance of the stent, and have better clinical outcomes, 

foreshortening should be minimized [79,80], with the ideal target being zero. 

 

𝐹𝑜𝑟𝑒𝑠ℎ𝑜𝑟𝑡𝑒𝑛𝑖𝑛𝑔 =
𝐿0 − 𝐿𝐷
𝐿0

 Equation 27 
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Figure 23. Schematic of the foreshortening effect before and after the SX stent deployment, adapted 

from [102].  

 

Radial Elastic recoiling 

After releasing the stent from the catheter, it fully expands until it touches the 

vessel wall. Therefore, the pressure exerted by the vessel wall opposes the expansion 

of the stent, resulting in a reduction of the stent’s diameter upon opening, as depicted 

in Figure 24. The radial elastic recoil [112,113], quantifies this new equilibrium 

condition, which could also occur gradually after an extended period of time due to 

the viscoelastic behavior of the vessel. Radial elastic recoil is influenced by different 

factors, including the design and material composition of the stent and its formula, in 

accordance to technical literature, is reported in Equation 28, 𝑅0 is the radial diameter 

of the stent when it reaches full expansion immediately after deployment, and 𝑅𝑓 

represents the final diameter of the stent in the last equilibrium position. The elastic 

recoil is strictly linked to radial stiffness. After deployment, if the stent shows high 

elastic recoil, it may lack the ability to adequately support blood vessels and maintain 

patency.  Target value tends to be zero or the lowest possible. 

 

𝑅𝑟𝑒𝑐𝑜𝑖𝑙 =
𝑅0 − 𝑅𝑓

𝑅0
 Equation 28 
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Figure 24. Schematic representation of stent recoil, stent after deployment and full expansion (a) and 

stent after recoiling (b) due to vessel elastic springback. 

 

Dogboning 

During vascular expansion, the stent undergoes non-uniform expansion which 

could cause vascular wall problems. This uneven deformation typically leads to the 

two ends of the stent being more open than the center, giving it a shape resembling a 

“dog bone” as shown in Figure 25. This phenomenon happens since the proximal and 

the distal parts of the stent are less stiff than the central part of it. This occurs since the 

central part of the stent is supported by both sides, providing stability and rigidity, 

however, the two ends of the stent are only attached from one side, making them less 

supported and more prone to widening. Dogboning (𝐷𝑏) can be calculated through 

Equation 29 where 𝐷𝑑𝑖𝑠𝑡𝑎𝑙  is the maximum diameter of the stent at both distal or 

proximal part of it, while  𝐷𝑐𝑒𝑛𝑡𝑟𝑎𝑙 corresponds to the minimum diameter at the middle 

of the stent [114]. Uneven deformation at the distal ends results in substantial plastic 

deformation in those areas, leading to potential stent fracture and causing damage to 

the vessel at the stent edges, which in turn, contributes to restenosis [110]. Minimizing 

dogboning is essential to ensure uniform expansion across the entire stent. Target value 

is zero or negative. 

 

𝐷𝑏 =
𝐷𝑑𝑖𝑠𝑡𝑎𝑙 − 𝐷𝑐𝑒𝑛𝑡𝑟𝑎𝑙

𝐷𝑑𝑖𝑠𝑡𝑎𝑙
 Equation 29 

 



 

50  

 

Figure 25. Stent dog-boning mechanics schematic, adapted from [115]. (a) Crimped stent inside the 

vessel, and (b) expansion of the stent with an out of scale, which causes the artery to overstretch. 

 

Stiffness 

Stents are designed specifically with the aim of upholding the patency of lumens 

(blood vessels, bile ducts, urethra) and they experience a combination of mechanical 

actions that twist, compress, elongate and bend them [116]. Femoro-popliteal district 

stents are mechanically the most stressed class of stents because femoro-popliteal 

district arteries (FPAs) twist and bend with almost any activity undertaken by the 

patient, including basic functions such as walking and sitting [117]. Due to the 

complexity and variety in design geometries of stents, SX NiTi stents of the same 

diameter and length can show very different stiffnesses, as evidenced by a number of 

studies which performed in-vitro (benchtop) tests to obtain the stiffnesses of various 

stent designs [117–119]. 

Figure 26 depicts the main forces and moments acting on the stent after its 

deployment in the blood vessel, namely the axial force 𝑁, the bending moment 𝑀, the 

torque 𝑇 and the radial pressure ∆𝑝. Therefore, four different stiffnesses (and 

consequently four compliances) can be envisioned: axial, bending, torsional and radial 

stiffness. 
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Figure 26. Forces and moments acting on the stent. 

 

Axial stiffness. Axial stiffness, 𝑘𝑁 and its inverse, axial compliance, 𝑐𝑁, is 

defined according to Equation 30 where 𝑁 is the axial force acting on the stent, ∆𝑙 is 

the elongation (when positive) or shortening (when negative) of the stent in the axial 

direction, 𝐸 is the Young modulus of the material (NiTi in the austenitic phase in this 

case), 𝐴 is the equivalent cross-section of the stent and 𝑙 is the length of the stent after 

its deployment in the blood vessel [120]. The experimental test rig is reported in Figure 

27 with tensile (Figure 27(a)), and compressive( Figure 27(b)) loading position.  

 

𝑘𝑁 =
𝑁

Δ𝑙
=
EA

l
=

1

cN
 Equation 30 

 

Bending stiffness. To assess stent bending stiffness, a common method used is 

the three-point bending test [121], in which the stent is bent under controlled 

conditions to evaluate its ability to flex without permanent deformation, usually under 

a three-point bending condition as showed in Figure 27(c-d). Bending stiffness, 𝑘𝑀, 

and its inverse, bending compliance, 𝑐𝑀, is defined according to Equation 31 where 𝑀 

is the bending moment acting on the stent, 𝜑 is the bending angle of the stent, 𝐸 is the 

Young modulus of the material (NiTi in the austenitic phase for this case), 𝐽𝑛 is the 

second moment of the cross-sectional area of the stent around the x-axis, 𝑙 is the length 

of the stent after its deployment in the blood vessel [120,122]. 

 

𝑘𝑀 =
𝑀

φ
=
EJn
l
=

1

cM
 Equation 31 

 

Torsional stiffness. Torsional stiffness is an important factor mostly for stents 

designed for FPA stenoses [74]. Torsional in-vitro tests can be performed restricting 

axial deformations and executing tests with different angles or angular displacement 
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rotations in both clockwise and counterclockwise directions with a chosen speed [118], 

as shown in Figure 27(e-f). Bending stiffness, 𝑘𝑇 and its inverse, torsional compliance, 

𝑐𝑇 are defined according to Equation 32 where 𝑇 is the torque acting on the stent along 

the z-axis (namely the stent axis, which I assume is the same as the vessel axis), 𝜃 is 

the torsion angle, 𝐺 is the shear modulus of the material (NiTi in the austenitic phase), 

𝐽𝑂 is polar moment of inertia of the stent, 𝑙 is the length of the stent after its deployment 

in the blood vessel [120]. 

 

kT =
T

θ
=
GJO
l
=

1

cT
 Equation 32 

 

 

Tensile/Compressive test Bending test Torsional test 

  
 

(a) (c) (e) 

  

 

(b) (d) (f) 

Figure 27. Stent testing according to [118]. Axial test: (a) tensile load and (b) compressive load. 

Bending test: (c) neutral position and (d) load pin displacement applied to the middle of the span. 

Torsional test: (e) neutral position and (f) 90°/cm torsion. 

 

Radial stiffness. Radial stiffness defines how the stent responds to changes in 

diameter with respect to external pressures. It is a measure of the ability of the stent to 

provide radial structural support against recoil within a blood vessel [98] and it is 

quantified by the variation of pressure over the diametral hoop strain as expressed in 

Equation 33. In accordance with [123–125], ∆𝑝 is the pressure the vessel exerts on the 

stent, 𝜀ℎ𝑜𝑜𝑝 is the hoop strain, 𝑑 is the initial diameter of the stent, ∆𝑑 is the diameter 

variation of the stent and 𝑐𝑟 is the radial compliance of the stent [126]. 
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kr =
Δp

εhoop
=
Δp ⋅ d

Δd
=
1

cr
 Equation 33 

 

Usually, radial stiffnesses are calculated as slopes of linear regression fits of 

loading curves obtained through experimental data [118]. The radial pressure and 

radial stiffness are strongly interdependent since this relationship relies not only on the 

absolute value of the pressure but also on the slope of the pressure-hoop strain curve. 

To demonstrate this, in Figure 28, a comparison between two distinct stent designs is 

illustrated; curve A and curve B represent the mechanical behaviors of these designs 

under different radial pressures but the same diametral hoop strains. Curve B exhibits 

higher radial pressure but a slight slope, while curve A has lower maximum pressure 

at a given strain with a steeper slope. Despite curve A's lower maximum pressure, its 

steeper slope signifies a greater increase in pressure per change in diameter, suggesting 

higher radial stiffness than curve B (𝑘𝑟,𝐴 > 𝑘𝑟,𝐵). This comparison highlights that 

while the value of radial pressure often aligns with radial stiffness, the slope of the 

pressure-diametral hoop strain relationship profoundly influences the stent's overall 

mechanical behavior and greater maximum radial pressure does not necessarily 

translate to greater radial stiffness in stents. This behavior depends both on geometry 

and on the material model, which follows a superelastic curve. 

While high radial stiffness is essential to prevent arterial collapse by enhancing 

the ability of the stent to restore blood flow and prevent it from recoiling [118,127], 

low radial stiffness is important for minimizing stress on vessel walls and reducing the 

risk of inflammation and restenosis. Therefore, achieving an optimal trade-off between 

high and low values of radial stiffness is key in stent design to ensure both structural 

support and vessel wall health. 
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Figure 28. Comparison of radial pressure-hoop strain, curve A with low pressure and high stiffness 

and curve B with low stiffness and high pressure. 

 

Oversizing 

A SX stent is often chosen with a diameter slightly larger than the vessel's 

diameter to serve its function effectively within a blood vessel and prevent migration 

[128]. The ratio between the initial stent diameter (Ds) and the vessel inner diameter 

(Dv) is called oversizing (OS), which can be calculated from Equation 34. Clinical 

observations and studies suggest that for SX NiTi stents, oversizing ratios in the range 

of 1.1 to 1.4 lead to improved lumen gain, reduced incomplete stent apposition, and 

Favorable long-term fatigue performance [128–131]. On the other hand, an increase 

in the oversizing ratio beyond this ideal range (𝑂𝑆 > 1.4) can result in high radial 

forces, potentially causing damage to the artery wall and compromising the stent's 

long-term efficacy including collapse. 

 

𝑂𝑆 =
𝐷𝑠
𝐷𝑣

 Equation 34 

 

Radial forces  

Radial forces, whether exerted on the stent or by the stent onto the vessel wall, 

are critical to the design and function of stents, making it essential to understand their 

significance for optimizing stent design and deployment strategies. In the following 

Hoop strain 

R
ad

ia
l p

re
ss

u
re



 

 55 

section, the significance of three main radial forces listed below and illustrated in 

Figure 29(a-c), is described:  

• Radial Resistive Force (RRF) 

• Chronic Outward Force (COF) 

• Crush Resistance (CR) 

RRF. As already mentioned, when a SX stent is designed, it's often 

manufactured in a larger size than vessel diameter to serve its function effectively 

within a blood vessel (point 1in Figure 29(d)). However, to deliver it to the target 

location within the vessel, it needs to be crimped to a smaller size to fit into a delivery 

catheter (point 2 in Figure 29(d)). The force required to achieve this compression is 

called the radial resistive force (RRF). RRF describes the force that is required to 

compress the stent radially during circumferential loading (crimping) to fit the 

catheter. To maintain the stent diameter and reduce the risk of restenosis, a stent must 

have enough RRF [86,87]. However, the precise amount of RRF needed in-vivo, is 

still debated [48] since it depends on the stent-wall interaction. 

COF. When the stent is removed from the catheter and inserted into the vessel, 

it expands, as shown by Figure 29(d) from point 2 until the expansion is stopped by 

the contact to the vessel wall (point 3 in Figure 29(d)). At this point the stent and the 

vessel reach a stress equilibrium, and the stent cannot expand anymore. Therefore, it 

continues to exert a continuous outward force onto the vessel wall known as chronic 

outward force (COF). The COF is the force that the stent exerts on the vessel wall 

when it undergoes expansion (during unloading) [132]. Although low COF on the 

vessel ensures vessel patency and prevents stent migration and restenosis [133], 

excessive COF has the potential to cause avoidable damage to the surrounding tissue 

[109,118]. 

Elastic hysteresis of NiTi allows for a continuous COF on the vessel wall which 

remains very low even when subjected to significant deformations. In contrast, the 

stent's ability to resist compression, which is represented by RRF, increases rapidly as 

the stent deforms until it reaches a plateau stress level (as shown in Figure 29(d), from 

point 3 to point 4). This dynamic interplay between COF and RRF showcases NiTi's 

capability to provide effective support while minimizing the risk of vessel damage, 

making it a valuable material for stent design and deployment. Generally, stent 
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designers attempt for the maximum achievable RRF while keeping the COF to a 

minimum [100]. Both characteristics of RRF and COF were analyzed using the radial 

force-tester method [121]. 

CR. The last parameter has a simpler definition: Crush-resistance (CR) is the 

force required to compress the stent in one radial direction [133] as shown in Figure 

29(c). To measure CR, the stent is compressed between parallel plates from its 

expanded state up to a 50% diameter reduction [134]. The main issue related to CR is 

that insufficient CR raises the risk of restenosis [135]. 

 

 

 

Figure 29. Schematic illustration, adapted from [9], of the compression mechanism during the testing 

of (a) RRF, (b) COF, (c) CR force, and (d) RRF and COF as a function of the superelastic hysteresis 

loop, adapted from [136]. 

 

The experimental setup required to estimate the radial force is not trivial. A 

couple of examples are reported in Figure 30, where a special machine is exploited in 

Figure 30(a) or a test rig with rollers and a thin aluminum sheet is used to apply a 

quasi-uniform compressive pressure on the stent Figure 30(b). 
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Figure 30. Radial force measurement of a stent: (a) radial RX-650 with several blades to radially 

compress the stent uniformly [133], (b) a stent wrapped in a sheet in a circular configuration attached 

to tensile machine grippers radially compressing the stent [123]. 

 

Fatigue life of the stents 

Once implanted, stents are subjected to continuous loadings due to pulsatile 

cardiac pressure within the bloodstream. Furthermore, depending on the region in 

which they are implanted, they can be subjected to bending, compression, and torsion. 

For example, several in-vivo tests on cadavers showed that during hip flexion and knee 

bending, the superficial femoral artery (SFA) and the popliteal arteries are subjected 

to axial compression and bending [137,138]. Most of the bending occurs behind the 

knee, but some bending also occurs on the straight tract of the SFA. Over time, the 

continuous pulsatile and mechanical stresses can induce fractures in stents. In regions 

such as the FPA bending occurs in the order of magnitude of 106 cycles per year [96]. 

According to 1995 FDA guidelines [92,98] when implanted in SFAs, stents would 

need to be certified for at least 400 million cycles without a single fracture. Fatigue of 

stents, being a very complex subject, is still an open problem for NiTi, although several 

works exist on assessing the fatigue behavior of stents [92,96,139] through finite 

element analysis (FEA) in order to predict their in-vivo fatigue resistance. 

Although changing the design of the stent can affect its fatigue life, most studies 

are devoted to improving the fatigue life of the base material [92]. For metals such as 

steel or linear elastic materials in general, a stress-based approach [82] such as Wohler 

curves is used, but for NiTi and superelastic materials in general, a strain-based 

approach is preferred in order to consider the superelastic behavior of the material. 
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Therefore, a possible factor of safety (FOS) definition for a NiTi stent is shown in 

Equation 35, where 𝜀 is the critical strain amplitude of the material and 𝜀𝑎 is the strain 

amplitude withstood by the stent during its life. [92,140]. The critical strain amplitude 

experimentally measured for NiTi is around 0.4-0.55% [92,141] for mean strains 

below 3%, which is a compatible range for stent devices. Fatigue is also strongly 

dependent on the surface finish of stents which explains the very precise and careful 

polishing and etching of the stent which reduces the roughness of metal and improves 

the fatigue performance. 

 

𝐹𝑂𝑆 =
𝜀

𝜀𝑎
 Equation 35 

 

Wall shear stress 

This last figure of merit is the only one related to the hemodynamic and not to 

the mechanical properties of the device, which is very important since it affects the 

stent performance. Generally, a vessel wall is subjected to two main forces. First, the 

blood within the vessel exerts pressure outward onto the wall of the vessel known as 

blood pressure, leading to circumferential stress. Secondly, as blood flows through the 

vessel, it creates a frictional force along the inner surface of the vessel. This frictional 

force, generated by the blood flowing in the vessel wall in tangential direction, is called 

wall shear stress (WSS) [142,143]. The shear stress levels vary within different 

segments of the circulatory system. In the venous system, shear stress typically ranges 

from 0.1 to 0.6 Pa, whereas in the arterial vascular network, it generally varies from 1 

to 7 Pa [144]. In context of stent implantation, the insertion of the stent in a blood 

vessel can lead to additional stress on the vessel wall [143]. This additional stress leads 

to changes in the normal blood flow and local shear distribution which in turn causes 

implications for the overall hemodynamic performance of the vessel and may 

influence factors such as neointimal proliferation and restenosis.  

When a stent is deployed, it alters the natural geometry of the artery, leading to 

changes in blood flow patterns. Specifically, the increased curvature at the stent's edges 

can result in regions where blood flow becomes turbulent or oscillatory [145]. 

Furthermore, the increase in diameter of the stent after deployment may reduce blood 

velocity, potentially exacerbating adverse hemodynamic conditions that contribute to 
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restenosis [146]. Research has shown that the design parameters of the stent, 

particularly the number and dimensions of struts, surface topology and the stent-to-

artery deployment diameter significantly influence WSS and clinical outcomes such 

as neointimal hyperplasia and restenosis [147–149]. For instance, a higher stent-to-

artery deployment ratio can increase exposure to WSS compared to a lower ratio [147].  

Moreover, increasing the height and number of struts can generate disturbed WSS 

zones, while reducing strut thickness can decrease areas subjected to WSS [147]. 

Thinner struts generally lead to improved re-endothelialization. Research indicates 

that thicker struts create more disturbed flow patterns and higher shear stress levels, 

which can delay endothelial healing and increase the risk of thrombosis and restenosis 

[150,151]. For instance, a study [145] highlighted that thicker bioresorbable stents 

resulted in delayed re-endothelialization compared to thinner drug-eluting stents. 

Hemodynamic performance of stents is often evaluated by a WSS index, 

quantifying the impact of in-stent restenosis [112,152]. This index is calculated 

through Equation 10, where 𝑛 is the normal vector to the vessel surface and 𝜏𝑖𝑗⃗⃗ ⃗⃗ 
⃗⃗⃗⃗  is the 

fluid viscous stress tensor [153]. An ideal stent design should aim to achieve superior 

biological hemodynamic performance with minimal changes to laminar blood flow 

properties and WSS distributions.  

 

𝜏𝑤 = 𝑛 ∙ 𝜏𝑖𝑗⃗⃗ ⃗⃗  
⃗⃗ ⃗⃗   Equation 36 

 

General discussion on the figures of merit 

The effectiveness of SX NiTi stents is dependent on several key mechanical 

properties and performance metrics, as discussed in this section. These figures of merit 

are crucial for evaluating stent functionality and durability within the vessels. To 

facilitate stent design and optimization, it is essential to establish desired optimal 

values (or ranges) for each of these properties to serve as benchmarks for stent 

designers and manufacturers, guiding them towards achieving optimal performance 

while minimizing potential complications associated with stent implantation. Table 4 

provides a summary of the desired values of each parameter, offering valuable insights 

for enhancing the efficacy and reliability of SX NiTi stents in clinical settings.  Based 

on Table 4, an ideal stent should exhibit zero foreshortening, dogboning, and elastic 
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recoil, although achieving this is challenging, particularly concerning dogboning and 

recoiling parameters.  Yet, advancements in stent design offer promising strategies to 

mitigate these issues. In minimizing foreshortening, research has shown promising 

results, for instance P.K.M. Prithipaul et al. achieved zero foreshortening with some 

hybrid auxetic cell design in their study [112]. Addressing dogboning, a balance in the 

radial stiffness of the middle and end parts of the stents should be adjusted, which can 

be done either by increasing the thickness of the struts on the ends of the stents 

[154,155] or by adding closed-cell segments to those parts of the stent to make them 

stiffer. To prevent recoiling, the higher the radial stiffness of the stent, the more 

resistant it can be to the pressures from the vessel wall and the less recoiling. Therefore, 

increasing radial stiffness can effectively prevent stent recoil. On the other hand, 

excessive radial stiffness can reduce stent compliance and apply high radial pressure 

to the vessel wall, resulting in damage to the vessel and therefore causing ISR. 

Therefore, based on the amount of pressure and the radial force that the vessel can 

withstand, which strongly depends on the vessel positions, it is possible to increase the 

stiffness of the stent to a certain extent. Similarly, the RRF range should be carefully 

selected to push away the plaques and keep the vessel open effectively without causing 

vessel damage. Oversizing can have a significant effect on the amount of RRF. Higher 

oversizing leads to higher RRF. Typical endovascular procedures suggest to apply the 

slightly larger stent available, but applying a 10 mm stent on a 9 mm vessel causes an 

RRF and a COF lower than 10% compared applying a 6 mm stent on a 5 mm vessel, 

according to Equation 34. Since commercial stents are commonly shelf devices with 

predefined dimensions it is hard to prescribe an optimal solution. In addition, an ideal 

stent should maintain normal blood flow. In other words, it should not increase further 

WSS on the vessel wall. Despite the inevitable changes in WSS caused by stent 

implantation, the design of the stent can be optimized to reduce its impact on WSS. By 

designing the stent with smooth edges and ensuring that struts are aligned as parallel 

as possible to the vessel direction, the likelihood of disturbing blood flow and 

increasing WSS is reduced [149]. In conclusion, optimizing the mechanical properties 

and performance metrics outlined in Table 4 is essential for enhancing the efficacy and 

reliability of SX NiTi stents. 
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Table 4. Desired values for SX NiTi stents. 

Figures of merit (unit) Desired value References 

Foreshortening (%) Minimum the best [79,80] 

Radial elastic recoil (%) Minimum the best [112] 

Dogboning (%) Minimum the best [110] 

Radial stiffness (𝑀𝑃𝑎)  Nominal the best [118,127] 

Axial stiffness (𝑁/𝑚𝑚) Minimum the best  [118] 

Bending stiffness (𝑁 ∙ 𝑚𝑚/𝑟𝑎𝑑) Minimum the best [80,118] 

Torsional stiffness (𝑁 ∙ 𝑚𝑚/𝑟𝑎𝑑)  Minimum the best [118] 

Oversizing (%) 10% < 𝑂𝑆 < 40% [128–131] 

RRF (𝑁) Nominal the best [118] 

COF (𝑁) Minimum the best [100,118] 

CR (𝑁) Maximum the best [135] 

Fatigue life (number of cycles) Maximum the best [92,124,156] 

Wall shear stress (𝑃𝑎) Minimum the best [143,146,157] 

 

To summarize, thirteen figures of merit for describing SX NiTi endovascular 

stents were analyzed, qualitatively and, where possible, quantitatively. Specific 

quantitative ranges for each figure of merit were not provided, given the wide variety 

of regions in which endovascular stents can be deployed. Each of these districts 

requires the optimization of some specific characteristics of the stent (for example, a 

stent for the FPA requires greater bending compliance than a stent for the SFA). Only 

oversizing is given a more precise range of values, since a general trend of applicability 

was found in the stent applications guidelines [131]. 

3.1.5 Classification of stents based on geometry  

From the point of view of the shape, stents are grouped into coil, slotted tube, 

and modular designs [158]. Coil stents are constructed using wires that are shaped and 

arranged into a circular coil configuration to form the stent scaffold. In the case of 

slotted tube stents, a metal tube acts as the stent's basis material, and a specific design 

or pattern is generated using laser cutting [102,104]. The modular stent's construction 

involves interconnected individual modules, allowing for a more customizable and 

adaptable structure. This last design is intended to overcome specific challenges 

present in traditional stent designs. For instance, it addresses the poor radial force and 

higher restenosis rates associated with coil stents, as well as the drawbacks of slotted 

tube stents, which may have low bending compliance and deliverability. The modular 

design provides a balance between the bending compliance of coils and the radial 
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strength of slotted-tube designs [81]. In Figure 31 a schematic classification of stents 

alongside images illustrating representative examples of each stent type are presented. 

 

 

(a) 

   
 

(b) (c) (d) (e) 

Figure 31. (a) Schematic classification of stents based on the geometry, (b) NiTi coil wire stent by 

Dotter et al. [77], (c) Strecker stent made of knitted tantalum wire [159], (d) slotted tube structure 

of Palmaz-Schatz stent [122], (e) a modular ring with closed-cell design [160]. 

 

Modular ring stents are classified into three groups: closed-cell, open-cell, and 

hybrid-cell. Closed-cell designs (Figure 32(a)) are characterized by interconnected 

stent strut with smaller free cell area, while the open-cell designs (shown in Figure 

32(b)) have larger free cell area with fewer interconnections [158,161]. Additionally, 

there are also hybrid-cell configurations that combine these first two groups to gain 

the benefits of both designs [162], mostly with the same design at proximal and distal 

segments and a central different cell design (Figure 32(c-d)). Hybrid stents, such as 

Scitech-Solaris, have an open-cell design in the central part, for improving the bending 

compliance of the stent, and a closed-cell design at the two ends to adjust the stiffness 

in the distal parts (as depicted in Figure 32(c)). Other hybrid stents such as Cristallo 

Stent 
classification

Coil or twining wire

Slotted tube

Modular ring

Open-cell

Closed-cell

Hybrid-cell Bridged

Scaffolded
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Ideale, a Medtronic carotid stent [163], combine open-cell design at the proximal and 

distal sections (as shown inFigure 32(d)) enhancing conformability, flexibility and 

reducing radial force in the healthy vessel segments. The closed-cell design in the 

central part secures the appropriately high scaffolding at the lesion site preventing 

plaque prolapse. 

More gaps between the cells in an open-cell design makes it more compliant 

compared to a closed-cell design, which is particularly advantageous for complex 

arteries with angular or twisted anatomies [159]. On the other hand, as the closed-cell 

design has more interconnections, it is stiffer, offering better plaque coverage and 

structural support [162,164]. However, this increased stiffness comes with potential 

drawbacks such as higher risk of restenosis post-stenting. Another difference regarding 

hemodynamics properties is that a closed-cell stent allows for a higher blood flow 

velocity through the stented region compared to an open-cell stent structure [165]. A 

summary of the differences between open-cell and closed-cell stent designs is provided 

in Table 5. 

The last geometrical considerations regard the scaffolded or bridged structures. 

The former are characterized by the direct connection and arrangement of 

representative unit cells (RUC) as in Figure 33(a). On the other hand, bridged 

structures, as depicted in Figure 33b are composed of bridge/connector and rings. In 

this design, rings play a pivotal role in radially expanding and providing support to the 

blood vessel, while bridges/connectors connect the rings axially, contributing to the 

stent's axial stiffness [166]. Each ring is typically composed of circumferential struts 

as shown in Figure 33(c).  
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(a) (b) (c) (d) 

Figure 32. Modular stent arrangements, adapted from [167], with corresponding available stents: 

(a) closed-cell, Optimed Sinus-XL [168], (b) open-cell, Biotronik Pulsar [163,169], and (c-d) 

hybrid-cell configurations, Scitech Solaris, Medtronic Cristallo Ideale [163]. 

 

Table 5. Comparison of parameters between open-cell and closed-cell stent designs. 

 Open-cell stents Closed-cell stents 

Compliance ↑ ↓ 
Radial stiffness ↓ ↑ 
Applicability for complex vessel ↑ ↓ 
Plaque coverage ↓ ↑ 
Higher risk of restenosis ↓ ↑ 
Velocity of blood flow after stenting ↓ ↑ 

 

Understanding the impact of strut and bridge topology on stent performance is 

one of the crucial factors for stent design. Researchers commonly concentrate on 

optimizing stent performance by investigating factors such as the shape, arrangement, 

and number of bridges, along with the width, thickness, and length of the struts, so 

providing insight on this factor is helpful, hence the compact form shown in Table 6. 

a
) 

C
lo

s
e

d
-c

e
ll

b
) 

O
p

e
n

-c
e

ll

c
) 

H
y

b
ri

d
-c

e
ll

c
) 

H
y

b
ri

d
-c

e
ll

O
p

e
n

O
p

e
n

C
lo

s
e

d



 

 65 

Generally, a decrease in the number of bridges/connectors between struts tends to 

enhance the bending compliance of the stent [170]. Moreover, according to some 

clinical studies, stents with the higher thickness of the strut are associated with the 

higher risk of restenosis in the vessel [171–173]. Additionally, aligning the struts 

parallel to the blood flow helps in maintaining a more uniform distribution of WSS 

within the vessel [149]. While different strut dimensions may imply different impacts 

on the stent’s performance such as stiffness, radial forces, etc., they do not affect the 

foreshortening, as the foreshortening is dependent on the cell geometry and affected 

by the angle between the stent’s strut and the axial direction of the stent [174].  

 

  
(a) (b) 

 

(c) 

Figure 33. Two types of modular stents: (a) scaffolded structure [175], (b) bridged structure [176]. 

(c) Cross-sectional view of a segment of the stent illustrating strut dimensions. 
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Table 6. The effects of strut dimensions on the figure of merits of stents. 

 
Strut dimensions 

References Note 
↑ Width ↑ Thickness ↑ Length 

Foreshortening - ↓ - [174] 
Depending on the cell 

geometry: considering same 

displacement in radial direction 

Recoiling ↓ ↓ ↑ [154] 
Stiffer stents cause lower 

recoiling 

Dogboning ↓ ↓ - [154,155] 
Increasing width and thickness 

of the strut selectively at both 

stent ends reduces dogboning 

Radial stiffness ↑ ↑ ↑ [177]  

Axial, torsional, 

and bending 

stiffness 
↑ ↑ ↓ [170,178]  

Oversizing - - - [128] 
Depends on the stent/vessel 

diameter 

RRF, COF, CR ↑ ↑ ↓ [113,178]  

Fatigue life 

(isostress) 
↑ ↑ ↓ [177] Mechanical tests at same load 

Fatigue life 

(isostrain) 
↓ ↓ ↑ [178] 

Mechanical tests at same 

displacement 

Wall shear 

stress 
↑ ↑ - [147] 

Larger struts cause more flow 
turbulence 

 

3.1.6 Stent manufacturing technique 

Stents are not of simple manufacture; their strut thickness is of the order of 

magnitude of hundreds of microns; therefore, they need careful manufacturing and 

strict tolerances. Moreover, being medical devices, they need to be compliant with 

strict guidelines and rules, for example in Europe they need to have the CE 

(Conformité Européenne) mark and in the United States the FDA (Food and Drug 

Administration) approval is required.  

The manufacturing techniques for stents can generally be categorized into three 

primary methods: braiding technique, microinjection molding, laser cutting, and 

recently AM [81]. Generally, stents are not immediately usable after the manufacturing 

process because their surface quality must be improved to increase the stent’s fatigue 

life, to grant its biocompatibility, and to diminish abrasion problems that could cause 

vessel injuries; therefore, stents usually undergo a series of post-processing steps after 

fabrication. 

Each manufacturing method offers distinct advantages and challenges, 

depending on the specific design requirements and applications of the stent. In the 

following sections, each of these techniques will be examined in detail. A 
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representative stent design manufactured using each method will be analyzed, 

highlighting the manufacturing process, mechanical performance, and suitability for 

specific biomedical applications. 

3.2 SELF-EXPANDING NITI STENTS: DESIGN AND PERFORMANCE 

BASED ON SUPERELASTIC BEHAVIOR 

3.2.1 Braiding technique 

Figure 34 shows an image extracted from a patent for the braiding technique of 

stents [179]. The braiding technique consists of winding wires (for example six 

interwoven NiTi wires in the case of Abbott Supera [180]) around the carrier, and then 

the wires are woven along the axis of rotation of the stent in order to build it [79,81].  

 

Figure 34. Braiding technique [179]. 

 

Braided stents have a simple shape, consist of a series of interwoven wires that 

can expand and contract like a spring which can be categorized into two types: open-

ends and looped-ends. The term "open ends" refers to the design where the ends of the 

wires are left exposed. In contrast, looped-ends braided stents have their wire ends 

looped back and secure. 

 Braided SX stents offer several advantages in the treatment of vascular disease 

including very high torsional stiffness, and adaptability to complex vessel shapes, 

allowing them to reduce the risk of injury or complications. Their kink resistance helps 

to prevent collapse or damage during deployment, and their flexible design causes less 

damage to the vessel wall, reducing the risk of restenosis or thrombosis [181–187]. 

They do not buckle even under high axial compression [118]. 
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Braided stents also have some limitations that need to be addressed. One critical 

issue is the friction between the interwoven wires in these stents, which can affect their 

mechanical performance. The slippage and sliding between the braided wires, driven 

by friction, results in a large alteration in the braided angle during deformation. This 

friction-induced, wire-on-wire displacement can degrade some stent properties such 

as conformability, foreshortening, and radial stiffness [188]. Interwoven friction also 

has been reported to have an influence on the CR of stents, while the radial force is 

only slightly affected. One of the main drawbacks of braided stents is their lower radial 

stiffness when compared to laser-cut or welded stents [189,190]. This limitation can 

impact on the stent's ability to effectively scaffold and keep the vessel open long-term, 

increasing the risk of recoiling and therefore restenosis. In addition, braided stents 

often exhibit substantial foreshortening compared to other designs [191,192], which 

may result in insufficient covering of the target lesion and may also result in partial 

wall contact [193].  

In addition to the importance of the materials used to manufacture stents, 

evaluating the structure and geometry of stents is also crucial. A mathematical model 

of an open-ends self-expanding braided stent was proposed by [194] to describe both 

mechanical and geometrical properties of the stent and validated through experimental 

tests. Later, a study by [195] investigated whether the suggested model can be used to 

predict the mechanical behavior of looped-ends braided stent designs. There are 

several factors that can be considered when optimizing stents to improve their 

performance, such as the material used, the geometry design of the stent, the size and 

shape of the cells, and the coating applied to the stent. [196] used an optimization 

technique based on the Response Surface Method (RSM) and the Sequential Quadratic 

Programming (SQP) algorithm to enhance the fatigue life of a SX NiTi stent. Findings 

indicated that optimizing the strut length and cross-section will enhance the stent’s 

fatigue resistance. Moreover, [197] proposed a shape optimization framework using a 

finite element method (FEM) toolkit to improve the compression effect of 

biodegradable magnesium alloy stents (BMgS). In addition to an improvement in 

radial strength and a more uniform distribution of residual stress, their findings 

demonstrated a successful reduction in undesirable effects such as dog-boning and 

longitudinal foreshortening. [198] developed a novel optimization framework for 

minimizing strain in transcatheter aortic valve which showed a cost-effective solution 
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for optimizing the TAV stent. In a subsequent study [199],they addressed challenges 

in transcatheter aortic valve implantation. Their optimized model design shows a 

significant improvement in all objective functions over the reference device and could 

enhance prosthesis performance and reduce malfunction risks. In [200] a new stent 

design framework was proposed to address the challenges posed by stent insertion and 

deployment uncertainties. The aim was to create a stent design that is less sensitive to 

uncertainties such as slight shifts in the stent's position on the balloon catheter during 

deployment and variations in vessel geometry and unknown biomechanical forces. To 

comprehend the relationships between the geometrical parameters of the stent and its 

biomechanical responses, surrogate mathematical models were developed. A Multi 

Objective Particle Swarm Optimization (MOPSO) algorithm was then employed to 

reduce dog-boning, foreshortening, elastic radial recoil, and stresses on the artery wall 

during stent deployment.  

3.2.2 Aim of the research 

In this work, I focus on an open-ends, braided SX stent. I aim to optimize the 

geometry design of an open-ends NiTi braided stent in order to enhance some of its 

mechanical properties. It is important to note that braided stents inherently exhibit 

good bending compliance due to their structure, and the use of nitinol further improves 

flexibility [189]. However, key disadvantages of braided stents include their relatively 

low radial stiffness [189,190] and the tendency for substantial foreshortening during 

deployment  [191,192], which can lead to inaccurate placement and potential 

complications. Therefore, this approach specifically focused on the radial pressure 

stiffness and radial force of the braided stent, while minimizing the length variation 

during deployment, when it is fully deployed in the vessel. The novelty of this 

approach lies in the use of the Multi-Objective Particle Swarm Optimization (MOPSO) 

algorithm [201] to efficiently explore the design space and identify an optimal stent 

geometry.  

In the first step, the mechanical properties of the NiTi braided stent structure are 

established through an analytical model proposed by [194]. Then, the mechanical 

behavior obtained using the analytical model and FE model was verified with the 

literature [195]. The MOPSO algorithm was then implemented to optimize the stent 

geometry and, finally, a radial compression test is simulated by means of a nonlinear 
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FE analysis of the stent in contact with the crimper, in order to confirm the algorithm’s 

predictions.  

3.2.3 Material selection 

In this work, I considered, as previously done in [195], NiTi-based SX braided 

stent with a linear elastic behavior austenitic Young's modulus of 35.9 GPa, a yield 

stress of 489 MPa, a Poisson's ratio of 0.33, and austenite finish temperature (𝐴𝑓) of 

10℃  [202]. 

3.2.4 Cylindrical braided stents 

The braided stent is a kind of SX design composed of two sets of interlacing 

wires twisted in a helical route along the stent axis in two opposite directions, 

clockwise and counterclockwise, as shown in Figure 35. The aim of the model is to 

estimate the geometry and mechanical characteristics of a self-expanding open-ended 

braided stent under the action of axial load F and radial pressure P. In the following 

section, the analytical formulae based on [194] to predict the mechanical and 

geometrical behavior of the braided stent under the axial load are summarized.  

 

 

Figure 35. Stent elongation under axial loading F. 

 

Stent geometry  

The geometrical parameters of the braided stent (see Figure 35) are the initial 

stent diameter 𝐷0, the initial length of the stent 𝐿0, the diameter of a single wire d, the 
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number of wires 𝑁, and the braided angle  0. The braided angle is defined as the angle 

between any helix formed by the wire and the circumferential axis of the stent. When 

an axial load 𝐹 is applied on the stent, the braided angle increases from  0 to  . At the 

same time, the initial stent length, L0, extends to a new length 𝐿, while its initial 

diameter reduces to 𝐷. The initial pitch 𝑝0 is the axial distance for one complete turn 

of the helix formed by a wire when the stent is in its initial configuration. Using these 

parameters, the initial pitch 𝑝0and the number of coils 𝑐 are given by the following 

equations [194]. 

 
𝑝0 = 𝜋𝐷0𝑡𝑎𝑛 0 Equation 37 

𝑐 =
𝐿0

𝑃0
⁄  

Equation 38 

 

Based on the assumption that the length of the wires remains unchanged 

throughout deformation, the relationships between the ultimate length 𝐿 and the 

diameter 𝐷 and the braided angle are as follows: 

 

𝐷 =
𝐷0𝑐𝑜𝑠 ( )

𝑐𝑜𝑠 ( 0)
 Equation 39 

𝐿 =
𝐿0𝑠𝑖𝑛 ( )

𝑠𝑖𝑛 ( 0)
 Equation 40 

 

Equation 41 also computes the minimum braided angle  𝑚𝑖𝑛  associated with the 

maximum compressed configuration [203]. 

 

 𝑚𝑖𝑛 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑑𝑁

𝜋𝐷
) Equation 41 

 

 

Mechanical properties 

The stent model assumes that the behavior is similar to a collection of 

independent open-coiled helical springs. It is assumed that:  

1) the stent undergoes only elastic deformation, and  
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2) the stent's ends are fixed against rotating around the longitudinal axis because 

of the friction between the wires at their crossing points.  

Assuming the stent is subjected to a tension test, the axial force F exerted on the 

stent may be calculated using the following equation [203]. 

 

𝐹 = 2𝑁 [
𝐺𝐼𝑃
𝐾3

(
2𝑠𝑖𝑛 ( )

𝐾3
−𝐾1) −

𝐸𝐼. 𝑡𝑎𝑛( )

𝐾3
(
2𝑐𝑜𝑠 ( )

𝐾3
− 𝐾2)] 

Equation 42 

Where 𝐾1, 𝐾2, and 𝐾3 are constants as follows: 

 

𝐾1 =
𝑠𝑖𝑛 (2 0)

𝐷0
            𝐾2 =

2𝑐𝑜𝑠2( 0)

𝐷0
         𝐾3 =

𝐷0
𝑐𝑜𝑠 ( 0)

 Equation 43 

 

𝐼and 𝐼𝑃 represent the moment of inertia and polar moment of inertia, 

respectively, and 𝐺 and 𝐸 are the shear modulus and Young's modulus respectively. 

The work done by load F is by definition dW=Fdδ. The same deflection 𝛿 can be 

generated by applying a uniformly distributed radial pressure 𝑃 to an imaginary lateral 

surface 𝜋𝐷𝐿 around the stent. The work done by the pressure 𝑃 is equal to: 

 

𝑑𝑊 = 𝑃𝜋𝐷𝐿
𝑑𝐷

2
 Equation 44 

 

As 𝑃 and 𝐹 perform an equal amount of work, the pressure required to achieve 

the same deflection in a stent can be computed as follows: 

 

𝑃 =
2𝐹𝑐

𝐷𝐿𝑡𝑎𝑛( )
 Equation 45 

 

Therefore, the radial force 𝐹𝑅 can be calculated as follows:  

 

𝐹𝑅 =
2𝜋𝐹𝑐

𝑡𝑎𝑛 ( )
 Equation 46 
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It is worth noting that the accuracy of all the aforementioned formulas was then 

verified by conducting a series of experiments by [194]. Their results showed good 

agreement between the theoretical predictions and corresponding experimental values 

for the stent diameter and axial force as a function of stent length. However, it was 

observed that the formula used to predict radial pressure as a function of stent diameter 

tends to overestimate the actual radial pressure when compared to the experimental 

data. This discrepancy is primarily attributed to the friction between the stent wires 

themselves and between the stent wires and the blocks used in the experimental setup, 

as noted by as noted by [194].To calculate the radial pressure stiffness 𝐾𝑃, the 

following equation is found in [203]. 

 

𝐾𝑃 =
𝑑𝑃

𝑑𝐷

=
2𝑐

𝐾3 sin( ) (𝐷𝐿𝑡𝑎𝑛( ))
2

×

[
 
 
 
 
 2𝐷𝐿𝑁. tan( )(

𝐺𝐼𝑝

𝐾3
(
2 cos( )

𝐾3
) −

𝐸𝐼

𝐾3
(
2 cos( )

𝐾3
−

𝐾2
𝑐𝑜𝑠2( )

))

−𝐹 (
𝐷𝐿

𝑐𝑜𝑠2( )
+ 𝐾3sin ( ) × (𝜋𝑐𝐷 − 𝐿. tan ( )))

]
 
 
 
 
 

            

Equation 47 

 

Considering one of the open-coiled helical springs under the action of the load 

𝐹, the bending and twisting moments (𝜎, 𝜏) are given as follows. 

 

𝜎 =
𝐹
𝑁⁄ 𝑠𝑖𝑛( ).𝐷 2⁄ . 𝑑

𝐼
                                                       

𝜏 =
𝐹
𝑁⁄ 𝑐𝑜𝑠( ).𝐷 2⁄ . 𝑑

𝐼𝑝
 

Equation 48 

 

According to distortion energy, the equivalent Von Mises' stress 𝜎𝑒 is a function 

of shear stress 𝜏 and bending stress 𝜎 as follows: 

 

𝜎𝑒 = √𝜎2 + 3𝜏2 =
8𝐹𝐷

𝑁𝜋𝑑3
 √4𝑠𝑖𝑛2 + 3𝑐𝑜𝑠2  Equation 49 
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3.2.5 Optimization 

An optimal stent, in addition to having sufficient flexibility (bending 

compliance) against pulses, should have considerable radial force and radial stiffness 

to maintain the vessels open [204]. In addition, foreshortening is an important 

parameter to consider when optimizing stents, since it can affect the performance and 

function of the stent. Foreshortening refers to the degree to which a stent is compressed 

along its longitudinal axis, which can occur during the deployment of the stent, as it 

expands radially. Although braided stents provide high coverage and flexibility, they 

significantly shorten after expansion, which leads to the stent being displaced from its 

position and decreasing the treatment's outcome [205]. Therefore, the geometrical 

design should be such that a change in the diameter value of the stent does not result 

in a substantial change in axial length.  

Here, I used the MOPSO algorithm [201] in MATLAB to optimize the stent 

design. The MOPSO algorithm is a metaheuristic optimization algorithm that works 

by simulating a swarm of particles moving in a search space to find optimal solutions. 

While I acknowledge that optimizing a stent design ideally involves considering 

bending compliance as well, braided stents inherently exhibit good bending 

compliance due to their structure, and the use of NiTi which further improves their 

flexibility. The bending behavior of the same stent considered in this study was already 

analyzed by [206] where it is shown the relationship between bending stiffness and 

geometry of the stent. A spring-based mode shows that the stiffness increases 

proportionally to d4 and linearly to the number of wires. Therefore, the bending 

stiffness increases by 
𝑑𝑜𝑝𝑡
4 𝑁𝑜𝑝𝑡

𝑑𝑟𝑒𝑓
4 𝑁𝑟𝑒𝑓

− 1 =
0.294∙16

0.224∙30
− 1 = 61%. This amount seems large, 

but according to [206] is not problematic in terms of stress since the maximum stress 

is only 1.124MPa with a bending angle of 46°. The increase in stress therefore is 

proportional to the increase in stiffness and reaches 1.81 MPa, which seems 

acceptable. Therefore, in this study I primarily focused on maximizing the radial force, 

𝐹𝑅 and radial stiffness 𝐾𝑃 of the stent while minimizing the length variation of the stent 

under axial loading 𝐿𝑚𝑎𝑥, to avoid foreshortening. In order to achieve an efficient 

stent, I used the MOPSO algorithm to explore three design variables, namely wire 

diameter (d), number of coils (N), and braided angle ( 0). The following ranges of 

 𝑑, 𝑁,  0 are specified. 
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0.1 𝑚𝑚 ≤ 𝑑 ≤ 0.30𝑚𝑚 

Equation 50 10 ≤ 𝑁 ≤ 40 

 𝑚𝑖𝑛 ≤  0 ≤ 70° 

 

These ranges for  𝑁 and  0 were selected to encompass the common values for 

braided stents found in literature with slight extensions to cover broader possibilities. 

For instance, many papers report the number of wires in stents to be 12, 24, or 36 

[207,208], so 𝑁 was defined as a discrete variable restricted to an even value within 

the range of 10 to 40 to include all these possibilities. For the braided angle ( 0), 

observed values in the literature vary, with some reports indicating angles around 60° 

[209,210]. To accommodate these observations and explore further potential design 

optimizations, the range is extended up to 70° to explore additional design options.  

The range for the wire diameter d was set from 0.1 mm to 0.30 mm based on 

considering the reference design dimensions [195]. The reference design by [195] 

utilized a wire diameter of 0.22 mm, therefore, to explore a broader spectrum of design 

possibilities, the wire diameter range selected a slightly wider range. These ranges 

ensure a comprehensive exploration of potential stent designs while being grounded 

in observed practices. 

Moreover, constraints are imposed on the maximum Von Mises stress and 

volume of the optimal designed stent in order to permit a fair comparison between the 

optimized design and the reference design [195] since the volume is the main 

parameter which drives the cost of the system. 

 
𝜎𝑒 ≤ 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠 

Equation 51 
𝑉𝑜𝑙𝑢𝑚𝑒𝑜𝑝𝑡  ≤ 𝑉𝑜𝑙𝑢𝑚𝑒𝑟𝑒𝑓 
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The flowchart of the MOPSO is reported in Figure 36. 

 

 

Figure 36. Flowchart of MOPSO. 

 

Optimization parameters 

The algorithm has several parameters that can be adjusted to influence its 

performance. In our study, I used a population size of 100 particles, and the maximum 

number of iterations is set to 200. I used a repository size of 100 particles, and 30 

divisions for the adaptive grid. The values of the mutation rate and the global learning 

coefficients were set to 0.5, 1, and 2, respectively. These parameter values were chosen 

based on default values presented in the reference [201] that have shown their 

effectiveness in optimizing different problems. By fine-tuning these parameters, I was 

able to effectively explore the search space and find a set of stent designs that fulfill 

multiple objectives simultaneously. 
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3.2.6 Numerical simulations 

To verify the accuracy of the results obtained from the numerical analysis and 

gain a deeper understanding of the mechanical behavior of stents during the crimping 

process, FE analysis simulations were conducted. The stent geometry was designed 

using SolidWorks software, utilizing the initial geometrical parameters, including 

braided angle ( 0), number of wires (𝑁), the diameter of wires (𝑑), and initial length 

(𝐿0) and diameter (𝐷0) of the stent. The generated geometry was imported into 

Abaqus/CAE version 6.14, providing the required framework for FE analysis. To 

analyze the stent's mechanical behavior, the geometry has meshed with 2-node linear 

beam elements (B31), which allows for both excellent computational efficiency and 

good accuracy of the responses. To model the contact between the braiding wires at 

the intersection points, I employed JOIN connectors, without friction. These elements 

were used to simulate the rotational behavior of wires at the intersection points by 

linking the two opposing nodes, allowing for unrestricted rotation around the 

intersection points, as already suggested in [211]. 

To accurately simulate the stent crimping process, a model of the crimper was 

exploited. The crimper was modelled as a cylindrical shell-type surface in Abaqus and 

meshed using a 4-node quadrilateral surface element, reduced integration 

(SFM3D4R). The inner surface of the crimper was also designated as a set to define 

the contact between the stent and the crimper during compression simulation.  

Radial compression simulation 

To accurately simulate the radial compression on the stent, a radial displacement 

was imposed on the crimper in cylindrical coordinates. Figure 37 shows the initial 

configuration of the simulation model. A frictionless surface-to-surface contact was 

then defined between the inner surface of the crimper and the outer node set of the 

stent. Additionally, to axially constrain the end of the stent, a displacement boundary 

condition was applied to the corresponding nodes. The material properties of NiTi 

were used for the stent, modeled as a linear material with an austenitic phase with the 

properties reported in section 3.2.3. Since the focus is on predicting the radial force on 

the stent wall at full deployment with approximately 40% global crimping, it is 

possible to assume that local stress stays within the linear elastic region, as the local 

deformation is fairly low. This condition was verified after the simulations. 
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Figure 37. Model of the crimper and stent in the initial configuration. 

 

3.2.7 Results and discussion 

The findings of this study are provided in two main parts. Firstly, a 

comprehensive validation of the model's analytical results is presented. Secondly, the 

simulation results of the reference design and the optimized design are thoroughly 

compared. 

Comparison of analytical and FE model 

First, I designed a stent based on previous research conducted by [202] and then 

applied a radial displacement by means of the crimper surface to reduce the stent's 

external diameter from 22 mm to 10 mm (𝐷0 → 𝐷). The design parameters for the stent 

and the characteristics of the FE model are presented in Table 7. By utilizing the FE 

model, I conducted a comparative analysis between our analytical/simulation results 

and the reference numerical data provided by [195] (see Figure 38). This approach 

enabled us to verify the accuracy of the analytical model and demonstrate its 

effectiveness in predicting the behavior of the stent. 

As illustrated, the analytical model aligns perfectly with reference data in terms 

of length, radial force, and maximum ideal stress. In addition, the simulation results 

indicate strong agreement with the analytical and reference values for stent length 

versus stent diameter (Figure 38(b)). Figure 38(a) also shows that the simulation 

results for radial force follow a similar trend to the analytical/reference results, albeit 

with lower values.  

It is important to mention that generally the free ends of the wires have a 

tendency to collapse, which lowers the force measured in the simulation when 

compared to the analytical model [203]. Furthermore, the previous study of [194] has 

shown that analytical model tends to overestimate radial pressure when compared to 

Stent

Crimper
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experimental results. Consequently, this overestimation affects the derived values of 

radial force and radial pressure stiffness as defined in Equation 46 and Equation 47. 

Therefore, the lower simulation values of the radial force compared to the numerical 

results suggest that our FE model in this study is closer to the actual experimental 

conditions than the reference model, which is an improvement over previous model. 

 

Table 7. Design parameters for the stent and crimper, and characteristics of the FE model. 

Parameters Stent Crimper 

Initial external diameter 𝐷0 (mm) 22 22.1 

Final external diameter 𝐷0 (mm) 10 10 

Wire diameter d (mm) 0.22 - 

Initial length 𝐿0 (mm) 53.56 100 

Initial branding angle  0  (°) 30 - 

Number of wires N 30 - 

FE type B13 SFM3D4R 

 

  

(a) (b) 

 

(c) 

Figure 38. Comparison between the analytical and simulation results with the reference [195] : a) 

radial force versus the stent external diameter b) the length of the stent versus the stent external 

diameter and c) equivalent Von-Mises stress versus the length of the stent. 
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Moreover, the result of the simulation in terms of von Mises stress of a node-set 

positioned at the middle of the stent is depicted in  Figure 38(c), which align well with 

the analytical/reference data. Additionally, our simulation results show that the 

maximum stress in the stent is around 135 MPa (as shown in Figure 39), which is in 

excellent agreement with the analytically derived maximum stress of approximately 

130 MPa. The findings suggest that both the analytical and simulation models are 

effective tools for predicting stent behavior and designing the optimized stent 

geometry. 

 

 
 

(a) (b) 

Figure 39. Von Mises stress distribution under uniform radial compression; a) front view b) top view. 

 

Optimized design  

As stated previously in section 3.2.5, the stent design was optimized using the 

MOPSO technique. Our primary objective was to increase both radial force and radial 

stiffness while simultaneously reducing the length variation under axial loading. 

Through an iterative process of optimization, three design parameters are explored: 

wire diameter, number of coils, and braided angle. To ensure a meaningful comparison 

between the optimized and reference designs, constraints were set on both the volume 
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of the stent and the maximum Von Mises stress. The optimized design parameters 

obtained through this process are presented in Table 8. 

 

Table 8. Optimized design parameters 

Initial branding angle 𝜷   (°) Number of wires N Wire diameter d (mm) 

42.55 16 0.29 

 

 

Using the optimal set of parameters, the optimized design of the stent was 

created in SolidWorks (Figure 40). Then the generated model was imported to Abaqus 

to simulate its behavior under the radial displacement. 

 

 

Figure 40. Comparative CAD design of the reference stent and optimized stent. 

 

The Von Mises stress distribution of the optimal stent can be observed in Figure 

41(a). The simulation findings indicate the maximum Von Mises stress is 155 MPa, 

which is still significantly lower than the yield stress  (489 MPa). The initial assumption 

of elastic behavior is valid up to a strain of  
𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠
= 0.013. Therefore, as 

long as the strain remains below this value, it makes no difference whether a linear 

model or a more complex model that considers non-linearity in the plateau region is 

utilized. Based on the simulation findings, I can confirm that the initial assumption is 

correct since the maximum strain on the stent is around 
155

35900
= 0.004 (as shown in 

Figure 41(b)) )), which is well below the elastic strain limit. It must be also noted that 

according to [212,213], ±0.4-0.5% is the maximum strain that must not be exceeded 

in order to avoid fatigue of NiTi. Considering that this level of strain is experienced 

only during crimping and deployment, and that the biomechanical forces are normally 

orders of magnitude lower, the safety margin for fatigue is sufficiently high.  

15

Optimized design

Using MOPSO

Reference design

MOPSO
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Moreover, Figure 41(c) is included to illustrate the distribution and magnitude 

of radial reaction forces on the crimper. These values are critical for calculating the 

radial force exerted by the stent on the crimper. The radial forces depicted represent 

the individual forces at each node where the stent wires contact the crimper. To 

determine the total radial force exerted by the stent on the vessel wall, it is essential to 

calculate the reaction forces from all these contact points. Therefore, the total radial 

force is obtained by summing the radial reaction forces from all nodes. 

 

  

(a) (b) 

 

(c) 

Figure 41. Von Mises distribution of the optimal design, in MPa (a), principal strain distribution of the 

optimal design (b) and reaction force in radial direction on the crimper in N (c). 
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In this context, the reaction forces on all nodes on the crimper are summed at 

each time step, as shown in Figure 42(a). 

As shown in the figure, the optimized stent design exhibits a maximum radial 

force of 1.83 N which represents a 31% improvement over reference design. Moreover, 

Figure 42(b) shows a comparison of radial pressure stiffness between the optimized 

and the reference designed which demonstrates improvements in all variations of 

diameter of around 40%. The length variation of the optimized stent was also reduced 

by 4.6% when compared to the reference design, as evident from Figure 42(c). While 

this reduction in foreshortening may seem modest and might not significantly impact 

clinical performance by itself, it is important to consider it in the context of the overall 

optimization, i.e., this improvement was achieved alongside substantial enhancements 

in radial force and radial stiffness, demonstrating the overall effectiveness of the 

optimization process. 

 

  

(a) (b) 

 

(c) 

Figure 42. Simulation results: comparison between the optimized stent design and the reference design 

a) radial force versus stent external diameter b) radial pressure stiffness versus stent external diameter 

c) stent length versus stent external diameter. 
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In addition to assessing the effectiveness of the optimized stent, the performance 

of the optimized stent design was evaluated by calculating the percentage 

improvement in radial force and radial stiffness in comparison to the reference design. 

As a function of the stent diameter, as depicted in Figure 43, the improvement 

percentage chart clearly demonstrates that the optimized stent design indicated an 

overall improvement over the reference design for all diameter variations. The findings 

reveal that the MOPSO algorithm is capable of optimizing stent design, thereby 

enhancing stent performance and improving patient clinical outcomes. 

 

Figure 43. Radial force and radial pressure stiffness percentage increase of the optimized model 

versus stent external diameter. 

 

Furthermore, in order to show the stent’s ability to endure substantial 

deformation without failure, the local strain and global hoop/circumferential strain can 

be compared. By utilizing the stress in the stent and the Young's modulus 𝐸, the local 

strain of the stent can be calculated using Hooke's law. To compute the global 

hoop/circumferential strain of the optimized stent design, we can consider the stent as 

a cylinder with a specific thickness equal to the optimized wire's diameter 𝑑 of 0.29 

mm (presented in Table 8), that changes from an initial external diameter 𝐷0 of 53.56 

mm to a final external diameter of 10 mm (see Figure 42(c) )). The maximum hoop 

strain can be computed through Equation 52, where 𝑈𝑟, and  𝑟 represent the 

displacement in radial direction, and radius of the cylinder, respectively [214]. 
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𝜀𝜃𝜃 =
𝑈𝑟
𝑟

 Equation 52 

 

Even though a considerable global hoop strain of approximately 54% is 

presented, the local strain, on the other hand, remained remarkably low, measuring 

only around 0.4%. This observation highlights the braided stent’s ability to undergo 

significant global deformation while simultaneously experiencing minimal strain in 

localized regions. These distributions of the global and local strains contribute to the 

stent's overall performance and durability by preserving its flexibility without causing 

structural failure. 

 

3.3 SCITECH-SOLARIS, A SELF-EXPANDING LASER-CUT NITI 

STENT: DESIGN, SIMULATION, AND EXPERIMENTAL 

VALIDATION 

3.3.1 Laser cutting technique 

It is not possible to manufacture stents with conventional CNC (Computer 

Numerical Control) machining techniques, due to the high wear of the tool, poor 

dimensional accuracy and incompatibility with the intrinsic material properties of 

NiTi. Therefore, the laser cutting technique is currently the most widely used method 

for stent fabrication (Figure 44). The feedstock is a tubular workpiece of the desired 

material (for example, NiTi) with the desired diameter and thickness. A high-energy-

density laser beam is focused on the surface of the workpiece and the material 

vaporizes leaving the desired stent mesh. The remaining material is then blown away 

by a pressurized air flow [79,81,215]. As a result, the cross section of the ligaments is 

roughly rectangular. This type of cross section has been reported to possibly promote 

turbulence in blood flow, which could lead to restenosis and late stent thrombosis 

[216]. After being laser cut, the NiTi microtubes are heat-treated and chemically 

etched to obtain the desired mechanical properties and surface finish [217]. 
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Figure 44. Laser-cut technique [218]. 

 

3.3.2 Self-Expanding NiTi Scitech-Solaris stent 

The Scitech-Solaris is a self-expanding endograft featuring a laser-cut NiTi stent 

structure encapsulated by a thin polytetrafluoroethylene (PTFE) membrane, fabricated 

via an electrospinning process[219]. While the PTFE membrane enhances sealing 

properties and provides additional durability, this section focuses on the advanced 

laser-cut NiTi framework, which is the core structural component of the stent. 

As shown in Figure 45, the device incorporates a hydrophilic pull-back delivery 

system designed for precise deployment and enhanced navigability. Key features of 

this system include an anti-jumping mechanism to prevent unintentional stent 

deployment, a braided hydrophilic shaft for enhanced flexibility and kink resistance, 

and radiopaque tantalum markers for superior visibility during imaging. Additionally, 

the atraumatic flexible tip minimizes tissue damage during insertion.  
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Figure 45. Scitech-Solaris stent with hydrophilic pull-back delivery system and key features [219]. 

The structural design of the Solaris stent is meticulously engineered, 

incorporating a hybrid configuration that combines open-cell and closed-cell designs. 

The central section employs an open-cell design, which enhances flexibility and 

facilitates smooth deployment, while the ends utilize a closed-cell design for improved 

radial support and anchoring. Each ring is interconnected by three straight bridges, 

ensuring robust structural stability while maintaining sufficient flexibility. This 

thoughtful design allows the Solaris stent to conform effectively to vascular anatomy 

while maintaining its mechanical integrity under physiological loads. 

3.3.3 Dimensional measurement and CAD design of the Scitech-Solaris stent  

A sample of the Scitech-Solaris stent is available as a case study in our facility. 

 

Figure 46. Scitech Solaris. 
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To ensure optimal design and functionality, I employ microscopic imaging 

techniques to measure the precise dimensions of the stent. This data is crucial for our 

Computer-Aided Design (CAD) processes, allowing us to create highly accurate 

models that reflect the stent's specifications. I have utilized these CAD models for 

simulation in Abaqus then, which enables us to analyze the stent's performance under 

various conditions. Figure 47 and Table 9 present the dimensions obtained from 

microscopic imaging. 

 

  

Figure 47. Microscope images of the Scitech-Solaris stent, A) struts’ dimensions B) bridges’ 

dimensions. 

 

Table 9. Dimensions of the Scitech-Solaris stent obtained from microscopic imaging technique. 

Parameter 

Stent Bridge Strut’s 

width Diameter Length Thickness Length Width 

Dimension (mm) 8 40 0.22 3.4 0.12 0.13 

 

 I have successfully developed a detailed Computer-Aided Design (CAD) model 

of the Scitech-Solaris stent using SolidWorks®, incorporating precise dimensional 

measurements derived from microscopic imaging techniques presented in Table 9, as 

illustrated in Figure 48.  

 

Figure 48. CAD design model of the Scitech-Solaris stent created in SolidWorks.  
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3.3.4 Superelastic material modelling for the Scitech-Solaris stent  

The superelastic behavior of NiTi is modeled in this work starting from the 

framework set forth in previous work [220]. This model develops the complex, finite-

strain superelastic behavior of SMAs, especially NiTi. This model was first developed 

by Auricchio et al.  [220] as a constitutive framework to model the specific phase 

transformations these materials exhibit when subjected to large strains. Their 

methodology considers mechanical and thermal effects, thus providing a more realistic 

simulation of the behavior of NiTi during loading and unloading. Figure 49 shows a 

typical behavior of superelastic NiTi and the description of each parameter can be seen 

in n Table 10.  

 

Table 10.  

Following this foundational modelling, a trial-and-error approach that combined 

both experimental tests and finite element modelling of the Scitech-Solaris stent was 

used. I started by carrying out a series of experiments to gather data on the stent's 

performance under CR loading/unloading condition. Then, I ran FE simulations for 

CR to analyze the stent's behavior. By comparing the FE result and experimental data, 

I systematically adjusted the model’s parameters based on our observations to fine-

tune the model, ensuring that our model accurately reflected the actual performance of 

the stent. This iterative process allowed us to achieve a precise alignment between the 

model predictions and experimental outcomes. 

 

 

Figure 49. Stress-strain and stress-temperature curves of NiTi material [221]. 
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Experimental setup for CR testing 

As already mentioned, to refine the model’s parameter, a series of preliminary 

CR tests were conducted. The CR test was assessed using parallel plates and a 

universal testing machine, following standardized protocols. A compressive force was 

applied to the stent until its diameter was reduced to 50% of its initial size, which is 8 

mm, resulting in a final diameter of 4 mm. The experimental data, along with a 

depiction of the experimental setup, are presented in Figure 50. 

 

 
 

(a) (b) 

Figure 50. CR test: a) experimental setup and b) force-displacement behavior.  

 

FEM simulation and material modelling for the Scitech-Solaris stent 

Due to the axial symmetry of the stent, the FEM simulation was conducted on a 

single cell of the stent. The outer surface of the stent, represented in its CAD design 

created in SolidWorks (as discussed in section 3.3.3), was imported into Abaqus. The 

section type was defined as shell homogeneous, which is appropriate for capturing the 

behavior of thin-walled structures like stents. Then a predefined temperature of 22 

°C—consistent with the reference temperature—was assigned to the stent and to 

prevent any rotational movement during the simulation, two nodes were fixed in the 

horizontal direction. 

In addition, two compression plates were modelled as 3D analytic rigid surfaces, 

each measuring 8 mm by 20 mm. A reference point was defined at the center of each 

plate's surface to facilitate accurate force measurements later. A surface-to-surface, 
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finite sliding frictionless contact was established between the stent surface (designated 

as the slave) and the plates (acting as the master). Finally, a vertical displacement of 4 

mm was then applied to the upper plate while keeping the lower plate fixed. 

Throughout this process, I recorded both the distance between the plates and the 

reaction force at the reference point of the upper plate. It is crucial to note that, due to 

symmetrical geometry in our model, the force obtained from this analysis was 

multiplied by the total length of the stent to derive final results, ensuring that our 

simulations accurately reflect the stent's overall behavior under loading conditions.   

 

Figure 51. FEM of the Scitech-Solaris stent, illustrating the loading setup that depicts the interaction 

between the stent and compression plates, and meshing configuration.  

 

The material model for the stent was defined using the built-in superelastic 

material model available in ABAQUS. To establish a baseline for the model’s 

parameters, I referenced initial values from a related journal article  [221], which 

studies experimental and computational methods to discuss the requirements of a self-

expandable stent. This provided a useful starting point for defining the parameters 

necessary for accurate modelling.  

3.3.5 Results and discussion  

Starting with the initial values from  [221], the parameters within ABAQUS were 

adjusted to better align the simulation results with experimental data. By running a 

series of simulation and systematically comparing the outcomes with actual 

experimental observations, I was able to identify discrepancies and refine the 

parameter values accordingly that fitted the Scitech-Solaris model. The final model-fit 

parameters are presented in Table 10.  
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Table 10. NiTi material parameters that fit the CR test. 

Symbols Description Model-fit 

𝐸𝐴 Austenite elasticity 6900 MPa 

𝜗𝐴 Austenite Poisson’s ratio 0.33 

𝐸𝑀 Martensite elasticity 22000 MPa 

𝜗𝑀 Martensite Poisson’s ratio 0.33 

𝐸𝐿 Transformation strain 0.04 

(
𝜕𝜎

𝜕𝑇
)
𝐿

 Loading 6.7 

𝜎𝐿
𝑆 Start of Transformation Loading 240 MPa 

𝜎𝐿
𝐸 End of Transformation Loading 310 MPa 

𝑇0 Reference temperature 22 

(
𝜕𝜎

𝜕𝑇
)
𝑈

 Unloading 10 

𝜎𝑈
𝑆 Start of Transformation Unloading 180 MPa 

𝜎𝑈
𝐸 End of Transformation Unloading 120 MPa 

𝜎𝐶𝐿
𝑆  

Start of Transformation Stress during unloading in 

Compression as positive value 
330 MPa 

𝜀𝑉
𝐿 Volumetric transformation strain 0.04 

 

Figure 52 presents a comparison between the experimental data obtained from 

the CR test and the FEM simulation results derived from the fitted parameters detailed 

in Table 10. This comparison illustrates the effectiveness of our parameter 

adjustments, demonstrating how well the FEM model aligns with actual experimental 

outcomes. 

 

Figure 52. Comparison of experimental data from the CR test and FEM simulation results utilizing 

fitted parameters in n Table 10.  
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Table 10 for the Scitech-Solaris stent. 

 

Building on this foundation, future work can focus on optimizing the stent's 

effectiveness by modifying key parameters, such as the thickness and width of struts 

or bridges. By running simulations to evaluate the effects of these changes on critical 

performance metrics like RRF and CR, it becomes possible to identify optimal 

dimensions for enhancing the stent's design and clinical functionality. 

3.4 ADDITIVE MANUFACTURING OF NITI STENTS: TECHNIQUE, 

DESIGN, AND CHALLENGES 

3.4.1 Additive manufacturing techniques  

Additive manufacturing (AM) of stents is an area of growing research that has 

the potential to lead to substantial improvements in patient outcomes due to its ability 

to rapidly develop custom stents. Laser beam technology has developed to the point 

that today laser beams are very small (typically 20-80 μm); therefore, they can provide 

not only the means for developing stents through subtractive manufacturing but also 

AM through laser powder bed fusion [215]. Powder bed fusion (PBF) is defined by 

ISO/ASTM 52900:2021 standard and is an AM technique that uses either laser or 

electron beams to selectively melt or fuse powder particles on a powder bed in a layer-

by-layer manner. Other PBF techniques such as electron beam powder bed fusion (EB-

PBF) are unsuited for manufacturing vascular stents due to the larger spot size of the 

electron beams (about 100 μm) [222]. Therefore, nowadays only laser-based powder 

bed fusion (LB-PBF), sometimes also called selective laser melting, is a viable 

manufacturing technique for NiTi stents. 
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Figure 53. Additive manufacturing: (a) Schematic of selective laser melting process (b) layering and 

scanning strategy[223] and (c) SLM NiTi stent on the substrate  [224]. 

 

A collaborative research project was recently undertaken by researchers from 

the Universities of Ferrara and Pisa, focusing on the selection of powders and 

optimization of process parameters for the fabrication of NiTi-based structures using 

the AM technique [225]. The findings of their study were presented at the 4.0 National 

AIM Conference (4.0° Convegno Nazionale AIM).  

When using PBF to print NiTi powder, there are a number of parameters that 

need to be taken into account. These include laser power, layer thickness, hatch 

distance, laser scanning speed, thermal diffusivity, material conductivity, and distance 

from the point heat source. Some of these parameters are listed in Table 11, along with 

the ranges that were studied in their research to see how changing the parameters 

affected the microstructural morphology of the printed samples. The following 

provides a brief overview of the methodology employed in their research and the key 

results obtained. Using the parameters outlined in Table 11, they fabricated 10 cubic 
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NiTi samples. Moreover, the characteristics of the NiTi powder used in the process are 

detailed in Table 12. 

Table 11. The range of parameters for preparing cubic samples with PBF AM technique. 

Parameters  Range  

Layer thickness  30 − 60 (𝜇𝑚) 
Hatch distance 30 − 120 (𝜇𝑚) 
Power  75 − 250 (𝑊) 
Speed 0.50 − 1.60 (𝑚/𝑠) 

 

Table 12. Characteristics of the NiTi Powder. 

Characteristics values 

Composition 50.8 %Ni 

Particle size 53 µm (D90) 

Impurity level  C= 351 ppm, O = 241 ppm 

Transformation temperature (Af) -1 °C 

 

 

The locations of all 10 printed samples on the normalized laser power (p*) versus 

normalized velocity (v*) graph, along with their corresponding porosity, are illustrated 

in Figure 54.  

 

 

 

(a) (b) 

Figure 54. Properties of the printed samples: a) normalized power and normalized velocity of each 

sample, and b) porosity of the printed samples[225]. 

 

As shown in Figure 54, samples 9 and 10 fall within the lack of fusion (LOF) 

region and exhibit the highest porosity. Additionally, sample 4 demonstrates greater 

porosity compared to its neighboring sample on the 2D p*-v* graph (sample 3). 
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A further analyzed in the morphological investigation was conducted to evaluate 

the correlation between the p*-v* value and the porosity of each sample with 

microstructural properties of the printed samples using optical and electronic 

microscopy. Figure 55 shows microstructural images of some of the printed samples, 

as can be seen sample 9 exhibits high porosity, displays a lack of fusion, sample 4 

demonstrates keyhole morphology, while Sample 3 reveals a crack perpendicular to 

the build direction (BD). In contrast, no major defects are observed in sample 7, which 

has a density exceeding 99.5%. 

 

  
(a) (b) 

  
(c) (d) 

Figure 55. Microstructural images of some printed samples: a) sample 9 with LOF, b) sample 4 with 

keyhole c) sample 3 with crack perpendicular to BD and, d) sample 7 without major defect [225]. 

 

In conclusion, they found that the p*-v* value should be positioned within the 

white area showing in Figure 54, outside the lack-of-fusion (LOF) and keyhole zones. 

However, this does not guarantee a high-quality surface after the printing process, and 

other related factors should be further investigated. Additionally, a morphological 

investigation should be performed after the printing process to assess the surface 

quality of the samples and determine the optimal parameters. 

3.4.2 Design and process challenges in AM of NiTi stent 

The design and manufacturing of NiTi stents using AM present both significant 

opportunities and unique challenges. While AM techniques like LB-PBF enable the 
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creation of highly customized stents with complex geometries tailored to patient-

specific needs, they also introduce technical limitations that affect the mechanical 

properties, surface quality, and overall performance of the stents.  

For what concerns the mechanical properties of additive-manufactured NiTi 

devices, they have been compared with the mechanical properties of NiTi devices 

obtained with traditional manufacturing techniques (e.g. laser cut) in several studies; 

for example, a work from Meier et al. [226] shows that both AM NiTi and conventional 

NiTi materials show a similar functional behavior during thermomechanical cycling, 

whereas fracture strength and fracture strains of AM NiTi are slightly lower. This 

highlights that AM is a promising manufacturing method for NiTi alloys. Another 

difference regards the surface finish of AM NiTi parts compared to conventional NiTi 

parts. 

The most important advantage of applying AM to stent manufacture is the ability 

to produce fully customizable stents and, in general, medical devices based on patient-

specific 3D models. These stents would have a variable geometry that is consistent 

with the anatomy of the patient. This design flexibility has also been demonstrated 

with the production of bifurcated geometries [227]. Another advantage of the AM of 

stents is that the production is not dependent or limited by the availability of suitable 

commercially available tubes for laser cutting. For the latter method, when the 

available tube diameters do not perfectly match the ideal diameter needed for the 

anatomy of a specific patient, the surgeons select a stent with a diameter slightly larger 

than necessary to ensure proper fitting, which could lead to negative consequences 

such as irritation of the vascular wall and possible inflammatory response due to stent 

oversize [228]. Furthermore, one last advantage not to be overlooked in utilizing the 

LB-PBF techniques, is waste minimization during production, compared to laser 

cutting. 

However, there are also some significant limitations in the manufacture of AM 

stents. A main issue regards the low surface quality of the as-built surfaces, especially 

since the required strut thicknesses of NiTi stents are very small, in the order of 100-

500 μm, which is comparable to the size of the powder particles (10-60 μm) and the 

laser beam. This requires careful control of the energy release but also the scan vector 

accuracy [215,227]. Many studies point out that only the energy level is not sensitive 

enough to predict the printing quality [216]. In addition, shape-memory and SE 
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properties are highly dependent on the powder composition and process settings. Any 

slight changes in the nickel content due to the laser melting during the process in the 

composition can change the transformation temperatures and, subsequently, the 

superelastic behavior of the AM stents [229]. This further increases the difficulty of 

parameter optimization in the fabrication of thin NiTi structures through this method. 

The high-intensity laser beam could lead to increased porosity, significant residual 

stress, and high surface roughness [222]. A balance between the porosity and the 

transition temperature control is hard to achieve by controlling the laser process 

parameters, hence, consecutive heat treatments and surface finishing operations may 

be applied to modify the microstructure as built and improve the mechanical properties 

of AM stents [217]. To improve the surface quality of LB-PBF stents, chemical etching 

must be performed. This process also lowers the strut thickness, improving the stent 

performance [217,229]. This technique and other surface modifications, such as 

coating, passivation, laser polishing [230] and electropolishing, can also be 

advantageous in overcoming the potential issue of nickel release into the bloodstream 

in the human body, which is a fundamental issue to avoid in order to guarantee the 

biocompatibility of the stent [229,231,232]. Another important aspect to be considered 

for the AM of NiTi stents is that additive manufactured devices often present 

anisotropic mechanical properties due to the intrinsic manufacturing techniques 

adopted [233]. More precisely, there could be a different mechanical behavior of the 

stent due to the direction of printed layers. Building direction and scanning pathway 

are shown to greatly influence the behavior of  additive-manufactured devices: M. 

Somireddy and A. Czekanski  [234], showed that building orientation (edge, flat or 

upright) of additive-manufactured composite structures significantly influences the 

final properties of the structure, tested through flexural loading, while S. Dadbakhsh 

et al. [235], showed how building direction, scanning direction and scanning speed 

influence the compression behavior and shape memory response of selective laser 

melted NiTi specimens. The anisotropy of a device, often considered a negative aspect, 

could be exploited to modify the mechanical behavior of a stent in one direction 

compared to the others, but these considerations are beyond the scope of this review 

article. Future investigations in this sense will be necessary in the search for the ideal 

stent for the specific need. Furthermore, the design phase also needs to be considered 

when utilizing LB-PBF to produce NiTi stents. The stent design should avoid large 

overhangs to minimize supports during printing, and in addition, removing the support 
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structure would affect the surface roughness of the final product [222,227–229]. 

Despite these limitations, AM opens up new avenues in terms of customization of the 

devices, which could be tailored to the patient’s vessels in combination with precise 

preoperative assessment (e.g. CT scan or MR). 

Figure 56 shows some stent models that we created in SolidWorks to address the 

geometry limitations of the stent design with AM like as wall thickness, aspect ratio, 

overhang, and the need for support structures. By optimizing these geometric 

parameter values, the designs aim to enhance manufacturability. It must be noted that 

different 3D printing machines can have varying specifications and limitations. These 

constraints necessitate careful design considerations to ensure that the stent can be 

successfully printed within the capabilities of the specific machine being used. For 

instance, Design 1 and 2 in Figure 56 is made for a printing machine that has important 

constraints concerning two factors: the section sizes must be about 0.3 × 0.3 mm with 

a fillet of 0.05 mm, and the structures must be self-supported during printing. On the 

other hand, design 3 and 4 in Figure 56 are made for a different machine with distinct 

requirements, including an aspect ratio of 8:1, wall thickness exceeding 0.25 mm, fillet 

size more than 1 mm, and overhang greater that 47°. The following table summarizes 

the specifications for each stent design, including the outer diameter, length, thickness, 

width, and the need for support during printing. 

  

(a) Design 1 (b) Design 2 

 

 
(c) Design 3 (d) Design 4 

Figure 56.  Stent models which are designed in SolidWorks to address geometry limitations with 

specific printing machines. 
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Table 13.  Specifications for each stent design of Figure 56, including dimensions and support 

requirements. 

          (mm) 
Diameter  Length  Thickness  

Bridge 

width  

Strut 

width  

Need of 

support 

Design 1 14 45.80 0.4 0.3 0.35 No 

Design 2 14 41 0.4 0.3 0.35 No 

Design 3 14 4.80 0.4 0.3 0.55 Yes 

Design 4 30 30 0.4 0.3 0.3 No 

 

3.5 ONGOING TRENDS IN STENT DESIGN 

Cardiovascular disease remains a formidable global health challenge, 

contributing significantly to morbidity and mortality worldwide. Although stenting is 

an effective way to treat cardiovascular disease, the clinical reports reveal that there 

are still some issues such as vessel recoiling and stents migration post-deployment, 

fracture, and in-stent restenosis. Furthermore, the scarce presence of commercial stents 

suitable for deployment into some complex anatomy districts (bifurcations, diameter 

variation, and so on) exacerbates the challenges in cardiovascular intervention, where 

it falls upon the surgeon to choose one or more than one stent to meet the specific 

clinical needs of the patient [236]. Moreover, the inherent anatomical diversity among 

patients further complicates stent selection, adding another layer of complexity to 

treatment strategies. Thus, studying the design of an optimum stent that can mitigate 

these limitations is still a hot topic both for researchers and companies, aiming to 

enhance treatment efficacy and patients’ health. Scholars devoted a strong effort to 

improving biocompatibility, reducing failure rates, and enhancing the performance of 

stents through advanced materials, optimum cell-design, and manufacturing 

techniques. Therefore, biodegradable stents are a significant trend nowadays [237–

240], as they boast exceptional biocompatibility that plays a pivotal role in their rising 

popularity. They are designed to provide temporary support tissue growth before 

dissolving completely, thereby minimizing long-term complications. This evolution 

addresses the limitations inherent in durable polymer-based conventional drug-eluting 

stents, which raise the risk of in-stent restenosis and stent thrombosis by causing 

neoatherosclerosis and chronic local inflammation [241]. On the design and 

technology side, there is a growing interest in using AM techniques to manufacture 

stents. AM has emerged as a prominent trend in recent years, evident from the 

increasing number of publications on AM of different stents either BMS or BDS 

[222,229,237,242–246]. This trend signifies a fundamental shift in stent 
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manufacturing methodologies, particularly in response to the limitations associated 

with conventional manufacturing processes such as laser-cutting. For instance, the 

dimensions of the stents that are conventionally manufactured by laser cutting from 

tubes, are dependent on available tubes, limiting dimensional selection of the stent. 

The available tube diameters may not perfectly match the ideal diameter needed for a 

particular patient's anatomy, forcing the surgeons to select a stent with a diameter 

slightly larger than necessary to ensure that it fits properly within the blood vessel, 

which can lead to negative clinical consequences, such as thrombosis and restenosis 

[228]. While considering AM, the design and manufacture of patient-specific stents, 

that precisely conform to individual vascular dimensions, is now possible and has 

started becoming more popular recently [247,248]. Moreover, AM can deal with 

complex geometries such as vessel bifurcations, which are typical of many regions in 

the vascular system. This approach has been recently investigated in technical 

literature [249] but AM in general offers a solution for creating and manufacturing 

complex geometries and cell designs. The freedom of shape given by AM has recently 

motivated designers to explore and analyze more complex geometries such as auxetic 

structures [250–252] to enhance mechanical properties and overall performance of 

stents.  

The increasing use of AM opens the need for the designer to move from the 

current state of the art, largely based on laser-cut tubes and investigate new shapes and 

geometry, which is why the collection of dimensions and the definition of figures of 

merit is fundamental for the next generation of stents. The comparative tables reported 

in this review show that the solutions could be very different in terms of strut size, cell 

shape and design, and on top of this, strong improvements can be envisioned mainly 

relying on possible customization of these products based on computed tomography 

(CT) scans of patients. The use of new emerging technologies not only allows the 

designers to achieve the best trade-off between the several figures of merit of the 

endovascular NiTi SX stents but also opens new possibilities in terms of optimization 

of the geometry based on methods such as generative design and topological 

optimization [102,250,253,254]. 

In summary, the current trends in stent design and manufacturing reflect a 

significant shift towards addressing the limitations and challenges faced in 

cardiovascular interventions. Researchers are increasingly focusing on enhancing 
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biocompatibility and improving stent performance through the use of advanced 

materials, optimal cell designs, and innovative manufacturing techniques such as AM. 

This work, providing a quantitative insight into the geometry, the dimension, and the 

mechanical properties of many commercial stents both for arterial and venous 

applications along with a detailed description of the main figures of merit of the stents, 

will help the future stent designers in exploiting new possibilities such as AM to 

improve the performance of these devices and enhance global health. 

3.6 SUMMARY AND IMPLICATIONS 

  Endovascular stents have revolutionized the treatment of atherosclerotic 

vascular disease, offering a minimally invasive alternative to conventional open 

surgery. This advancement has significantly improved patient outcomes, minimizing 

trauma, recovery time, and associated healthcare costs. Among these, SX NiTi stents 

stand out due to their superelastic properties, which allow them to adapt dynamically 

to vascular deformation while maintaining vessel patency. Over the past two decades, 

the market has witnessed a proliferation of diverse stent designs, many of which 

incorporate hybrid configurations to balance flexibility, mechanical strength, and 

biocompatibility. 

This chapter explored the key aspects of SX NiTi stent optimization, providing 

insights into their development, manufacturing methods, and mechanical performance. 

By combining historical perspectives with advanced analytical, numerical, and 

experimental techniques, the chapter highlights the potential of modern stent designs 

to address clinical challenges effectively. A comparative analysis of manufacturing 

methods—including braiding, laser cutting, and AM—offers a roadmap for future 

innovations in stent development, balancing mechanical performance, clinical 

efficacy, and cost-effectiveness. 

3.6.1 Key findings  

Braiding Techniques 

• Braided stents demonstrate excellent flexibility and adaptability to complex 

vascular geometries. The chapter focused on optimizing braided stent 

designs using analytical modelling, FE analysis, and the MOPSO algorithm. 

• Analytical modelling validated against reference FE data showed excellent 

agreement in terms of stent length, radial force, and stress parameters 
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(subsection 3.2.4). Using the MOPSO algorithm, optimal design 

parameters—including wire diameter, number of coils, and braided angle—

were identified. 

• The optimization results revealed significant improvements, with a 28% 

increase in radial force, a 40% boost in radial pressure stiffness, and a 4.6% 

reduction in length variation compared to reference design. These 

advancements highlight the precision and enhanced fatigue performance of 

the optimized braided stent, establishing it as a viable solution for tortuous 

and dynamic vessel regions. 

Laser-Cutting Techniques 

• The Scitech-Solaris stent was used as a case study to examine the 

capabilities of laser-cutting methods. The superelastic behavior of the stent, 

derived from experimental testing (discussed in subsection 3.3.4), validates 

its performance under physiological conditions. 

• Despite their scalability and reliable surface finishes, laser-cut stents face 

limitations such as geometric constraints (e.g., rectangular cross-sections), 

which can disrupt blood flow and increase restenosis risk. These limitations 

underscore the need for more customizable manufacturing methods. 

Additive Manufacturing (AM) 

• AM techniques offer unparalleled customization potential, enabling the 

design of patient-specific stents with complex geometries, such as 

bifurcated or auxetic structures. 

• However, challenges like anisotropic mechanical properties, high surface 

roughness, and process sensitivity to material composition pose barriers to 

widespread adoption. The results discussed in section 3.4 emphasize the 

importance of post-processing techniques like chemical etching and heat 

treatments to overcome these limitations. 

The following table provides a concise summary of the advantages and 

disadvantages associated with the three primary manufacturing methods discussed in 

this chapter. 
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Table 14. Comparison of advantages and disadvantages of key manufacturing methods for self-

expanding NiTi stents. 

Manufacturing 

methods 
Advantages Disadvantages 

 

Braiding 

 

Provides flexibility and good radial 

strength due to interwoven wires. 

 

Capable of producing stents with 

varying geometries. 

 

Generally good biocompatibility with 

materials used. 

 

Limited customization compared to 

other methods. 

 

Complexity in manufacturing may 

lead to inconsistencies. 

 

Laser-cutting 

 

Established process with reliable 

outcomes for mass production. 

 

Efficient for standard sizes and shapes, 

ensuring quick production. 

 

Good surface finish achievable 

through post-processing techniques. 

Produces rectangular cross-sections 

that can promote blood flow 

turbulence, increasing risks of 

restenosis. 

 

Limited customization for specific 

patient needs; relies on available tube 

sizes. 

 

Rectangular cross-sections might 

increase restenosis risk by disrupting 

blood flow dynamics. 

 

Tool wear can affect dimensional 

accuracy; requires careful handling of 

material properties. 

 

 

Additive 

manufacturing 

 

Allows for fully customizable stents 

tailored to patient-specific anatomies 

using 3D models. 

 

Minimizes waste during production 

compared to traditional methods like 

laser cutting. 

 

Enables complex geometries, 

including bifurcated, and auxetic 

designs, which are challenging for 

other methods. 

 

Eliminates reliance on commercially 

available tube sizes by enabling 

variable diameter design. 

 

Affordable for rapid prototyping and 

iterative design development. 

 

 

Low surface quality of as-built parts, 

requiring additional finishing 

processes like chemical etching. 

 

Anisotropic mechanical properties 

may lead to inconsistent performance 

based on printing orientation. 

 

Sensitivity to powder composition and 

process settings can affect mechanical 

properties and SE. 

 

Requires precise control of process 

parameters like laser power, scanning 

speed, and layer thickness, making the 

process complex. 

 

High initial costs due to specialized 

equipment and materials. 

 

3.6.2 Implications for future stent design 

The insights presented in this chapter set the foundation for the next generation 

of stents that prioritize adaptability, reliability, and patient-specific solutions. 
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Optimized braided stents demonstrate the potential to meet clinical challenges in 

tortuous vessels, while laser-cutting and AM techniques offer complementary 

strengths for scalable, customizable, and patient-specific production. AM,  in 

particular, enables the creation of stents with complex geometries and tailored 

dimensions, making it ideal for addressing unique anatomical and pathological needs. 

Future advancements will require a balanced integration of these methods, leveraging 

the benefits of each to design stents that excel in both mechanical performance and 

clinical outcomes. By combining innovative manufacturing processes with rigorous 

optimization techniques, the development of highly customized stents capable of 

improving patient-specific treatments becomes increasingly feasible. 
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Chapter 4: Conclusion 

This thesis focuses on the application of NiTi in both engineering and medical 

fields. It begins by discussing the fundamental characteristics of NiTi, particularly its 

SME and SE properties and highlights their critical roles in enhancing the performance 

and functionality of actuators and medical devices like stents. 

In the domain of actuators, we proposed and developed a novel SMA-

metamaterial actuator capable of exhibiting a reversible, global elongation in multiple 

directions induced by the unidirectional contraction upon heating of a single SMA 

component. This actuator consists of: (i) an SMA component, (ii) a bias component, 

and (iii) the metamaterial geometry, each having a distinct function: (i) actuation 

activation, (ii) reversibility of actuation upon deactivation, and (iii) amplifying and 

redirecting the unidirectional SMA actuation globally throughout the actuator, 

respectively. We designed and tested a prototype actuator in various configurations 

over multiple activation/deactivation cycles to demonstrate the functionality and 

reusability of this system. Furthermore, we developed and validated a theoretical 

model predicting the actuation stroke of the system based on the material properties of 

the SMA and bias components, as well as the geometry of the metamaterial system. 

The findings of this work demonstrate the considerable potential of SMA-

metamaterial actuators for implementation in systems requiring a multi-axial actuation 

output.  

In the realm of biomedical engineering, the thesis details the evolution of stents, 

their classification, and the critical factors influencing their performance, such as 

material properties, design geometry, and manufacturing techniques. To provide a 

comprehensive understanding, this work classifies and examines each manufacturing 

technique through case studies: starting with the design and optimization of a SX 

braided stent, followed by the analysis of a laser-cut stent, and concluding with a 

discussion on stent fabrication using AM, including the challenges and opportunities 

associated with AM techniques. 

We studied the design and optimization of a SX NiTi braided stent using 

analytical and numerical models. The analytical model was validated by comparing 
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the results with reference data obtained from a literature study using FE. The 

comparison showed excellent agreement between the analytical model and the 

reference data in terms of stent length, radial force, and stress parameters. 

Subsequently, we used MOPSO to improve the stent design by exploring three 

important design variables: wire diameter, number of coils, and braided angle. The 

objective of the optimization procedure was to improve the radial stiffness and radial 

force of the stent while minimizing the length variation of the stent under loading. The 

optimization effectively identified optimal parameters with substantial improvements 

over the reference device. In comparison to the reference design, the findings show 

that the optimized design significantly boosts the stent's mechanical properties by 28% 

and 40% in terms of average radial force and radial pressure stiffness, respectively. In 

addition, the length variation of the optimized stent decreased by 4.6%, demonstrating 

enhanced stent deployment precision. The optimized stent also showed a significant 

diameter variation with a local strain below 0.5% within the elastic limit of the 

material, ensuring high fatigue performance. Overall, the analytical and numerical 

models we described in this study proved effective at predicting stent behavior and 

designing optimal stent geometry with enhanced mechanical properties. 

Continuing with laser-cut stents, the thesis examines the SX NiTi Scitech-Solaris 

as a case study to demonstrate its design and superelastic behavior. First, we obtained 

precise dimensional measurements of the stent using microscopic imaging and 

incorporated them into a CAD model created in SolidWorks, which we later imported 

into ABAQUS for simulation. Then, the material behavior of the NiTi used in the stent 

was modelled based on the superelastic properties, employing an iterative trial-and-

error process that combined CR experimental data with FEM simulations to adjust the 

model’s parameters. We successfully simulated the CR test, replicating the 

experimental conditions with a high degree of accuracy, as evidenced by the close 

alignment between simulation results and experimental data. 

Finally, this thesis explores the potential of AM, particularly laser-based powder 

bed fusion, as a transformative method for producing patient-specific stents with 

intricate geometries. We demonstrated that while AM offers significant advantages, 

such as design flexibility and waste minimization, it also presents challenges, 

including surface quality and porosity control. We showed that optimizing AM process 
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parameters, along with post-processing techniques like chemical etching, is critical in 

addressing these challenges. 

In conclusion, this thesis contributes to advancing the field of NiTi-based 

devices through innovative design, rigorous testing, and optimization. By bridging the 

gap between theoretical understanding and real-world application, this work 

underscores the transformative potential of NiTi in engineering and medicine. 
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