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Abstract. Cardiovascular stents are indispensable medical devices used to treat vessel-related 
issues such as atherosclerotic plaque. In the past, stents were mainly made of materials like 
stainless steel or cobalt-chromium alloy. However, over the last two decades, research has 
focused on the use of Nitinol (NiTi) due to its superior properties such as super-elasticity, 
biocompatibility, and strength. The aim of this paper is to optimize the design of the open-
ended braided stent, a well-known architecture for endovascular stents, subjected to radial 
compression, for enhanced performance. The optimization process uses Multi-Objective 
Particle Swarm Optimization (MOPSO), which explores three design variables, namely wire 
diameter, number of coils, and pitch angle, to determine the optimal shape that maximizes 
radial pressure stiffness and radial force exerted on the vessel walls while minimizing 
foreshortening. The analytical model developed is compared against literature findings, and 
the optimization results are implemented in a finite element analysis solver and compared 
with existing references. The study finds that the optimized design using MOPSO improves 
the mechanical performance of the stent, particularly in terms of radial stiffness. The results 
demonstrate the feasibility of MOPSO for optimizing braided NiTi stents and the use of FEM 
for validating optimized designs. The work emphasizes the significance of optimizing the 
design of cardiovascular stents to enhance their performance and assure their effectiveness in 
treating artery diseases. 
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1 INTRODUCTION 
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 [1]. Cardiovascular stents are critical medical 
devices used in the treatment of artery diseases, such as atherosclerotic plaque. Stents are 
designed to maintain vessel patency and prevent restenosis by providing mechanical support 
to the artery walls [2] . Stent materials made of metal can be classified into various types 
based on their composition, such as Nitinol, stainless steel, cobalt-chromium, and other 
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metallic alloys. Metallic material consists of Nitinol, stainless steel, cobalt-chromium, and 
other metallic alloys. Stainless steel and cobalt-chromium alloy were commonly used 
materials for stents in the past. However, over the last two decades, the focus has shifted 
towards using Nitinol (NiTi) which is a type of Shape Memory Alloys (SMAs) [1]–[3] . 
SMAs are a class of smart materials that have the ability to remember and recover their initial 
shape when exposed to thermal or mechanical loads. Among all SMAs, NiTi is the most 
widely used one because of its superior properties like super-elasticity, biocompatibility, 
flexibility, outstanding functional stability, good wear and corrosion resistance, and fair 
resistance to fatigue [4]. The category of metallic stents is additionally subdivided into two 
expansion methods: balloon-expandable and self-expanding (SX). Balloon-expandable stents 
are expanded using a pressurized balloon, while self-expanding stents, such as braided SX 
stents, rely on an elastic springback to expand after the contraction needed for the insertion. 
The SX stent is resilient enough to recover its original shape after being unloaded from 
extreme deformations [5], [6].  
In this study, we focus on braided SX stents. Braided stents are typically made of a metal 
alloy, such as Nitinol, and consist of a series of interwoven wires that can expand and contract 
like a spring. Braided SX stents offer several advantages in the treatment of vascular disease. 
These stents are highly flexible and adaptable, allowing them to conform to the complex 
shapes of vessels and 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 [7]–[13]. 
In addition to the importance of the materials used to manufacture stents, evaluating the 
structure and geometry of stents are also crucial. In 1993 Michael R. Jedwab et.al [14] 
presented a mathematical model of an open-end self-expanding braided stent to describe both 
mechanical and geometrical properties of the stent and finally, they validated their model by 
conducting several experimental tests on a sample stent. In 2017, Shanahan et al. [15] 
investigated whether the formula proposed by Jedwab and Clerc [14] can be used to predict 
the mechanical behavior of looped-end braided stent designs. For this purpose, they studied 
two stent designs, open-end braided and looped-end braided stents, with the same materials 
and initial geometry parameters. They found that the suggested analytical model is not 
completely applicable for modeling the looped-end designs' mechanical behavior and the 
magnitude of radial force and peak stress in the looped-ends can only be predicted by the FE 
Model. Chen Pan et al. in their recent review [16] analyzed different stent structural designs. 
Three different types of stents including the bridging, representative volume element 
(RVE)/representative unit cell (RUC), and patient-specific stents were examined for 
mechanical properties such as radial stiffness, foreshortening, and axial flexibility. They 
studied the structural challenges of existing stents and listed mechanical pros and cons for 
various structural designs. Based on their study, achieving a balance between high radial 
stiffness and axial flexibility is a crucial standard and challenging design problem for stents, 
emphasizing the necessity to optimize stent designs. 
There are several factors that can be considered when optimizing braided stents, such as the 
material used, the design of the braid, the size and shape of the stent, and the coating applied 
to the stent. The goal of optimizing a braided stent is typically to improve its performance, 
such as increasing its flexibility, strength, and resistance to damage, while also reducing its 
cost and complexity. This can be done through a combination of material selection, design, 
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manufacturing techniques, and an optimization algorithm such as the Multi-Objective Particle 
Swarm Optimization (MOPSO) algorithm. MOPSO is a powerful optimization technique that 
can efficiently explore the design space of the braided stent and identify the optimal design 
that meets the desired mechanical properties. 
The aim of this study is to improve the mechanical properties of the braided stent when it's 
fully deployed in the vessel using an optimization algorithm. In the first step, the mechanical 
properties of a braided stent structure through an analytical model proposed by Jedwab et. al 
[14] are investigated. Then, to improve the mechanical properties of the stent when it is fully 
deployed in the vessel, its mechanical behavior using the analytical model and FE model was 
verified with the literature [15]. Finally, to find the optimized structural design, the Multi-
Objective Particle Swarm Optimization (MOPSO) algorithm [17] was utilized by focusing on 
maximizing radial pressure stiffness and radial force and minimizing the maximum stent 
length under periodic pressure from the vessel. 

2 MATERIALS AND METHODS 
In the following paragraphs, a detailed description of an analytical model, based on Jedwab's 
approach [14], is presented to predict the mechanical behavior of an open-ended braided stent, 
including radial force and stiffness. To improve the mechanical performance of the stent, 
optimizing the stent design using the MOPSO algorithm is explored. To validate our results, a 
radial compression test is simulated by means of a nonlinear finite element analysis of the 
stent in contact with the crimper.  

2.1 Material selection 
  All stents, regardless of the method of deployment used, are implantable medical devices, so 
they are required to exhibit high levels of biocompatibility as well as resistance to corrosion. 
They should have high radiopacity and produce very little interference when used in MRI 
machines. The second reason biocompatibility is important is that corrosion results in the 
release of metallic ions inside the body. The ideal material for an SX stent would also have a 
low elastic modulus but a high yield stress, making it both flexible and resistant to fracture 
[15]. Over the years, stent materials and designs have evolved significantly to enhance their 
efficacy and minimize the risks associated with their use. Compared to other materials, 
Nitinol, a Nickel-Titanium (NiTi) shape memory alloy meets the majority of stent design 
requirements because of its special characteristics and excellent behavior such as flexibility, 
non-magnetic, recoverability from large deformation, excellent biocompatibility, and high 
corrosion resistance [18], [19]. Therefore, in this work, the behavior of a NiTi-based self-
expanding braided stent is investigated. 

2.2 Cylindrical braided stent 
The braided stent is a kind of self-expanding 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 1. 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 suggested 
by Jedwab and Clerc [14] are summarized. 
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Figure 1: Stent elongation under axial loading F

2.2.1 Stent geometry 

The parameters of the braided stent (see Figure 1) are the initial stent diameter   , the initial 
length of the stent   , the diameter of the wires d, the number of wires  , and the initial 
pitch/braided angle   . The pitch angle is the angle between any helix and the circumferential 
axis. When an axial load   is applied on the stent, the braided angle will increase from    to 
 . At the same time, the initial stent’s length extends to a new length  , while its initial 
diameter reduces to  . Using these parameters, the initial pitch    and the number of coils  
are given by the following equations. 

           
(1)

  
  

  
 (2)

Based on the assumption that the length of the wires stays constant, the relationships between 
the ultimate length  and the diameter  and the pitch angle are as follows: 

  
       

      

(3)

  
       

       

(4)

Equation (5) also computes the minimum pitch angle     associated with the maximum 
compressed configuration [20]. 

           
  

  
 

(5)

2.2.2 Mechanical properties 
The stent model is based on the assumption that the behaviour is similar to a collection of 
independent open-coiled helical springs. It is assumed that 1) the stent undergoes only elastic 
deformation, and 2) the stent's ends are fixed against rotating around the longitudinal axis 
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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 [20]. 

    
   
  

 
       

  
     

        

  
 
        

  
     

(6) 

Where   ,   , and    are constants as follow: 

   
        

  
               

         

  
            

  
        

(7) 

 and    represent the moment of inertia and polar moment of inertia, respectively, and   and 
  are the shear modulus and Young's modulus respectively. The work done by load F is by 
definition dW=Fdδ. The same deflection   can be generated by applying a uniformly 
distributed radial pressure   to an imaginary lateral surface     around the stent. The work 
done by the pressure   is equal to: 

As   and  perform an equal amount of work, the pressure required to achieve the same 
deflection in a stent can be computed as follows: 

  
   

        

(9) 

Therefore, the radial force   can be calculated as follows. 

  
    

      

(10) 

To calculate the radial pressure stiffness   , the following equation is found in [20]. 

   
  

                  
  

 
 
 
 
 
             

   

  
 
       

  
  

  

  
 
      

  
 

  
       

  

   
  

       
                           

 
 
 
 
 
 

           
(11) 

Considering one of the open-coiled helical springs under the action of the load  , the bending 
and twisting moments       are given as follows. 

                

 
                                                                      

  

(12) 

According to distortion energy, the equivalent Von Mises' stress    is a function of shear 
stress   and bending stress   as follows: 

           
   

    
             

(13)

2.3 Optimization 
An optimal stent, in addition to having sufficient flexibility against pulses, should have a 

       
  

 
(8) 

458



S.F. Hoseini, A.Spaggiari 

considerable radial force and radial stiffness [21] to maintain the vessels open. 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 [18]. 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.  
In this study, we used the Multi-Objective Particle Swarm Optimization (MOPSO) algorithm 
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 [17]. We aimed to maximize the radial force,    and radial stiffness    of 
the stent while minimizing the length variation of the stent under axial loading     , to avoid 
foreshortening. To achieve an efficient stent, we used the MOPSO algorithm to explore three 
design variables, namely wire diameter (d), number of coils (N), and pitch angle (  ). The 
following ranges of         are specified. 

               (14) 

        

         

Moreover, we imposed constraints 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 [15]. 

                (15) 

                    

2.3.1 Optimization parameters 
The algorithm has several parameters that can be adjusted to influence its performance. In our 
study, we used a population size of 100 particles, and the maximum number of iterations is set 
to 200. We 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 [17] that have shown their effectiveness in optimizing different problems. By fine-
tuning these parameters, we were able to effectively explore the search space and find a set of 
stent designs that fulfill multiple objectives simultaneously. 

2.4 Numerical simulation 
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, finite 
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element analysis simulations are conducted. The stent's geometry is designed using 
Solidworks software, utilizing the initial geometrical parameters, including pitch angle (  ), 
number of wires ( ), the diameter of wires ( ), and initial length (  ) and diameter (  ) of 
the stent. The generated geometry is imported into Abaqus/CAE version 6.14 using the STEP 
format, providing the required framework for finite element analysis (FEA). To analyze the 
stent's mechanical behavior, the geometry has meshed with 2-node linear beam elements 
(B31), which allows us to have both an excellent computational efficiency and good accuracy 
of the responses. To model the contact between the braiding wires at the intersection points, 
we employed JOIN connectors, without friction. These elements are 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 [22]. 
To accurately simulate the stent crimping process, a model of the crimper is exploited. The 
crimper is modeled 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 is also designated as a set to define the contact between the stent and the crimper 
during compression simulation.  

2.4.1 Radial compression simulation 
To accurately simulate the radial compression on the stent, a radial displacement is imposed 
on the crimper in cylindrical coordinates. Figure 2 shows the initial configuration of the 
simulation model. A frictionless surface-to-surface contact is 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 is applied to the corresponding nodes. 
The stent is in Nitinol, modeled as a linear material with an austenitic Young's modulus of 
35.9 GPa, and Poisson's ratio of 0.33. 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.  

Figure 2: Model of the crimper and stent in the initial configuration 

3 RESULTS AND DISCUSSION 

3.1 Validation of the analytical results 
To validate the analytical results of our model, we designed a stent based on previous research 
conducted by Shanahan [15] 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 (    ), as it was 

Stent

Crimper

460



S.F. Hoseini, A.Spaggiari 

done in the reference. The design parameters for the stent and the characteristics of the finite 
element (FE) model are presented in Table 1. By utilizing the FE model, we conducted a 
comparative analysis between our results and the reference data. This approach enabled us to 
verify the accuracy of our analytical model and demonstrate its effectiveness in predicting the 
behavior of the stent. As illustrated in Figure 3, the analytical model demonstrates excellent 
agreement with the reference data for the length, radial force, and stress parameters.
Furthermore, the simulation results indicate strong agreement between the analytical and 
simulated values for stent length. While the radial force values display a similar trend, there is 
a slight discrepancy in the numerical values. This difference could be due to the boundary 
condition given to the end nodes of the stent. Moreover, the von Mises stress values also align 
well with the analytical data. Additionally, our simulation results show that the maximum 
stress in the stent is around 135 MPa (as shown in Figure 4), which is in excellent agreement 
with the analytically derived maximum stress of approximately 130 MPa. These stress values 
support the linear model chosen for the material since the strain in the global stent is around 
3%. This strong agreement further supports the validity of our model in predicting stent 
behavior. The findings suggest that the analytical and simulation models are effective tools 
for predicting stent behavior and designing optimized geometry of the stent.

Table 1: Design parameters for the stent and crimper, and characteristics of the finite element model

Parameters Stent Crimper
Initial external diameter   (mm) 22 22.1
Final external diameter   (mm) 10 10

Wire diameter d (mm) 0.22 -
Initial length   (mm) 53.56 100

Initial branding angle   ( ) 30 -
Number of wires N 30 -
Finite element type B13 SFM3D4R

(a) (b) (c)
Figure 3: Comparison between the analytical and simulation results with the reference: 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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3.2 Optimized design 
In accordance with the guidelines outlined in section 2.3, the stent design was optimized using 
the Multi-Objective Particle Swarm Optimization (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 pitch angle. To ensure a 
meaningful comparison between the optimized and reference designs, constraints were set on 
both the volume of the stent and the maximum Von Mises stress. The optimized design 
parameters obtained through this process are presented in Table 2, while the analytical results 
of the optimization process are summarized in Figure 5. 

(a) (b) 
Figure 4: Von Mises stress distribution under uniform radial compression; a) front view b) top view 

The optimized stent design shows a maximum radial force of 2.6 N and a maximum radial 
stiffness of 0.18 N/mm; these figures represent a 38% and 52% improvement, respectively, 
over the reference design. In addition, the length variation of the optimized stent was reduced 
by 4.5% compared to the reference design, indicating improved accuracy in stent deployment. 
These findings show that the MOPSO algorithm is capable of optimizing stent design, thereby 
improving stent performance and enhancing clinical outcomes for patients. 

Table 2: Optimized design parameters 

Initial branding angle     ( ) Number of wires N Wire diameter d (mm) 
42.55 16 0.29 
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(a) (b) (c)
Figure 5: Analytical 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

4 CONCLUSION 
This paper describes a comprehensive study of the design and optimization of a stent using 
analytical and simulation models. The analytical model was first validated by comparing the 
results with reference data obtained from a previous study using FEA. The comparison 
showed excellent agreement between the analytical model and the reference data in terms of 
stent length, radial force, and stress parameters. Subsequently, Multi-Objective Particle 
Swarm Optimization (MOPSO) was used to improve the stent design by exploring three 
important design variables: wire diameter, number of coils, and pitch 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. In comparison to the 
reference design, our findings show that the optimized design significantly boosts the stent's 
mechanical performance by 38% in terms of radial force and 52% in terms of radial stiffness. 
In addition, the length variation of the optimized stent was decreased by 4.5%, demonstrating 
enhanced stent deployment precision. Overall, the analytical and simulation models created in 
this study demonstrated to be highly effective at predicting stent behavior and designing an 
optimum stent geometry, which may enhance device performance. 
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