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A B S T R A C T

In the present study, the impact of geometric variables and structural features of stents on he-
modynamic parameters is investigated. Intravascular stent implantation is a treatment method 
whose success largely depends on the geometric structure of the stent and its effect on hemo-
dynamic parameters. Medical devices called stents are inserted into arteries to restore blood flow 
when an artery is blocked. In this research, an optimal stent was designed and its effect compared 
to the common commercial stent used for coronary arteries was investigated and compared. It has 
been found that the geometry of the stent has an effective impact on the wall shear stress in the 
stented artery. Therefore, in this article, the importance of stent structures in the treatment of the 
coronary artery disease is discussed. For this purpose, first, an optimal stent is created with the 
topology optimization technique to find the best structure in the stent design. Finally, the opti-
mized stent is numerically verified with ANSYS software and compared with existing commercial 
stents, and then the prototype is fabricated using additive manufacturing techniques. Commercial 
software ABAQUS, SolidWorks, and ANSYS are used in this research. The results showed that in 
optimizing a square plate, a sample with a minimum residual volume limit equal to 10 and 7 % 
can be selected as the optimal state. The results indicate that the new design can improve the 
distribution of wall shear stresses to reduce the adverse hemodynamic changes. Therefore, the 
proposed stent geometric structure can help improve the treatment. Finally, the optimized stent 
along with a commercial stent was made with the 3D printing method.

1. Introduction

Accurate prediction and control of blood flow and friction within the stent-vessel interface is crucial to ensure optimal stent design 
and functionality. By optimizing the stent structure and considering both structural and hemodynamic parameters, researchers can 
minimize the friction coefficient at the stent-vessel interface. It should be noted that the effect of the friction coefficient depends on the 
deformation of the wall and the stent over time. This can help reduce the risk of complications such as endothelialization, neointimal 
hyperplasia, and restenosis. Furthermore, the optimization process takes into account various parameters such as stent strut shape and 
size, thickness, and overall stent diameter, which can all influence the coefficient of friction [1]. By minimizing the friction coefficient, 
the flow regime within the vessel can be improved, promoting better blood circulation and potentially reducing the risk of further 
complications [2]. By optimizing the stent design to decrease the maximum stress and increase plaque displacement, the stenosis of the 
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blood vessel can be decreased, ultimately improving blood flow and patient outcomes [1]. Additionally, the optimization process 
considers the specific conditions and requirements of different arteries. This ensures that the resulting stent design is tailored to each 
patient, maximizing its effectiveness and minimizing any potential negative impacts on blood flow. The coefficient of friction that the 
stent creates in the vessel has an effective role in changing the flow regime. By reducing the coefficient of friction, the flow regime can 
transition from a turbulent or transitional state to a more desirable laminar flow [3]. This transition to laminar flow is beneficial as it 
reduces energy loss, minimizes the risk of thrombosis and restenosis, and promotes better oxygen and nutrient delivery to the sur-
rounding tissues [1]. In conclusion, accurate prediction and control of the coefficient of friction within the stent-vessel interface is 
essential for optimizing stent design and improving blood flow in the vessel. In conclusion, accurate prediction and control of the 
coefficient of friction within the stent-vessel interface is crucial for optimizing stent design and improving blood flow in the vessel. To 
summarize, the coefficient of friction created by the stent in the vessel has a significant impact on changing the flow regime. This can 
affect the likelihood of complications, such as endothelialization, neointimal hyperplasia, and restenosis.

Cramps can reduce and reduce blood flow. Furthermore, wall shear stress can cause occlusion, thus hemodynamic factors related to 
blood vessels are important for understanding physiological arterial diseases [4]. Much experimental research on flows and stents was 
described in 1997 [5], and many sources were used to create various mathematical models for analysis and analysis [6,7]. In addition, 
these studies continue in different fields for different types of stents with different uses [8].

Vascular occlusion is another major topic in this line of study [9–11]. One of the various methods for clearing artery blockage is 
stenting. A cylindrical scaffold called a stent is used to unblock arteries [12,13]. Stent use for coronary artery disease has significantly 
grown in the modern era [14]. As a result, it is crucial to analyze stent behavior mechanically [15]. The mechanical analysis of stent 
behavior refers to the application of solid elements and finite element theory to the study of stent behavior under various stress, 
temperature, and other variables. Regarding this, the mechanical analysis of stent behavior involves analyzing how the stent responds 
to loading and temperature by examining changes in its length, diameter, and form as well as analyzing how the intended stent changes 
in stress and strain [16]. Every stent topology has a unique structural and hemodynamic function, according to research on stent 
structure [17,18]. Furthermore, thrombosis is lessened by stent surfaces with ideal geometries [19].

Compared to other treatment methods, stenting has advantages such as no need for surgery, less pain, less complexity, and faster 
recovery. Therefore, the utilization of coronary stents has extended rapidly [20–22]. Moreover, stents reduce the possibility of oc-
clusion, which is one of the most prominent reasons for the increase in stenting and the use of coronary stents. Among the most 
important features of stents are longitudinal flexibility, diameter reduction, expanded surface area, and their materials. Stents can be 
classified based on their expansion mechanism, or based on their design, or based on their materials [21,23–27].

It should be mentioned that stenting structures have an impact on arterial restenosis and thrombosis [28]. There are different types 
of stents, one type of stents is bioabsorbable stents which can be dissolved after providing a temporary scaffold that protects the 
patency of the vessel [29,30]. In addition, the results show that stent structures may have a negative effect on fluid movement in the 
arterial lumen and cause intima thickening [31]. It should be mentioned that following stent implantation, there is an inverse link 
between changes in the wall shear stresses and neointimal hyperplasia [32,33].

After implanting the stents, the wall shear stress changes according to changes in the blood flow velocity profile in the stented 
segment [34]. Studies have illustrated that in areas with wall shear stresses lower than 0.5 (Pa), there is a possibility of atherosclerosis 
due to intimal thickening, and in areas with wall shear stresses more than 2.5 (Pa), it enhances the possibility of thrombosis [35,36].

According to the mentioned literature review, it can be claimed that each stent topology has its own importance under the ob-
jectives of hemodynamic and structural issues. In this research, the topology optimization method has been used for the optimal design 
of stent cells. In the published papers, the topology optimization to find the suitable cell is not done. Therefore, the innovation of this 
research can be presented as follows: 

• Finding an optimal stent with topological stability and resistance to the forces introduced by blood flow and vascular tissue and 
muscles, taking into account geometrical variables such as the shape of stent cells, the connection of cells to each other, the variable 
length and thickness of the struts, which ultimately lead to reducing the hemodynamic parameter of wall shear stress, which causes 
damage in the vessel

• The use of geometric constraints in connection with the 3D printing of stents and checking the 3D printing capability of the optimal 
stent

This article uses the topological optimization approach and related computational approaches to build a structure for coronary 
artery stents. The novel design enhances the stent performance, particularly in terms of its mechanical and hemodynamic charac-
teristics, by fusing the effect of hemodynamics with topological structures. The stent design being used plays an influence on reoc-
clusion in the vessels. According to simulation results, the improved stent exhibits lower blood flow blockage and the adverse 
distribution of wall shear stress linked to the stent thrombosis (ST) and the in-stent restenosis (ISR) risk factors than the commercial 
stents. In order to lessen the occurrence of ST complications besides the ISR brought on by mechanical structural problems during the 
implantation of stents and the treatment of cardiac illnesses, the new stent structure can thus profit from a decrease in the frequency of 
mechanical fractures and failures, besides the adverse hemodynamic effect.

Notably, this work is not concerned with tailored, patient-specific designs, but rather with the overall design of a new kind of stent 
structure. In contrast to biomaterial, patient, clinical, and operational factors, this work highlights the significance of mechanical and 
hemodynamic structural failures.

F. Ahadi et al.                                                                                                                                                                                                          Heliyon 10 (2024) e39452 

2 



2. Research method

2.1. Lame’s law

In this part, the first goal is to obtain the optimal stent, so the structure is examined, and in the topology optimization discussion, 
only the solid structure is discussed. After obtaining an acceptable geometry in terms of the geometry and the topological stability, in 
the next part to confirm and compare the hemodynamic parameter of the optimal stent with the commercial stent, the wall shear stress 
parameter, which is caused by the blood flow passing over those struts, has been investigated which is the fluid analysis.

The objective of the present research is to design coronary artery stents with an optimization method. Various forces are applied to 
the stent.

The Lame’s law for a thick cylinder relates the stress and strain in a cylindrical object, such as a stent, considering the thickness 
effect of vessel walls. In the context of stent-vessel interaction, the Lame’s law can be used to understand the formulation between the 
tensile stress applied by the stent on the vessel wall and the strain or deformation caused by the vessel.

As shown in Fig. 1, a cylinder with a specific length (l), inner radius (a), and outer radius (b) is considered, which is subjected to 
uniform internal and external pressure Pa and Pb, respectively.

Three mechanical stresses applied to a cylindrical object are Hoop Stress, Radial Stress, and Longitudinal Stress. These stresses, 
shown in Fig. 1, are introduced in Table 1.

2.2. Materials

The studied material in the present research is polylactic acid (PLA). This polymer is a common material that utilized through the 
prototyping techniques in the manufacture of polymeric stents, as well as biomechanical and biological items that are created using 3D 
printing technology. Then, Table 2 depicts the mechanical characteristics of PLA in this study.

2.3. Forces in stent design

The creation of a coronary artery stent using an optimization technique is the primary objective of this study. Several stresses are 
exerted on the stent within the container. To optimize stent topology, it is challenging and necessary to understand the complex 
environment of intravascular flow and the interaction between stents, endothelial cells, and the blood flow in practice. Therefore, it is 
essential to exactly consider the various forces that are applied to the stent inside the vessel. In this research, all the forces, including 
the force from the vein and muscle tissue, as well as the force from the blood flow, are considered. These forces and dimensions of the 
desired coronary artery stent are shown in Fig. 2. The majority of research employs a single number for the maximum compressive 
force that the vessel can exert, which is between 200 and 275 mmHg, according to the results that were taken from the analysis of the 
papers [39]. They calculate the pressure differential between the outside and interior of the artery to be 175 mm Hg, assuming an 
average pressure inside the typical duct of about 100 mm Hg [39]. Additionally, the research shows that 300 mm Hg is the lowest 
permissible collapse pressure for coronary stents [39]. Therefore, according to the review of articles, in this research, assuming the 
average pressure inside the normal duct is about 100 mm Hg, the difference between the pressure outside and inside the artery is 175 
mm Hg.

To optimize the calculations and since the stents are made of repeating cells, according to the problems related to the physics of the 

Fig. 1. The Lame’s law for a thick cylinder.

F. Ahadi et al.                                                                                                                                                                                                          Heliyon 10 (2024) e39452 

3 



problem according to Fig. 2, a part of the cylinder was selected for analysis.

2.4. Design domain

Blood flows through the intimal lumen in the stented section of the artery, filling in the spaces between the stent legs. To represent a 
stent cell, the 3D domain for computations domain based on the microstructure of stenting is developed; Fig. 3 illustrates its di-
mensions. In the computational domain for the stent geometry, a constant thickness is considered. Blood flows across the stent site and 
therefore the pressure and force exerted by it are taken into account in the calculations.

The scope of the design is shown in Fig. 3. A grid is utilized to discretize the design domain because of its accuracy and compu-
tational efficiency. Coronary stents consist primarily of closed-cell units and have a cylindrical shape.

Table 1 
The mechanical stresses applied to a thick cylinder.

General equations

Hoop stress σθ = A+
B
r2

Radial stress σr = A −
B
r2

Boundary conditions for a thick-walled cylinder At r = a, σr = − Pa

At r = b, σr = − Pb
Constants

A =
Paa2 − Pbb2

b2 − a2

B =
a2b2(Pa − Pb)

b2 − a2

Lame’s equations
Hoop stress

σθ =
Paa2 − Pbb2

b2 − a2 +
a2b2

r2

(
Pa − Pb

b2 − a2

)

Radial stress
σr =

Paa2 − Pbb2

b2 − a2 −
a2b2

r2

(
Pa − Pb

b2 − a2

)

Longitudinal stress
σL =

Paa2 − Pbb2

b2 − a2

Table 2 
The mechanical characteristics of PLA [37,38].

Mechanical characteristics Value

Density (g/cm3) 1.24
Poisson ratio (− ) 0.36
Elastic modulus (MPa) 3500
Yield stress (MPa) 70

Fig. 2. The diagram of the forces acting on the intravascular stent and the blood flow.
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3. Results and discussion

3.1. Optimization procedures

The goal in this research is to use optimization techniques to construct a coronary artery stent. In these procedures, one cell was 
optimized first, and the necessary stent structure was created by repeating and assembling this cell. Based on sensitivity and finite 
element analyses, topology optimization was carried out. The elements’ properties were established at every step. Additionally, 
mathematical programming methods were applied to achieve response convergence. In analyzing this problem, the goal is to reduce 
the wall shear stresses caused by the stent. Therefore, it is considered as the objective function to minimize the strain energy and then 
to minimize the volume. Moreover, the constraints of minimum stress and maximum stress are applied to the problem. Therefore, to 
achieve a stable and optimal stent structure, by minimizing the strain energy as the objective function, and defining the volume 
fraction and stress as the constraints of the problem [40–42], the optimal stent structure was obtained, which ultimately led to a 
decrease in the hemodynamic parameter of the wall shear stress [33]. Strain energy criteria is a universal benchmark method for 
multi-objective optimization, which is also considered in this study [40]. Therefore, participation in the investigation of these tech-
niques is done in the structure optimization method using linear static analysis through the finite element modeling [40]. Then, after 
obtaining the optimal stent, the amount of displacement due to the application of blood flow pressure (10665.8 Pa, diastolic blood 
pressure) is calculated, and in the second step, taking into account the constraint of displacement to open the stent to the appropriate 
diameter, finally the main structure is obtained. The topology optimization solution algorithm in ABAQUS software is depicted in 
Fig. 4.

3.2. Mesh convergence

Mesh convergence is important in topology optimization to obtain the shape of the stent cell and accurately capture its effects. The 
selected surface is regularly gridded. Various mesh sizes were explored to discretize the problem to make the mesh independent and 
determine the least number of mesh elements with which reliable computations may be conducted. The initial mesh was the coarsest, 
and mesh 14 and mesh 15 produced results that were reasonably near to one another. Thus, mesh series 14 was selected to carry out the 
remainder of the solution. Fig. 5 displays the mesh convergence diagram together with the applied stress as a function of element 
count. The mesh selected as a result of mesh convergence contains 112,500 elements as shown in Fig. 6.

3.3. Optimization results

In the topology optimization technique, the main goal is to obtain the optimal structure with an appropriate distribution of the 
material inside the stent structure. To evaluate the overall impact on the optimal design by removing inefficient materials from the 
structure, areas where the amount of the strain energy is relatively low, a target design is considered, where the geometry is balanced 
and optimized by these factors [40]. For material structural topology optimization problems, as seen in the articles in the field of 
topology optimization, such as references [8,41,42], there is a volume and mass limitation, and designs are presented from the 
interpolation of the results. Most stents have a small volume fraction of material. Examples of the optimization of stents with different 
methods can be seen in Refs. [43,44], which according to the alternative model and flow pattern conditions in each of the studies, have 
come to the conclusion that stent bases are the most effective for improving intravascular hemodynamics. Variations in volume 
fraction during optimization can produce disparate outcomes. The amount of 50 % is used as the volume fraction in this study. Then, 
the next plans with a lower volume fraction are determined by evaluating the plan with a volume fraction of 50 %. Fig. 7 displays the 

Fig. 3. The dimensions of the primary stent cylinder along with its solution strategy.
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Fig. 4. The solution algorithm for the topology optimization.

Fig. 5. The mesh convergence diagram.
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optimization results, considering the volume fractions ranging from 50 % to 7 %. Four intermediate data are utilized to monitor the 
dynamic alteration of the structure boundary throughout the optimization procedure, as depicted in Fig. 7(b)–7(e). Fig. 7(a) and (f) 
depict the original concept and the ultimate outcome, respectively, highlighting the differences between the two. The optimal structure 
for the material distribution is not uniform, as can be observed. Geometric variables including the shape of the stent cells and the 
placement of the stent struts, the link connecting the cells to each other, the angles between the struts, and the variable length and 
thickness of the struts in the longitudinal direction are important in the optimal stent. In addition, the results of iteration in stent cell 
optimization are presented in Fig. 8. To be sure, the convergence graph of the objective (minimization of the strain energy) in terms of 
iteration is also drawn in Fig. 9. As this figure shows, the topology optimization can be used as a design method to reduce the material 
without affecting the performance of an object, the goal being to achieve a reduction in the material usage while minimizing the strain 
energy. Finally, the final shape of the stent is depicted in Fig. 10.

Table 3 shows a comparison of the volume and mass changes of the initial state of the cylinder before topology optimization and the 
commercial stent and optimal stent. As it can be observed in Fig. 11, the stress and strain results in the cylinder (input geometry for 
topology optimization), the optimized stent, and the commercial stent under the applied loads are shown. The optimal stent is designed 
as a result of the goal of reducing the shear stresses of the wall caused by the stent, in line with which the minimization of the strain 
energy and the minimization of the volume is used as the objective function. As it is known, the stress and strain in the optimal stent are 

Fig. 6. The selected mesh for a stent cell.

Fig. 7. The result of optimization for a square curved plane in (a) 50 %, (b) 40 %, (c) 30 %, (d) 20 %, (e) 10 %, and (f) 7 % of the volume constraint.
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Fig. 8. The results of iteration for a square curved plane at the iteration of (a) 0, (b) 5, (c) 10, (d) 20, (e) 30, and (f) 50.

Fig. 9. The convergence diagram of the objective (minimization of the strain energy) according to the iteration.

Fig. 10. The geometry of the optimized stents.
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less (according to the objective functions in the topology optimization process) and the highest stress and strain in the stent occurs at 
the junction points of the cells and in the crown of a cell, which effectively the stresses and strains in the stent are transferred from the 
side of the crown of the cell to the arm of the struts. In addition, since stent struts are mainly loaded in bending in flow, varying the 
thickness of the struts along the length of a strut in an optimized geometry causes less stress and strains on the crown.

Table 3 
The comparison of the volume and the mass in all case studies.

Structure Volume (m3) Mass (kg)

Cylinder 7.30 × 10− 9 9.06 × 10− 6

Optimal stent 4.88 × 10− 10 6.05 × 10− 7

Commercial stent 1.75 × 10− 9 2.17 × 10− 6

Fig. 11. The contours for (a) the stress in the cylinder, (b) the strain in the cylinder, (c) the stress in the optimal stent, (d) the strain in the optimal 
stent, (e) the stress in the commercial stent, and (f) the strain in the commercial stent.
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3.4. Comparison of wall shear stress

This subpart belongs to the validation of numerical data for the performance of the optimized stents, comparing to the commercial 
stents. In this study, the goal was to optimize the topology of the stent, and based on this objective, the topological stability was 
obtained in the design of its structure. Moreover, in order to investigate and validate the improvement of the effect of the optimal stent 
compared to the commercial stent in improving and reducing the effective hemodynamic parameter in the blood flow through the 
stent, numerical modeling and simulation was also done, the solution algorithm and its results are given below.

In Fig. 12, the outline of two commercial and optimized stents along with their cell shape is given for comparison. Reduction of 
stent-induced adverse hemodynamics can be achieved by reducing stent obstruction to blood flow. In studies, wall shear stress is used 
as an accepted criterion for measuring stented hemodynamics. Therefore, the commercial stent geometry is simulated with the 
optimized stent in ANSYS software to validate the macroscopic performances.

In this research, the FLUENT software is utilized to simulate the flow. For this objective, the FLUENT software requires several data 
for the implementation of the solution in order to fix this issue. The model or the solution technique, the material qualities besides the 
boundary conditions for a particular problem, and the beginning conditions needed for the method of solving the problem, which are 
subsequently specified as all parameters, are among the necessary data. SIMPLEC algorithm and pressure-based solver were used to 
solve the equations in this study with specified boundary conditions. The velocity (for the boundary conditions) was set to 0.105 m/s at 
the inlet part [45] and then, the outlet pressure was considered at the outlet section, and finally, for the blood flow walls, the wall 
condition was also evaluated. In addition, the input parameters for the considered Newtonian flow include density and viscosity, which 
are considered to 1060 (kg/m3) and 0.0035 (kg/ms), respectively [46–48]. The steady-state flow was also evaluated as laminar and 
incompressible. Moreover, the gravity acceleration was considered equal to 9.81 (m/s). In the process of finding the solution, the 
residuals all reached the value of 10− 6 and converged. In addition, the mesh convergence diagram for flow with stent effect is shown in 
Fig. 13.

The coefficient of friction between the vessel wall and the stent structure has an effective role in determining the flow regime inside 
the vessel. This friction coefficient affects the shear stresses on the surface of the vessel wall and can have an effective influence on the 
stability and formation of thrombus inside the vessel. The computational fluid dynamics solution algorithm in the ANSYS software is 
depicted in Fig. 14. As it can be observed from the data in Table 4, the wall shear stress is significantly reduced in the optimized stent. 
This decrease in the minimum, maximum, and average wall shear stress is equal to 27 %, 17 %, and 16 %, respectively. In addition, the 
diagram for wall shear stresses is shown in Fig. 15, for both stents. Based on these data, the amount of wall shear stresses decreases 
when using the optimal stent, also using the optimal stent compared to the commercial stent, the average shear stress decreases by 16 
%, which is a significant number.

According to the results of this research and by signing with reference [49], it can be shown that low-velocity areas in the vicinity of 
the stent cause areas with low wall shear stress, due to the decrease of the velocity gradients in the wall. Wall shear stress is maximal at 
the area that the flow meets the inner surface of the striae (the furthest surface from the artery wall) and is effectively decreases in the 
areas between the strata. The results indicate that areas of low wall shear stress between stent struts were more prominent at peak flow 
velocity downstream of a strut compared to that one at upstream of the following base.

In addition, research suggests that acute distribution of wall shear stress occurring immediately after implanting may predispose 
vessels to potentially harmful distribution of wall shear stress. Therefore, the present data suggests that the acute wall shear stress 
distribution observing in the stent simulation may have an effective role in creating the deleterious wall shear stress distribution that is 
associated with the restenosis after the implantation. Such a hypothesis is also considered in the literature, by Wentzel et al. [32] who 
observed the clinical evidence of restenosis in such areas. Considering all these results furtherly suggests that the environment of the 
blood flow created by the stent immediately after implanting may influence the distributions of wall shear stress [50].

3.5. Comparison of 3D-Printed stents

The introduction of 3D printing technology has revolutionized many industries, including healthcare. One particular area of in-
terest is the fabrication of stents using 3D printing. Therefore, in the following, both samples of commercial stents and optimized stents 
with scale are printed. The reason for addressing this discussion, in addition to the examined parameters, is the comparison and the 
capability of 3D printing of the optimal stent next to the commercial stent. Stents are made with UltiMaker 3D printer and DURAMIC 
3D PLA filament. 3D printing variables are reported in Table 5. The images of the 3D-printed stents are depicted in Fig. 16. To compare 
the printing quality of stents, the models printed in this article can be compared with reference [51].

In the field of medical equipment manufacturing, 3D printing and additive manufacturing has gained high attention due to its 
capability to fabricate complex and customized structures with high precision. This process involves building 3D objects layer by layer 
from digital designs. In this field of vascular stents, 3D printing allows the creation of stents with features tailored to individual needs.

Therefore, in this research, the potential of 3D printing technology in developing biodegradable vascular stents with suitable 
features to improve clinical outcomes is demonstrated, and this section provides insights into the design considerations and 
manufacturing processes involved in creating advanced medical devices with demonstrations of the utilization of additive 
manufacturing.

4. Validation of numerical results

After 3D printing of the stents, the hemodynamic behavior of the fluid in the vessel, with the topology-optimized stent was 
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experimentally investigated. In this section, the velocity profile is obtained within the in-vitro mock experiment and by the Particle 
Imaging Velocity (PIV) technique in an artificial vessel. In this test-rig, after the flow passes through the stent, the results were 
compared with the numerical solution by the Computational Fluid Dynamics (CFD). To ensure the numerical solution, this test was 
performed in a blood circulation simulator tester. As seen in Fig. 17, an imaging setup was used to apply the PIV technique to image the 
flow after stenting in the vessel.

A single camera (Imager Pro-X, LaVision GmbH) with a 105 mm f/2.8 lens (Micro-Nikkor) was used to capture the images, which 
were aligned and calibrated before using. A 532 nm pulse laser was used to illuminate the channel from the front to visualize the 
movement of particles in a configuration. A progressive cavity pump (Type MD 012-12, Seepex Inc.) was also utilized to maintain a 
steady flow. This setup used the glass bead tracer particles with a diameter of 10 μm (TS10, Dynoseeds) for imaging. Finally, the 
commercial software (DaVis 8.4, LaVision GmbH) was used to calculate the velocity vectors from the images obtained from the 
experiment.

The results in Fig. 18 show that the laboratory test correctly evaluated the performance of different profiles, and the in-vitro testing 
data analyzed with the PIV technique and the CFD results were in a good agreement with each other. Notably, in Fig. 18, u* is the 
normalized velocity (velocity/maximum velocity), y is the location along the diameter, and finally, D is the vessel diameter. The error 
percentage between the numerical results and the experimental data was about 1 %. Therefore, as seen, according to the test results 
and the simulation data, it can be claimed that the results were completely consistent.

5. Conclusions

The effect of topology optimization and modeling of the new stent designer shows a large improvement in mechanical performance 
compared to the old design, suggesting that modern-designed stents have lower values for maximum stress. These are related to the 
core function of topology optimization to remove model material in these critical situations automatically. This paper presented a new 

Fig. 12. The schematic images for (a) the commercial stents, (b) the commercial stent cells, (c) the optimal stents, and (d) the optimal stent cells.

Fig. 13. The mesh convergence diagram for the flow with the stent effect.
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approach to stent modeling based on topology optimization. Moreover, the important factor in stent hemodynamics discussion, which 
is the wall shear stresses in the stent, is simulated and investigated for the optimized stent with commercially available stents, and as 
seen, this value is reduced in the optimized stent.

In general, the contents and results presented in this research can be expressed as follows: 

• The material used in this research is PLA, which shows good performance in terms of mechanical and clinical behavior.
• The proposed method for optimization offers the advantage of avoiding human errors during the design process. It also helps reduce 

expensive optimization efforts during mechanical testing.
• An important and influential factor in this matter is the shear stresses of the wall.
• The optimized stent shows a reduction in wall shear stresses compared to existing stents in the market. Specifically, the average 

shear stress is reduced by 16 % with the optimal stent.
• Both the optimized stent and the commercial stent were produced using 3D printing.

Fig. 14. The solution algorithm for computational fluid dynamics.

Table 4 
The comparison of the wall shear stress in commercial and optimal stents.

Stent Minimum wall shear stress (Pa) Maximum wall shear stress (Pa) Average wall shear stress (Pa)

Commercial 0.00063 7.78052 0.74079
Optimal 0.00046 6.47371 0.62257
Difference (%) 27 % 17 % 16 %
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• The results including the velocity profile were shown by the in-vitro experiment and the particle imaging velocity technique in an 
artificial vessel, which had a proper agreement with the data of the computational fluid dynamics numerical solution. The relative 
error percentage between the numerical and experimental results was about 1 %.

Fig. 15. The diagram of the wall shear stress on struts in the commercial stent and the optimal stent.

Table 5 
The used 3D printing parameters in this research.

Parameter Value

Layer thickness (μm) 50
Infill percentage (%) 100
Printing speed (mm/s) 5
Nozzle temperature (◦C) 180

Fig. 16. The 3D-printed stents with (a) top and (b) side views plus (c) the commercial stent and (d) the optimized stent.
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