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Abstract 

This paper presents a conceptual design and finite element (FE) simulation of a novel class of 

negative Poisson's ratio (NPR) stents with hybrid auxetic structures fabricated by FDM 3D 

printing technology. The desired structures were first designed in a planar form by a 

combination of re-entrant, star-shaped, and chiral unit-cells (UCs) but with a difference in the 

way of connecting UCs to each other. A planar form of the designed stent was 3D printed with 

thermoplastic polyurethane (TPU) filaments. Then, its mechanical behaviors under quasi-static 

tensile loading was analysed by the FE method and experimental testing. A good agreement 

was observed between the FE method and the experiment, and achievement of a significant 

NPR of -2.3 was revealed. By converting the planar structure into the shape of a stent, the stent 

expansion and its function were further investigated using the developed FE method based on 

a complete model consisting of a balloon, plaque, artery, and blood pressure. The results 

showed that the designed stent has a diameter increase of 96% and 93% at the end of the loading 

and unloading processes, respectively, which is acceptable according to previous studies. In 

addition, the distribution of stress in the artery, plaque, and stent and the phenomena of radial 

and longitudinal recoil, dogboning, and foreshortening of the stent were also investigated. The 

study revealed that the designed stent could be used as the next generation of polymer stents 

for vascular diseases in biomedical applications. 
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1. Introduction 

Coronary artery disease (CAD) is the leading cause of death worldwide [1], resulting in the 

death of approximately seven million people each year [2]. The gradual deposition of fatty 

substances in the blood, such as cholesterol and triglycerides, leads to the formation of fatty 

mass called plaque in the inner wall of blood vessels that carry blood to the heart. Plaque causes 

narrowing or blockage of the arteries, resulting in insufficient oxygen reaching the heart and 

triggering a heart attack [3]. 

Medication, bypass surgery, balloon angioplasty, and stent implantation are procedures used 

to treat clogged arteries. Using stents owing to rapid recovery, less pain, and scar reduction is 

one of the best treatment methods, and stent implantation has increased in recent years [4]. 

Stents are small expandable tubes inserted into narrowed arteries to keep the blood supply 

open. The characteristics of an ideal stent include a superior radial strength to issue, proper 

arterial support after the final expansion, high radial expanding deformation capability (90% 

to 100%) to reopen the arteries, small axial and radial recoiling, biocompatibility, small 

foreshortening, and uniform deformation [5-7]. In addition, comparing the stent models with 

different geometries and materials allows physicians to use the most efficient model 

among available stents.   

Stent geometry is one of the most important factors affecting the amount of restenosis after 

stent implantation. The restenosis phenomenon is the diameter reduction of the artery (by more 

than 50%) after stent implantation, which disrupts the blood flow. This inconvenient 

phenomenon is directly related to the applied stress on the artery after the stent implantation, 

which is influenced by the geometry and material of the stent [8]. Stents are often fabricated 

from metals or polymers. Non-degradable metal stents remain permanently in the artery, which 

may increase chronic vascular damage and lead to restenosis. Furthermore, these stents suffer 

from sharp surfaces compared to the arteries [4, 9]. Therefore, polymer stents are suggested 

instead of metal stents, which can reduce the possibility of thrombosis and restenosis [4, 10]. 

It is noted that dogboning, foreshortening, and recoil are three considerable problems in the 

stenting process. Dogboning is the further expansion of the two ends of the stent compared to 

the central part. Foreshortening is the reduction of the stent length simultaneously as the stent 

diameter increases. Also, the definition of recoil involves calculating the difference between 

the mean diameter of the balloon during maximum inflation pressure and the mean diameter of 

the stent right after the deflation of the balloon [11]. 

Metamaterials with a negative Poisson's ratio (NPR) are called auxetics [12, 13]. Auxetic 

structures contract or expand transversely under axial compressive or tensile loading. As a 

result, they have unique properties such as improved resistance [14, 15], high-energy 

absorption [16-18], high shear strength [19], and enhanced load-bearing applications [15, 20, 

21]. These properties make auxetic materials useful in a wide range of medical [22, 23] and 

bio-engineering [24-27], including implants [28-30], shields, and medical screws [31-35]. In 

addition, scientists utilize auxetic tubular structures for various engineering applications [22, 

36].    

Auxetic materials are found in nature; however, the focus is recently on man-made structures. 

In auxetic metamaterials, the materials used do not have the NPR values, but the arrangement 

of the structural struts is in such a way that it exhibits NPR. Re-entrant [37-40], arrow-head 



[41-43], star [44, 45], S-shaped [46], and chiral [47] are popular auxetic unit-cells (UCs).  The 

word "chiral" means a molecule that is not superimposable on its mirror image. Meanwhile, 

anti-chiral structures exhibit reflection symmetry [48, 49]. Chiral structures are named based 

on the number of struts connected to the central node and developed by the tangential 

connection of struts to the central nodes [50]. These nodes can be circular, 

rectangular, or of any other geometric shape. Struts tend to wrap around the nodes under axial 

loading, and the structure deforms based on the auxetic behavior [51]. Implementing chiral 

UCs has increased due to the ability to high impact energy absorption [49], light weight, 

vibration attenuation, and stress concentration [47].  

Recently, NPR stents have attracted the attention of biomedical engineers due to their high 

radial expansion ability and the reduction in damage and risks caused by stent implantation, 

such as thrombosis and restenosis, compared to conventional stents. An NPR stent has a 

longitudinal stretch under applied uniform expansion loading by balloon and is placed in the 

wall of a blood artery. It means that stents with an NPR structure have a high contraction-

expansion ratio and can be in contact with a larger surface area of the artery. These structures 

also avoid common problems in the stenting process, such as stent foreshortening. 

Additionally, auxetics can improve the mechanical performance of stents and reduce their 

fracture. This will be useful in the low incidence of restenosis [52]. 

Li et al. [53] proposed a meta-chiral stent. They examined the mechanical behavior of the 

designed stent under tensile loading and the effects of geometric parameters on the stent's 

mechanical properties. They found that the designed stent exhibited NPR property. Wu et al. 

[54] introduced anti-tetrachiral and hierarchical anti-tetrachiral auxetic stents with circular and 

elliptical nodes. Their research showed that the foresaid stents could expand significantly in 

the radial direction while keeping their axial stability.  

Hamzehei et al. [55] designed an anti-trichiral stent with circular and triangular nodes. They 

produced a 2D structure with TPU material by 3D printing and analysed the mechanical 

behavior of the structure under quasi-static compressive tests. They also fabricated stents on a 

large scale and investigated their performance via experimental tests and FE analysis. 

However, they did not consider artery and balloon in conducted simulation. Donik et al. [56] 

studied the performance of four-layer composite polymer stents. They made sixteen stents with 

polylactic acid  (PLA) and Polycaprolactone (PCL). However, the simulation model for stent 

expansion did not include plaque and artery. Their work showed that pure PCL stents had less 

shortening than other stents. Kumar et al. [57] investigated the effect of stent geometrical 

parameters on radial strength, recoil, foreshortening, and dogboning, without considering the 

plaque and artery in the FE simulation and compared the results with experimental testing, 

which showed that the FE model could correctly predict the stent expansion performance. Wu 

et al. [58] fabricated a biodegradable stent with an auxetic arrow-head structure by 3D printing 

technology and PLA filament. Their study showed that the shape-memory effect of PLA can 

benefit for achieving stent expansion under temperature excitation. Lin et al. [4] utilized PLA 

to print the stent and optimized the structure of the re-entrant UC by conducting a genetic 

algorithm method. In addition, they studied the mechanical characteristics of the stent by FE 

and experimental approaches. 

Hybrid auxetic structures are developed by combining different UCs to respond the 

requirement of different applications [59, 60]. Meanwhile, stents with a hybridized UC can 



solve the problems above in using the stents. Ruan et al. [61] presented an auxetic stent by 

combining re-entrant and anti-chiral UCs. In addition, large-scale stents were manufactured by 

a stereolithography apparatus (SLA) additive manufacturing technique, and their mechanical 

properties were evaluated through experimental tests and FE simulation. They also investigated 

the relationship between the geometric parameters and mechanical behavior of the stents by 

FE simulation and found that the geometry dimensions and arrangement of the nodes affect 

Young’s modulus and Poisson's ratio values of the designed stents.  

Although various researchers have proposed different auxetic stents, there is still a need to 

design stents with a novel hybrid structure which is able to achieve the least required expanding 

deformation and safe ultimate strength to prevent failure during the stent deployment. 

Furthermore, a complete model consisting of the artery, plaque, balloon, and blood pressure 

should be developed to investigate the stent implementation process in a real state.  

This study proposed a new hybrid auxetic stent formed with re-entrant, chiral, and star-shaped 

UCs. First, new types of hybrid auxetic structures were introduced. Then, one planar structure 

was fabricated using fused deposition modelling (FDM) 3D printing technology for 

experimental tests. Next, the auxetic behavior of the structure was examined by a quasi-static 

tensile test, and the results of the experimental tests and FE simulation were compared. 

Subsequently, the geometrical parameters of the planar structure were analysed. Finally, by 

rolling the planar structure and converting it to a tubular form, the mechanical behavior of the 

stent and its expansion performance, such as stress distribution, diameter increase of the stent, 

recoil, dogboning, and the foreshortening of the stent were investigated using FE method. The 

simulated models included the stent, artery, plaque, and balloon.   

 

2. Structural design  

2.1. Planar meta-chiral structure 

This study hybridized re-entrant, star-shaped, and chiral auxetic UCs with high mechanical 

performance and NPR [43, 57] to develop new auxetic structures. Figure 1 (a-c) shows three 

designed auxetic structures named S-1, S-2, and S-3 with their UCs (see the red dashed line in 

Figure 1). These structures were achieved from three different topologies based on how the 

UCs are connected (see the blue dashed line in Figure 1). In chiral structures, how the struts 

are connected to the nodes directly affects the structure deformation and strains. Therefore, 

Poisson's ratio is expected to change with different connections of UCs. The aforesaid planar 

structures were created by the periodic expansion of their UCs in the X- and Z-directions. 



  
(a) (b) 

 
(c) 

Figure 1. A schematic of the designed structures: (a) S-1 structure, (b) S-2 structure, and 

(c) S-3 structure. 

 

Figure 2 (a-f) shows the design process of the S-2 UC as an example of the designed hybrid 

auxetic structures. It was obtained by the combination of re-entrant (Figure 2a), star (Figure 

2b), and chiral (Figure 2 (c) and (d)) UCs. The UCs consisted of circular nodes that were 

tangentially connected by struts. The geometry parameters and dimensions of S-2 UC are 

shown in Figure 3 and Table 1, respectively. It is noted that the effective parameters for 

improving the mechanical properties of the stent with S-2 UC were investigated in section 5.2.   

 



 

Figure 2. The development process of S-2 UC: a) Re-entrant cell, b) Star-shaped cell, c) 

Meta-chiral-Re-entrant cell, d) Meta-chiral-Star-shaped cell, e) combination of (c), and (d) 

f) S-2 UC. 

 

 

 
Figure 3. Geometry parameters of S-2 UC. 

 

Table 1. Geometrical parameter values of S-2 UC. 
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UC 11 10.5 12.5 16 16 11 15 7 12 3.7 2.2 0.75 45 64 78 
 

 

2.2. Auxetic stent structure 

The auxetic stent structures were developed by rolling the above designed planar structures 

into tubular shapes in which UCs are periodically expanded in the radial and axial 

directions. Figure 4 shows the schematic of the design process for the stent named S-S2 from 

S-2 UC.  



 
Figure 4. Schematic of the design process of S-S2 stent. 

 

3. Stent implementation simulation (FE simulation of the artery, plaque, stent, and 

balloon system) 

This section presents the simulation of stent implantation in clogged arteries. The simulation 

of planar auxetic structures was described in Appendix A. 3D FE analysis was developed to 

simulate the stenting process based on a real scale of constituents, including the stent, artery, 

plaque, and balloon.  

 

3.1. Artery and plaque simulation 

In this study, artery and plaque were considered isotropic and homogeneous. An Ogden 

hyperelastic model was selected to define their mechanical properties. The values of the Ogden 

model constants [57] and geometric dimensions are respectively listed in Table 2 and Table 3. 

In Table 3, L, Ri, and Ro are the length, inner radius, and outer radius, respectively. Two 

different views of the artery and plaque with geometry parameters are shown in Figure 5. A tie 

constraint was used to attach the plaque and artery [54]. 

 

Table 2. Values of the Ogden model parameters for the homogeneous artery and plaque [62]. 

Material 𝜌 (𝑘𝑔 𝑚3)⁄  𝜇1(𝑀𝑃𝑎) 𝜇2(𝑀𝑃𝑎) 𝜇3(𝑀𝑃𝑎) 𝛼1 𝛼2 𝛼3 𝐷1(𝑀𝑃𝑎−1) 

Artery 

Plaque 

1070 

1450 

-4.73 

0.093 

1.70 

- 

3.09 

- 

-0.39 

8.170 

4.41 

- 

-3.25 

- 

3.63 

0.430 
 

 

Table 3. Geometric dimensions of the artery, plaque, balloon, and stent. 

 L (mm) (mm) iR (mm) oR 
 

Artery 14 1.9 2.4 

plaque 10 0.95 1.9 

balloon 12 0.8 0.9 

stent 10 1.18 1.25 
 

 



 

  
(a) (b) 

Figure 5. (a) Front and (b) isometric views of artery and plaque. 

 

 

3.2. Balloon simulation 

The stent's diameter was increased by applying uniform pressure using a balloon to expand it. 

In this study, a polyurethane balloon was used to expand the stent. The hyperelastic Mooney–

Rivlin strain energy function was adopted to describe its behavior [62]. The balloon's geometry 

dimensions and mechanical constants are presented in Table 3 and Table 4, respectively. 

Table 4. Values of the Mooney-Rivlin model parameters for the polyurethane [62]. 

𝐷1(𝑃𝑎−1) 𝐶01(𝑀𝑃𝑎) 𝐶10(𝑀𝑃𝑎) 𝜌 (𝑘𝑔 𝑚3)⁄  Material 

0 3.69 1.03 1070 Polyurethane  
 

3.3. Stent simulation 

Geometry dimensions and parameters such as the length and inner and outer diameters of the 

stent are presented in Table 3 and Figure 6, respectively. A material with high elongation 

percent was needed so that the stent could reach its desired diameter. To achieve this target, 

PCL was first selected as a material for the stent with superior flexibility and elongation 

percent, which had been used to fabricate and simulate stents in previously published works 

[56, 63, 64]. The elastic-plastic model with linear strain hardening was chosen to describe the 

mechanical properties of the stent. Table 5 shows the mechanical properties of PCL; 

however, because of the low melting temperature of PCL and the difficulty in its shipping and 

transportation, TPU material, which has a high elongation percent similar to PCL, was selected 

to fabricate the planar structures. While TPU was used to fabricate in-plane structures due to 

its flexibility and high elongation percentage, its viscoelastic behavior was not suitable for 

simulating stents, which require a base material with permanent plastic deformation property 

to prevent the artery from lateral shrinkage. Therefore, PCL was chosen as the base material 

for the stent simulation. PCL has been shown to exhibit more desirable mechanical properties 

for stent fabrication, including great elongation and plastic deformation [56, 64]. 

 

 



Table 5. Mechanical properties of PCL [56, 64]. 

 Density (kg m3)⁄ 
Young’s Modulus 

(MPa) 

Poisson’s 

Ratio 

Ultimate Strength 

(MPa) 

PCL 1100 300 0.33 30 
 

 

 

 
Figure 6. Stent geometric parameters. 

 

3.4. Loading the artery-plaque-stent system 

First, the stents were contracted by applying radial displacement in the cylindrical coordinate 

system, and the diameter decreased. In this state, the stents were compressed from an initial 

diameter of 2.5 mm to 1.8 mm. It should be noted that the stents were compressed and 

contracted sufficiently to remain in the elastic region and did not enter the plastic region. Then, 

the stent expanded by applying uniform pressure loading to the balloon's inner surface, 

resulting in blood flow due to the opening of the inner surface of the balloon. For this purpose, 

the interaction properties for the contact between the constituents are surface-to-surface. 

Figure 7 shows the artery, plaque, and stent system in the initial state. Only half of the system 

was simulated due to the model symmetry in the radial direction, and a symmetry boundary 

condition was applied for the symmetrical surfaces. 

 

 
Figure 7. View of the artery, plaque, and stent in an artery system. 

 



The loading process for the models was performed in two steps. In the first step, a pressure 

equal to the average blood pressure of 100 mmHg was applied to the inner surface of the plaque 

and the artery. Meanwhile, uniform pressure increasing from zero to 1.17 MPa was also 

applied to the inner surface of the balloon to expand the stent. In the second step, the pressure 

applied to the balloon was removed by maintaining the blood pressure applied in the first 

step, and uniform pressure equal to the blood pressure was applied to the inner surface of the 

stent. 

Figure 8 (a-c) shows the von-Mises stress contour during the loading steps of stent 

implementation. Figure 8 (a) corresponds to the beginning of the first step, which is the start 

of loading. In Figure 8 (b), the balloon pressure reaches its maximum, indicating the end of the 

first step. Finally, Figure 8 (c) shows a view of the balloon-stent-plaque-artery during the 

unloading step. 

  
(a) (b) 

 
(c) 

Figure 8. Isometric view of the steps of the FE simulation: (a) the beginning of the loading 

step, (b) the end of the loading step, and (c) the end of the unloading step. 

 

Similar to planar structures, an 8-node linear 3D block cubic element (C3D8R) was used for 

the stent, plaque, artery, and balloon meshing. After meshing optimization, the number of 

elements for each constituent is presented in Table 6.  

Table 6. The number of elements used in the FE simulation. 

Balloon Stent Plaque Artery  

2900 49500 44000 13400 
Number of 

elements  
 



4. Experimental  

4.1. Preparation of samples 

This study employed the 3D printing FDM process to fabricate the S-2 structure. Three S-2 

structures were manufactured by using a 3D printer Ultimaker with a nozzle diameter 

of 0.1 mm from the TPU filament.  The geometry dimensions of S-2 UC are listed in Table 1. 

The dimensions of the S-2 samples are 161 mm (length) × 150 mm (width) × 5 mm (height).  

 

4.2. Quasi-static tensile test 

The uniaxial quasi-static tensile test was performed on an Instron 5982 testing machine at a 

temperature of 25 °C and a vertical velocity of 4mm/min to compare the mechanical behaviors 

of the structures with FE results. During the quasi-static tensile test, the machine directly 

measured the axial force (F) and longitudinal displacement. The stress can be calculated based 

on equation (a-2) by measuring the axial force from the load-cell of the machine. Also, the 

axial strain of the structures in the Z-direction was given from equation (a-3).  

To measure Poisson's ratio, the lateral and axial displacements of the structures were evaluated 

with the help of a video camera and Digimizer software. Digimizer is a measurement software 

of objects in images. Therefore, at the same time as the test, 20 images were recorded with a 

fixed time interval of 30 s from the deformation of the structure. Pairs of purple and red nodes 

(similar to Figure A-2 for the FE simulation) were selected to measure the average axial and 

lateral strains, respectively. Finally, the average Poisson's ratio was measured from equation 

(a-4).  

 

5. Results and discussion 

5.1. Comparison between FE method and experiment 

Figure 9 (a) and (b) show the deformation process of the S-2 structure under quasi-static tensile 

loading for an axial strain interval of 5%, respectively, from the FE simulation and experiment. 

According to Figure 9, the deformation behaviors of these figures from the FE simulation and 

experiment are similar, and as a result, this study successfully simulated the behavior of the S-

2 planar structure.   

 (a) 
(b) 
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ε=10 % 
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Figure 9. Deformation process of S-2 structure under quasi-static tensile loading at a strain 

interval of 5%: (a) FE analysis and (b) experimental test. 
 

The stress-strain curves from the tensile experimental test and FE simulation are shown in 

Figure 10 (a), and the Poisson's ratios as a function of tensile axial strain are shown in Figure 

10 (b). Meanwhile, the maximum NPR value obtained from the FE method and the average 



values of two experimental tests are listed in Table 7. Figures 9 and 10 and Table 7 show good 

agreements between the FE simulation and the experimental results. Therefore, it can be 

derived that the FE method correctly and successfully predicted the behavior of the structure 

and could be used to investigate other planar designed structures. 

 

(a) (b) 

 
 

Figure 10. Results of S-2 structure from FE method and experiment: (a) Stress-axial strain 

curves, (b) Poisson’s ratio-axial strain curves. 

 

Table 7. Maximum NPR evaluated from experimental test and FE method. 

 FE method  Exp.  Error (%) 

Max. NPR -1.84 
-1.80 

-1.91 
 

2.22 

3.66 
 

 

 

Figure 11 (a) and (b) show the stress-strain and Poisson's ratio-strain curves of the three planar 

designed structures obtained by the FE analysis, respectively. Focusing on Figure 11 (a) reveals 

that the stress-strain curves are smooth without fluctuation, in which the stress increases 

monotonically with increasing strain without an obvious plateau region. There are normally 

three regions of behavior in the stress-strain curve of a planar auxetic structure: elastic, plateau, 

and densification regions [46, 65]. However, previous studies [66, 67] have shown that the 

plateau region is not clearly observed in hybrid re-entrant-chiral structures. Figure 11 (a) 

confirms this behavior. 

Figure 11 (b) shows that these designed structures have the highest NPR at the initial stage of 

tensile loading as they are extended in both the axial and transverse directions. Under further 

tensile loading, the tensile force creates a torque on the nodes and causes them to rotate. 

Therefore, with the rotation of the inclined struts (L1, l1, and l2 as shown in Figure 3) around 

the nodes and as a result of their placement in the tension direction (Z-direction) (see Figure 

12), the deformation behavior of three structures becomes similar. As shown in Figure 11 (b), 

from the 6% strain, the Poisson's ratio curves of these structures get overlapped, and their NPR 

effect decreases and tends to zero.  

 

 



(a) (b) 

  
Figure 11. Mechanical behavior of planar designed structures: (a) stress-axial strain curves, 

and (b) Poisson's ratio-axial strain curves. 
 

 

 

Figure 12. The deformation patterns of a S-2 UC. 

 

Table 8 presents the maximum NPR values of the three planar structures from the FE method. 

According to Table 8, S-3 and S-2 have the maximum and minimum values of NPR, 

respectively. In addition, the maximum achieved Poisson's ratio value is -3.2. 

Table 8. Comparison of the maximum NPR value of planar structures. 

S-3 S-2 S-1  

-3.2 -1.84 -2.98 𝜈𝑚𝑎𝑥  
 



 

5.2. Parametric analysis of the planar structures 

It has been demonstrated that the geometrical angles significantly influence the mechanical 

characteristics of the chiral auxetic structures [61, 66]. Therefore, in this section, the effects of 

angles α, β, and γ among different geometrical parameters on the Poisson's ratio values of the 

S-2 structure were evaluated. Two new geometries, named S-2-A-1 and S-2-A-2, were 

designed, and their angle values are given in Table 9. Other geometry parameters were kept 

constant, and their values are presented in Table 1. Each structure was subjected to quasi-static 

tensile loading using the FE method.  

Figure 13 shows the variations of Poisson's ratio as a function of axial strain. From Figure 13, 

the maximum NPR value for each structure is obtained and presented in Table 10. The results 

show that with an increase in β and γ, which are the angles of the re-entrant part of the UC, the 

NPR value decreases and tends to zero sooner. In addition, Poisson's ratio decreases with 

increasing angle α. Therefore, it can be concluded that if the inclined struts of the UC, 

especially the inclined struts of the re-entrant part (l1 and l2), are placed in the direction of 

tension after applying a greater tensile strain, the NPR increases. By increasing β and γ and 

then applying tensile strain, the UC nodes were rotated, causing the inclined struts to be rotated 

to the tensile direction (Z) and become vertical. Subsequently, the UC loses its auxetic property 

and exhibits a positive Poisson's ratio behavior. 

Table 9. Geometrical parameters of UC angles of S-2, S-2-A-1, and S-2-A-2 structures. 

𝛾 𝛽 𝛼 structure  
78 64 45 S-2 
84 70 45 S-2-A-1 
78 64 50 S-2-A-2  

 

 

Figure 13. Poisson's ratio curves of three planar structures with different UC angles. 

Table 10. Comparison of the highest NPR value of S-2, S-2-A-1, and S-2-A-2. 

S-2-A-2 S-2-A-1 S-2  

-1.73 -1.5 -1.84 𝜈𝑚𝑎𝑥  
 



 

5.3. FE simulation of the stent-artery-plaque-balloon system 

One of the purposes of this study was to obtain a stent with a diameter increase of 90-100%. 

However, the diameter increase of S-1, S-2, and S-3 is 82, 96, and 73%, respectively (More 

details were described in Section 5.3.3). Therefore, because of the greater flexibility of the 

planar S-2 structure compared to other structures, this structure was selected for the stent, 

named S-S2. In this section, the FE analysis was conducted to obtain the effective parameters 

in the S-S2 stent expansion process, including stress distribution on the stent, artery, and 

plaque, as well as changes in the outer diameter of the stent. In addition, the S-S2 stent's 

dogboning, recoil, and foreshortening values were presented.  

 

5.3.1. Stress distribution 

The stress distribution at the end of the first step (maximum pressure applied to the stent) in 

the stent-artery-plaque is shown in Figure 14. It should be noted that the image of the balloon 

was removed owing to a better view of the stress distribution on the stent and plaque, and the 

stress values shown in the stress distribution figures are in megapascals. 

 

 

Figure 14. Von-Mises stress distribution on the stent-plaque-artery at the moment of 

applying the maximum pressure to the stent by the balloon (end of the first step). 

 

Figure 15 shows the stress distribution on the stent at the end of the first step when the 

maximum balloon pressure (1.17 MPa) has been applied to the stent, in which the balloon, 

plaque, and artery images were removed. According to Figure 15, the stress distribution in the 

stent is symmetrical, which is proof of the correct definition of the problem in the FE 

simulation. From Figure 18, it is also found that the maximum amount of applied stress to the 

stent is 27.5 MPa. Therefore, considering the ultimate strength value of PCL, which is 30 MPa 

(see Table 5), the stent has not reached its ultimate strength, and as a result, it does not fail 

during the loading process.   



Figure 15 further reveals that the inclined struts in Figure 3 exhibit the highest stress because 

they bend with the rotation of the nodes and undergo the greatest deformation. In addition, the 

struts along the stent, which are blue in Fig. 14(a) (strut m in Figure 3), have the minimum von-

Mises stress.  

 
Figure 15. Von-Mises stress distribution on the stent at the moment of applying the 

maximum pressure (end of the first step). 

 

Figure 15 also shows the stress concentration in the stent (outlined by the black dashed lines). 

According to Figure 15 and the definition of chiral structures, it can be concluded that owing 

to the rotation of the nodes and the rotation of the struts around the nodes, the maximum stress 

occurs at the connection points of the struts to the circular nodes. Therefore, the resistance of 

the stent against failure can be enhanced by modifying the geometric structure in these areas. 

Restenosis after stent implantation is one of the side effects of stents. This phenomenon 

depends on the applied stress values on the artery and plaque. The risk of restenosis can be 

reduced by controlling the applied stress to the artery [8]. Figure 16 shows the von-Mises stress 

distribution in the artery where the balloon, stent, and plaque images are removed for a clearer 

view. It was found that the maximum von-Mises stress in the artery was 0.225 MPa. According 

to [64], the maximum applied stresses in the artery due to the expansion of the Palmaz-Schatz, 

and NIR commercial stents were 0.282 MPa and 0.262 MPa, respectively. Therefore, compared 

with these two commercial stents, it can be concluded that the proposed stent can reduce the 

possibility of restenosis in the artery owing to the lower stress applied to it, making it much 

better than the present generation of fabricated stents. 



 

 

Figure 16. Von-Mises stress distribution in the artery at the end of the loading step. 

 

Figure 17 (a) and (b) show the von-Mises stress distributions in the artery and plaque before 

and after applying stent pressure to the artery. In this figure, the balloon and stent images were 

removed for a better view. According to Figure 17 (a), before expanding the stent, a uniform 

pressure equivalent to the blood pressure (100 mmHg) was applied to the artery and plaque to 

perform the simulation based on the actual conditions of the stent implementation process. The 

internal diameter of the plaque after applying blood pressure was 1.9 mm to 2.1 mm. The 

symmetry in the stress distribution in the plaque, similar to the stent simulation, indicated that 

the problem simulation was correct. According to Figure 17 (b), the maximum von-Mises stress 

value for the plaque at the end of the stenting process is 3.29 MPa. It is obvious that the contact 

point of the stent with the blocking plaque has the highest stress.   

In conclusion of this subsection, new stents should be designed to minimize the applied stress 

value to the artery to reduce the possibility of damage to the artery. Previously published 

studies [68, 69] have shown that the maximum stress applied to the plaque occurs at both ends 

of the stent. Due to the bending at both ends of the stent, more stress is applied to the plaque, 

which can lead to damage to the artery and plaque. In this study, maximum stress did not occur 

at the end of the stent; rather, the contact point of the stent with the plaque had the highest 

stress. 

(a) 

 



(b) 

 
Figure 17. Von-Mises stress distribution in artery and plaque: (a) before applying stent 

pressure to it and (b) after applying the maximum stent pressure to it. 

 

5.3.2. Checking the equivalent plastic strain (PEEQ) of the stent 

Balloon-expandable stents work based on the final plastic deformation of stents. After 

applying balloon pressure to the stent and increasing its diameter, it maintains its deformed 

state. Then after removing the balloon and recovering the elastic deformation, the stent 

should remain in the final plastic deformation state in the artery. Therefore, in FE simulation, 

it should be checked to ensure that the deformation of the stent is permanent. Figure 18 

shows the equivalent plastic strain distribution in the stent at the end of the second step (see 

section 3.2.5). In this figure, the balloon, plaque, and artery images were also removed for a 

clearer view. The value of PEEQ must be greater than zero, and according to Figure 18, 

PEEQ that occurred in the stent is 0.51, which means that the deformation of the stent is 

permanent and resists the radial pressure of the artery wall and recoil. 

 

 
Figure 18. Distribution of the equivalent plastic strain in the stent after the unloading step. 

 

 

5.3.3. Checking the increase in the diameter of the stent 

The trend of stent diameter increase in the FE simulation is one of the most important factors 

that should be investigated. If the stent is not opened enough, it cannot push the plaque back 



and cause the blood supply artery to expand, which practically loses its effectiveness. On the 

other hand, the artery might be damaged if the stent is overextended. Figure 19 shows the 

variation curve of the outer diameter of the stent with the pressure applied to it. In this study, 

the stent's design and material selection was such that it could increase its diameter by 90-

100%. The radial displacement values of two pairs of nodes ("Node-A" and "Node-B" in Figure 

18) in the middle area of the stent were calculated to detect the increase in stent diameter. 

According to Figure 19, the stent reached a diameter of 3.53 mm from a diameter of 1.8 mm 

when the pressure reached its maximum value of 1.17 MPa, corresponding to 96% of the 

increase in diameter at the end of the loading process. Compared to the previous studies [70], 

in which the commercial stents of Palmaz-Schatz, NRI, Cipher, and Biomatrix had only 

74.25%, 77.15%, 80.78%, and 81.07% of diameter increase, achieving a diameter increase of 

96% is a significant achievement of this study. 

 
Figure 19. Diameter increase of the stent with applied pressure on it. 

 

5.3.4. Investigation of stent evaluation parameters 

Table 11 presents the values of S-S2 stent evaluation parameters such as radial and longitudinal 

recoil, dogboning, and foreshortening. Dogboning is calculated by the following relation: 

Dogboning (%) = 
𝑅𝑙

𝑑−𝑅𝑙
𝑐

𝑅𝑙
𝑑 × 100 (5) 

 

Where 𝑅𝑙
𝑑 is the radius at the end of the stent after applying pressure and 𝑅𝑙

𝑐 is the radius at the 

center of the stent after applying pressure. Recoiling is visible when elastic deformation occurs. 

After the balloon exits from the artery occlusion site, due to the elastic deformation of the stent 

and the pressure applied by the artery on the stent, the stent radius and length are reduced, 

which are called radial recoil and longitudinal recoil, respectively. The following relation 

describes this phenomenon: 

radial.recoil (%) = 
𝑅𝑙−𝑅𝑢

𝑅𝑙
× 100 (6) 



longitudinal.recoil (%) = 
𝐿𝑙−𝐿𝑢

𝐿𝑙
× 100 (7) 

Where 𝑅𝑙  and 𝐿𝑙  are the radius and length of the stent, respectively, when the maximum 

pressure is applied, and 𝑅𝑢  and 𝐿𝑢  are the radius and length after the unloading step, 

respectively. Foreshortening is calculated by: 

Foreshortening (%) = 
𝐿𝑜−𝐿𝑙

𝐿𝑜
× 100 (8) 

 

𝐿𝑜 is the initial length of the stent and 𝐿𝑙 is the length after applying pressure. Foreshortening 

and dogboning are directly related to damage to the artery. A high radial recoil value also 

requires more pressure to expand the stent and maintain the required diameter. Higher pressure 

may damage the plaque and arteries. According to Table 11, the radial recoil after unloading 

in this study was 43.5% lower than that of the re-entrant-chiral hybrid stent [61]. In addition, 

the foreshortening and radial recoil for the stent designed in this study were 56.5% and 89% 

lower, respectively, than those of the composite polymer stent [56]. 

Table 11. Stent performance evaluation parameters. 

 
Longitudinal recoil 

(%) 
Radial recoil 

(%) 
Dogboning 

(%) 
Foreshortening 

(%) 
 

Stent S-S2 0.69 1.13 6.90 10 

Ref. [54] - 10 - 23 
 

 

According to the values in Table 11, where all parameters are below 10%, it can be concluded 

that the proposed stent has an excellent quality as it is natural to say that the lower these values 

and the closer to zero, the better the performance of the stent. Therefore, by analysing the 

results obtained from the FE simulation of the designed hybrid stent, the low values of 

foreshortening, recoil, and dogboning, as well as the 96% increase in diameter, show that the 

desired stent can be introduced as a new generation of stents. 

 

6. Conclusion 

In this study, three types of new hybrid auxetic structures were designed, and their behavior 

under quasi-static tension was investigated. An FDM additive manufacturing method was used 

to fabricate one of the structures. Then, by performing a quasi-static tensile test, the FE 

simulation results were compared with the experimental ones, showing good agreement 

between them. The experimental and numerical studies indicated that the structures initially 

exhibit the maximum NPR effect when quasi-static tension is applied; however, with the 

increase of displacement and rotation of all diagonal struts towards the Z-direction, the NPR 

effect decreases, and the Poisson's ratio tends to zero. Therefore, all three structures have the 

highest NPR at the beginning, which decreases with increasing tension. The highest NPR effect 

was produced with the S-3 structure at a strain of 2.5%, with a superior value of -3.24. 

Among the three designed planar auxetic structures, the most flexible structure was first 

selected and rolled to develop an auxetic stent. Then, the expansion performance of the 



developed stent was further investigated. A complete model of the four parts, including the 

stent, plaque, artery, and balloon, considering the blood pressure, was proposed to simulate the 

expansion of the stent inside the narrowed artery. The target artery had 50% local occlusion. 

By applying balloon pressure, the stent’s diameter increases, and, as a result, it applies pressure 

on the plaque and widens the artery to open the blood flow path. Then, due to plastic 

deformation in the stent, the pressure of the balloon is removed, and the stent remains inside 

the artery. 

The results showed that the stent has the highest stress at the joint points of the struts and nodes, 

which leads to the maximum deformations in these areas. This phenomenon could be explained 

by the fact that struts tangentially connected to nodes in chiral auxetic structures tend to rotate 

around their nodes during deformation [71]. Meanwhile, the distribution of von-Mises stress 

in the artery owing to stent expansion was also investigated. Because of lower stress applied to 

the artery, the designed stent could reduce the possibility of restenosis. 

In addition, the maximum increased diameter of the designed stent compared to the initial 

diameter stent is 96%. The parameters evaluation of the stent further confirmed that the values 

of radial and longitudinal recoil, foreshortening and dogboning are smaller than 10%, 

indicating that the high performance of the stent is obtained. 

 

Appendix A. Simulation of planar structures under tensile loading 

The Abaqus software package was implemented to simulate the tensile loading test through an 

FE modelling. The Abaqus is one of the most powerful engineering software applicated in the 

field of FE analysis that can solve a wide range of industrial issues, from simple to complex 

problems. Examples include the static and dynamic analysis of metals [72], 

composites [73], and sandwich structures [74, 75]. On the other hand, SolidWorks software 

was employed to design the desired planar structures due to the complexity of structural 

geometries. As a "Step" file format, the designed structures were then imported into the Abaqus 

software for the subsequent analysis.  

In this study, TPU filament was used to print the standard tensile samples and planar S-2 

structure. TPU is a biocompatible polymer which has high flexibility, elongation percent, and 

ductility. Uniaxial tensile tests were conducted according to standard ASTM D638 on an 

Instron 5982 test machine at a constant velocity of 4 mm/min to obtain the mechanical 

properties of the material. Three standard tensile printed samples were fabricated and subjected 

to the tensile tests to obtain trustable results. Their average data are shown in Figure A-1.   

A hyperelastic model was used to simulate the mechanical properties of TPU. To evaluate the 

mechanical constants of a hyperelastic model, the stress-strain data obtained from the uniaxial 

tensile test of the standard sample were imported to the Abaqus software. From Figure A-1, it 

can be observed that there is a good correlation between the experimental tensile curve and the 

Ogden model. Therefore, among available hyperelastic constitutive equations in the Abaqus 

package, a third-order Ogden hyperelastic model was selected to describe the mechanical 

properties of TPU. The strain energy potential of the Ogden hyperelastic model was obtained 

by equation (a-1): 



W = ∑
2𝜇𝑖

𝛼𝑖
2  ( 𝜆1

𝛼𝑖 + 𝜆2
𝛼𝑖 +  𝜆3

𝛼𝑖 − 3) +  ∑
1

𝐷𝑖
 (𝐽 − 1)2𝑖𝑁

𝑖=1  𝑁
𝑖=1  

(a-1) 

where 𝜆𝑖 ’s (i=1-3) are the stretches in three principal directions, 𝜇𝑖  and 𝛼𝑖  are material 

constants, and 𝐷𝑖  indicates compressibility. N is the number of terms in the function and can 

be extended up to N = 6. 

 
Figure A-1. The comparison between Ogden and the testing data curve. 

 
"All With Self" with tangential behavior was considered to define the interaction between 

contracted struts. Figure A-2 shows the meshing pattern of the S-2 structure and applied 

boundary conditions. A displacement-control loading was applied at the top surfaces of the top 

mandrel in the Z-direction. At the same time, the displacement of the bottom surface of the 

bottom mandrel was fully constrained.  

 
Figure A-2. Boundary conditions and meshing pattern of S-2 structure. 



 

For the meshing of the structures, a three-dimensional cubic element C3D8R with the sweep 

technique was adopted. In FE analysis, it is necessary to check the mesh sensitivity of the 

auxetic structure to select the optimized mesh size. Therefore, an element with an 8 mm 

dimension was first selected for meshing a structure, and the horizontal displacement of a 

specified node ("node-1" as highlighted in Figure A-2) was evaluated. Subsequently, the 

element size was reduced to 0.2 mm, and the displacement of the same node was measured. 

The results indicated no significant change in the displacement of the specified node in the 

element sizes less than 0.36 mm. Consequently, elements with a dimension of 0.36 mm were 

selected to mesh the structure.  

After calculating the axial force (F) and vertical displacement from the ODB file of the 

software, the stress and strain of the auxetic structures were calculated using equations (a-2) 

and (a-3). 

𝜎 = 
𝐹

𝐴
 (a-2) 

𝜀𝑧 = 
𝛿𝑧

𝐿𝑧
 (a-3) 

 

Where A, 𝛿𝑧 and 𝐿𝑧 are the cross-sectional area of the structure in contact with the applied load, 
the displacement value, and the initial length of the structure in the Z-direction, respectively. 

Therefore, it is possible to plot the stress-strain curve to analyse the mechanical behavior of the 

structure. To evaluate the Poisson's ratio, as shown in Figure A-2, six pairs of red and purple 

nodes were selected to measure the average lateral and axial strains, respectively, based on 

equation (a-3). Then the value of Poisson's ratio was calculated using equation (a-4). 

𝜈𝑥𝑧= - 
𝜀𝑥

𝜀𝑧
 (a-4) 

 

Where 𝜀𝑥 and 𝜀𝑧 are the transverse and axial strains, respectively.  

A dynamic/explicit solver was used to run the tensile tests. In this solver, the internal and 

kinetic energy values were compared to ensure the accuracy of the quasi-static simulation. To 

prove that the analysis is based on a quasi-static smooth loading, the kinetic energy should be 

less than 5% of the internal energy [39]. Figure A-3 shows the kinetic and internal energy 

histories for the FE simulation of the S-2 structure. According to Figure A-3, the kinetic energy 

is almost zero, and by comparing the internal and kinetic energies, it can be concluded that the 

analysis is based on quasi-static loading.  



 

Figure A-3. Comparison of kinetic energy and internal energy of S-2 structure. 
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