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ABSTRACT 

 

The Study of Intravascular Stent Design Parameters to Reduce Restenosis Risk by 

Considering A Transient Non-uniform Balloon-Stent Expansion 

 

Won-Pil Park 

Department of Biomedical Engineering 

The Graduate School, Yonsei University 

(Directed by Professor Han-Sung Kim, Ph. D) 

 

The foreshortening or dogboning of a stent that occurs due to transient non-uniform 

balloon-stent expansion can induce a intravascular injury, resulting in restenosis of the artery. 

However, previous studies rarely considered the effects of transient non-uniform balloon 

expansion on analysis of the mechanical properties and behaviors of stents during stent 

deployment, nor did they determine design parameters to minimize the restenosis risk driven 

by foreshortening or dogboning, nor did they determine design parameters to minimize the 

inner arterial wall stress value. The aim of the current study was, therefore, to suggest 

potential design parameters capable of reducing the possibility of restenosis risk driven by 

foreshortening or dogboning and decreasing of inner arterial wall stress value through a 

comparative study of seven commercial stents using finite element (FE) analyses of a realistic 

transient non-uniform balloon-stent expansion process. The results indicate that using stents 

composed of opened unit cells connected by bend-shaped link structures and controlling the 

geometrical and morphological features of the unit cell strut or the link structure at the distal 

ends of stent may prevent restenosis risk caused by foreshortening or dogboning. And also, the 

results indicate that using stents composed of opened unit cells connected by bend-shaped link 

structures with limited aperture area and controlling the geometrical and morphological 

features of the unit cell strut or the link structure of stent may decrease inner arterial wall 

stress value. This study provides a first look at the realistic transient non-uniform balloon-stent 

expansion by investigating the mechanical properties, behaviors, and design parameters 

capable of reducing the possibility of restenosis risk induced by the foreshortening or the 

dogboning. 

 

Keywords : Intravascular stent, Foreshortening, Dogboning, Transient non-uniform balloon 

expansion, Finite element analysis 
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I. INTRODUCTION 

 

Intravascular diseases are serious healthcare problems in the present day. In the United 

States, coronary artery diseases are one of the principal causes of mortality, with a 

socioeconomic burden estimated to reach $400 billion in 2006.1 Atherosclerosis, also known 

as an coronary artery disease, is one of the most serious forms of coronary artery disease that 

affects the coronary artery.1, 2 It is characterized by a chronic inflammatory response in the 

arterial inner wall, in large part due to the deposition of lipoproteins (atheromatous plaques 

known as plasma proteins that carry cholesterol and triglycerides). This leads to a thickening 

of the inner arterial walls, resulting in the reduction of blood flow by narrowing or even 

blocking (restenosis) the arteries. 

Currently, three of the most common treatments for coronary artery diseases that do not 

respond to pharmacologic therapy are coronary artery bypass grafting (CABG), percutaneous 

transluminal coronary balloon angioplasty (PTCA), and percutaneous transluminal coronary 

stenting with the aid of balloon angioplasty (PTCA with stent). Of these, at present, the 

intravascular intervention market for stents has increased rapidly because of their high initial 

success rate, minimal invasive nature, and improved long-term effectiveness compared to 

coronary artery bypass grafting or percutaneous transluminal coronary balloon angioplasty.3, 4, 

5 Each year, over one million percutaneous interventions are performed worldwide, exceeding 

the annual number of coronary artery bypass grafts. The use of stents in interventional 

procedures has rapidly increased from 10% in 1994 to over 80% in current practice.5, 6 In a 

recent review of randomized trials comparing the stenting technique with balloon angioplasty, 

the stenting technique reduced the rates of revascularization by 35 to 75%, while angiographic 

indexes of the restenosis decreased by 20 to 55%.6, 7 

Stent generally features either an expandable wire or perforated tube that is inserted into 

an artery to prevent or counteract a disease-induced localized blood flow constriction. The 

first stent was introduced and implanted by Dotter8 to treat arterial shrinkage. Clinical 

utilization of stents has been widely accepted in the 1990s to improve the limitations of 

balloon angioplasty, such as restenosis and abrupt closures of the arteries.9, 10 However, 

potential limitations, such as restenosis,3, 4, 11 migrations,12, 13 collapses,14, 15 or positioning 

difficulties16 are still seen in clinical utilization of stents. Among these potential limitations, 

restenosis has become the main bottleneck to the development of stenting techniques.5, 17 

There are several mechanisms that lead to restenosis. The principal etiology of restenosis 

is inflammatory response around the angioplasty site, which induces a tissue proliferation 
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(neointimal hyperplasia) around the angioplasty site.18, 19 Moreover, these inflammatory 

responses were caused by fracture of the internal elastic lamina, dissection of the media, and 

often extending into the adventitia during stent expansion.20, 21, 22, 23 At the view point of 

mechanical properties of stent, major factors of injury-inducing at inner artery wall are the 

foreshortening and the dogboning.5, 24 And, mechanical properties and inner artery properties 

of stent are related to the design parameters of stent.5, 24, 25, 26 Kastrati et al.18 showed that the 

incidence of restenosis ranged from 20 to 50%, depending on the stent design, in a clinical 

study of 4,510 stent placements. Issues with respect to the design of intravascular stents 

generally include: 1) radial stiffness, 2) flexibility, 3) minimal foreshortening (contraction in 

length of the stent as dilating the stent), 4) minimal dogboning (larger expansion in diameter at 

the distal point compared with that at the central point of the stent as dilating the stent: flaring 

of stent ends), 5) minimal longitudinal recoil, 6) minimal radial recoil 7) minimal coverage 

area, and 8) fatigue durability.5, 27 These issues are related directly or indirectly to restenosis. 

It is widely accepted that finite element (FE) analysis is powerful tools for rapid 

investigation and improvement of design concepts prior to clinical trials. Rogers et al.28 

studied a two-dimensional ballon-artery interaction during stent placement. Dumoulin and 

Cochelin29 evaluated and characterized the mechanical properties and behaviors of a balloon 

expandable stent. Etave et al.27 compared the performance of two types of stents. Berry et al.30 

assessed the hemodynamics and wall mechanics of compliance matching stents in a stent-

artery hybrid structure. Chua et al.2, 31, 32, 33 investigated stent expansion, balloon-stent 

interaction, expansion characteristics of slotted tube stents in the presence of plaques and 

arteries, and the effect of varying the slotted tube stent geometry on its expansion behavior. 

Auricchio et al.34 studied the biomechanical interaction between a balloon-expandable stent 

and a stenotic artery using three-dimensional FE analysis. Lally et al.35 assessed the different 

levels of stress and different restenosis rates in the arterial inner wall with plaque induced by 

two different stent designs. Walke et al.36 investigated the stent expansion process and 

mechanical properties of the intravascular stent in the blood vessel by the experimental and 

numerical research. Takashima et al.37 studied the characterization of the stress distribution 

at the contact area between the stent and the artery using the mathematical and experimental 

modeling. Gay et al.38 investigated the mechanical behaviors of angioplasty stents during 

and after implantation using a fluid–structure interaction computational technique. 

Migliavacca et al.10, 39, 40 assessed the mechanical properties and behavior of balloon-

expandable stents to determine how the FE method could be used to optimize stent designs. 

They also compared the performance of stainless steel stents with shape memory alloy stents 
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by analyzing the stress on the inner arterial wall induced by the expansion of balloon-

expandable stents and self-expandable stents, and demonstrated how the mechanical properties 

and behaviors of new generation balloon-expandable stents could be studied accurately with 

computational analyses based on the FE method. Wang et al.5 investigated the transient 

expansion behavior of six models of balloon-expandable stents and proposed a new modified 

stent based on their comparative study. 

Previous studies have not, however, investigated transient non-uniform balloon 

expansion during stent deployment. They thought that it seemed justifiable to model balloon 

expansion by considering uniform radial internal pressure. Such assumption was based on the 

fact that stent is almost uniformly dilated and finally evenly expanded. That was only true 

away from the ends of the stent. Therefore, in order to fully understand the mechanical 

properties and behaviors of stent, it is necessary to consider a realistic modeling of transient 

non-uniform balloon-stent expansion with FE analysis. Furthermore, previous studies have not 

considered a comparative inner wall stress states due to respective difference of stent design 

parameters. 

Particularly, considering the realistic transient non-uniform balloon-stent expansion is 

especially important because an undesirable foreshortening or dogboning driven during stent 

deployment can initiate intravascular restenosis injuries. Thus, for the study of the mechanical 

properties and behaviors of foreshortening or dogboning of stent, the realistic transient non-

uniform balloon-stent expansion should be considered. Moreover, it is important to consider 

not only mechanical characteristics but also inner wall stress related to stent design parameters. 

The aim of the current study is to suggest potential design parameters capable of 

reducing a risk of intravascular restenosis injuries, which can be induced by the mechanical 

characteristics of stent such as foreshortening or dogboning and the intravascular injury due to 

high inner arterial wall stress, through a comparative study of recently developed seven 

commercial stents using FE analyses of the realistic transient non-uniform balloon-stent 

expansion process. 
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II. MATERIALS & METHODS 

 

Stent FE model 

Three-dimensional FE models of seven commercial stents (Palmaz-Schatz PS153, 

TenaxTM, MAC Standard, MAC Q23, MAC Plus, Coroflex, RX Ultra Multi-link) were created 

using Hypermesh 7.0 (Altair Engineering, Inc., USA) (Fig. 1) based on the manufactures’ 

specifications. The structural specifications of the stents are summarized in Table 1. The 

Palmaz-Schatz PS 153 stent (Johnson and Johnson Co., USA) was manufactured as a tubular 

structure composed of a closed rectangular unit cell without a link structure in the longitudinal 

direction of the stent (Fig. 1a). The TenaxTM stent (Biotronik, Germany) had a tubular 

structure composed of a closed unit cell with a corrugated ring pattern and an independent bar 

link structure in the longitudinal direction of the stent (Fig. 1b). The MAC Standard stent (amg 

GmbH, Germany) had a tubular structure composed of an opened unit cell with a sinusoidal 

curvature and an independent link structure of a bend-shaped connector arranged 

asymmetrically in the longitudinal direction of the stent (Fig. 1c). The MAC Q23 and Plus 

stents (amg GmbH, Germany) and the Coroflex stent (B. Braun Melsunen AG, Germany) had 

a tubular structure composed of an opened unit cell with a sinusoidal curvature and an 

independent link structure of a bend-shaped connector arranged symmetrically in the 

longitudinal direction of the stent (Fig. 1d-f). The RX Ultra Multi-link stent (Guidant, USA) 

was composed of a tubular structure connected by an opened unit cell with a corrugated wave 

pattern and an independent straight-line link structure arranged in the longitudinal direction of 

the stent (Fig. 1g). The final FE models of the stents consisted of 16,320 to 27,584 eight-node 

linear brick solid elements (C3D8R). The morphological construction and a number of nodes 

and elements of seven commercial stents were summarized in Table 2. Here, two layers of 

elements were considered for representation of the strut thickness of the stent. One layer of the 

strut of the stents was therefore consisted of 8,160 to 13,792 eight-node linear brick solid 

elements. To avoid inaccuracy of FE results due to improper mesh on the curved portion of the 

FE model, a great number of elements were incorporated into the curved portion compared 

with elements used for the straight portion of the strut of the stent. Here, the ratio of the 

elements incorporated into the curved to the straight portions was average 2 to 1. 

 

 

 

 



5 

 

 

a) Palmaz-Schatz PS 153 stent (Johnson and Johnson Co., USA) 

 

b) TenaxTM stent (Biotronik, Germany) 

 

c) MAC Standard stent (amg GmbH, Germany) 

 

d) MAC Q23 stents (amg GmbH, Germany) 

 

e) MAC Plus stents (amg GmbH, Germany) 

 

f) Coroflex stent (B. Braun Melsunen AG, Germany) 

 

g) RX Ultra Multi-link stent (Guidant, USA) 

Figure 1. Final three-dimensional FE models of seven commercial stents. 
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Table 1. Structural specifications of the seven commercial stents analyzed in the current study, 

determined based on the manufactures’ specifications. 

General Structural Parameters for the Stent 

Unit Cell 

Structural 

Parameters 

Structural Parameters 

in the Link Structure 

Stent \ Item 

Outer 

Diameter 

(mm) 

Inner 

Diameter 

(mm) 

Strut 

Thicknes

s (mm) 

Length 

(mm) 

Strut Width 

(mm) 

Strut 

Width 

(mm) 

Strut 

Length 

(mm) 

Palmaz-Schatz PS153 1.484 1.389 0.095 16.0 0.106 0.106 3.720 

Tenax 1.780 1.695 0.085 15.1 0.083 0.199 0.834 

MAC Standard 1.800 1.715 0.085 16.8 0.125 0.125 3.581 

MAC Q23 1.800 1.715 0.085 16.8 0.126 0.100 2.764 

MAC Plus 1.764 1.669 0.095 15.0 0.125 0.125 3.487 

Coroflex 1.725 1.630 0.095 15.9 0.136 0.135 1.647 

RX Ultra Multi-link 1.764 1.669 0.095 15.0 0.097 0.096 1.382 

 

 

Table 2. Morphological construction and a number of nodes and elements of seven commer-

cial stents. 

Stent \ Item 
Type of      

Unit Cell 

Type of      

Link Structure 

Number of  

Nodes 

Number of 

Elements 

Palmaz-Schatz PS153 No Connector 31558 13956 

Tenax 
Closed 

Bar 34965 15720 

MAC Standard 30795 14180 

MAC Q23 36819 16760 

MAC Plus 38052 18048 

Coroflex 

Bend Shaped 

58563 26118 

RX Ultra Multi-link 

Opened 

Straight Line 59742 27584 
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Balloon-catheter FE model 

The three-dimensional FE model of the stent balloon was also built using Hypermesh 7.0 

based on the actual contours of the balloon (Fig. 2). During the initial phase of expansion, the 

balloon was represented by folding the membrane into a unit cell (hereafter called the “unit 

folder”) as shown in Fig. 2a. Then, five unit folders were considered in a cutaway cross-

sectional view. For each unit folder, the membrane was tri-folded, resulting in the formation of 

three layers, based on the fact that an actual balloon is usually tri-folded before being crimped 

onto the stent5 and on the necessary and sufficient condition that the membrane must be 

unfolded completely at the final phase of the expansion. The outer radius of the balloon (r1, 

from the first membrane layer to the center of the balloon), middle radius of the balloon (r2, 

from the second membrane layer to the center of the balloon), and inner radius of the balloon 

(r3, from the third membrane layer to the center of the balloon) were about 0.59, 0.56, and 

0.53mm, respectively, and the lengths of the first (d1), second (d2), and third (d3) membranes 

were 0.74, 0.71, and 0.68mm, respectively. These yielded a target balloon diameter (df) of 

about 3.60 mm at the final phase of the expansion, which is larger than a typical original 

coronary artery diameter. In generally, typical original coronary artery diameter is about 

3.00mm.5, 10 However, larger scale balloon diameter (3.60mm) was applied for apparent effect 

during stent deployment in this study. Other structural parameters and their values considered 

in the current study are shown in Fig. 2. The final FE models of the balloon consisted of 

10,700 four-node shell elements (S4R) and 10,700 four-node hydrostatic fluid elements 

(F3D4) (Fig. 2). A thickness of 0.033mm measured from the actual membrane of the balloon 

was assigned to the shell elements. The hydrostatic fluid elements were used to simulate the 

balloon expansion by changing the amount of fluid in a fluid-filled cavity. This process will be 

explained in detail below.  

The shaft in the catheter that allows fluid to be injected into the balloon was developed as 

a rigid body to establish a datum point for the balloon expansion (Fig. 2). The diameter of the 

shaft was matched to the caliber of the balloon, and the length of the shaft was slightly larger 

than that of the balloon (Fig. 2). 

 

 

 

 

 

 



8 

 

 

a) Structural parameters and unit folder of the balloon in a cutaway cross-sectional view 

  

Lateral View Frontal View 

b) At initial phase of the expansion (before expansion) 

  

Lateral View Frontal View 

c) At final phase of the expansion (after expansion) 

 

 

 

Lateral View 

    

Frontal View 

d) Final three-dimensional FE model of the catheter, balloon, and stent together 

 

Figure 2. Final three-dimensional FE model of the balloon for the stent and its schematic 

diagram at a cutaway cross-sectional view used to illustrate the tri-folded 

membrane in the unit folder and the structural parameters of the balloon. 

Balloon Stent Catheter 

Stent 

Balloon 

Catheter 
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Normal & stenosed artery FE model 

The three dimensional FE model of normal artery and stenosed artery were also built 

using Hypermesh 7.0 based on the literature (Fig. 3).35 The normal artery was modeled as an 

idealized vessel and represented by a cylinder with outer diameter of 3.6mm (inner diameter : 

3mm, thickness : 0.3mm) (Fig. 3a). Length of normal artery model was different with each 

stent. To avoid the trouble related to expansion (e.g. secession of stent-balloon FE model and 

artery FE model), it has about 5mm longer than stent’s length to both ends. The stenosed 

arteries were modeled as normal artery with a localized crescent shaped axisymmetric stenosis 

with minimum lumen diameter of 1.8mm and 2.4mm (Fig. 3b-c). The plaque corresponds to a 

maximum stenosis of about 36% and 64% of the proximal and distal lumen cross-sectional 

area. For a precise measuring of foreshortening, length of plaque was same as each stent’s 

length. The final FE models of the normal artery consisted of 31,563 to 35,154 eight-node 

linear brick solid elements (C3D8R). Here, three layers of elements were considered for 

representation of the thickness of the normal artery. One layer of the artery was therefore 

consisted of 10,521 to 11,718 eight-node linear brick solid elements. And also, stenosed artery 

consisted of 124,866 to 136,556 (36% stenosed model) and 156,366 to 167,516 (64% stenosed 

model) eight-node linear brick solid elements. As similar as a normal artery, two layers of 

elements were considered for representation of the thickness of the stenosed artery. One layer 

of the plaque was therefore consisted of 62,433 to 68,278 (36% stenosed model) and 78,183 to 

83,758 (64% stenosed model) eight-node linear brick solid elements. 

To prevent an inaccuracy of FE results due to irregular mesh size of artery FE model, a 

size of constituent elements of every artery FE models were similar. Here, the volume of the 

elements were about 2.5μm3. 
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a) Normal artery (Inner diameter : 3.0mm) 

  

b) 36% stenosed artery (Minimum inner diameters : 2.4mm) 

  

c) 64% stenosed artery (Minimum inner diameters : 1.8mm) 

Figure 3. Final three-dimensional FE models of normal & stenosed arteries. Thickness of 

artery wall is 0.3mm. 

Artery wall 

Stenotic plaque 
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Constitutive material models 

The stents were assumed to be made of stainless steel 316L, which had an elasto-plastic 

constitutive behavior obtained from an engineering stress-strain curve reported by Albertini 

and Montagnani.41 The general mechanical properties of this material were 196GPa for the 

elastic modulus (E), 308MPa for the yield stress (Ys), and 0.33 for the Poisson ratio (v).41 

The balloon was assumed to be made of high-density polypropylene that had an isotropic 

linear elasticity. The mechanical properties of the material were then determined from the 

literature (E: 1GPa, Ys: 90MPa, and v: 0.33).42 

The artery and the plaque were modeled using a 5-parameter third-order Mooney–Rivlin 

hyperelastic constitutive equation. Mooney–Rivlin hyperelastic model has been found to 

adequately describe the non-linear stress-strain relationship of elastic arterial tissue.43 The 

material properties of the artery (A10: 18.90KPa, A01: 12.7KPa, A20: 85.72KPa, A11: 590.43KPa, 

Other Values: 0KPa) and plaque (A10: -495.96KPa, A01: 506.61KPa, A20: 1193.53KPa, A11: 

3637.8KPa, A30 : 4737.25KPa, Other Values: 0KPa) were then determined from the 

literature.35 

 

Boundary and contact conditions 

Three boundary conditions were assigned to the ends of the balloon, to the shaft of the 

catheter and to the ends of the artery, and four contact conditions were used between the 

folded membranes of the balloon, between the stent and the balloon, between the stent and the 

artery (or plaque) and between the balloon and the artery (or plaque) (Fig. 4). A pin joint 

boundary condition was used for the balloon based on the fact that the balloon generally 

expands to an ellipsoid form, as shown in Fig. 4. A fixed joint boundary condition was 

assigned to the rigid-body shaft of the catheter to avoid movement of the catheter in all 

directions during the balloon expansion. A fixed joint boundary condition was also assigned to 

the ends of the artery to avoid movement of the artery in all directions during the balloon 

expansion. Surface-to-surface contact conditions were used between the stent and the balloon, 

between the stent and the artery (or plaque) and between the balloon and the artery (or plaque), 

while surface-to-surface and self-contact conditions were used for the folded membranes 

during the expansion of the balloon. 
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a) Boundary conditions 

 

   

b) Contact conditions 

Figure 4. Boundary and contact conditions used in finite element analysis. 
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Simulation of the transient non-uniform balloon-stent expansion 

The transient non-uniform balloon simulation was performed in three steps. First, the 

simulation mimicked the free expansion of the stent until the initial radius (r1 = 0.59mm) of 

the balloon reached the value of the initial inner radius of the stents (rs = 0.69mm for the 

Palmaz-Schatz PS153 stent, 0.85mm for the TenaxTM stent, 0.86mm for the MAC Standard 

and Q23 stents, 0.83mm for the MAC Plus stent, 0.82mm for the Coroflex stent, and 0.83mm 

for the RX Ultra Multi-link stent). Second, the simulation was used to examine dogboning to a 

diameter of 3.6mm, corresponding to a slightly larger than the typical inner diameter of an 

artery.5, 10 Finally, the simulation was used to investigate foreshortening after the balloon was 

removed. The stents were then unloaded, decreasing the internal pressure to zero. The 

definition of the mechanical properties and behavior will be explained in detail below. 

The balloon-stent expansion was performed by controlling the features of the hydrostatic 

fluid elements. A pneumatic flow at 15atm and surgical room temperature was used for the 

stent, with an amplitude option that allowed arbitrary time variations of the amount of fluid 

mass (fluid mass flow rate) to be supplied throughout the simulation. A fluid flux option was 

used to specify changes in the fluid mass of the fluid-filled cavity modeled with the 

hydrostatic fluid elements. Thus the balloon-stent expansion was controlled by a change in the 

amount of fluid mass (volume controlled process). 

The ABAQUS 6.7 package (Dassault Systèmes, Inc., Providence, RI, USA) was used to 

solve the FE models. Both the explicit and implicit ABAQUS commercial packages on IBM 

p690 systems at KISTI Super Computing center (located at Yuseong-gu, Daejeon-si, Korea) 

were used for all steps. 
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Validation of the FE simulations 

Sensitivity (convergence) tests of the stent FE models were performed to identify the 

influence of the number of elements on the FE results. The number of elements for each stent 

FE model was 0.5 times decreased (coarsest mesh model) or 1.5 times increased (finest mesh 

model) gradually relative to the original mesh model (used in the current study), and the 

resulting foreshortening and dogboning values were examined and compared. Additional 

temporal sensitivity tests were also conducted by specifying explicit time integration for all 

stent FE models in the original mesh model. For this temporal sensitivity tests, time period of 

the step was altered from 130 to 170 at an interval of 10, and a degree of convergence of FE 

simulation for each time period and difference between the FE results obtained from the 

defined time periods were examined and compared with each other. 

Validation of our FE simulations of stent-balloon expansions was performed by 

comparing our predicted expansion process, as well as the diameter and internal pressure at 

five points of interest (POIs) (Fig. 5) with experiment results analyzed from the literature.5, 24, 

29 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Five POIs used for to validate the FE simulation for the transient non-uniform 

balloon-stent expansion process. The relationship between the internal pressure and 

the diameter of the balloon-stent during the transient non-uniform balloon-stent 

expansion process was identified using the FE predictions at the POIs. 

No. 1 No. 2 No. 3 No. 4 No. 5 
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Comparative study 

A. Foreshortening and dogboning 

The evaluation of the stents focused on analyzing the mechanical properties and 

behaviors of foreshortening and dogboning, which could be influenced by the characteristics 

of the balloon-stent expansion, to identify potential design parameters that reduce restenosis 

induced by undesirable mechanical stress on the inner arterial wall.1, 5, 24, 29 In general, the stent 

must be deployable to various locations in arteries in a simple and safe manner, and be capable 

of expanding the wall of the artery.1, 2, 5, 24, 27, 29, 31 The stent must have a sufficiently high 

plastic ductility (indexed by flexibility or radial stiffness) and low elastic recoil (indexed by 

longitudinal or radial recoil).1, 10, 27, 29 These mechanical requirements are of crucial 

importance and must be achieved by the specific design and material used for the stent to give 

a high tensile strength, yield strength, and ductile yield. However, the current study was 

focused on the mechanical properties and behaviors of foreshortening and dogboning. 

The following equations5, 24 were used to define foreshortening and dogboning: 

Foreshortening = %100
L
LL

 
load

××××
−−−−

       (1) 

Dogboning = %100
R

RR
 

load

distal

load

central

load

POI ××××
−−−−

        (2) 

where 
loadL , load

centralR , and load

POIR  are the longitudinal length, the central radius, and 

the radius at the POI of the stent, respectively, after the loading due to the stent-balloon 

expansion, and L is the initial length of the stent. 
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B. Aperture areas 

The evaluation of the stents focused on analyzing the inner arterial wall stress, which 

could be influenced by the geometrical and morphological characteristics, to identify potential 

design parameters that reduce restenosis induced by undesirable mechanical stress on the inner 

arterial wall.1, 10, 27, 29 The following equation was used to define aperture areas: 

Area per aperture zone = 
ApertureofNumber

ALD stent

  
 -)  (  exp exp××××ππππ

      (3) 

where expD , expL , and stentA  are the diameter of expanded stent, the length of 

expanded stent, contact area of expanded stent, respectively, after the loading due to the stent-

balloon expansion (Fig. 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Illustration of terms used for calculation of area per aperture. 
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III. RESULTS 
 

Accuracy of the FE simulation 

The sensitivity test identifying the influence of the number of elements on the FE 

simulation results showed that the percent differences in the results between the original mesh 

and the other meshes were generally within approximately 0.4% for the coarsest mesh and 

approximately 0.2% for the finest mesh. This fact indicates that it is possible to conclude that 

a number of elements are not sensitive to the grid refinement of the mesh. The additional 

temporal sensitivity test performed by specifying explicit time integration showed that the FE 

simulation was convergent over 150 time period and the differences between the FE 

simulation results obtained over 150 time period were within almost 0%. These facts indicate 

that it is possible to conclude that the FE results are not sensitive to the time period over 150. 

Based on these facts, the original mesh and the 160 time period were used for all FE 

simulations performed in the current study. The process of real transient non-uniform balloon-

stent expansion is shown in Fig. 7.44 The pattern of the transient non-uniform balloon-stent 

expansion of our FE model at four different instants during the expansion process is shown in 

Fig. 8. Only the expansion pattern for Palmaz-Schatz PS153 stent is shown because all stents 

had similar expansion patterns. The radial displacement (volume change) in the distal region 

of the stent was larger than the central displacement at the second and third instants shown in 

the Fig. 8. b and c. However, the radial displacement in the distal region of the stent was equal 

to the central displacement at the fourth instant shown in the Fig. 8. d, corresponding to the 

final phase of the expansion. These results compared favorably with those reported in the 

literature.5, 24, 29 The pressure-diameter curves for the transient non-uniform balloon-stent 

expansion process are shown in Fig. 9 for the balloon-stents analyzed in the current study. 

Results from the literature are also shown.5, 24 In the period from the time that fluid was 

supplied to the balloon to the time that the balloon was fitted closely to the stent (Phase 1 in 

Fig. 9), our FE results indicated that the balloon diameter of all the stents was rarely changed. 

In the next stage (Phase 2 in Fig. 9) our FE results for all balloon-stents indicated a large 

increase in diameter with little increase in pressure, which corresponds to a burst-open or a 

chain-reaction deformation of the stent. This might indicate that the energy stored in the stent 

structure during the expansion of the stent was transformed into local plastic deformation so 

that the entire structure entered a state of plastic instability. Continuously, once all the weak 

parts of the stent had deformed plastically, further expansion required a high increase in 

pressure because of the limitation of the balloon expansion and the strain hardening of the 

stent material (Phase 3 in Fig. 9). The pressure-diameter curves predicted from our FE 

simulations for all balloon-stents compared favorably with those reported in the literature, as 

shown in Fig. 9.5, 24 
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Phase 1 Phase 2 Phase 3 

Figure 7. Process of real transient non-uniform balloon-stent expansion.44 

 

 

a) The first instant (before expansion, one of fourth step time elapsed generally, 

corresponded to below 0.23MPa radial internal pressure of stent) 

 

b) The second instant (during expansion, two of fourth step time elapsed generally, 

corresponded to 0.23-0.24MPa radial internal pressure of stent) 

 

c) The third instant (during expansion, three of fourth step time elapsed generally, 

corresponded to 0.24-0.27MPa radial internal pressure of stent) 

 

d) The fourth instant (after expansion, four of fourth step time elapsed generally, 

corresponded to over 0.27MPa radial internal pressure of stent) 

Figure 8. Pattern of the transient non-uniform balloon-stent expansion at four different instants 

during the expansion process. Only the expansion pattern for the Palmaz-Schatz 

PS153 stent is shown a) before expansion, b) and c) during expansion, and d) after 

expansion. 
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 Experiment of Migliavacca et al. 
 Experiment 1 of Wang et al. 
 Experiment 2 of Wang et al. 
 FE Result of this study (POI No. 1) 
 FE Result of this study (POI No. 2) 
 FE Result of this study (POI No. 3) 
 FE Result of this study (POI No. 4) 
 FE Result of this study (POI No. 5)  

 a) Palmaz-Schatz PS 153 

  

b) TenaxTM c) MAC Standard 

  

d) MAC Q23 e) MAC Plus 

  

f) Coroflex g) RX Ultra Multi-link 

Figure 9. Pressure-diameter curve during the transient non-uniform balloon-stent expansion 

process obtained from the stents analyzed in the literature 5, 24 and the current study. 
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Foreshortening and dogboning of the seven commercial stents 

A. At the free expansion 

The foreshortening and dogboning results for the seven commercial stents at the free 

expansion are summarized in Table 3, and Fig. 10 and 11. 

The foreshortenings, which depended on the geometrical and morphological 

characteristics of the stent, were ranged from 0.0% for the MAC Plus stent to 12.9% for the 

TenaxTM stent (Table 3 and Fig. 10). For all stents except to MAC Plus, the foreshortening 

was occurred abruptly at the radial internal pressure between 0.23MPa and 0.27MPa 

(corresponded to regime of the second and third instant appeared during the expansion of the 

stent shown in Fig. 8), and was remained in an almost constant value after the radial internal 

pressure of 0.27MPa (corresponded to regime of the fourth instant appeared during the 

expansion of the stent shown in Fig. 7) (Fig. 10). Generally, the stents with the closed unit 

cells connected to themselves or by a bar link structure (Palmaz-Schatz PS153, TenaxTM) had 

higher foreshortening values, whereas the stents with the opened unit cells connected by bend-

shaped connector link structures (MAC Standard, MAC Plus, and Coroflex except to MAC 

Q23) or by an independent straight-line link structure (RX Ultra Multi-link) had lower 

foreshortening values (Table 3 and Fig. 10).  

The dogboning values were positive for all balloon-stents, which indicates over-

expansion of the distal points (i.e., POI No.1 – POI No.4) of the stent, i.e., when the balloon-

stent expanded, the distal points and the central point (POI No.5) of the stent were spread out 

sequentially (Table 3 and Fig. 8 and 11). The maximum dogboning value for each stent was 

ranged from 19.4% for the MAC Plus stent to 64.3% for the Palmaz-Schatz PS153 stent 

(Table 3 and Fig. 11). For the POIs (POI No.1 – POI No.4) of all stents, the dogboning was 

occurred suddenly at the radial internal pressure between 0.23MPa and 0.27MPa 

(corresponded to regime of the second and third instant appeared during the expansion of the 

stent shown in Fig. 8), and was reduced and remained in an almost constant value after the 

radial internal pressure of 0.27MPa (corresponded to regime of the fourth instant appeared 

during the expansion of the stent shown in Fig. 8), similar to the foreshortening results (Fig. 

11). Generally, for the POI No. 1, the stents with the closed unit cells connected to themselves 

(Palmaz-Schatz PS153) had higher dogboning value over 60%, whereas the stents with the 

closed unit cells connected by a bar link structure (TenaxTM) or with the opened unit cells 

connected by bend-shaped connector link structures (MAC Standard, MAC Q23, MAC Plus, 

and Coroflex) or by an independent straight-line link structure (RX Ultra Multi-link) had 

lower dogboining values below 60% (Table 3 and Fig. 11). Here, a tendency for the results of 
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the dogboning values for other POIs was similar to that for POI No. 1 (Table 3 and Fig. 11). 

Additionally, the results of the dogboning values showed that the stents with the closed unit 

cells connected to themselves (Palmaz-Schatz PS153) or with the opened unit cells connected 

by an independent straight-line link structure (RX Ultra Multi-link) had large differences 

among the dogboning values on the POIs (9.8-48.6% for Palmaz-Schatz PS153, 4.5-42.7% for 

RX Ultra Multi-link), whereas the stents the closed unit cells connected by a bar link structure 

(TenaxTM) or with the opened unit cells connected by bend-shaped connector link structures 

(MAC Standard, MAC Q23, and MAC Plus except to Coroflex) had relatively small 

differences among the dogboning values on the POIs (4.3-22.6% for TenaxTM, 1.2-26.5% for 

MAC Standard, 7.0-27.4% for MAC Q23, 2.2-11.6% for MAC Plus, 10.2-39.2% for Coroflex) 

(Table 3). Here, from the magnitude of the difference, a degree of injury risk on the inner 

arterial wall induced by the dogboning can be expected. That is, if the difference is small, the 

stent is expanded evenly at the distal points of the stent, resulting in a reduction of restenosis 

risk. 

 

 

 

 

 

 

 

 

Table 3. Summarized quantitative results of the foreshortening and dogboning behaviors of the 

seven commercial stents at the free expansion. 

Maximum Dogboning (%) 
Stent 

Maximum 

Foreshortening (%) POI No. 1 POI No. 2 POI No. 3 POI No. 4 

Palmaz-Schatz PS153 6.8 64.3 51.1 41.3 15.7 

TenaxTM 12.9 46.4 42.1 33.3 23.7 

MAC Standard 1.3 59.0 47.9 46.7 32.5 

MAC Q23 7.2 54.3 46.8 33.9 26.9 

MAC Plus 0.0 19.4 17.1 14.7 7.8 

Coroflex 4.5 48.0 37.8 21.3 8.8 

RX Ultra Multi-link 3.4 54.1 49.6 22.3 11.4 
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Figure 10. Forshortening (%) along with radial internal pressure (MPa) during the transient 

non-uniform balloon-stent expansion process obtained from the stents analyzed at 

the free expansion. 

 

  

a) at POI No.1 b) at POI No. 2 

  

c) at POI No. 3 d) at POI No. 4 

Figure 11. Dogboning (%) along with radial internal pressure (MPa) during the transient non-

uniform balloon-stent expansion process obtained from the stents analyzed at the 

free expansion. 
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B. At the normal artery 

The foreshortening and dogboning results for the seven commercial stents at the normal 

artery are summarized in Table 4, and Fig. 12 and 13. 

The foreshortenings, which depended on the geometrical and morphological 

characteristics of the stent, were ranged from 1.0% for the MAC Plus stent to 6.5% for the 

Palmaz-Schatz PS153 stent (Table 4 and Fig. 12). Contrary to results of free expansion, the 

foreshortening was occurred abruptly at the radial internal pressure between 0.23MPa and 

0.27MPa (corresponded to regime of the second and third instant appeared during the 

expansion of the stent shown in Fig. 8), and was remained in an almost constant value after the 

radial internal pressure of 0.27MPa (corresponded to regime of the fourth instant appeared 

during the expansion of the stent shown in Fig. 8) for all stents (Fig. 12). Generally, the stents 

with the closed unit cells connected to themselves or by a bar link structure (Palmaz-Schatz 

PS153, TenaxTM) had higher foreshortening values, whereas the stents with the opened unit 

cells connected by bend-shaped connector link structures (MAC Standard, MAC Plus, and 

Coroflex except to MAC Q23) or by an independent straight-line link structure (RX Ultra 

Multi-link) had lower foreshortening values (Table 4 and Fig. 12).  

The dogboning values were positive for all balloon-stents, which indicates over-

expansion of the distal points (i.e., POI No.1 – POI No.4) of the stent, i.e., when the balloon-

stent expanded, the distal points and the central point (POI No.5) of the stent were spread out 

sequentially (Table 4 and Fig. 8 and 13). The maximum dogboning value for each stent was 

ranged from 15.4% for the MAC Q23 stent to 56.9% for the TenaxTM stent (Table 4 and Fig. 

13). For the POIs (POI No.1 – POI No.4) of all stents, the dogboning was occurred suddenly 

at the radial internal pressure between 0.23MPa and 0.27MPa (corresponded to regime of the 

second and third instant appeared during the expansion of the stent shown in Fig. 8), and was 

reduced and remained in an almost constant value after the radial internal pressure of 0.27MPa 

(corresponded to regime of the fourth instant appeared during the expansion of the stent 

shown in Fig. 8), similar to the foreshortening results (Fig. 13). Generally, for the POI No. 1, 

the stents with the closed unit cells (Palmaz-Schatz PS153, TenaxTM) had higher dogboning 

value over 50%, whereas the stents with the opened unit cells connected by bend-shaped 

connector link structures (MAC Standard, MAC Q23 and MAC Plus except to Coroflex) or by 

an independent straight-line link structure (RX Ultra Multi-link) had lower dogboining values 

below 50% (Table 4 and Fig. 13). Here, a tendency for the results of the dogboning values for 

other POIs was similar to that for POI No. 1 (Table 4 and Fig. 13). Additionally, the results of 

the dogboning values showed that the stents with the closed unit cells connected to themselves 
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(Palmaz-Schatz PS153) had large differences among the dogboning values on the POIs (11.8-

43.4% for Palmaz-Schatz PS153), whereas the stents the closed unit cells connected by a bar 

link structure (TenaxTM) or with the opened unit cells connected by bend-shaped connector 

link structures (MAC Standard, MAC Q23, MAC Plus, and Coroflex) or with the opened unit 

cells connected by an independent straight-line link structure (RX Ultra Multi-link) had 

relatively small differences among the dogboning values on the POIs (4.2-29.8% for TenaxTM, 

3.9-28.1% for MAC Standard, 2.4-13.2% for MAC Q23, 0.2-19.6% for MAC Plus, 7.8-32.7% 

for Coroflex, 7.3-23.7% for RX Ultra Multi-link) (Table 4). Here, from the magnitude of the 

difference, a degree of injury risk on the inner arterial wall induced by the dogboning can be 

expected. That is, if the difference is small, the stent is expanded evenly at the distal points of 

the stent, resulting in a reduction of restenosis risk. 

 

 

 

 

 

 

 

 

 

Table 4. Summarized quantitative results of the foreshortening and dogboning behaviors of the 

seven commercial stents at the normal artery. 

Maximum Dogboning (%) 
Stent 

Maximum 

Foreshortening (%) POI No. 1 POI No. 2 POI No. 3 POI No. 4 

Palmaz-Schatz PS153 6.5 53.9 37.7 25.8 10.5 

TenaxTM 4.7 56.9 34.5 38.8 27.1 

MAC Standard 1.5 41.4 37.5 30.1 13.3 

MAC Q23 5.2 15.4 7.2 4.7 2.2 

MAC Plus 1.0 31.0 31.2 24.8 11.6 

Coroflex 2.4 51.9 44.0 33.0 19.2 

RX Ultra Multi-link 1.5 41.3 33.9 26.6 17.6 
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Figure 12. Forshortening (%) along with radial internal pressure (MPa) during the transient 

non-uniform balloon-stent expansion process obtained from the stents analyzed at 

the normal artery. 

 

  

a) at POI No.1 b) at POI No. 2 

  

c) at POI No. 3 d) at POI No. 4 

Figure 13. Dogboning (%) along with radial internal pressure (MPa) during the transient non-

uniform balloon-stent expansion process obtained from the stents analyzed at the 

normal artery. 
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C. At the 36% stenosed artery 

The foreshortening and dogboning results for the seven commercial stents at the 36% 

stenosed artery are summarized in Table 5, and Fig. 14 and 15. 

The foreshortenings, which depended on the geometrical and morphological 

characteristics of the stent, were ranged from 0.8% for the MAC Plus stent to 7.0% for the 

Palmaz-Schatz PS153 stent (Table 5 and Fig. 14). In common with results of normal artery, 

the foreshortening was occurred abruptly at the radial internal pressure between 0.23MPa and 

0.27MPa (corresponded to regime of the second and third instant appeared during the 

expansion of the stent shown in Fig. 8), and was remained in an almost constant value after the 

radial internal pressure of 0.27MPa (corresponded to regime of the fourth instant appeared 

during the expansion of the stent shown in Fig. 8) for all stents (Fig. 14). Generally, the stents 

with the closed unit cells connected to themselves or by a bar link structure (Palmaz-Schatz 

PS153, TenaxTM) had higher foreshortening values, whereas the stents with the opened unit 

cells connected by bend-shaped connector link structures (MAC Standard, MAC Plus, and 

Coroflex except to MAC Q23) or by an independent straight-line link structure (RX Ultra 

Multi-link) had lower foreshortening values (Table 5 and Fig. 14).  

The dogboning values were positive for all balloon-stents, which indicates over-

expansion of the distal points (i.e., POI No.1 – POI No.4) of the stent, i.e., when the balloon-

stent expanded, the distal points and the central point (POI No.5) of the stent were spread out 

sequentially (Table 5 and Fig. 8 and 15). The maximum dogboning value for each stent was 

ranged from 18.0% for the MAC Q23 stent to 52.3% for the Palmaz-Schatz PS153 stent 

(Table 5 and Fig. 15). For the POIs (POI No.1 – POI No.4) of all stents, the dogboning was 

occurred suddenly at the radial internal pressure between 0.23MPa and 0.27MPa 

(corresponded to regime of the second and third instant appeared during the expansion of the 

stent shown in Fig. 8), and was reduced and remained in an almost constant value after the 

radial internal pressure of 0.27MPa (corresponded to regime of the fourth instant appeared 

during the expansion of the stent shown in Fig. 8), similar to the foreshortening results (Fig. 

15). Generally, for the POI No. 1, the stents with the closed unit cells connected to themselves 

(Palmaz-Schatz PS153) had higher dogboning value over 50%, whereas the stents with the 

closed unit cells connected by a bar link structure (TenaxTM) or with the opened unit cells 

connected by bend-shaped connector link structures (MAC Standard, MAC Q23, MAC Plus, 

and Coroflex) or by an independent straight-line link structure (RX Ultra Multi-link) had 

lower dogboining values below 50% (Table 5 and Fig. 15). Here, a tendency for the results of 

the dogboning values for other POIs was similar to that for POI No. 1 (Table 5 and Fig. 15). 
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Additionally, the results of the dogboning values showed that the stents with the closed unit 

cells connected to themselves (Palmaz-Schatz PS153) or with the opened unit cells connected 

by an independent straight-line link structure (RX Ultra Multi-link) had large differences 

among the dogboning values on the POIs (11.4-44.3% for Palmaz-Schatz PS153, 7.3-31.8% 

for RX Ultra Multi-link), whereas the stents the closed unit cells connected by a bar link 

structure (TenaxTM) or with the opened unit cells connected by bend-shaped connector link 

structures (MAC Standard, MAC Q23, and MAC Plus except to Coroflex) had relatively small 

differences among the dogboning values on the POIs (2.8-15.0% for TenaxTM, 6.0-26.4% for 

MAC Standard, 1.7-15.7% for MAC Q23, 1.1-20.2% for MAC Plus, 9.6-33.3% for Coroflex) 

(Table 5). Here, from the magnitude of the difference, a degree of injury risk on the inner 

arterial wall induced by the dogboning can be expected. That is, if the difference is small, the 

stent is expanded evenly at the distal points of the stent, resulting in a reduction of restenosis 

risk. 

 

 

 

 

 

 

 

Table 5. Summarized quantitative results of the foreshortening and dogboning behaviors of the 

seven commercial stents at the 36% stenosed artery. 

Maximum Dogboning (%) 
Stent 

Maximum 

Foreshortening (%) POI No. 1 POI No. 2 POI No. 3 POI No. 4 

Palmaz-Schatz PS153 7.0 52.3 37.2 25.8 8.0 

TenaxTM 3.0 24.9 22.1 13.1 9.9 

MAC Standard 1.0 39.8 33.8 25.0 13.4 

MAC Q23 4.8 18.0 7.2 4.0 2.3 

MAC Plus 0.8 30.8 29.7 23.3 10.7 

Coroflex 2.3 49.9 39.0 26.3 16.6 

RX Ultra Multi-link 1.4 40.9 33.6 21.0 9.1 
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Figure 14. Forshortening (%) along with radial internal pressure (MPa) during the transient 

non-uniform balloon-stent expansion process obtained from the stents analyzed at 

the 36% stenosed artery. 

 

  

a) at POI No.1 b) at POI No. 2 

  

c) at POI No. 3 d) at POI No. 4 

Figure 15. Dogboning (%) along with radial internal pressure (MPa) during the transient non-

uniform balloon-stent expansion process obtained from the stents analyzed at the 

36% stenosed artery. 
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D. At the 64% stenosed artery 

The foreshortening and dogboning results for the seven commercial stents at the 64% 

stenosed artery are summarized in Table 6, and Fig. 16 and 17. 

The foreshortenings, which depended on the geometrical and morphological 

characteristics of the stent, were ranged from 0.8% for the MAC Standard stent to 5.3% for the 

Palmaz-Schatz PS153 stent (Table 6 and Fig. 16). In common with results of previous 

simulations (at the normal artery and at the 36% stenosed artery), the foreshortening was 

occurred abruptly at the radial internal pressure between 0.23MPa and 0.27MPa (corresponded 

to regime of the second and third instant appeared during the expansion of the stent shown in 

Fig. 8), and was remained in an almost constant value after the radial internal pressure of 

0.27MPa (corresponded to regime of the fourth instant appeared during the expansion of the 

stent shown in Fig. 8) for all stents (Fig. 16). Contrary to previous two results (at the normal 

artery and at the 36% stenosed artery), the stents with the closed unit cells connected to 

themselves (Palmaz-Schatz PS153) or with the opened unit cells connected by an independent 

straight-line link structure (RX Ultra Multi-link) had higher foreshortening values, whereas 

the stents with the opened unit cells connected by bend-shaped connector link structures 

(MAC Standard, MAC Plus, and Coroflex except to MAC Q23) or with the closed unit cells 

connected by a bar link structure (TenaxTM) had lower foreshortening values (Table 6 and Fig. 

16).  

The dogboning values were positive for all balloon-stents, which indicates over-

expansion of the distal points (i.e., POI No.1 – POI No.4) of the stent, i.e., when the balloon-

stent expanded, the distal points and the central point (POI No.5) of the stent were spread out 

sequentially (Table 6 and Fig. 8 and 17). The maximum dogboning value for each stent was 

ranged from 28.3% for the TenaxTM stent to 50.0% for the RX Ultra Multi-link stent (Table 6 

and Fig. 17). For the POIs (POI No.1 – POI No.4) of all stents, the dogboning was occurred 

suddenly at the radial internal pressure between 0.23MPa and 0.27MPa (corresponded to 

regime of the second and third instant appeared during the expansion of the stent shown in Fig. 

8), and was reduced and remained in an almost constant value after the radial internal pressure 

of 0.27MPa (corresponded to regime of the fourth instant appeared during the expansion of the 

stent shown in Fig. 8), similar to the foreshortening results (Fig. 17). Contrary to previous two 

results (at the normal artery and at the 36% stenosed artery), for the POI No. 1, the most of 

stents (Palmaz-Schatz PS153, MAC Standard, MAC Plus, Coroflex, and RX Ultra Muli-link) 

had higher dogboning value over 40% without reference to any morphological characteristics, 

whereas the stents with the closed unit cells connected by a bar link structure (TenaxTM) or 
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with the opened unit cells connected by bend-shaped connector link structures (MAC Q23) 

had lower dogboining values below 40% (Table 6 and Fig. 17). Here, a tendency for the 

results of the dogboning values for other POIs was similar to that for POI No. 1 (Table 6 and 

Fig. 17). Additionally, the results of the dogboning values showed that the stents with the 

closed unit cells connected to themselves (Palmaz-Schatz PS153) or with the opened unit cells 

connected by an independent straight-line link structure (RX Ultra Multi-link) had large 

differences among the dogboning values on the POIs (9.4-45.0% for Palmaz-Schatz PS153, 

9.4-37.3% for RX Ultra Multi-link), whereas the stents the closed unit cells connected by a bar 

link structure (TenaxTM) or with the opened unit cells connected by bend-shaped connector 

link structures (MAC Standard, MAC Q23, and MAC Plus except to Coroflex) had relatively 

small differences among the dogboning values on the POIs (12.0-20.6% for TenaxTM, 11.9-

21.0% for MAC Standard, 8.8-19.5% for MAC Q23, 9.1-23.4% for MAC Plus, 12.7-27.5% 

for Coroflex) (Table 6). Here, from the magnitude of the difference, a degree of injury risk on 

the inner arterial wall induced by the dogboning can be expected. That is, if the difference is 

small, the stent is expanded evenly at the distal points of the stent, resulting in a reduction of 

restenosis risk. 

 

 

 

 

Table 6. Summarized quantitative results of the foreshortening and dogboning behaviors of the 

seven commercial stents at the 64% stenosed artery. 

Maximum Dogboning (%) 
Stent 

Maximum 

Foreshortening (%) POI No. 1 POI No. 2 POI No. 3 POI No. 4 

Palmaz-Schatz PS153 5.3 49.9 34.7 25.4 4.9 

TenaxTM 2.7 28.3 23.7 11.7 3.1 

MAC Standard 0.8 42.7 30.9 18.9 9.9 

MAC Q23 4.4 31.8 26.5 17.7 7.0 

MAC Plus 2.3 40.5 34.9 25.8 11.5 

Coroflex 3.2 49.9 40.7 28.1 13.2 

RX Ultra Multi-link 4.3 50.0 40.7 31.0 12.7 
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Figure 16. Forshortening (%) along with radial internal pressure (MPa) during the transient 

non-uniform balloon-stent expansion process obtained from the stents analyzed at 

the 64% stenosed artery. 

 

  

a) at POI No.1 b) at POI No. 2 

  

c) at POI No. 3 d) at POI No. 4 

Figure 17. Dogboning (%) along with radial internal pressure (MPa) during the transient non-

uniform balloon-stent expansion process obtained from the stents analyzed at the 

64% stenosed artery. 
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Inner arterial wall stress of the seven commercial stents 

The inner arterial wall stress results for the seven commercial stents are summarized in 

Fig. 18. 

The inner normal artery wall stresses, which depended on the geometrical and 

morphological characteristics of the stent, were ranged from 0.399MPa for the TenaxTM stent 

to 1.465MPa for the Coroflex (Fig. 18a). The inner 36% stenosed artery wall stresses were 

ranged from 0.632MPa for the TenaxTM stent to 6.102MPa for the Coroflex (Fig. 18b). The 

inner 64% stenosed artery wall stresses were ranged from 0.943MPa for the TenaxTM stent to 

6.906MPa for the Coroflex (Fig. 18c). 

In common with results of previous simulations (foreshortening and dogboning of seven 

commercial stents), the maximum inner arterial wall stress was occurred abruptly at the radial 

internal pressure between 0.23MPa and 0.27MPa (corresponded to regime of the second and 

third instant appeared during the expansion of the stent shown in Fig. 8), and was remained in 

an almost constant value after the radial internal pressure of 0.27MPa (corresponded to regime 

of the fourth instant appeared during the expansion of the stent shown in Fig. 8) for all stents 

(Fig. 18). Contrary to previous results (foreshortening and dogboning of seven commercial 

stents), the stents with the opened unit cells connected by bend-shaped connector link 

structures (Coroflex and MAC Plus) or with the opened unit cells connected by an 

independent straight-line link structure (RX Ultra Multi-link) had higher inner arterial wall 

stress values, whereas the stents with the closed unit cells connected to themselves (Palmaz-

Schatz PS153) or with the closed unit cells connected by a bar link structure (TenaxTM) had 

lower inner arterial wall stress values (Fig. 18). 

Here, in spite of the stents with the opened unit cells connected by bend-shaped 

connector link structure, some stents (MAC Standard and MAC Q23) had lower inner arterial 

wall stress values. For this reason, besides the previous results (geometrical and 

morphological characteristics in connection with foreshortening and dogboning of seven 

commercial stents), other design parameters for decreasing of inner arterial wall stress values 

would be exist.  

 

 

 

 

 

 



33 

 

 Palmaz-Schatz PS153 

 MAC Standard 

 MAC Q23 

 MAC Plus 

 TenaxTM 

 Coroflex 

 

 RX Ultra Multi-link 

 

a) Normal artery 

  

  

  

  

  

  

 

  

b) 36% stenosed artery 

  

  

  

  

  

  

  

  

c) 64% stenosed artery 

 

Figure 18. Inner wall stress (MPa) along with radial internal pressure (MPa) during the 

transient non-uniform balloon-stent expansion process obtained from the stents 

analyzed at the all artery. 
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Aperture area of the seven commercial stents 

The aperture area results for the seven commercial stents are summarized in Table 7. 

The aperture areas, which depended on the geometrical and morphological characteristics 

of the expanded stent, were ranged from about 1.5mm2 for the TenaxTM stent to 7.1mm2 for 

the Coroflex (Table 7). In common with results of previous simulations (inner arterial wall 

stress of seven commercial stents), the stents with the opened unit cells connected by bend-

shaped connector link structures (Coroflex and MAC Plus) or with the opened unit cells 

connected by an independent straight-line link structure (RX Ultra Multi-link) had higher 

aperture areas, whereas the stents with the closed unit cells connected to themselves (Palmaz-

Schatz PS153) or with the closed unit cells connected by a bar link structure (TenaxTM) had 

lower aperture areas (Table 7). And also, in common with results of previous simulations 

(inner arterial wall stress of seven commercial stents), some stents (MAC Standard and MAC 

Q23) had lower aperture areas. For this reason, in case of inner arterial wall stress, it related to 

aperture area after stent-balloon expansion rather than geometrical and morphological 

characteristics of the stent. Additionally, the results of the aperture areas showed that TenaxTM 

(1.5mm2), MAC Standard (3.2mm2), Palmaz-Schatz PS153 (3.5mm2), MAC Q23 (3.8mm2), 

MAC Plus (4.8mm2), RX Ultra Multi-link (6.5mm2), Coroflex (7.1mm2) in ascending order 

(Table 7). This order was coincided with results of previous simulations (inner arterial wall 

stress of seven commercial stents). 

 

 

 

 

Table 7. Summarized quantitative results of the aperture area of the seven commercial stents. 

Stent 

Areas of 

 Inner arterial 

wall (mm2) 

Contact Areas 

of Stent (mm2) 

Average Areas 

per Aperture 

Zone (mm2) 

Relative 

Differences 

(TenaxTM based) 

Palmaz-Schatz PS153 192.0 25.5 3.5 2.3 

TenaxTM 153.3 20.4 1.5 1 

MAC Standard 184.2 31.6 3.2 2.1 

MAC Q23 178.5 26.8 3.8 2.5 

MAC Plus  198.7 30.3 4.8 3.2 

Coroflex 226.7 33.9 7.1 4.7 

RX Ultra Multi-link 206.6 30.4 6.5 4.3 
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IV. DISCUSSIONS & CONCLUSIONS 

 

It is necessary to understand the relationship between the stent and the balloon, in order 

to identify an optimal stent design to minimize restenosis driven by the mechanical 

characteristics of stent such as foreshortening or dogboning and the intravascular injury due to 

high inner arterial wall stress. Carter et al.45 suggested that an injury to the adjacent arterial 

wall during stent deployment is an important determinant of in-stent neointimal formation, and 

short transitional edge protection balloon technology may be useful to reduce this kind of 

injury. Wang et al.5 also discussed an importance of transient expansion process of balloon on 

the injury to the adjacent arterial wall during stent deployment, quoting Squire’s finding that 

the manner in which stents are implanted was a critical determinant of the degree of injury. 

With all these points in mind, how to weaken or avoid these undesirable clinical outcomes is a 

key question that must be answered to reduce intravascular injuries caused by foreshortening, 

dogboning or inner arterial wall stress. It is, therefore, especially important to pay attention to 

the design of the ends of the stent-balloon assembly with consideration of a realistic transient 

non-uniform balloon-stent expansion. This study may prove valuable as the first FE approach 

to investigate the design parameters capable of reducing restenosis induced by foreshortening, 

dogboning or inner arterial wall stress by considering a realistic transient non-uniform 

balloon-stent expansion.  

There are basically two approaches that can be used to develop an optimal stent design 

by evaluating the mechanical properties of various stents. The first approach involves directly 

measuring the mechanical properties of the stents by taking various balloon-stent 

configurations and expanding them to various diameters in normal or simulated stenosed 

arteries, each with different characteristics. Due to the high cost, special construction, minute 

dimensions, dynamic characteristics of the deformation, and required animal tests, such a 

study would be prohibitively expensive and unachievable. The second approach involves 

computer analyses employing the FE method. In this way, simulations of various stents under 

different conditions can be carried out, and the results can be verified with experimental 

measurements of the specific stent behaviors. Adopting this approach reduces the costs 

substantially, thereby making a comparative study a viable proposition. Our FE simulations, 

particularly those of the transient non-uniform balloon-stent expansion, were validated 

favorably through comparison with experiment results reported in the literature and may be 

valuable for developing an optimal stent design while considering various balloon-stents 

configurations and different mechanical and physiological conditions.   
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Generally, the validation of FE models and simulations has been based on standard 

checks of the FE method, which should give a smooth load development, similar stress-strain 

plots of the structure against material property data, and smooth continuous contour lines 

across element boundaries. The FE models and simulations developed in the current study 

were validated integrally and practically by using these simple approaches as well as by 

comparing with experimental results from the literature. This may translate into more 

reasonable results for current and further applications of these FE models when studying an 

optimal stent design. An appropriate model of the arterial vessel and the atherosclerotic plaque, 

as well as correctly simulating their contact with the stent, is required to obtain fully accurate 

results for the mechanical behavior analysis and the optimal design of a stent. The lacks of 

inclusions of the blood vessel wall’s mechanical characteristics such as compliance of the 

inner arterial wall may create significant limitations in previous study. In the previous studies, 

FE models have focused on stent design parameters and not on restenosis.2, 5, 10, 24, 27, 29, 31, 32, 39 

These studies, therefore, ignored the interaction between the stent and the inner arterial wall. 

However, Rogers et al.28 and Prendergast et al.46 presented that considering the mechanical 

characteristics of the inner arterial wall in FE analysis is important because the interaction 

may influence a function of the stent. This fact indicates that considering the mechanical 

characteristics of inner arterial wall may be significant for the evaluations and the design 

analysis of the stents. The importance of the consideration of the mechanical characteristics of 

the inner arterial wall is, therefore, recently increased gradually in the evaluations and the 

design analysis of the stents.30, 33, 47 Holzapfel et al.47 presented the stent and stenosed artery 

FE models and analyzed stress states of the investigated artery during balloon-stent expansion. 

Berry et al.30 used the FE analysis with the stent and artery FE models to understand better 

how the stent structure influences the stent-implanted artery compliance and the 

circumferential stress at diastolic pressure. Chua et al.33 performed FE simulation of the 

slotted tube stent with the presence of plaque and artery by balloon expansion to investigate 

the expansion characteristics of the slotted tube stent. However, these studies did not analyze 

stent design parameters (i.e., foreshortening, dogboning or inner arterial wall stress) 

considering the actual transient non-uniform balloon-stent expansion to be simulated 

necessarily for investigation of the stent design parameters related to a primary cause of 

restenosis. They usually considered a uniform radial internal pressure with assumption based 

on the fact that stent is almost uniformly dilated and finally evenly expanded. The assumption 

is, however, only true away from the ends of stent and at the final stage of the stent expansion 

process, resulting in an inaccuracy in their results because the foreshortening or the dogboning 



37 

 

is generally triggered at the early or middle stage of the stent expansion process as shown in 

Fig. 10 to 17. Although the current study addressed not only the free transient non-uniform 

balloon-stent expansion but also with modeling the artery, our FE models and simulations 

were reasonable, at least qualitatively, when compared with experimental results identified 

from the literature, especially since this study focused on the potential design parameters 

capable of reducing restenosis driven by foreshortening or dogboning through identifying 

these characteristics in seven commercial stents. This study may, therefore, prove valuable as 

the first FE approach to investigate the design parameters capable of reducing restenosis 

induced by the mechanical characteristics of stent such as foreshortening or dogboning and the 

intravascular injury due to high inner arterial wall stress by considering the realistic transient 

non-uniform balloon-stent expansion as mentioned above. 

The foreshortening or the dogboning is generally triggered as dilating the stent by 

inflating the balloon. Then, the foreshortening of the stent may induce an unfavorable shearing 

between the stent and the artery by an abrupt contraction (shortening) in length of the stent, 

and the dogboning may generate an unfavorable penetration into the inner arterial wall by a 

sudden dilation at the edges relative to the central point of the stent (flaring of stent ends). 

These unfavorable shearing or penetration can make successively an injury on the inner 

arterial wall, resulting in restenosis of the artery. Our results showed that the foreshortening 

and the dogboning were triggered suddenly as the stent had the radial internal pressure 

between 0.23MPa and 0.27MPa in the dilation process (Fig. 10 to 17). These findings may 

favorably support the occurrence mechanism of the foreshortening and the dogboning of the 

stent, which may be generated by an abrupt contraction in the length of the stent and by a 

sudden dilation at the edges of the stent, respectively, as described above. Additionally, the 

results presenting the differences among the dogboning values on the POIs of the stents may 

be helpful to prediction of a degree of injury risk on the inner arterial wall, which may be 

induced by the dogboning of the stent. For example, if the difference is small, it indicates that 

a degree of injury risk on the inner arterial wall induced by the dogboning may be low because 

the stent is expanded evenly at the distal points of the stent although the dogboining values at 

the distal points are larger. Based on the fact, our results indicated that the stents with the 

opened unit cells connected by bend-shaped connector link structures, in particular the MAC 

Plus stent and MAC Standard stent, may prevent effectively restenosis caused by the 

dogboning. 

The whole results for all stents analyzed in the current study showed that foreshortening 

and dogboning were generally higher in stents with closed unit cells connected by straight-line, 
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and were generally lower in stents with opened unit cells connected by bend-shaped link 

structures, in particular the MAC Plus and MAC Standard. This finding indicates that using a 

stent composed of opened unit cells connected by bend-shaped link structures may prevent 

restenosis caused by foreshortening or dogboning. And then Inner arterial wall stress results 

showed that stents with closed unit cells were generally lower than stents with opened unit 

cells, in particular the Palmaz-Schatz PS153 and TenaxTM. However, in spite of the stents with 

the opened unit cells connected by bend-shaped connector link structure, MAC Standard and 

MAC Q23 had lower inner arterial wall stress values. There (Palmaz-Schatz PS153, TenaxTM, 

MAC Standard and MAC Q23) had small aperture areas after expansion in common. This 

finding is supported by Wang et al.5 and Migliavacca et al.10, Wang et al.5 reported that 

broadening the strut of the unit cells in the distal part of the stent may decrease dogboning, 

and the configuration of the link structure connecting the unit cells of the stent may determine 

the foreshortening characteristics of the stent. Wang et al.5 also found that the absence of 

dogboning can decrease the foreshortening of the stent to a certain extent, but this effect is 

limited. Migliavacca et al.10 investigated the influence of the geometry of the stent on 

dogboning, foreshortening, and longitudinal recoiling by using FE methods and found that the 

thickness of the stent influenced its performance. By combining the current study with the 

findings of Wang et al.5 and Migliavacca et al.10, we found that foreshortening, dogboning and 

inner arterial wall stress of stent-balloon systems were closely correlated with the 

configurations of the unit cells and the link structures as well as the distal geometry and 

morphology of the stent. Foreshortening, dogboning and inner arterial wall stress of the stent 

could be weakened both by using a stent composed of opened unit cells connected by the 

bend-shaped link structures and by controlling the distal stent strut width and thickness and by 

considering the aperture areas after expansion; the combination of these three methods will 

decrease the amount of foreshortening, dogboning and inner arterial wall stress. 

Although this study provides a first look at the transient non-uniform balloon-stent 

expansion, there are the following limitations: 

1) No consideration of the blood flow characteristics, and 

2) Imperfect agreement between the stents used in the current study and in the 

literature5, 29, 24 for validation. 

This discrepancy was due to difficulties in obtaining the identical stents, balloons, and 

catheters that were used in the literature. However, the types of stents selected from the 

literature for the validation were similar to those used in the current study. These limitations 

will be resolved and discussed in our ongoing studies incorporated with clinical tests. 
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국문요약국문요약국문요약국문요약    

 

혈관용혈관용혈관용혈관용    스텐트의스텐트의스텐트의스텐트의    비정형적인비정형적인비정형적인비정형적인    혈관혈관혈관혈관    내내내내    팽창을팽창을팽창을팽창을    고려한고려한고려한고려한    재협착을재협착을재협착을재협착을    감소시키는감소시키는감소시키는감소시키는    

설계요소에설계요소에설계요소에설계요소에    대한대한대한대한    연구연구연구연구    

 

< 지지지지    도도도도    교교교교    수수수수: : : : 김김김김    한한한한    성성성성 > 

연세대학교 일반대학원 의공학과 

박박박박            원원원원            필필필필    

 

혈관용 스텐트의 비정형적인 혈관 내 거동으로 인해 발생되는 

길이방향단축현상(Fore-shortening)과 도그보닝(Dogboning)은 혈관 내부에 

상해를 발생시키고, 이는 결과적으로 재협착으로 발전한다. 이전의 연구들은 

혈관용 스텐트의 기계적 특성과 혈관 내 이식되는 스텐트의 거동을 분석함에 

있어서 혈관용 스텐트의 비정형적인 혈관 내 거동의 영향을 고려하지 않았고, 

길이방향단축현상과 도그보닝에 의해 야기되는 재협착의 발생을 감소시키는 

설계요소와 혈관 내벽에 응력 값을 감소시키는 설계요소에 대한 연구도 미비한 

실정이다. 따라서 본 연구에서는 7 개의 상용화된 혈관용 스텐트들에 대해서 

비정형적인 혈관 내 거동을 고려한 유한요소해석을 수행하여 길이방향단축현상과 

도그보닝에 의해 야기되는 재협착의 발생을 감소시키는 설계요소와 혈관 내벽에 

응력 값을 감소시키는 설계요소에 대해 연구하였다. 연구 결과, 곡선 형태의 

링크로 연결된 개방형 유닛 셀 구조의 스텐트와 스텐트의 양 끝단에 위치한 유닛 

셀과 링크구조의 기하학적이고 형태학적인 특징들을 조절함으로써 

길이방향단축현상과 도그보닝에 의해 야기되는 재협착의 발생을 감소시킬 수 

있을 것이다. 또한 곡선 형태의 링크로 연결된 개방형 유닛 셀 구조의 스텐트가 

확장된 후, 혈관 내벽의 공극을 최소화시키는 유닛 셀과 링크구조의 기하학적이고 

형태학적인 특징들을 조절함으로써 혈관 내벽의 응력 값을 감소시킬 수 있을 

것이다. 본 연구는 이전 연구들보다 더 사실적인 스텐트의 비정형적인 혈관 내 

팽창을 고려함으로써 재협착의 발생을 감소시키는 혈관용 스텐트의 설계요소에 

대해 연구하였다는데 그 의의가 있다. 

 

핵심되는핵심되는핵심되는핵심되는    말말말말 : 혈관용 스텐트, 길이방향단축현상, 도그보닝, 비정형적인 풍선팽창, 

유한요소해석 
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