
 

 

Abstract: The principal aim of this study was to 
define and apply numerical procedure for 
analyzing highly responsible biomedical devices, 
such as coronary stents, in order to ensure safety, 
durability and reliability. Numerical durability 
assessment of the coronary stent is based on 
estimating safety from fatigue to fracture. 
Numerical durability assessment of the stent is 
carried out within three phases: a) initial fatigue 
analysis based on S-N approach; b) fatigue lifetime 
assessment based on fatigue crack growth 
simulation and c) safe-operation i.e., no-fatigue 
failure (based on forming of Kitagawa-Takahashi 
diagram) as well as immediate fracture event 
predictions of the stent. The results indicated that 
presented numerical algorithm gave estimation of 
structure survival/durability on the side of safety 
and it can be combined efficiently with 
experimental procedure in the process of stent 
design, validation and optimization. 

 
Index Terms: Fatigue Safety Factor, Lifetime 

prediction, Stress Intensity Factor 

1. INTRODUCTION 

TRUCTURAL assessment of high 
responsibility devices is important to ensure 

their safety, durability and reliability. Structural 
assessment includes tasks in many areas, such 
as structural and failure analysis, non-destructive 
testing, structural monitoring and instrumentation, 
fatigue analysis, fatigue life assessment, safe-
operation assessment, etc. Fatigue endurance 
assessment is carried out to predict the possibility 
of premature failure caused by fatigue loads, i.e., 
to determine resistance on fatigue failure. 

In order to achieve appropriate and acceptable 
reliability in the framework of high responsibility 
structure and to prevent fatigue to fracture (FtF), 
stent as the typical biomedical device has to be 
analyzed within the design safety from failure 
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approach. Therefore, FtF is the process that can 
be developed in structures subjected to cyclic 
loading. The main objective is to achieve fatigue 
resistance of cardiovascular stent in the period of 
10-15 years with no damage failure. Following the 
ASTM F2477-06 standard, it is defined that 
cardiovascular device has to endure at least 
4*10

8
 cycles. 

The structural analysis of the stent is based on 
Finite Element Method (FEM). This method is 
powerful and efficient tool to test-proof 
cardiovascular implants on reliability and 
durability. FEM has already been used for: a) 
mechanical behaviour modelling of stent 
(Miglivacca et al., 2002; Garvaso et al., 2008); b) 
stent design and shape optimization (Lally et al., 
2005; De Blue et al., 2008; Masoumi et al., 2012; 
Abad et al., 2012); c) flexibility of coronary stent 
(Petrini et al., 2004); d) fatigue failure assessment 
(Marey et al., 2006; Santos et al., 2012) d) 
fracture of the stent (Schievano et al., 2006; 
Pelton et al., 2008; Schievano et al., 2010). 

Fatigue-failure methodology has wide spectrum 
of applications in biomedical engineering (Nalla et 
al., 2004; Ritchie et al., 2006; Marrey et al., 2006, 
Kruzic and Ritchie, 2008). This procedure gives 
measure of biomedical structures durability and it 
is based on: experimental determination of 
material fatigue parameters, fatigue estimation 
and fatigue lifetime prediction. In biomedical 
devices with dimensions measured in terms of 
fractions of millimeters, i.e., microscopic size 
scale, the crack sizes larger than are highly 
unlikely. Accordingly, Linear Elastic Fracture 
Mechanics (LEFM) and small-scale yielding 
condition are conducted commonly. 

The transition stress-based on fatigue-to-
fatigue crack growth is determined by Kitagawa-
Takahashi (KT) diagram (Kruzic and Ritchie, 
2008). Also, in paper (El Haddad et al., 1979) 
stresses ranges prediction for non-propagation 
cracks is proposed. The safe-operation 
assessment is based on the prediction of critical 
stress range in operation for structure with pre-
existing flaws. Aim of this paper is to develop 
numerical procedure for assessment of coronary 
stent durability based on continuum mechanics. It 
is conducted within three phases: a) Initial stress 
fatigue analysis i.e., S-N approach based on 
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Goodman’s and Soderberg’s criterion, for the 
case of hyper-physiological pulsatile loading; b) 
Fatigue lifetime assessment based on the fatigue 
crack growth simulation; c)The Safe-operation 
assessment, and prediction of events with 
immediate fracture. 

The first step is performed in order to define 
Fatigue Safety Factor (FSF) for projected fatigue 
constant life with assumption of non-pre-existing 
flaw. The parameter FSF could be defined by 
using stress-based constant life approach 
(Marrey et al., 2006; Schievano et al., 2010) or 
strain-based constant life approach (Pelton, et al., 
2008). We conducted the assessment of FSF in 
stress-based fatigue analysis by using principal 
and effective stress field. Structural analyses of 
the stent were carried out by the developed in-
house software (PAK, 2013). In this phase, 
numerical prediction of the worst cases scenarios 
(Gong et al., 2009) was obtained for Goodman’s 
(or Soderberg’s) constant life diagram of 400 
million cycles (see Fig. 1). 

 

Figure 1. Worst Case Prediction (scenario I, II, III) 
using Goodman and Soderberg constant life diagram 

(Gong et al., 2009). 

The safe-operation of the stent based on 
forming of KT diagram is performed. This 
diagram describes the critical stresses ranges in 
operation for structure with flaws. In this study, 
the numerical values of the stress value - crack 
size are set in KT diagram, in order to analyze 
and discuss the conditions for non-propagation 
and steady propagation pre-existing flaws. 

2. METHODS AND MATERIAL 

2.1. Stress-Based Fatigue Estimation 

The safe-life prediction is often represented in 
terms of constant-life diagram. Empirical models 
of Goodman or Soderberg are commonly used 
for determination of constant life diagram for 
metals (Stephens et al., 2000). Goodman’s line 
usually matches data for many brittle metallic 
alloys exposed to high cycle fatigue, while 
Soderberg’s approach is the most conservative 
one. 

High cycle fatigue assessment of the coronary 

stent is performed by applying S-N method, with 
assumption of no pre-existing flaw. One can say 
that fatigue failure does not occur if amplitude 
and mean stress satisfy the following criteria: 

Goodman: / / 1a e m u     , 

Soderberg: / / 1a e m y     , 

 
(1) 

where a , m , e , u  represent stress 

amplitude, mean stress, endurance fatigue 
strength and ultimate tensile stress. Relations in 
Eq. (1) define stress-based constant life criterion. 
If inequality is satisfied, then the structure is 
fatigue safe during the period of constant life (in 
this case it is 400 million load cycles). Left-hand 
side of the Eq. (1) represents reciprocal value of 
FSF. Numerical reliability proof on fatigue of the 
stent is FSF bigger than 1. 

For estimation of FSF, it is necessary to define 
values of amplitude and mean stress for 
prescribed radially oriented pulsatile loading. 
Stress range during a loading cycle is defined as 

( )sys dis     , while the stress amplitude and 

mean stress were defined as: / 2a   , 

( ) / 2   m sys dis . Stress values, sys  and dis , 

correspond to stresses for systolic and diastolic 
loading in cycle, respectively. In this research, for 

the numerical calculation of sys and dis two 

approaches are implemented, based on: a) 
principal stresses (Schievano et al., 2010) and b) 
effective stresses.  In the second approach, 
EQuivalent Stress Amplitude (SEQA) formulation 
(Li and Freitas, 2002) is used as follows: 
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Amplitude for each stress component was 

calculated analogously to , , / 2xx xx sys xx dis     . 

Expression of SEQA (Eq. 2) was used to 

calculate mean stress m , where each 

component in Eq. (2) was calculated 

as , ,( ) / 2xx xx sys xx dis     .  

2.2. Safe-Operation Assessment 

KT diagram combines data from fracture 
mechanics (fatigue threshold and fracture 
toughness) and data from stress-based fatigue 
approach (fatigue endurance strength). This 
diagram defines the limiting cyclic stress range as 
a function of “small” and “large” cracks. 

Fatigue failure starts with crack initiation i.e., 
with forming of small crack. Fatigue threshold for 
initial small crack is defined for crack growth rate 
of 10

-10
 m/cycles (Robertson et al., 2008). It 

depends on fatigue parameters C  and m , 



 

following relation  
1/

1010 / 
m

sc
thK C . The 

transient crack size represents the upper limit of 
crack size where small crack effects become 
significant. This initial flaw size for a small crack 

region is  
2

1
0 /sc sc

th ea K Y   , where 1Y . 

In the case of large cracks, fatigue threshold 

range thK  is specified experimentally as 

asymptotic value on curve crack growth rate vs. 
stress intensity range. The maximal value fatigue 

threshold thK  represents intrinsic material 

threshold 0 thK  for a given material/environment 

system. The 0 thK  is independent of crack size; 

long or small (Sadamanda et al., 2009). 
In the case of maximal value for fatigue 

threshold range 0
thK , transient crack size is 

considered as maximal value of small crack size, 
and it can be defined as: 

2
0

0

1 th

e

K
a
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The safe operation zone i.e., no-fatigue failure 
zone in KT-diagram is represented (see Fig. 2) 
as:  

   e , if   
0 0

sca a a   and 
0
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The second region represents steady/state 
crack growth i.e., fatigue failure zone if the 
following conditions are valid: 

Y
   , if   

0 0

sca a a   and C
K

Y a
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(3) 

where 
C
K is fracture toughness. The intrinsic 

small crack is defined by length scale 
0 0

[ , ]sca a a . 

At a small-crack size load-stress limit for no-
fatigue failure is endurance stress, while, for a 
fatigue failure, the yield stress is load-stress limit. 
In the case of large-crack size the stress limit for 
fatigue failure is defined by fracture toughness. 
Therefore, the overload failure occurrs when 
conditions (7) are not satisfied.  

Figure 2 shows the schematic preview of the 
safe zone to fatigue failure, defined with the KT 
diagram. Safe zone is defined with the line A-B-C. 
Where bellow the line A-B may be considered as 
region where flaw is not yet achieved initial value 

of 
0
a , at which we could apply laws of fracture 

mechanics. A point B, the flaw reaches initial 

lenght that corresponds to 
TH
K . Starting from 

point B, the flaw of initial size 
0
a  if formed and it 

further propagates over the safe zone (bellow the 
line B-C). Therefore, the safe zone lasts unitl the 
fatigue loading is within the region bellow the B-C 
line. 

 

Figure 2. K-T diagram of the safe zone under  
a fatigue loading. 

2.3. Material and Geometry of the Stent 

In this paper the generic balloon expandable 
coronary stent is analysed. The geometry of the 
3D model was obtained with permission from 
University of Gent, Stent Research Unit 
(http://www.stent-ibitech.ugent.be) (Fig. 3). The 
material of the stent was L-605 Co-Cr (Marrey RV 
et al., 2006). The length of stent was 7mm, 
internal diameter before the installation was 
1.5mm, while outer diameter was ~1.65mm.  

 

Figure 3. 3D model of coronary stent before  
and after expanding. 

Cross section of the stent is rectangle with 
lengths in the radial and circular directions of 
0.08x 0.11mm. Timmins et al., (2008) used the 
geometrically similar stent model within research 
on effects of the stent design. Due to lower stress 
distribution in the radial direction, Bedoya et al., 
(2006) classified this model as stent with lower 
radial stiffness. Material properties of high quality 
alloy L-605 Co-Cr are shown in Table 1. First 
three characteristics are standard material 
properties defined by monotonic (static) tests. 
However, fatigue endurance strength limit is 
determined by carrying out completely reversed 
axial strain-controlled fatigue test. 
 



 

 

Table 1. Material properties for L-605 Co-Cr. 

Young’s modulus  
243E GPa  

Yield strength  

547y MPa   

 

Endurance  strength  

207e MPa    

Ultimate tensile strength  

1449u MPa   

Threshold range  
0 2,58thK MPa m   

Fracture toughness 

60 CK MPa m  

Fatigue parameters 
134,74 10C   ;  

10,39m   

 

Ratio of fatigue endurance strength
 
and tensile 

strength of material represents the fatigue ratio. 
Depending on the material, the fatigue ratio is in 
the range 0,25 - 0,6. In the case of alloy L-605 
Co-Cr the fatigue ratio is 0.286. 

3. RESULTS 

Numerical simulation of structural durability 
assessment for the coronary stent was performed 
by 3D FEM modeling using in-house PAK-
software (PAK, 2013). 3D geometrical model of 
the stent was discretized with structural mesh 
consisting of 38400 nodes and 59625 
hexahedron finite elements. 

In order to obtain numerical results within finite 
element approach reliably, it was necessary to 
incorporate appropriate loading and boundary 
condition. Hence, for the purpose of fatigue 
assessment pressure range (difference) between 
systolic and diastolic pressure in artery was set 
on 100mmHg (13.3kPa) following (Lally et al., 
2005). Specified physiological load range belongs 
to the group of hyper-physiological cases 
manifesting as extreme hypertension. In addition, 
it is worth mentioning that upon pressure of 1.8 
MPa on the internal surfaces, stent was 
expanded from initial 1.5mm to the final diameter 
of 3mm. 

 

Figure 4. Effective and principal stress for physiology 
state of increased blood preassure. 

3.1.  Stress-Based Fatigue Assessment 

Numerical results of amplitude and mean 
stress for physiological blood pressure are shown 
in Figure 5. Also, amplitude stress field based on 
SEQA formulation is shown in Figure 5. These 
results indicate that periodical joints of stent 
bridge and stent strut i.e., T-zones of the stent, 
are locations where extreme values of stresses 
occurred. The results for reciprocal FSF obtained 
by applying a) Goodman’s, and b) Soderberg’s 
criterion are shown in Figure 6. Numerical 
calculation for FSF was based on the principal 
stresses. The results for reciprocal FSF are 
shown in Figure 7, where calculation was 
performed with values of the effective stress. 

 

Figure 6. Contours of reciprocal FSF obtained with 
principal stresses by using a) Goodman’s  

and b) Soderberg’s criterion. 

As it mentioned above, critical locations on the 
fatigue are indicated in T-zone (Figs. 6 and 7). In 
T-zone, there is a minimal value for FSF following 
Soderberg’s criterion. This criterion is more 
conservative compared to the Goodman’s 
because the measure of fatigue failure for mean 
stress takes yield strength. Further, using 
effective stresses in the fatigue failure 
assessment, lower values for FSF are obtained. 
This leads to conclusion that using effective 
stress there are more conservative compared to 
principal stresses. 

Soderbeg’s criterion defines fatigue failure as 
limit of linear-elastic behaviour (residual stresses 
are appeared during the deployment of the stent). 
The critical value of FSF is 0.96, and following 
Soderberg, it corresponds to 96% of 400 million 
cycles that is projected fatigue life of the stent. It 
should be noticed that stress field in stent 
obtained by numerical simulation is below the 
level of stress field achieved through calculation 
of Goodman’s constant life during 400 million 



 

cycles.  

Table 2. Nodes with maximum FFI (lowest FSF) according to the Goodman and Soderberg fatigue failure criterion. 

Fatigue criteria ID node
*
 FFI

*
 FSF

*
 ID node

**
 FFI

**
 FSF

**
 

Goodman
 

39297 0.28 3.57 17455 0.40 2.50 

Sodeberg 19569 0.75 1.34 17455 1.03 0.97 

*principal stresses; **effective stresses 

 

Figure 7. Contours of reciprocal FSF obtained with 
effective stresses by using a Soderberg’s  

and Goodman’s criterion. 

The Soderberg criterion is more conservative 
(Table 2), because it uses yeald strength as 
measure for estimating fatigue failure by 
analysing mean stress. By using effective stress 
during the assessment of fatiguve failure, we 
obtained increased values of FFI compared to the 
case when we used principal stresses (Table 2). 
Therefore, it may be concluded that procedure 
based on using effective stress is more 
conservative. 

3.2.  Safe-Operation Assessment 

S-N approach does not consider influence of 
the crack growth on the lifetime of structure. 
Fracture mechanics based approach enables 
fatigue life assessment for an existing flaw to 
grow from initial to a critical size. The pre-existing 
flaw is set in the area of the stent with the lowest 
value of the FSF. Initial pre-existing flaw 
configuration is assumed to be through-cross 

section of the stent, with crack width from 80 m . 

In the case of the stent made from alloy L-605 
Co-Cr initial intrinsic small crack size is 

0 18sca m , while the transition from small to 

large crack fatigue behaviour is defined with 

0
49a m . Numerical crack growth was 

simulated through eight steps from 16,6m  to 

83 m  flaw depth, in terms of small and large size 

scale of crack. The effective stress for systolic 
blood loading in the eighth simulation step when 
crack depth was 83 m has been shown in Figure 

8. 

 

Figure 8. Crack growth simulation in 2nd, 5th,  
and 10th step. 

 

Figure 9. KT-diagram and numerical values  
of pre-existing flaw propagation in the stent. 

Due to the fact that process of fatigue life-times 
prediction does not give assessment of safe-
operation in terms of steady/unsteady crack 
growth, KT diagram is designed. The critical 
stresses for stent, made from alloy L-605 Co-Cr, 
with flaws in terms of small and large scale of 
crack size is described in Figure 9. The values of 
the stress-flaw size which are obtained in the 
numerical simulation of crack propagation are 



 

shown in Figure 9. 
The structure has safe operation if values of 

stress - crack size are within the no-fatigue failure 
region (see Fig. 2). The flaws in size scale 

18 49� m  are analysed in terms of endurance 

strength in fatigue failure zone and in terms of 
yield strength in single event overload zone. In 
this case, the safe operation was obtained at pre-

existing flaw depth less than the 25 m . 

Therefore, if pre-existing flaw is less than 25 m  

a non-fatigue failure occurs For a crack 
depth 49a m , the loading-stress limit is defined 

in terms of fracture toughness. Therefore, the 
steady-state crack growth is achieved in both 
regions: a) zone with small size scale 
(18 49 a m ) and b) zone with large size scale 

of crack ( 49a m ). 

Finally, immediate fracture event prediction 
was conducted by comparing K factor (for peak 
flaw depth from 83 m ) with fracture toughness. 

The K factor for mode I, for peak flaw depth, is 

18,08MPa m  which is 3,3 times smaller than 

fracture toughness of the alloy (see Tab. 1). This 
fact indicates that immediate fracture of the stent 
with pre-existing flaw depth of 83 m , for 

physiological loading condition, is not likely event. 
 

4. CONCLUSION 

In the framework of structural assessment of 
biomedical devices, it is important to ensure 
safety, durability and reliability. The aim of this 
paper was to develop efficient and reliable 
numerical algorithm for coronary stent durability 
assessment. Calculation procedure is carried out 
through stress-based fatigue assessment, life-
time prediction for fatigue crack growth, safe 
operation assessment and predicting the event 
with immediate fracture. 

The constant lifetime and non-pre-existing flaw 
in stress-based fatigue assessment was 
assumed. Both criteria (Goodman’s and 
Soderberg’s) indicated the same location of the 
stent with minimal value of FSF. At that location, 
the initial flaw for numerical simulation of the 
crack growth was set.  

The results of the conducted numerical 
analysis for lifetime prediction showed that all 
numerical physiological cyclic stress ranges were 

quite bellow 20MPa, (it holds that 2 a   ). In 

this sense, the projected life of stent structure will 
be achieved safely, because the cross-section of 
the stent is resistance on fatigue damage if the 
cyclic stress range  is less than 40Mpa. 

Therefore, no fatigue failure zone (safe 
operation region) and fatigue failure zone (region 
of steady-state crack growth) is obtained using 

KT-diagram. The crack growth in the numerical 
simulation is stable for both small and large scale 
size of the crack. This numerical estimation was 
obtained without prediction of premature fracture 
for a peak dimension of the flaw. 

The results indicated that the presented 
numerical algorithm gave estimation of structure 
survival/durability on the side of safety and it can 
be combined efficiently with the experimental 
procedure in the process of stent design. 

Further improvements of numerical durability 
assessment should be directed in involving of 
multiaxial physiological loading conditions. We 
are aware that in in vivo condition, the coronary 
stent is exposed to twisting, bending, torsion and 
axial loading. Consequently, due to the fact that 
physiological states of coronary stent are high 
varied, it is necessary to include the influence of 
cyclic block loadings and cumulative damage 
model, as well (Fatemi and Yung, 1998; Santos et 
al., 2012). The continuum mechanics approaches 
are commonly used in the fatigue failure 
estimation of the stent structure. On the other 
hand, dimensions of stent cross-section are 
comparable with characteristic scale of the 
microstructure i.e., grain size. In the further 
research we will implement multiscale 
methodology, where macro scales are linked with 
micromechanically computational model which on 
the micro scale uses crystal plasticity theory. 
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