
Abstract— Nickel–titanium alloys are adopted for minimally 
invasive endovascular devices which are subjected to cyclic 
loads that can induce fatigue fracture. They may also be 
subjected to large deformations due to crimping procedure that 
can induce material yielding. Recently, the authors developed a 
new constitutive model that considers inelastic strains due to 
not-completed reverse phase transformation or/and plasticity 
and their accumulation. The model is implemented in the finite 
element code ABAQUS/Standard and used to study the 
mechanical behaviour of a percutaneous aortic valve during a 
durability test.  
Keywords—Nickel-Titanium constitutive model, 

cardiovascular devices, fatigue, permanent plasticity. 

I. INTRODUCTION 

ICKEL-TITANIUM alloys (NiTi) are commonly used 
in the production of cardiovascular devices for mini-

invasive applications due to their superelastic properties [1]. 
In particular, vascular stents and percutaneous valves require 
a first pre-operative crimping, in which the diameter is 
reduced to fit the dimension of the catheter used for 
deployment. This procedure introduces large strains that, 
depending on the crimping entity, the material properties and 
the device design, may cause plasticity in NiTi [2]. This may 
also affect the device response during cyclic loading induced 
by leg or heart movements. For a reliable prediction of device 
efficacy a correct description of this phenomenon is 
necessary. In this work a new constitutive model for NiTi, 
able to consider both inelastic strains due to plasticity and 
fatigue phenomena is validated with experimental results and 
used to simulate cardiovascular devices. The aim is to show 
how considering or not plastic effects and their influence on 
the fatigue behavior may significantly affect the outputs of 
the analysis and hence it may lead to inaccurate estimation of 
device performance. 

II. MATERIALS AND METHODS

A. Material characterization 
Experimental uniaxial tensile tests were conducted on 
biomedical NiTi wires of 1.2 mm diameter with a MTS/2M 
machine at environmental temperature equals to 23° (not 
austenitic, phase R). The usage of an extensometer on a 
central portion allowed to obtain a strain driven test 
combined with an imposed crosshead displacement of 0.25 
mm/min. 20 cyclic loading-unloading tests were performed at 
different deformations (4%, 7%, 8%). Further tests studied 
the material post-yielding behaviour and how temperature 
affects yielding threshold. Cylindrical tubes (external 
diameter 2.16 mm, inner diameter 1.7 mm) were tested 
thanks to servo hydraulic MTS858MiniBionix. 15 uniaxial 

loading-unloading cycles were conducted at different strain 
levels (5%, 8%, 10%, and 12%).  

B. Constitutive model 
A new constitutive model has been formulated starting from 
the already implemented Souza-Auricchio-Petrini model [3] 
[4] [5] and the modifications proposed by Auricchio et al. [6] 
and Barrera et al. [7]. This new model, able to consider both 
fatigue and plasticity, has been formulated and implemented 
in the ABAQUS code.  

C. TAVI simulation 
The stent frame of a TAVI device was modelled in 
ABAQUS. Material parameters from experimental tests were 
used as input. All the procedure was simulated with plasticity 
activated and then deactivated. A first step reproduced the 
crimping phase up to the catheter diameter (about 8 mm) 
followed by a free recovery by using a rigid cylindrical 
surface, in order to detect inelastic strain effects during the 
procedure. Proper contact properties were applied. A second 
step aimed at mimicking the durability test described by Wu 
et al. [8]: after crimping the device self-expand into a silicone 
cylindrical chamber (external diameter 19 mm, thickness 3 
mm), modelled as a simple linear elastic material (Fig. 1). 
The last step consisted in the application of a pressure 
gradient of 100 mmHg due to systolic and diastolic phases; 
this allowed for a diameter reduction during diastole which 
causes further loadings on the device structure.  

III. RESULTS

Numerical model of a TAVI prototype device with plasticity 
deactivated exhibited very high stresses, almost exceeding 
material failure point, while its activation lowered the peaks 
of about 300 MPa, leaving residual strains at release (Fig. 2). 
During the cyclic loading maximum absolute values are 
reached during pressure removal and the minimum value is 
reached when the pressure is 100 mmHg. By activating 
fatigue and plasticity strain values are almost doubled, while 
in terms of stresses there is a transition between tension and 
compression (Fig. 2). The presence of residual strain altered 
the device diameter and so the oversizing and radial force on 
the wall. 

IV. CONCLUSIONS

Nickel-Titanium alloys are widely used for cardiovascular 
devices but there are some modelling issues not well treated 
so far. Here a validated model for NiTi is proposed for 
simulating a TAVI prototype, easily adaptable to other 
clinical devices and materials. Plasticity plays an important 
role severely modifying the state of stress of the device with 
respect to the elastic case; in some regions stress may pass 
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from compression to tension when plasticity is activated, 
with consequent wrong estimate on the fatigue performance. 
Those aspects highlight the importance of using a suitable 
constitutive model according to the specific application. 
Further investigations are ongoing. 

Figure 1. Valve (a) in the fully expanded configuration, (b) at 
the end of the crimping, (c) at the end of the self-expansion 
and (d) inside the silicone tube [9]. 

Figure 2. σ-ε curves of TAVI device most stressed element 
during its shape recovery in the silicone tube: above the 
plasticity deactivated model, below the plasticity activated 
one. Right side shows the σ-ε curves corresponding to the 
step of pressure removal in the two cases [9]. 
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