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A B S T R A C T

The remarkable mechanical properties of nickel-titanium (NiTi) shape memory alloy, particularly its super-
elasticity, establish it as the material of choice for fabricating self-expanding vascular stents, including the
metallic backbone of peripheral stents and the metallic frame of stent-grafts. The super-elastic nature of NiTi
substantially influences the mechanical performance of vascular stents, thereby affecting their clinical effec-
tiveness and safety. This property shows marked sensitivity to the primary parameters of the heat treatment
process used in device fabrication, specifically temperature and processing time. In this context, this study in-
tegrates experimental and computational analyses to explore the potential of designing the mechanical char-
acteristics of NiTi vascular stents by adjusting heat treatment parameters. To reach this aim, differently heat-
treated NiTi wire samples were experimentally characterized using calorimetric and uniaxial tensile testing.
Subsequently, the mechanical response of a stent-graft model featuring a metallic frame made of NiTi wire was
assessed in terms of radial forces generated at various implantation diameters through finite element analysis.
The stent-graft served as an illustrative case of NiTi vascular stent to investigate the impact of the heat treatment
parameters on its mechanical response. From the study a strong linear relationship emerged between NiTi super-
elastic parameters (i.e., austenite finish temperature, martensite elastic modulus, upper plateau stress, lower
plateau stress and transformation strain) and heat treatment parameters (R2 > 0.79, p-value < 0.001) for the
adopted ranges of temperature and processing time. Additionally, a strong linear relationship was observed
between: (i) the radial force generated by the stent-graft during expansion and the heat treatment parameters
(R2 > 0.82, p-value < 0.001); (ii) the radial force generated by the stent-graft during expansion and the lower
plateau stress of NiTi (R2 > 0.93, p-value< 0.001). In conclusion, the findings of this study suggest that designing
and optimizing the mechanical properties of NiTi vascular stents by finely tuning temperature and processing
time of the heat treatment process is feasible.

1. Introduction

Near-equiatomic nickel-titanium (NiTi), also known as Nitinol, is
recognized for its distinctive super-elasticity and shape memory prop-
erties (Duerig et al., 1990). These unique properties have promoted the
extensive utilization of NiTi in the field of medical devices (Kapoor,
2017; Pelton et al., 2000). In terms of super-elasticity, NiTi exhibits the
capability to elastically recover large (up to 15 %) deformations
(Auricchio et al., 1997). This property is associated with the capability
to undergo a reversible transformation between two distinct solid phases
in the NiTi lattice structure, known as austenite and martensite. At

temperatures above the austenite finish temperature (Af) (ASTM, 2015),
typically below the body temperature for NiTi in medical applications
(Duerig et al., 2003; Henderson et al., 2011), austenite is stable at low
strain values, while martensite is stable at high strain values (Otsuka and
Ren, 2005). Consequently, as a result of stress-induced conversion from
austenite to martensite, the NiTi stress vs. strain curve is characterized
by elastic hysteresis, with two plateaus in the loading and unloading
phases where high strains are generated and recovered, respectively
(Auricchio and Taylor, 1997).
Due to its super-elasticity, NiTi has established itself as the material

of election for self-expanding vascular stents – medical implants
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designed to automatically expand and conform to the shape and size of
the patient’s blood vessels without the need for any expansion support
(Fanning et al., 2013; Pan et al., 2021). In detail, NiTi is used for the
creation of the metallic backbone of peripheral stents and of the metallic
frame of stent-grafts, enabling those devices to withstand and elastically
recover considerable strains upon insertion into the catheter before
being deployed (Stoeckel et al., 2004).
The super-elastic properties of NiTi have a substantial influence on

the mechanical performance of the devices, and consequently, on their
clinical effectiveness and safety (Cabrera et al., 2017; Carbonaro et al.,
2024, 2023d). Experimental findings have highlighted considerable
variability in the super-elastic properties of NiTi, depending on the
chemical composition, grain size and distribution, as well as the pro-
cessing methods and the history of the material (Hodgson and Russell,
2000; Kapoor, 2017; Liu and Mishnaevsky, 2013; Mwangi et al., 2019;
Pelton et al., 2000; Valiev et al., 2020). Specifically, shape-setting con-
stitutes a crucial processing step of a NiTi vascular stent, involving
securing the device in a fixture in the desired configuration and sub-
jecting it to heat treatment (Bernini et al., 2024; Hodgson and Russell,
2000). Previous experimental investigations on NiTi samples high-
lighted a marked sensitivity of NiTi Af and nonlinear stress vs. stress
curve to operating temperature and processing time of the applied heat
treatment (Agarwal et al., 2023; Liu et al., 2008; Zhan et al., 2020).

However, the relationship between heat treatment parameters and the
material properties of NiTi, and consequently the mechanical perfor-
mance of NiTi vascular stents, is often proprietary knowledge of the
material suppliers and medical device companies and is not adequately
documented in the current literature. This paucity of documentation
available to all markedly limits research and product innovation of NiTi
medical devices.
In this context, the present study explores the potential of designing

the mechanical characteristics of NiTi vascular stents by adjusting heat
treatment parameters, specifically temperature and processing time. In
detail, the relationship between the heat treatment parameters and the
material properties of NiTi was experimentally determined through
calorimetric analysis and uniaxial tensile testing on wire samples. Next,
the impact of the heat treatment parameters on the mechanical behavior
of an illustrative stent-graft model, featuring a metallic frame made of
NiTi wires with the same cross-section as the wire samples, was assessed
through finite element (FE) analysis. Lasty, the relationship between the
material properties of NiTi at various combinations of heat treatment
parameters and the mechanical behavior of the stent-graft was examined
to better elucidate how the heat treatment process can impact the me-
chanical behavior of the device.

Fig. 1. Main steps of the procedure employed in this study: Step 1 – Heat treatment of NiTi wire samples, based on fifteen combinations of temperature (T) and
processing time (t) values, considering five T values (i.e., T1, T2, T3, T4 and T5) and three t values (i.e., t1, t2, and t3); Step 2 – Experimental testing of NiTi wire
samples, including calorimetric analysis, measuring the austenite finish temperature (Af), and uniaxial tensile testing, measuring the austenite elastic modulus (Ea),
martensite elastic modulus (Em), upper plateau stress (UPS), lower plateau stress (LPS), transformation strain (εt) and residual strain (εr); Step 3 – FE simulation of the
crimping test of a stent-graft with a frame made of NiTi wire rings, evaluating the radial force (RF) at three distinct implantation diameters (D) (i.e., RF-, RFN and
RF+). Step 4 - Following step 2, (i) the relationship between T and twith the material parameters derived from the calorimetric analyses and uniaxial tensile tests (i.e.,
Af, Ea, Em, UPS, LPS, εt and εr); Following step 3, (ii) the relationship between T and t and the parameters obtained from FE simulations of crimping test of the stent-
graft (i.e., RF-, RFN, and RF+); Following step 3, the relationship between some of the material parameters (i.e., Ea, Em, UPS, LPS, εt) and RF-, RFN, and RF+.

D. Carbonaro et al.
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2. Methods

The procedure employed in this study is based on the following main
steps (Fig. 1): Step 1 – Heat treatment of NiTi wire samples, considering
different temperature (T) and processing time (t) settings; Step 2 –
Experimental characterization of NiTi wire samples, involving calori-
metric analysis and uniaxial tensile testing; Step 3 – FE simulations of
crimping tests on stent-grafts made of differently heat-treated NiTi wires
to evaluate their mechanical response in terms of radial force (RF) vs.
diameter (D); Step 4 – Statistical analysis to investigate the existence of
possible links among heat treatment parameters, NiTi material param-
eters, and the mechanical behavior of the stent-graft.

2.1. Heat treatment of NiTi wire samples

Fifteen samples (identified as sample 1 to 15) of straight annealed
NiTi wire, certified as biomedical grade according to ASTM F2063-18
(ASTM, 2018) (Ni content between 54.5 % and 57.0 % in weight per-
centage), were provided by Admedes (Admedes GmbH, Pforzheim,
Germany). The NiTi wire samples had a diameter of 0.6 mm and were
cut to a length of 100 mm. Each wire sample underwent heat treatment
with a specific combination of processing temperature T and time t
(Fig. 1, Step 1), utilizing the fluidized sand bath Techne FB-08C (Bibby
Scientific, Stone, United Kingdom). In total, fifteen combinations of heat
treatment parameters were tested, considering five T values (T1 =

485 ◦C, T2 = 500 ◦C, T3 = 515 ◦C, T4 = 530 ◦C and T5 = 545 ◦C) and
three t values (t1= 150 s, t2= 300 s and t3= 450 s). The ranges of T and t
were based on values commonly adopted by stent manufacturers for
heat treatment.

2.2. Experimental testing of NiTi wire samples

2.2.1. Calorimetric analysis
Differential scanning calorimetry (DSC) analyses were performed on

NiTi wire samples after their heat treatment to determine their austenite
finish temperature (Af) (ASTM, 2015). The DSC 25 calorimeter equipped
by an RCS cooling system (TA Instruments, New Castle, DE, USA) was
utilized for this purpose. DSC curves were acquired within the temper-
ature range of [− 90 ◦C, 120 ◦C] and with a rate of 10 ◦C/min.

2.2.2. Uniaxial tensile testing
Uniaxial tensile tests were conducted on the fifteen NiTi wire sam-

ples post heat treatment using the E3000 tensile testing machine
equipped with a thermal chamber and an integrated optical extensom-
eter (Instron, Norwood, MA, USA). A 3 kN load cell and flat grips were
utilized for the tests (Henderson et al., 2011). The experiments were
conducted at a strain rate of 2 %/min and at 37 ◦C to replicate body
temperature, which serves as the reference temperature for testing NiTi
vascular stents (FDA, 2010; ISO, 2012). The uniaxial testing procedure
comprised an initial pre-conditioning cycle, followed by four subsequent
cycles, each one reaching a strain level of 9 %, and concluded by a final
cycle extended until the fracture of the samples was obtained. Accord-
ingly, the stress vs. strain curve was measured. For each curve, the
following material parameters characterizing the super-elastic proper-
ties of NiTi were determined from the first cycle after pre-conditioning
(Step 2 in Fig. 1): austenite elastic modulus (Ea), martensite elastic
modulus (Em), upper plateau stress (UPS), lower plateau stress (LPS),
transformation strain (εt), and residual strain after the first cycle (εr).
Moreover, the ultimate tensile strength (UTS) was measured in the break
cycle. UPS and LPS values were computed from the stress vs. strain
curves as the average stress values of the straight part of the plateaus,
which were identified by changes in the derivative of the curve.

2.3. FE simulations of stent-graft crimping test

2.3.1. FE model of the stent-graft
The FE model of a self-expandable thoracic aortic stent-graft was

constructed using Hypermesh (Altair Engineering, Troy, MI, USA) in
conjunction with Abaqus/Explicit (Dassault Systemes Simulia Corp.,
Johnston, RI, USA). A geometry inspired by the commercially available
Valiant™ stent-graft (Medtronic, Dublin, Ireland) was created, featuring
a diameter of 30 mm and a length of 150 mm (Step 3 in Fig. 1). The
device was assumed to be composed of eight stent rings made of NiTi
wires with a diameter of 0.6 mm (consistent with the NiTi wire samples),
sutured to a polytetrafluoroethylene (ePTFE) graft with a thickness of
0.1 mm. In the FE models, the graft was included along with the NiTi
rings to ensure an accurate mechanical representation of the device. The
stent rings were meshed with B31 two-node linear beam elements with
an average size of 1 mm (Ramella et al., 2022). The graft was meshed
with S3 three-node linear shell elements, having an average size of 1 mm
(Ramella et al., 2022). The mechanical behavior of NiTi was described
using the super-elastic constitutive model by Auricchio and Taylor
(1997), with the super-elastic material parameters of each NiTi wire
sample introduced in section 2.2.2 integrated into the constitutive
model. In this model (Fig. 1), material asymmetry between traction and
compression loading is accounted for by one model parameter. Due to
challenges in testing thin NiTi wire samples in compression (Henderson
et al., 2011), a ratio of 1.5 between the UPS in compression and traction
loading was here assumed, according to previous studies (Carbonaro
et al., 2023d; Kan et al., 2021). Additionally, Poisson ratios for austenite
and martensite phases were considered equal to 0.3 (Carbonaro et al.,
2023d). Finally, the εr and UTS were not included, as they are not
considered in the super-elastic constitutive model (Auricchio and Tay-
lor, 1997). The mechanical behavior of ePTFE was described with an
elasto-plastic constitutive model with material properties obtained from
previous studies (E = 55.2 MPa, σyield = 6.6 MPa) (Catanese et al., 1999;
Kleinstreuer et al., 2008).
The FE model of the stent-graft was created by assembling the stent

rings with the graft. Since the stent-graft is characterized by stent pre-
stress in the sutured configuration, this condition was taken into ac-
count in the FE model following the procedure suggested by Ramella
et al. (2022) and illustrated in Fig. 2(a). In detail, a preliminary FE
analysis was conducted using Abaqus/Explicit in which the NiTi rings
were moved from the stress-free configuration to the graft by imposing
radial displacement. Subsequently, tied contacts between the stent rings
and the graft were activated to allow the device to assume its final
configuration.

2.3.2. FE simulation of the crimping test
The radial crimping test is the standard procedure used to assess the

mechanical behavior of vascular stents under radial displacement (FDA,
2010; ISO, 2012). In the case of stent-grafts, it aims to replicate the
loading conditions experienced by these devices when they are inserted
into a catheter and deployed into the aorta. The test allows for the
measurement of the RF as a function of D, evaluating whether the
stent-graft applies a sufficiently high RF to the aortic wall upon im-
plantation to ensure proper fixation (Senf et al., 2014; Zarins et al.,
2003).
Simulations of the radial crimping procedure were performed using

the FE code Abaqus/Explicit on 6 computing cores of a workstation
equipped with Intel® Core™ i7-8700 and 32 GB RAM. Fifteen FE sim-
ulations, each corresponding to a unique combination of material pa-
rameters associated with the NiTi wire samples, were performed. The
radial crimping of the stent was simulated through contact with a
crimping cylinder modelled as rigid material and discretized using
SFM3D4R four-node elements (Kan et al., 2021). The simulated crimp-
ing cylinder, which replicated the testing machine typically employed in
experimental radial crimping tests (Cabrera et al., 2017), was radially
compressed, without any nodes of the stent-graft being constrained.

D. Carbonaro et al.
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Before simulating the radial crimping procedure, a uniform tem-
perature field of 37 ◦C was applied to all nodes of the model. Techni-
cally, the radial crimping procedure was simulated in two steps, namely
the crimping and expansion steps (Fig. 2(b)). In the crimping step, the
stent-graft was crimped starting from its initial D to a minimum D of 10
mm. In the expansion step, the stent-graft was released, returning to its
initial D. Interactions between stent-graft and crimping cylinder were
modelled applying a general contact algorithm where the default “hard”
normal contact behavior was employed, with tangential behavior
defined using friction coefficient values μ = 0.3 and μ = 0.1 for the stent
rings/crimping cylinder interaction and self-contact between the stent
rings, and for the graft/crimping cylinder interaction, respectively
(Ramella et al., 2022). Furthermore, to ensure a quasi-static analysis, it
was verified that the ratio of kinetic energy to total internal strain energy
was less than 5 % (Carbonaro et al., 2023b).
The RF was computed at different D values, selected to be repre-

sentative of aortic dimensions where the device is typically implanted.
In detail, RF was quantified in terms of RFN, RF- and RF+ values,
calculated during the simulated expansion step at DN = 25 mm, D- = 23
mm and D+ = 27 mm, respectively. The rationale for this choice lies in
the fact that these diameters correspond to the nominal, minimum, and
maximum recommended implantation diameters for the considered
stent-graft size, as specified by the device manufacturer. The RF was
computed as the sum of the generated contact normal forces between the
stent-graft and the crimping cylinder along the radial direction (Step 3 in
Fig. 1) (Carbonaro et al., 2020, 2023c).

2.4. Multivariate regression analysis

Multivariate linear regression analysis was conducted in Matlab
(MathWorks, Natick, MA, USA) environment to investigate the existence
of three distinct relationships, as schematized in Fig. 1: (i) following step
2, the relationship between heat treatment parameters (T and t) and the
NiTi material parameters derived from calorimetric analysis and uni-
axial tensile tests (Af, Ea, Em, UPS, LPS, εt, εr); (ii) following step 3, the
relationship between heat treatment parameters (T and t) and the results

obtained from the FE simulations of the stent-graft crimping test in terms
of RF at different D values (RF-, RFN, and RF+); and (iii) following step 3,
the relationship between NiTi material parameters (Ea, Em, UPS, LPS, εt)
and the RF generated by the stent-graft at different D values (RF-, RFN,
and RF+). Strength and significance of the relationships was assessed in
terms of coefficient of determination (R2) and p-value of the F-test,
respectively (Freund et al., 2010). Additionally, the unstandardized
coefficients of the multivariate linear regression models were obtained,
and for each coefficient, the corresponding p-value was determined.
Preliminarily, the multivariate regression models were constructed
considering all parameters. Then, in cases where coefficients had
non-significant p-values, the corresponding parameters were removed
from the model, and the remaining parameters were used to construct a
new model. Statistical significance was assumed when p-values were
lower than 0.05.

3. Results

3.1. Experimental tests of NiTi wire samples

3.1.1. Calorimetric analysis
Fig. 3 illustrates the DSC curve for NiTi wire sample 1, taken as a

representative example. The Af value for sample 1 was identified as
22.8 ◦C from the DSC curve. For completeness, the DSC curves of all NiTi
wires samples by varying T and fixing t = 150 s, 300 s, 450 s, are
included in the Supplementary material (Fig. S1). Table 1 reports the Af
values of all samples, which varied within the range [− 3 ◦C, 23.8 ◦C].
These values were below the temperature of 37 ◦C, applied during the
uniaxial tensile testing. As a result, all samples exhibited super-elastic
behavior at 37 ◦C, meeting a fundamental requirement for the con-
struction of implantable medical devices where this material behavior is
essential (Duerig et al., 2003; Kapoor, 2017).

3.1.2. Uniaxial tensile tests
Fig. 4 depicts the uniaxial tensile stress vs. strain curve for NiTi wire

sample 1, serving as a representative example. The figure includes

Fig. 2. (a) Pre-stress procedure of the stent-graft in the sutured configuration; (b) Radial crimping procedure, which comprises the crimping step followed by the
expansion step.

D. Carbonaro et al.
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representations of the four cycles of testing and the break cycle. Fig. 5
illustrates the uniaxial tensile stress vs. strain curves by varying T and
fixing t = 150 s, and by varying t and fixing T = 485 ◦C, by considering
only cycle 2. Uniaxial tensile stress vs. strain curves by varying T and
fixing t = 300 s, 450 s, and by varying t and fixing T = 500 ◦C, 515 ◦C,
530 ◦C, 545 ◦C are included in the Supplementary material (Figs. S2 and
S3). Table 1 reports the values of the material parameters for all the
analyzed samples, which varied within the following ranges: EA ∈

[59100 MPa, 62300 MPa], EM ∈ [25000 MPa, 28000 MPa], UPS ∈

[474.2 MPa, 545.4 MPa], LPS ∈ [132.8 MPa, 231.3 MPa], εt ∈ [4.7 %,
5.7 %], εr ∈ [0.38 %, 0.69 %] and UTS ∈ [973.1 MPa, 1235.8 MPa].
Fractures were observed at the extremes of the wire samples adjacent to
the grips, suggesting that the measured UTS values may be conservative
and uncertain. Accordingly, given this limitation, the UTS was excluded
from the statistical analysis.

3.2. FE simulations of stent-graft crimping tests

Fig. 6 represents the RF vs. D curve obtained from the radial crimping
test of the stent-graft, incorporating the material parameters of NiTi wire
sample 1 (see Table 1). Typically, the RF vs. D curve exhibits a hysteresis
cycle, a characteristic feature of self-expandable NiTi devices, including
stent-grafts (Cabrera et al., 2017; Carbonaro et al., 2023c; Duerig et al.,
2003; Ramella et al., 2022; Stoeckel et al., 2004). This mechanical
behavior is characterized by higher radial forces during the crimping
step compared to the expansion step, attributable to the super-elastic
properties of NiTi. Additionally, Fig. 6 depicts the RF values RF-, RFN
and RF+, evaluated during the expansion step at the implantation di-
ameters D-, DN and D+, respectively. Table 2 presents the values of RF-,
RFN and RF+ for all samples. The RF varied within the following ranges:
RF- ∈ [61.9 N, 93.8 N], RFN ∈ [52.7 N, 82.2 N] and RF+ ∈ [43.5 N, 66.1
N].

3.3. Multivariate regression analysis

3.3.1. Material parameters vs. heat treatment parameters
Table 3 reports the results from the multivariate linear regression

analysis between the heat treatment parameters (T and t; independent

Fig. 3. DSC curve of NiTi wire sample 1, with representation of the austenite finish temperature (Af).

Table 1
Results of the calorimetric and uniaxial tensile tests of the fifteen NiTi wire samples.

NiTi wire sample T (◦C) t (s) Af (◦C) Ea (MPa) Em (MPa) UPS (MPa) LPS (MPa) εt (%) εr (%) UTS (MPa)

1 485 150 22.8 60000 27400 515.9 192.1 4.8 0.38 1202.1
2 485 300 23.8 59100 26700 496.6 164.4 4.9 0.50 1133.7
3 485 450 23.7 59400 27200 479.2 132.8 4.7 0.52 1191.4
4 500 150 17.2 59700 28000 515.7 198.2 4.8 0.49 1204.5
5 500 300 19.6 61700 27100 499.9 173.6 5.0 0.58 1235.8
6 500 450 20.8 60050 26500 474.2 139.5 5.1 0.53 1196.8
7 515 150 14.8 61500 27500 528.2 209.4 5.1 0.38 1194.3
8 515 300 13.7 59500 26500 503.6 175.6 5.3 0.38 1130.8
9 515 450 14.6 59900 26000 484.6 169.1 5.2 0.64 1191.4
10 530 150 8.4 61150 26800 527.5 231.3 5.4 0.53 1133.7
11 530 300 6.2 60000 25700 509.9 188.0 5.6 0.56 1099.2
12 530 450 6.9 62100 26100 483.0 169.5 5.6 0.52 1070.0
13 545 150 − 2.5 62300 26100 545.4 235.2 5.6 0.54 1053.0
14 545 300 − 3.0 61400 25100 514.5 227.5 5.7 0.68 1147.0
15 545 450 − 2.5 61500 25000 504.8 206.1 5.7 0.69 973.1
Minimum 485 150 − 3.0 59100 25000 474.2 132.8 4.7 0.38 973.1
Maximum 545 450 23.8 62300 28000 545.4 231.3 5.7 0.69 1235.8
T: temperature; t: time; Af: austenite finish temperature; Ea: austenite elastic modulus; Em: martensite elastic modulus; UPS: upper plateau
stress; LPS: lower plateau stress; εt: transformation strain; εr: residual strain; UTS: ultimate tensile strength.

Fig. 4. Uniaxial tensile stress vs. strain curve of NiTi wire sample 1, including
the four cycles of testing and the break cycle.

D. Carbonaro et al.
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variables) and the material parameters (Af, Ea, Em, UPS, LPS, εt, εr;
dependent variables). The results of multivariate linear regression
analysis without removal of non-significant parameters and including
the root mean squared errors (RMSE) of the measured material

parameters are reported in Table S1 of the Supplementary material.
Notably, Af and εt exhibited a strong linear dependence only with T (R2

> 0.92). Em, UPS and LPS exhibited a strong linear relationship with
both T and t (R2 > 0.79). Conversely, Ea exhibited a weak linear
dependence on T (R2 = 0.48), whereas εr exhibited a weak linear
dependence on both T and t (R2 = 0.52). Fig. 7 displays multivariate
linear regression models of material parameters with R2 > 0.9, namely
Af, UPS, LPS and εt, with coefficients reported in Table 3. It emerged an
inverse relationship between Af and T, and a direct relationship between
εt and T. Additionally, both UPS and LPS exhibited a direct relationship
with T and an inverse relationship with t.

3.3.2. Stent-graft radial force vs. heat treatment parameters
Table 4 reports the results of the multivariate linear regression

analysis between the heat treatment parameters (T and t; independent
variables) and the RF quantities (RF-, RFN and RF+; dependent vari-
ables). RF-, RFN and RF+ exhibited a strong linear dependence on T and t
(R2 > 0.82). In particular, a direct relationship emerged between RF-,
RFN, RF+ and T and an inverse relationship between RF-, RFN, RF+ and t
(Fig. 8). The coefficients of the multivariate linear regression models are
reported in Table 4.

3.3.3. Stent-graft radial force vs. material parameters
Table 5 presents the results of the multivariate linear regression

analysis between the material parameters (Ea, Em, UPS, LPS and εt; in-
dependent variables) and the RF quantities (RF-, RFN and RF+; depen-
dent variables). The results of multivariate linear regression analysis
without removal of non-significant parameters are reported in Tables S2
and S3 of the Supplementary material. RF-, RFN and RF+ exhibited a
strong direct linear dependence on LPS (R2 > 0.93). Conversely, no
significant relationship emerged between RF quantities and the other
NiTi material parameters (Tables S2 and S3 of the Supplementary ma-
terial). Fig. 9 displays the linear regression models of the RF values, with
coefficients reported in Table 5.

4. Discussion

The design of NiTi vascular stents encompasses various aspects,
including geometry, material, and manufacturing process (Kapoor et al.,
2023; Pan et al., 2021). Given the unique characteristics of NiTi, the
manufacturing process can substantially impact the mechanical
behavior of such devices (Hodgson and Russell, 2000; Liu and Mis-
hnaevsky, 2013; Mwangi et al., 2019; Valiev et al., 2020). Heat treat-
ment is a key process for the manufacturing of NiTi vascular stents.
While commonly used for the shape-setting of the device, heat treatment
can also have a remarkable impact on the mechanical properties of the
material and, consequently, on the mechanical behavior of the NiTi

Fig. 5. Uniaxial tensile stress vs. strain curve of (a) five NiTi wire samples varying temperature (T) and fixing time (t); (b) three NiTi wire samples varying t and fixing
T. Only cycle 2 is shown for all NiTi wire samples.

Fig. 6. Radial force (RF) vs. diameter (D) curve obtained from the FE analyses
of radial crimping test of the stent-graft, incorporating the material parameters
of NiTi wire sample 1. The values of RF-, RFN and RF+, corresponding to D-, DN
and D+, respectively, are represented.

Table 2
Results of the FE analyses of radial crimping test of the stent-graft
incorporating the material parameters of the fifteen NiTi wire
samples.

NiTi wire sample T (◦C) t (s) RF- (N) RFN (N) RF+ (N)

1 485 150 79.9 68.2 56.9
2 485 300 76.0 66.1 53.4
3 485 450 68.0 55.7 43.5
4 500 150 80.1 68.1 55.5
5 500 300 76.3 66.1 54.1
6 500 450 61.9 52.7 44.3
7 515 150 83.2 72.3 61.3
8 515 300 74.0 65.1 54.7
9 515 450 76.4 66.4 54.2
10 530 150 92.7 80.9 64.3
11 530 300 79.2 69.0 56.3
12 530 450 73.1 63.9 53.6
13 545 150 93.8 82.2 66.1
14 545 300 89.3 78.4 62.5
15 545 450 84.2 74.1 63.6
Minimum 485 150 61.9 52.7 43.5
Maximum 545 450 93.8 82.2 66.1
T: temperature; t: time; RF-, RFN, RF+: radial force measured at the
implantation diameters D-, DN, D+, respectively.
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device. This aspect was not adequately addressed in the currently
available body of literature. In a very recent study (Bernini et al., 2024)
it was proposed to design self-expandable vascular stents with

innovative geometries through heat treatment for shape-setting.
Accordingly, heat treatment was applied to vascular stents considering
various values of T and t, and the RF exerted by stents was measured

Table 3
Results of the multivariate linear regression analysis between the heat treatment parameters and the material parameters after
removal of non-significant parameters.

Material parameter R2 F-test
p-value

T
p-value

t
p-value

c0 cT ct

Af (◦C) 0.96 <0.001 <0.001 – 2.33E+02 ◦C − 4.28E-01 –
Ea (MPa) 0.48 0.004 0.004 – 4.32E+04 MPa 3.38E+01 MPa/◦C –
Em (MPa) 0.79 <0.001 <0.001 0.003 4.26E+04 MPa − 2.93E+01 MPa/◦C − 3.33E+00 MPa/s
UPS (MPa) 0.94 <0.001 <0.001 <0.001 3.45E+02 MPa 3.92E-01 MPa/◦C − 1.38E-01 MPa/s
LPS (MPa) 0.92 <0.001 <0.001 <0.001 − 2.62E+02 MPa 9.70E-01 MPa/◦C − 1.66E-01 MPa/s
εt (%) 0.92 <0.001 <0.001 – − 2.66E+00 % 1.53E-02 1/◦C –
εr (%) 0.52 0.013 0.025 0.028 − 7.67E-01 % 2.29E-031/◦C 3.87E-04 1/s
R2: coefficient of determination; c0, cT, ct: coefficients of the multivariate linear regression models corresponding to the constant term, T and t,
respectively; T: temperature; t: time; Af: austenite finish temperature; Ea: austenite elastic modulus; Em: martensite elastic modulus; UPS: upper
plateau stress; LPS: lower plateau stress; εt: transformation strain; εr: residual strain.

Fig. 7. Multivariate linear regression models of (a) austenite finish temperature (Af), (b) upper plateau stress (UPS), (c) lower plateau stress (LPS) and (d) trans-
formation strain (εt) as a function of the heat treatment parameters temperature (T) and time (t), represented as transparent grey planes. The values measured in the
experimental tests are represented as black dots.

Table 4
Results of the multivariate linear regression analysis between heat treatment parameters and the stent-
graft radial force.

RF R2 F-test
p-value

T
p-value

t
p-value

c0 cT ct

RF- (N) 0.82 <0.001 <0.001 <0.001 − 3.77E+01 N 2.53E-01 N/◦C − 4.40E-02 N/s
RFN (N) 0.84 <0.001 <0.001 <0.001 − 5.27E+01 N 2.58E-01 N/◦C − 3.92E-02 N/s
RF+ (N) 0.84 <0.001 <0.001 <0.001 − 4.59E+01 N 2.16E-01 N/◦C − 2.99E-02 N/s
R2: coefficient of determination; c0, cT, ct: coefficients of the multivariate linear regression models
corresponding to the constant term, T and t, respectively; T: temperature; t: time; RF-, RFN, RF+: radial force
measured at the implantation diameters D-, DN, D+, respectively.

D. Carbonaro et al.



Journal of the Mechanical Behavior of Biomedical Materials 158 (2024) 106653

8

experimentally to investigate the impact of the heat treatment param-
eters on the mechanical performance of the designed devices. However,
only a limited number of values of T and t were considered, and the
relationship between the heat treatment parameters and the RF exerted
by the stents was not thoroughly explored. In contrast, in the present
study, considering a stent-graft and the radial crimping procedure as an
illustrative case, a combined experimental and computational approach
complemented by multivariate linear regression analysis was employed
to explore the relationships among the heat treatment parameters, the
material properties of NiTi, and the mechanical behavior of the

stent-graft. The results of the study confirm that the mechanical
behavior of the stent-graft can be significantly affected by the parame-
ters of the heat treatment T and t. Importantly, the findings of the study
imply the feasibility of tailoring/improving the mechanical behavior of
the device solely through adjustments in heat treatment parameters,
without altering the geometry. This offers clear advantages in terms of
times and costs associated to the industrial development of the device.
To support the adoption of the heat treatment control to properly

tune the design of the NiTi device, this study proposes a rapid and robust
design tool based on regression models. This tool enables the design and
optimization of the mechanical behavior of a specific NiTi vascular stent
(in this case, a stent-graft) under a specific loading condition (in this
case, radial load) through adjustment of the heat treatment parameters.
Additionally, this tool can complement computational frameworks that
enable the optimization of the mechanical response of the device by
acting on the geometry, the use of which has been widely demonstrated
in the literature (Alaimo et al., 2017; Barati et al., 2022; Carbonaro et al.,
2021, 2023c; Kapoor et al., 2023; Liu et al., 2023). The main relation-
ships identified in the present study are discussed in the following
subsections and summarized in Fig. 10.

4.1. Material parameters vs. heat treatment parameters

Applying heat treatment to NiTi leads to the dispersion of nickel-rich

Fig. 8. Multivariate linear regression models of the radial force (RF) as a function of heat treatment parameters temperature (T) and time (t), represented as
transparent grey planes. The values of RF computed in the FE analyses are represented as black dots. RF-, RFN and RF+ correspond the RF measured at the im-
plantation diameters D-, DN, D+, respectively.

Table 5
Results of the multivariate linear regression analysis between the material
parameters and stent-graft radial force after removal of non-significant
parameters.

RF R2 F-test
p-value

LPS
p-value

c0 cLPS

RF- (N) 0.94 <0.001 <0.001 2.86E+01 N 2.70E-01 N/MPa
RFN (N) 0.94 <0.001 <0.001 2.05E+01 N 2.57E-01 N/MPa
RF+ (N) 0.93 <0.001 <0.001 1.78E+01 N 2.05E-01 N/MPa
R2: coefficient of determination; c0, cLPS: coefficients of the multivariate linear
regression models corresponding to the constant term and to LPS, respectively;
T: temperature; t: time; LPS: lower plateau stress; RF-, RFN, RF+: radial force
measured at the implantation diameters D-, DN, D+, respectively.

Fig. 9. Linear regression models of the radial force (RF) as a function of lower plateau stress (LPS), represented as grey lines. The values of RF computed in the FE
analyses are represented as black dots. RF-, RFN and RF+ correspond the RF measured at the implantation diameters D-, DN, D+, respectively.

D. Carbonaro et al.



Journal of the Mechanical Behavior of Biomedical Materials 158 (2024) 106653

9

precipitates and to dislocations in the matrix (Aboutalebi et al., 2015;
Agarwal et al., 2023), thereby altering the material characteristics. The
results of this study underscore the significant impact of the heat
treatment procedure on the super-elastic properties of NiTi material.
Specifically, it was observed that certain super-elastic material param-
eters (i.e., Af, Em, UPS, LPS and εt) exhibit a strong linear dependence
with the heat treatment parameters, within the explored range of T and
t. Accordingly, the implemented regression models allow for the a priori
determination of Af, Em, UPS, LPS and εt through adjustments of T and t.
When comparing the findings of this study with those of previous

experimental investigations, it is important to consider that the results
are dependent on the specific chemical composition of the NiTi alloy and
on the specific range of T and t considered for the heat treatment. Pre-
vious studies reported that increasing values of T (varying in a range
comparable to the one analyzed in the present study) lead to decreasing
values of Af (Agarwal et al., 2023; Bernini et al., 2024; Liu et al., 2008;
Zhan et al., 2020), a finding consistent with the results of this study. In
contrast to the present study, which did not reveal a significant rela-
tionship between Af and t, previous studies (Agarwal et al., 2023; Ber-
nini et al., 2024; Liu et al., 2008; Zhan et al., 2020) reported that
increasing values of t result in increasing values of Af. Nevertheless,
these studies examined time intervals of application of heat treatment up
to 180 min, which are much longer than those analyzed here (150 s –
450 s). Finally, in accordance with the present study, Liu et al. (2008)
reported that when accounting for T and t values comparable to those
analyzed here, increasing T and t resulted in increasing and decreasing
values of both UPS and LPS, respectively.

4.2. Stent-graft radial force vs. heat treatment parameters

Variations in the super-elastic properties of NiTi, associated with
various heat treatment parameters, result in a different mechanical
behavior of NiTi vascular stents (Carbonaro et al., 2023d). This study
confirms this effect, demonstrating a substantial variation in the RF
generated by the stent-graft when varying the heat treatment

parameters T and t. Specifically, RF-, RFN and RF+ increased by 52 %, 56
% and 52 %, respectively, compared to their minimum values. More-
over, the RF values exhibited a strong linear dependence on the heat
treatment parameters within the explored range of T and t. In this re-
gard, the implemented regression models enable design and optimiza-
tion of the mechanical behavior of the stent-graft solely by adjusting the
heat treatment parameters, achieving considerable variations in the RF
generated by the stent-graft during implantation.
Interestingly, the findings of this study can be qualitatively

compared with those of Bernini et al. (2024), where the effect of
different heat treatments parameters on the mechanical characteristics
of laser-cut and wire-braided NiTi stents was investigated. Consistent
with the present study, it was reported that RF values, measured in the
expansion step of the radial crimping procedure, increase as T increases
and as t decreases, independent of the fabrication approach.

4.3. Stent-graft radial force vs. material parameters

Results highlight a strong linear dependence of the radial force from
LPS, with increasing RF values as LPS increases within the investigated
range of T and t. On the contrary, no association of RF with the other
material parameters (i.e., Ea, Em, UPS and εt) emerged. This result can be
attributed to the fact that the hysteresis of the RF vs. D curve is linked to
the super-elastic stress vs. strain curve (see Fig. 1, steps 2 and 3)
(Stoeckel et al., 2004). More specifically, the crimping procedure is a
displacement-controlled procedure in which the stent-graft is loaded
(crimping step) and unloaded (expansion step). As a result, the stress
and strain values of the stent-graft increase during the crimping step and
decrease during the expansion step, transitioning into the lower plateau,
which is identified by the LPS. In this context, higher values of LPS re-
sults in higher stress values of the stent-graft and, consequently, in
higher RF values at the implantation diameters. It is also expected that
only the material parameters related to the stress vs. strain unloading
curve (i.e., Ea and LPS) have a substantial impact on the RF values.
However, here no significant relationship was observed between the RF

Fig. 10. Main relationships investigated in this study: (i) between the heat treatment parameters and the material parameters of NiTi, (ii) between the heat treatment
parameters and the mechanical behavior of the stent-graft, and (iii) between the material parameters of NiTi and the mechanical behavior of the stent-graft.
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values and Ea, because of the small variation of Ea (5 %, compared to the
minimum value) observed by varying the heat treatment parameters.
These findings qualitatively agree with those of a previous computa-
tional study (Carbonaro et al., 2023d), which investigated the impact of
the super-elastic material properties of NiTi on the mechanical perfor-
mance of the NiTi frame of transcatheter aortic valves. In particular, the
study observed that the stress values identifying the LPS had the greatest
impact on the RF generated by the device at implantation, compared to
the other super-elastic material parameters. Additionally, it was
observed that increasing values of the LPS lead to increasing RF values at
the implantation diameters.

4.4. Limitations and future perspectives

The exact chemical composition and the microscopic characteristics
of the NiTi wire were not provided by the material supplier. No exper-
imental investigation for their assessment was conducted to assess these
aspects as it was beyond the scope the study. The effect of heat treatment
on the mechanical properties of NiTi was analyzed through the imple-
mentation of multivariate regression models, without investigating the
microstructure changes within the material. A single NiTi wire sample
per heat treatment was tested and, consequently, it was not feasible to
assess the uncertainty associated with the replication of each testing
condition. However, given the experimental design of the fifteen NiTi
wire samples, the uncertainty of the experimental results was evaluated
in the multivariate regression analysis in terms of RMSE. Moreover,
experimental tests were conducted on NiTi wire samples, considering a
single production lot and a sole supplier of NiTi, within a restricted
range of heat treatment parameters T and t. To broaden the scope of the
research, specimens with diverse chemical compositions, obtained from
different production lots and suppliers, could be included. The impact of
heat treatment was solely assessed concerning the super-elastic prop-
erties of the NiTi material, and its effects on fatigue characteristics and
biocompatibility was not evaluated. Moreover, this study exclusively
investigated the impact of heat treatment on the mechanical response of
a stent-graft under radial loading conditions. However, NiTi vascular
stents can undergo a plethora of loading conditions during insertion and
after implantation, including axial, bending and torsion loads, as well as
complex loading states. Additional mechanical tests (ISO, 2012) could
be performed in silico following the procedure presented here for the
crimping test. Furthermore, the effect of heat treatment may depend on
the geometry of the NiTi samples or stents to which it is applied. While
wire samples and stent-grafts were the focus of this study, future in-
vestigations could encompass samples with different dimensions and
other types of NiTi vascular stents, whose structure is not composed of
NiTi wires but is instead obtained through laser cutting from a NiTi
cylinder.

5. Conclusions

The present study highlights the potential to design and optimize the
mechanical response of NiTi vascular stents by tuning the heat treatment
parameters T and t. In particular, the results demonstrate a significant
impact of heat treatment parameters on both the super-elastic properties
of NiTi and on the mechanical behavior of a NiTi stent-graft under radial
loading conditions. These findings suggest the feasibility of enhancing
the mechanical behavior of NiTi stent-grafts, andmore in general of NiTi
vascular stents, without altering the geometry but solely by properly
tuning the heat treatment parameters. Accordingly, the here identified
regression models linking the heat treatment parameters with both the
NiTi material properties and the radial force exerted by the stent-graft,
can be used as functional tool for tuning T and t to achieve the desired
NiTi material properties and mechanical characteristics of the device.
Finally, the approach proposed in this study offers adequate flexibility to
be extended to other implantable NiTi cardiovascular devices.
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