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ABSTRACT:  15 

Computational models in the cardiovascular field, among which in Thoracic Endovascular Aneurysm 16 
Repair (TEVAR)—which involves the deployment of a stent-graft to exclude pathological region of 17 
the aorta from circulation—are gaining interest among clinicians as tools to support pre-operative 18 
decision-making. To assess the credibility of in-silico models, the American Society of Mechanical 19 
Engineers published the V&V40 framework, which includes verification, validation, and uncertainty 20 
quantification. This study presents a verification analysis of TEVAR simulations to evaluate the 21 
impact of selected parameters on simulation outcomes, focusing on specific quantities of interests. 22 

Simulations were conducted on three patient-specific anatomies replicating the crimping, tracking, 23 
and release phases of the clinical procedure. Evaluated numerical parameters included mass 24 
damping, friction coefficient, tracking velocity, and release time. Sliding distance, rotation and 25 
computational time were analyzed in the tracking phase; while Opening Area, center-to-center 26 
distance, and plane rotation were evaluated in the release phase, comparing simulation results with 27 
post-operative CT segmentations. 28 

A mass damping coefficient of 0.1 ms⁻¹ for the stent-graft and 1 ms⁻¹ for the catheter, a friction 29 
coefficient of 1 between stent-graft and catheter, and a velocity of 0.5 m/s yielded the best results 30 
during tracking. In the release phase, the selected parameters were: a damping of 0.1 ms⁻¹, a friction 31 
coefficient of 0.1, and a release time of 5 ms. 32 

In conclusion, this study provides a comprehensive analysis to support the selection of best settings 33 
for TEVAR simulations. A verification analysis is essential to understand the influence of numerical 34 
parameters on simulation outcomes. 35 

 36 
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1. INTRODUCTION 38 

In 2018 the American Society of Mechanical Engineering (ASME) published V&V40 Standard: the 39 
first guidelines to evaluate and assess the credibility of computational model in medical device 40 
applications. Credibility assessment involves the activity of verification, validation and uncertainty 41 
quantification (Galappaththige et al., 2022)(Pathmanathan and Gray, 2013).  42 

In this context, the process of verification is divided into code and calculation verification. The first 43 
is performed to assess the correct implementation of the numerical algorithm, while the second 44 
consists in the estimation of numerical errors of some parameters of interest in the simulation (CDRH 45 
FDA Guidance, 2023).  46 

In recent years, more and more computational studies have pointed the attention on these 47 
guidelines, in order to assess the credibility of in-silico studies (Luraghi et al., 2018, 2019)(Ramella 48 
et al., 2023b)(Ramella et al., 2022)(Bernini et al., 2023). Thoracic Endovascular Aneurysm Repair 49 
(TEVAR) which consists of the minimally-invasive placement of a stent-graft inside the pathological 50 
tract of the aorta to restore the blood fluid dynamics is of particular interest. In this context, the 51 
development of predictive in-silico models is gaining interest among clinicians as a tool to support 52 
the pre-intervention planning process (Ramella et al., 2023b)(Ramella et al., 2022)(Perrin et al., 53 
2015)(Hemmler et al., 2018)(Kan et al., 2021)(Auricchio et al., 2013). Among these studies, the most 54 
recent and relevant in line with the verification and validation (V&V) practice is the high-fidelity finite 55 
element (FE) TEVAR model proposed by Ramella et al. (Ramella et al., 2022) . For the first time, they 56 
proposed the “tracking method” which aims to reproduce the crimping, tracking and release phase 57 
of the TEVAR procedure. Even if this model is accurate, it has two main limitations: the displacement 58 
is directly applied to the stent-graft, and the trajectory follows the vessel's centerline until the 59 
landing zone is reached. However, in clinical practice, it is the catheter, with the stent-graft crimped 60 
inside, that advances along the external curvature of the aorta (Ramella et al., 2022).  61 

In this context, this paper aims to conduct a verification analysis of quantities of interest (QoIs) on 62 
an improved tracking method to minimize the numerical errors in the TEVAR simulation. The QoIs 63 
include damping, friction and velocity, which demonstrated a high influence on the simulation 64 
outcomes. Although no experimental results are available to quantitatively assess the sliding and 65 
rotation of the stent-graft inside catheter, they are identified as uncontrolled sources of error in 66 
simulation. Hence the error was calculated and minimized on these parameters maintaining the 67 
reliability of methodology in reproducing the clinical procedure. 68 

2. MATERIAL AND METHODS 69 

2.1 Patient-specific domains 70 

For this study, three patient-specific anatomies were considered to analyze the impact of various 71 
parameters, on the procedural outcome to obtain consistent results (Figure 1a). Two anatomies were 72 
provided by the Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico in Milan and one 73 
anatomy provided from Radboud University Medical Center, Nijmegen, Netherlands. In both cases, 74 
pre-operative CT and post-operative (1-week) CT scans were collected. For one patient also the 75 
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Angio pre-operative CT was provided. Italian hospital had CET3 ethical committee approval while for 76 
the third case it was waived according to their local regulation requires. The patients provided 77 
informed consent for the treatment and the use of anonymized clinical data.  78 

The patient-specific anatomies were reconstructed through segmentation using VMTK (Orobix s.r.l.) 79 
and discretized with triangular shell elements using ANSA (BETA CAE System, Switzerland) with an 80 
element size of 1mm (Ramella et al., 2024) and the prestress due to the internal diastolic pressure 81 
was calculated using ANSYS Mechanical software (ANSYS, Canonsburg, PA, USA) (Ramella et al., 82 
2024). The aorta was modeled with a linear elastic material with a Young Modulus of 2 MPa, a 83 
density of 1120 kg/m^3, a Poisson ratio of 0.49 and a uniform thickness of 1.8 mm. Since all our 84 
assessments are purely geometrical, the assumption of elastic behavior is in accordance with our 85 
aim of reducing variability in TEVAR simulation.  86 

 87 

2.2 TEVAR procedure simulations 88 

The numerical model of a Valiant Captivia stent-graft (Medtronic, Inc., MN, U.S.A.) was recreated 89 
accordingly to the validated model present in the study of Ramella et al. (Ramella et al., 2022). The 90 
stent was discretized with linear beam elements with an average size of 1 mm with a section of 0.5 91 
mm. The graft was discretized with triangular membrane elements with an average size of 1 mm and 92 
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a thickness of 0.1 mm. Nitinol shape memory material formulation for the stent and a fabric material 93 
formulation for the graft was adopted.  94 

The delivering catheter of 10 mm of diameter was discretized with quadrangular shell elements with 95 
1 mm element size and a thickness of 2.5 mm (Symes et al., 2024). 96 

The proposed simulation of the TEVAR procedure consisted of three steps (Figure 1b):  97 

1. Crimping phase: the stent-graft is crimped using a cylinder. Soft penalty-based contact with 98 
a friction coefficient of 0.1 is used to crimp the device inside a catheter of 10 mm in diameter.  99 

2. Tracking phase: a soft penalty-based contact between the catheter and the stent-graft was 100 
set, with a friction coefficient evaluated in this verification analysis. The displacement, 101 
following the external curvature of the aortic wall, is applied to the proximal nodes of the 102 
catheter, guiding the stent-graft to the target landing zone. This more closely replicates the 103 
clinical procedure, where the stent-graft is crimped and fixed within a catheter that is 104 
advanced along the external vessel wall.  105 

3. Release phase: The device is gradually released inside the aorta by progressively deactivating 106 
the contact constraints between the device and catheter, while a soft penalty-based contact 107 
between aorta and the device is established, using a friction coefficient of 0.5. In particular, 108 
this friction coefficient was calibrated using Angio-CT of Patient 1 (Appendix 1). 109 

Additional boundary conditions follow the method in Ramella et al. (Ramella et al., 2022) including 110 
the fixed edges of aorta and repressurizing the aorta to the diastolic pressure of 80 mmHg. As an 111 
improvement to the previously mentioned method, this approach introduces a more anatomically 112 
realistic catheter trajectory and loading conditions.   113 

For each patient, different damping and friction coefficients and velocities were tested both in the 114 
tracking and in the release phase, as explained in the following sections. All the simulations were 115 
performed on 28 CPUs of an Intel Xeon64 with 256 GB of RAM memory using the commercial finite-116 
element solver LS-DYNA 971 Release 15.0 (ANSYS, Canonsburg, PA, USA). 117 

2.3 Tracking phase parameters and evaluated QoIs 118 

In the tracking phase the analyzed parameters of interest were: the damping coefficient on the stent-119 
graft and on the catheter, the friction coefficient between the stent-graft and the catheter and the 120 
tracking velocity. The sensitivity analysis was carried out by varying one parameter at a time. 121 

Mass-proportional damping was assigned to both the stent-graft and the catheter. The damping 122 
coefficients require fine-tuning to maintain simulation stability by smoothing out high-frequency 123 
vibrations of the structure without introducing artificial numerical viscosity (Luraghi et al., 124 
2019)(Manual and Ii, 2012). The coefficients ranged from 0.01 ms-1 to 1 ms-1 for the stent-graft, and 125 
from 0.1 ms-1 to 1 ms-1 for the catheter, based on the first five tests listed in Table 1 (tests 1T to 5T). 126 

The second parameter varied was the friction coefficient (same value for static and dynamic), 127 
defined at the contact interface between the stent-graft and the catheter. Both static and dynamic 128 
friction parameters are included and describe the relationship between frictional forces and relative 129 
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motion at the interface (Pathmanathan and Gray, 2013) . Two simulations for each patient were 130 
performed varying the friction coefficient from 0.8 to 1 (tests 6T and 7T vs test 5T and 3T in Table 1). 131 
High values of friction were chosen to avoid undesired movement of the device inside the catheter. 132 

The third parameter varied was the tracking velocity of the catheter to ensure accurate positioning 133 
at the target landing zone. The velocity was set to 0.25, 0.5, 0.75 and 1 m/s, changing on the design 134 
of the test case (tests from 7T to 10T Table 1).  135 

 136 

The considered QoIs for this phase were the sliding and rotation of the stent-graft in the catheter. 137 
The evaluation of the best parameters was associated with the quantification of two distances: the 138 
sliding distance (SD), which is the distance between the peaks of the Free-Flo® (Figure 1b) and the 139 
proximal nodes of the catheter, and the device length (l), which is the distance between the proximal 140 
nodes of the Free-Flo® and the valleys of the last ring of the stent (Figure 2a). Both the distances 141 
were evaluated at the end of the crimping and at the end of the tracking phase as an indicator of 142 
how much the stent-graft slide and elongate/compress, respectively, inside the catheter. Another 143 
parameter evaluated was the rotation of the device inside the catheter. This rotation was measured 144 
by considering the angle between the center of the catheter, a point on the centerline and a peak of 145 
the Free-Flo® , at the end of the crimping phase and at the end of the tracking (Figure 2b). Eventually, 146 
when considering the velocity parameters, also the computational time was evaluated. 147 

2.4 Release phase parameters and evaluated QoIs 148 

In the Release phase, the analyzed parameters of interest were: the damping of the stent-graft, the 149 
friction between stent-graft and catheter and the release time.  150 

The damping of the stent-graft varied between 0.01 ms-1 and 1 ms-1 (tests 1R to 4R in Table 2), while 151 
the friction tested ranged between 0.01 and 0.25 (tests 5R and 6R in Table 2). Eventually, the release 152 
time was considered as the time at which each ring of the stent gets in contact with the aorta and 153 
the contact between the stent-graft and the catheter is gradually deactivated. This parameter was 154 
varied between 5 ms and 25 ms with a step of 10 ms (tests 3R ,7R and 8R in Table 2). 155 

 156 

The considered QoIs for this phase were the geometrical features of the post-TEVAR scenario, to be 157 
compared with the in vivo configuration from the post-operative CT. Opening Area (OA), center-to-158 
center (c-c) distance and plane rotation angle of the simulated and segmented stent-graft were 159 
calculated. The OA is defined as the area circumscribed by the peak of the ring of the stent; the c-c 160 
distance is the distance between the centers of each ring of the segmented and simulated stent; the 161 
rotation plane is defined as the angle difference between the plane defined by the peak of the 162 
segmented and simulated stent (Figure 2c).  163 

https://doi.org/10.1016/j.jbiomech.2025.112875


 Accepted manuscript at https://doi.org/10.1016/j.jbiomech.2025.112875 

6 
 

 164 

3. RESULTS 165 

3.1 Tracking Phase Assessment 166 

Figure 3 represents the evaluation of sliding distance and rotation angle, considering variations in 167 
the damping properties of the stent-graft and catheter (test 1T to 5T,) as well as the friction 168 
coefficients (test 6T and 7T vs test 5T and 3T) and the tracking velocity (test 7T to 10T).  169 

Considering only damping variation, the sliding distance is comparable among the three patients. In 170 
particular, it is lower in 3T as compared with 1T, 2T, 4T and 5T, with a mean value of 1.29 ± 0.55 mm 171 
over the three patients. Furthermore, 4T for Patient 2 failed due to damping instabilities. Regarding 172 
the rotation angle, Test 3T exhibited the lowest rotation angle for Patients 1 and 3, whereas 5T yielded 173 
the best results for Patient 2. From damping analysis, 3T and 5T achieved the best results in terms of 174 
sliding distance and rotation angle. Therefore, both damping parameters (0.01 ms-1 and 0.1 ms-1) 175 
were considered for the friction analysis (test 6T and 7T). 176 

Comparing 3T with 7T, a decrease of more than 40% in the sliding distance was experienced both for 177 
Patient 1 and 2, while no changes were observed for Patient 3. On the other hand, comparing 5T and 178 
7T the change in the sliding distance resulted lower than 5%. This suggests that higher friction helps 179 
reduce the sliding distance under equal damping conditions. Furthermore, 7T resulted in lower 180 
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sliding distances as compared to 6T, with a mean value of 0.78 ± 0.21 mm. Regarding the rotation 181 
angle, as the friction coefficient was increased, keeping the damping parameters fixed, the rotation 182 
angle decreased (3T vs 7T and 5T vs 6T ). Although 6T showed the lowest rotation angle for Patients 2 183 
and 3, the difference between 6T and 7T for these two patients was only 4% and 10%, respectively. 184 
To choose the best combination of parameters for the damping and friction coefficients, the rotation 185 
angle and the sliding distance were considered together. The best option for Patient 1 was 7T with a 186 
rotation angle close to 0. For Patient 2, 7T exhibited a sliding distance 38% lower than 6T, while the 187 
rotation angle was 10% higher compared to 6T. For Patient 3, the sliding distance remained 188 
unchanged between 6T and 7T, although 7T showed a rotation angle 4% higher than 6T. 189 

 190 
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Additionally, the length of the device was evaluated and showed a constant trend among the trials. 191 
The mean values for the three patients, after the tracking phase, were of 129 ± 0.55 mm, 173 ± 0.55 192 
mm, 163 ± 1.7 mm respectively, compared to the corresponding crimping reference values of 130.02 193 
mm, 176.17 mm, 164.24 mm.  194 

Therefore, from all the parameters evaluated, the analysis proceeded using parameters set for 7T , 195 
which consist in a damping coefficient of 0.1 ms-1 for stent-graft and of 1 ms-1 for the catheter, and 196 
a friction coefficient of 1 between stent-graft and catheter. 197 

Regarding the tracking velocity, the best results in terms of sliding distance were achieved with a 198 
velocity of 0.25 m/s (test 8T), however the computational time was on average duplicated for the 199 
three patients (Figure 4).  Since the sliding distance was still lower than 1 mm for a 0.5 m/s velocity, 200 
the decision was made in favor of this velocity. 201 

 202 

 203 

3.2 Release Phase Assessment 204 

The qualitative comparison of the deployed configuration from the numerical simulation with post-205 
operative CT segmentation consists of overlapping them and visually comparing the corresponding 206 
stent ring position. The variations in stent-graft damping (test 1R with D=0.01 ms-1 to test 4R with 207 
D=1 ms-1), revealed noticeable differences in the overlapping rings (Figure 5a). A damping coefficient 208 
of 0.1 ms⁻¹ (test 2R) clearly provided the best match with the segmented device (from post-operative 209 
CT) for all patients. Considering the variation of the friction coefficient between the stent-graft and 210 
the catheter (test 2R, 5R and 6R), significant differences were observed for Patients 2 and 3, but not 211 
for Patient 1. A friction coefficient of 0.01 (test 5R) led to device shortening, whereas a value of 0.25 212 
(test 6R) resulted in stent-graft elongation (Figure 5b). Ultimately, no significant differences were 213 
observed with varying release times (test 2R, 7R and 8R) (Figure 5c). 214 
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Figure 6 represents the mean values of OA, c-c, and rotation plane quantifications for each patient 216 
across the 8 tests performed.  217 

Tests 1R to 4R corresponded to damping variation: Patient 1 and Patient 3 showed the best results in 218 
terms of OA error, c-c distance and rotation plane assessment for a damping of 0.1 (test 2R), whereas 219 
in Patient 2, the OA error and c-c distance were lower for damping of 0.5 (test 3R), while the plane 220 
rotation was higher with respect to 2R (with errors of 12% and 24%, respectively). Overall, the mean 221 
OA error across all patients was 5.7 ± 0.57%, the mean c-c distance 2.78 ± 0.6 mm, and the mean 222 
rotation plane angle 4.32  ±  0.64°.  223 

Moreover, considering 2R , 5R and 6R , the lowest errors in OA, c-c distance, and rotation plane were 224 
observed with a friction coefficient of 0.1, corresponding to 2R.   225 

Eventually, when comparing release time, the best option corresponded to 7R for both Patient 2 and 226 
3, while for Patient 1 the most suitable parameters were found in 2R . 227 
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DISCUSSION 229 

In recent years, numerical simulation has gained attention in the clinical field to support clinicians in 230 
the pre-planning decision-making process (Mandigers et al., 2023)(Grossi et al., 2024)(Capelli et al., 231 
2012)(Derycke et al., 2024)(Ramella et al., 2023b)(Ramella et al., 2023a). To ensure the reliability, 232 
credibility and truthfulness of numerical models, the V&V process is crucial (Roache, 1998).  233 

However, none of the studies present in literature provide an accurate analysis on the impact of 234 
different numerical parameters on the outcome of the TEVAR simulation. To the best of our 235 
knowledge this is the first study that presents a verification procedure of the TEVAR simulation, 236 
defining accurate settings of the simulation to achieve the minimum error in comparison with the 237 
post-operative CT. In addition, the improved tracking method, replicates the catheter movement 238 
along the external curvature of the vessel leading to a more realistic outcome. 239 

The parameters chosen for our analysis (i.e. damping, friction coefficient and tracking/release 240 
velocity) are important factors for the simulation, mostly from a numerical point of view (Ramella et 241 
al., 2023b)(Ramella et al., 2022)(Kan et al., 2021; Perrin et al., 2015). While damping coefficient, 242 
does not reflect any physical or clinical quantity, its inclusion is fundamental for producing reliable 243 
and stable results. Also, friction coefficient has no clinical relevance and despite its importance, it is 244 
very difficult to quantify experimentally. However, it represents a physical interaction between the 245 
catheter and the stent-graft. Eventually, tracking velocity has a clinical implication, since it replicates 246 
the velocity at which the operator pushes the catheter inside the vessel. Since this parameter 247 
depends on the complexity of anatomy and the surgical approach, it is hard to measure. Therefore, 248 
in this study, we assumed a velocity for tracking that provides a standardized condition to be used 249 
for TEVAR simulations, ensuring repeatability. 250 

Damping, friction coefficients and tracking velocity were analyzed during the tracking phase. Best 251 
performance in terms of sliding distance, rotation angle and computational time was achieved with 252 
a mass damping coefficient of 0.1 ms-1 for stent-graft and of 1 ms-1 for the catheter, friction 253 
coefficient (static and dynamic) of 1 and a tracking velocity of 0.5 m/s. 254 

Although lower damping (0.01 ms⁻¹) slightly reduced rotation angles for Patients 2 and 3 (by 4% and 255 
10% compared to the reference setup: damping 0.1 ms⁻¹, friction 1 ms⁻¹), it also caused a 38% 256 
increase in sliding distance for Patient 2. 257 

In a TEVAR procedure, accurate placement of the stent-graft in the target landing zone, with minimal 258 
sliding, is essential. On the other hand, rotation after deployment is influenced by device mounting, 259 
surgical technique, and deployment dynamics, making it difficult to predict (Canaud et al., 2018). 260 
Therefore, the simulation prioritized minimizing sliding distance (below 1 mm) across all patients. A 261 
shorter sliding distance allows for more precise placement of the landing zone during simulation 262 
which is critical in preoperative planning. 263 

In the release phase, which involves the gradual deactivation of the contact between catheter and 264 
stent-graft, the stent-graft damping coefficient was set to 0.1 ms-1, friction coefficients to 0.1 and 265 
release time to 5 ms.  266 
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Qualitative comparison between simulation and segmentation, demonstrated that a damping 267 
coefficient of 0.1 ms-1 yielded the best match for Patients 1 and 3. These findings were confirmed by 268 
quantitative metrics including the OA, the c-c distance and the plane rotation. For Patient 2, a better 269 
match was obtained with a damping coefficient of 0.5 ms-1, with differences of 12% and 24% for OA 270 
and c-c distance, respectively, compared to a coefficient of 0.1 ms-1. However, the plane rotation was 271 
10% lower with the 0.1 ms-1 damping. This difference in the selection of the damping coefficient can 272 
be associated with the different levels of complexity between the anatomical features of the 273 
patients. Patient 2 has an arch type II with a steep angle in the pathology region adding numerical 274 
complexity requiring a higher damping coefficient. In contrast, in Patients 1 and 3 the anatomy is 275 
less complex and the pathology is located in a region that poses fewer numerical challenges.  276 

Nevertheless, using a damping of 0.5 ms-1 for Patient 1 and 3 worsened the outcomes, resulting in 277 
much higher differences in terms of OA (17%), c-c distance (70%) and plane rotation (65%) as 278 
compared to damping of 0.1 ms-1. These differences were also evident in the qualitative 279 
comparisons. Therefore, a damping of 0.1 ms-1 was selected for all three patients as the most 280 
balanced choice. Furthermore, a friction coefficient of 0.1 showed better performance across all 281 
metrics (OA, c-c distance and plane rotation), while a lower friction coefficient of 0.01 has a tendency 282 
to shorten the device and a higher value of 0.25 led to elongation.  283 

The influence of release time was less pronounced. While the release time did not  visibly affect the 284 
outcome for Patients 1 and 2, but a release time of 5 ms qualitatively provided the best results for 285 
Patient 3. Quantitative assessment confirmed that 5 ms was ideal for Patients 2 and 3. For Patient 1 286 
a release time of 15 ms slightly improved all metrics, but the differences remain lower than the 10% 287 
for the 3 parameters and therefore consider it not clinically relevant. Thus a release time of 5 ms 288 
was selected. 289 

This article is not free of limitations, such as the adoption of a linear elastic material for the aorta 290 
anatomies. Future analyses could be conducted employing an hyperelastic isotropic material, to 291 
better capture the complex mechanical behavior of the aortic wall. Additionally, the best-performing 292 
parameters found with this analysis were tested on a small population. Differences in the results 293 
found among models could be related to variations in morphologies, thus increasing the population 294 
could be useful to improve the robustness of this analysis.  295 

In conclusion, a verification analysis is done to evaluate the reliability and fidelity of an improved 296 
numerical model for TEVAR procedure. Although the assessed parameters are primarily of numerical 297 
significance, their appropriate selection significantly enhances the simulation accuracy when used 298 
for predicting clinical outcomes. This study represents a crucial step toward the clinical translation 299 
of TEVAR simulations, supporting their potential role in patient-specific preoperative planning. 300 
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