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1. Finite-element model
The CAD model of the stent was created based on the Zilver stent design, for which the edges of the stent were not filleted in our work. To investigate the effect of fillets, we simulated the deployment of two V-struts, with and without the fillet (20 μm). As shown in Fig. A1, the stress contour plots in the artery are very similar for both cases, with a smooth transition in the region of contact with the stent strut. No peculiar stress concentrations were introduced. 
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Fig. A1. Models of partial diseased artery and V-struts (a) without and (b) with fillet, and contour plots of von Mises stress (in MPa) in arteries after deployments of V-struts (c) without and (d) with fillet.

The length of the plaque in our model was determined to match the length of Zilver Flex® Vascular Self-Expanding Stent. In clinical setting, the treated plaque should be slightly shorter than the stent. As the Zilver stent was 20 mm in length, the length of the plaque was set as 18 mm in our study. Future work will be recommended to study the length effect on the fatigue behaviour of the deployed stent.

2. Constitutive models
The parameter values used for the media and adventitia layers and plaque are given in Tables A1 and A2. Also, the stress-stretch responses for the arterial layers, simulated under uniaxial tension, are shown in Fig. A2, in comparison with the experimental measurements in Fereidoonnezhad et al. (2016). The stress-stretch response for the plaque, simulated under uniaxial tension, is shown in Fig. A3, compared with the experimental results in Maher et al. (2011).



Table A1. Parameter values of modified HGO-C model with damage for arterial layers (Fereidoonnezhad et al., 2016).
	Media
	ρ
(t/mm3)
	
(MPa)
	
(MPa-1)
	 (MPa)
	
	
	
(°)

	
	1.066E-9
	0.020
	0.001
	0.112
	20.610
	0.24
	41.0

	
	 (MPa)
	
(MPa)
	
	
	
	 (MPa)
	

	
	0.000529
	0.001648
	0.028
	0.27
	3.36
	0.0151
	3.03

	Adventitia
	ρ
(t/mm3)
	
(MPa)
	
(MPa-1)
	 (MPa)
	
	
	
(°)

	
	1.066E-9
	0.008
	0.001
	0.362
	7.089
	0.17
	50.1

	
	 (MPa)
	
(MPa)
	
	
	
	 (MPa)
	

	
	0.000333
	0.001445
	0.460
	0.27
	2.70
	0.0200
	2.23




Table A2. Parameter values of Ogden model with Mullins effect for plaque.
	ρ (t/mm3)
	 (MPa)
	
	 (MPa-1)
	r
	m (mJ/mm3)

	[bookmark: _Hlk520265894]1.22E-9
	[bookmark: OLE_LINK45][bookmark: OLE_LINK46]0.00396803
	[bookmark: OLE_LINK47][bookmark: OLE_LINK48]13.8367
	0.239019
	1.3
	0.008
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Fig. A2. Stress-stretch responses of media (a) and adventitia (b) simulated using modified HGO-C model with damage, in comparison with those for thoracic aortas in Fereidoonnezhad et al. (2016) (black squares indicate unloading points).



[bookmark: OLE_LINK8]Fig. A3. Stress-stretch response of plaque simulated using Ogden model with Mullins effect, in comparison with experimental data for echolucent plaque in Maher et al. (2011) (unloading occurred at stretch levels of about 1.2, 1.3, 1.4 and 1.5).


The parameters of the modified anisotropic model with damage, used for describing the arterial layers, were determined by fitting the experimental data for thoracic aortas, while the plaque parameters were detected by fitting the experimental data from human carotid atherosclerotic plaque. Thus, it should be noted that the mechanical properties of femoropopliteal artery and plaque differ from those of thoracic aorta and carotid plaque, respectively, which may affect the simulation results. The diseased arteries are vastly inhomogeneous within each layer, and the most inhomogeneous part is actually the atherosclerotic plaque that was modelled as a homogeneous material in this study. However, experimental data for specific arterial layers and plaque in a femoropopliteal artery were not available in the literature. Anttila et al. (2019) tested the behaviour of a human femoropopliteal arterial wall but as a single layer (i.e. no separation of media and adventitia layers), making the data not suitable for the current work. This is the main reason that we used the experimental data for thoracic aortas and human carotid atherosclerotic plaque, will need to be tackled in future research efforts.

It should be noted that we did not calibrate the artery model ourselves, and it was done by Fereidoonnezhad et al. (2016) using the experimental data given in Weisbecker et al. (2012). In their work, the constitutive parameter identification was conducted by employing the nonlinear least-square algorithm to minimize the objective function (difference between experimental and model results), using the optimization toolbox MATLAB. However, we did programme the VUMATs (user-defined material subroutines to interface with Abaqus) for the tissues and used them in all our simulations. In particular, we have re-checked the parameters calibrated by Fereidoonnezhad et al. (2016) using our VUMATs and good agreements were confirmed between the modelling and experimental results (see Figs. A2 and A3).

Also, due to the lack of experimental data for Zilver stent, we took the material properties from Azaouzi et al. (2013). This might yield some variance to the predicted fatigue life of the Zilver stent; however, the main conclusions, comparing the effects of various loading conditions on the fatigue behaviour of nitinol stents, are reasonable.

3. Loading conditions
In the combined loading case, it was assumed that all the loadings were applied in a sine waveform with the same frequency, i.e., they reached their peak loadings simultaneously, which represents the worst-case scenario for fatigue failure. This was also the case for the measurements taken in Desyatova et al. (2017), Poulson et al. (2018) and MacTaggart et al. (2019).The impact of frequency difference for different loading type was not studied, and further research is required in order to gain a meaningful understanding of such impact due to the complexity of combined loading conditions.

4. Effect of angioplasty
We have simulated the angioplasty (Fig. A4) and then stenting, and compared the stress/strain results in the stents to those without angioplasty (i.e. stenting only) (see Figs. A5 and A6). The maximum stress/strain values appear to be lower for the stent when deployed after angioplasty, as angioplasty introduces pre-dilation to the diseased artery which facilitates the expansion of stent and lowers the stress/strain levels in the stent after deployment. The differences were around 10% which seems not negligible. Therefore, we have considered angioplasty in all the simulations. 
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Fig. A4. Artery and balloon in angioplasty at peak inflating pressure.
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Fig. A5. Contour plots of von Mises stress (in MPa) in stent after deployment (a) with angioplasty and (b) without angioplasty.



Fig. A6. Contour plots of effective strain in stent after deployment (a) with angioplasty and (b) without angioplasty.
5. Fatigue assessment using stress
Here, we also looked at the stress amplitude and mean stress for fatigue assessment. Specifically, the Goodman’s rule was considered in this study, expressed as

where   is the stress amplitude, {\displaystyle \sigma _{\text{m}}} is the mean stress, and  and{\displaystyle \sigma _{\text{fat}}}  are the fatigue stress limit and ultimate tensile strength of the nitinol, respectively.  In this study,  and{\displaystyle \sigma _{\text{fat}}}  were taken as 272 MPa and 878 MPa, respectively (Pelton et al., 2008; Lin et al., 2009). A Python script was written to extract the peak and valley stresses for all the elements in the modelled stent in the last cycle for each loading case, which were used to calculate the mean stress and stress amplitude (von Mises stress) and then plotted in the Goodman’s diagram for fatigue assessment.

5.1. Fatigue performance under blood pressure
Analysis of distribution of von Mises stress in the stent at systole and diastole pressures, demonstrated that high stress gradient occurred in all conditions, ranging between 0 MPa and 496 MPa (Fig. A7a). The maximum stress in the stent for a systole was somewhat higher than that for a diastole (496 MPa vs.487 MPa). Also, high-level stresses (red zones) were mainly found at the inner corner of U-bends in the stent, while low stresses (blue zones) occurred at the middle of bridging struts. The results suggested that the inner corners of U-bends had a higher risk of fatigue failure due to blood pressure. The evolution of von Mises stress at the high stress region (Fig. A7a) under cyclic systolic-diastolic loading showed that the stress fluctuation tended to stabilize at Cycle 10 (Fig. A7b), with a peak and valley stress of 494 MPa and 484 MPa, respectively. The stabilised stress condition for all the elements were extracted and plotted in the Goodman’s diagram (Fig. A7c). Its black line illustrates the fatigue stress limit of nitinol according to Eq. (A1), with the black markers representing the levels of stress amplitude and mean stress of the elements. Apparently, all the elements are in the safe zone, experiencing relatively low levels of stress amplitude and mean stress caused by the pulsatile blood pressure.



Fig. A7. Fatigue performance under blood pressure: (a) contour plots of von Mises stress (MPa) in stent at the end of systole and diastole; (b) evolution of von Mises stress in high-stress region in (a) during systolic-diastolic loading process (time refers to the period of cyclic loading); (c) Goodman’s diagram.
5.2. Fatigue performance under bending
In contrast, bending fatigue is a more challenging condition for stents (Fig. A8a) with higher values of the maximum stress corresponding to both the peak load (769 MPa) and the unloaded condition (636 MPa). Similar to the blood-pressure loading, high (red zones) and low (blue zones) stresses were found at the inner corner of U-bends and the middle of bridge struts, respectively. The stabilized (after 1 cycle) peak and valley stresses for the high stress region (Fig. A8a) were 764 MPa and 216 MPa, respectively (Fig. A8b). The Goodman’s diagram (Fig. A8c) demonstrates that, most elements were still in the safe zone, but with much higher mean stress and stress amplitude compared to the results for pulsatile blood pressure. Some elements were even located in the dangerous zone based on the estimated fatigue stress limit lines, indicating an increased risk of fatigue failure.



Fig. A8. Fatigue performance under bending: (a) contour plots of von Mises stress (MPa) in stent at peak loading and unloaded conditions; (b) evolution of von Mises stress in high-stress region in (a; time refers to the period of cyclic loading); (c) Goodman’s diagram.
5.3. Fatigue performance under torsion
Fig. A9a shows the von Mises stress distribution on the stent at peak loading and unloaded conditions under torsion fatigue. The maximum stress in the stent varied between 516 MPa (peak load) and 495 MPa (unloaded). The distributions of high and low stresses (red and blue zones, respectively) were similar to those under the cyclic bending case. Fig. A9b shows the evolution of von Mises stress at the high stress region (Fig. A9a), which tended to stabilize after 1 cycle. It had lower peak stress (511 MPa) and thus smaller stress amplitude (41 MPa) than those for the bending case (764 MPa and 274 MPa), demonstrating a decreased risk of fatigue failure. Such tendency is also reflected in the Goodman’s diagram (Fig. A9c), where elements are where elements are well within the safe zone. 



Fig. A9. Fatigue performance under torsion: (a) contour plots of von Mises stress (MPa) in stent at peak loading and unloaded conditions; (b) evolution of von Mises stress in high-stress region in (a; time refers to the period of cyclic loading); (c) Goodman’s diagram.
5.4. Fatigue performance under axial compression
[bookmark: _Hlk43972236]Fig. A10a shows the von Mises stress distribution of the stent at the peak loading and unloaded conditions under axial compression fatigue. Similar to the bending and torsion fatigue, the maximum stress in the stent at the peak load was higher than that at the unloaded condition (676 MPa vs. 584 MPa). The evolution of von Mises stress at the high stress region (Fig. A10a) subjected to axial compression fatigue is plotted in Fig. A10b, which tended to stabilize after 1 cycle. Its stabilized peak stress and stress amplitude (670 MPa and 222MPa) were higher than those for the torsion case (511 MPa and 41 MPa), but lower than those for the bending case (764 MPa and 274 MPa).  In the Goodman’s diagram (Fig. A10c), there is a significantly increased risk of fatigue failure when compared to the torsion case.


Fig. A10. Fatigue performance under axial compression: (a) contour plots of von Mises stress (MPa) in stent at peak loading and unloaded conditions; (b) evolution of von Mises stress in high-stress region in (a; time refers to the period of cyclic loading); (c) Goodman’s diagram.
5.5. Fatigue performance under combined loadings
Fig. A11a shows the von Mises stress distribution of the stent at the peak loading and unloaded conditions under combined loadings of bending, torsion and axial compression. Similar to the other cases, the maximum stress in the stent at the peak load was higher than that at the unloaded condition (687 MPa vs. 667 MPa). However, in contrast to the individual loading cases, the high stress region subjected to the combined loadings was located in the middle of the stent (Fig. A11a). Its evolution of von Mises stress is plotted in Fig. A11b, which tended to stabilize after 1 cycle. It showed the highest stabilized peak stress (867 MPa) among all the cases. In the Goodman’s diagram (Fig. A11c), many elements are in the dangerous zone above the fatigue stress limit line, indicating the highest risk of fatigue failure among all loading scenarios.
[image: ]


Fig. A11. Fatigue performance under combined loadings: (a) contour plots of von Mises stress (MPa) in stent at peak loading and unloaded conditions; (b) evolution of von Mises stress in high-stress region in (a; time refers to the period of cyclic loading); (c) Goodman’s diagram.
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6. Mechanical behaviour of nitinol during loading
During the crimping step, the material was transformed from austenite to martensite, with the maximum von Mises stress of 1013 MPa and the maximum equivalent strain of 7.22% at the end of crimping; it was transformed from austenite to martensite during releasing step, with the maximum von Mises stress of 495 MPa and the maximum equivalent strain of 3.28% after deployment; while during the cyclic loading step, the maximum von Mises stress and equivalent strain in the material ranged in 482-867 MPa and 2.24%-4.58%, respectively. A multiaxial stress state allows the material to be exposed to an increased level of stress during phase transformation as compared to a uniaxial state (this is also the case for plastic deformation).

7. In-stent restenosis
As balloon and stent are in direct contact with plaque during the deployment procedure, they cause damage and rupture to the plaque as a result of expansion. On the other hand, mechanical stretching of the vessel wall also induces damage and injury to the media and adventitia layers, activating the transmigration of the leucocyte into the vessel wall. This process triggers a proliferation of smooth muscle cells in the media layer, which then migrate to form neointima and thicken the vessel wall (Hoffmann and Mintz, 2000). Although the inflammatory events begin as beneficial wound-healing responses, an adverse vascular change happens in the end, leading to re-narrowing of the blood vessel, or in-stent restenosis (ISR; Bennett and O’Sullivan, 2001; Evans et al., 2008). It has been demonstrated that there is a direct correlation between the arterial stress/damage and the ISR (He et al., 2020a). Hence, the maximum principal stress in the media layer is plotted in Fig. A3 at peak inflating pressure of angioplasty. Apparently, the stress level in the media layer in our study was up to 200 kPa (Fig. A12), close to 220-270 kPa in He et al. (2020a), indicating a risk of ISR (the ISR rate ranged between 20% and 39% for 220-270 kPa stresses in He et al. (2020a)).

[image: ]
Fig. A12. Contour plot of maximum principal stress (in MPa) in media layer at peak inflating pressure of angioplasty.

8. Limitation
To the authors’ best knowledge, experimental or clinical data on the fatigue life of nitinol stents subjected to complex biomechanical loadings (e.g., wall-induced femoropopliteal artery motion) have not been reported in the literature yet. Hence, direct verification or validation could not be carried out in this study. However, the essential material models such as the artery/plaque were all calibrated with experimental data, and the FE model of stent deployment followed a procedure well established in our group (Schiavone et al., 2016; Qiu et al., 2018; He et al., 2020b). Hence, the approach presented in our work is rigorous, although further refinements are required in our future study, such as the consideration of realistic plaque morphology and the use of directly relevant experimental and clinical data for model calibration and validation.

Also, the stride length and frequency can differ in patients and may affect the stress and fatigue life of deployed nitinol stents. For instance, an increase in stride length and frequency may cause larger arterial deformation with subsequently higher stress and increased risk of fatigue failure of the stent. This needs to be investigated in future studies.
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