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A B S T R A C T

Endovascular thrombectomy (EVT) aims at restoring blood flow in case of acute ischemic stroke by removing the 
thrombus occluding a large cerebral artery. During the procedure with stent-retriever, the thrombus is captured 
within the device, which is then retrieved, subjecting the thrombus to several forces, potentially leading to its 
fragmentation. In silico studies, along with mechanical characterisation of thrombi, can enhance our under-
standing of the EVT, helping the development of new devices and interventional strategies. Our group previously 
validated a numerical approach to study EVT able to account for thrombus fragmentation. In this study, the same 
methodology was employed to explore the applicability of the chosen failure criterion to EVT simulations and the 
impact of thrombus composition on the outcome of the in silico procedure. For the first time, human clot ana-
logues experimental data were applied to this methodology. Clot analogues of three different compositions were 
tested, and a material model incorporating failure was calibrated, followed by a verification analysis. Finally, the 
calibrated material model was used to perform EVT simulations, combining the three tested thrombus compo-
sitions with three different stent retriever models. The experimental tests confirmed a compression-tension 
asymmetry in the stress-strain curves, showing decreasing stiffness with increasing the red blood cell (RBC) 
content. Applying the resulting material models to EVT simulations demonstrated: (i) the dependency of the 
failure criterion on the thrombus mesh size, (ii) a greater tendency for RBC-rich thrombi to fragment, and (iii) 
increased difficulty in retrieving RBC-poor thrombi compared to RBC-rich thrombi.

1. Introduction

Acute ischemic stroke (AIS), constituting the 65.3% of strokes 
(Feigin et al., 2024a), is a condition where a thrombus occludes a ce-
rebral vessel, resulting in a reduced blood flow to the downstream areas 
of the brain (Chugh, 2019). If blood flow is not restored as soon as 
possible, brain tissue can be permanently damaged, with severe conse-
quences on the patient’s life expectancy. Indeed, it is the third-leading 
cause of disability and mortality in the world (Abbafati et al., 2020), 
causing in 2021 the 10.7% of all deaths and the 5.6% of 
disability-adjusted life-year (Feigin et al., 2024b). Over the last two 
decades the endovascular thrombectomy (EVT) has been introduced and 
it has become the standard of care in case of large vessel occlusion 

(Berkhemer et al., 2015; Chalumeau et al., 2018; Goyal et al., 2015; 
Jovin et al., 2015; Saver et al., 2015), being the rate of substantial 
reperfusion around 70%–80% (Yoo and Andersson, 2017). EVT involves 
the mechanical removal of the thrombus using stent-retrievers and/or 
aspiration catheters. In case of EVT with stent-retrievers only, the 
stent-retriever —a self-expandable stent made of a Nickel-Titanium 
alloy connected to a wire for the retrieval — is navigated up to the oc-
clusion site while crimped in a microcatheter. After being placed across 
the occlusion, the stent-retriever is deployed by withdrawing the 
microcatheter. During deployment the thrombus is engaged by the 
structure of the stent-retriever. The stent-retriever, along with the 
captured thrombus, is then retrieved by pulling the wire.

Thrombi are formed by red blood cells (RBCs), entrapped in a fibrous 
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network of fibrin and platelets (Staessens and De Meyer, 2021). Histo-
logical analysis of thrombi retrieved from acute ischemic stroke patients 
showed that the RBCs content spanned from 0% to 90% (Boodt et al., 
2021; Boeckh-Behrens et al., 2016; Kim et al., 2015; Ye et al., 2021; 
Sporns et al., 2019). This variability is clinically significant, as clinical 
data show that fibrin-rich thrombi are more difficult to retrieve (Yuki 
et al., 2012), while RBCs-rich thrombi are more prone to fragmentation 
(Kaesmacher et al., 2017). This suggests that the different thrombus 
composition influences the interaction between thrombus and 
stent-retriever, as well as the procedural outcome. Moreover, studies 
assessing the mechanical behaviour of either retrieved AIS thrombi or 
clot analogues (made from animal or human blood), showed that the 
composition of a thrombus has an impact on its mechanical behaviour 
(Cahalane et al., 2021). The most common test is the unconfined 
compression, which was performed on ovine clot analogues (Johnson 
et al., 2020, 2021; Fereidoonnezhad et al., 2021), porcine clot analogues 
(Chueh et al., 2011; Krasokha et al., 2010), bovine clot analogues 
(Chueh et al., 2011; Malone et al., 2018), and human clot analogues 
(Liang et al., 2017; Krasokha et al., 2010; Cruts et al., 2023; Cahalane 
et al., 2023, 2024). This type of test is feasible also on retrieved human 
thrombi, which can be trimmed to achieve a suitable shape for testing 
(Boodt et al., 2021). A general result of compression test is the obser-
vation of a non-linear stress-strain behaviour. Tensile tests are less 
frequent due to the difficulty in handling and gripping samples, and the 
necessity of samples of a more complex shape (e.g. dogbone). Examples 
are the works by Krasokha et al. (2010) on porcine clot analogues, 
Malone et al. (2018) on bovine clot analogues, and by Y. Liu et al. 
(2020); Cahalane et al. (2023) on human clot analogues. However, 
including the tensile test in the mechanical characterisation is important 
due to the observed asymmetric behaviour of thrombi in compression 
and tension (Cahalane et al., 2023). Regarding the correlation between 
thrombus composition and its mechanical properties, literature suggests 
that an increase in RBCs content is linked to a decrease in thrombus 
stiffness (Boodt et al., 2021) (Y. Liu et al., 2020; Cahalane et al., 2023).

A crucial aspect in the interpretation of the results of mechanical 
testing on clot analogues is the concept of ‘contraction’ of the clot, which 
is the last stage of clot maturation (Litvinov and Weisel, 2023). In this 
phenomenon the activated platelets bend individual fibrin fibres, 
causing the increase of fibrin network density and, as a consequence, the 
volume shrinkage and the stiffening of the clot (Kim et al., 2017); 
contemporarily, there is the expulsion of serum from the clot (Cines 
et al., 2014). Since the presence of RBCs hinders the full contraction of 
the clot, the amount of clot contraction is inversely proportional to the 
haematocrit (Tutwiler et al., 2016; Johnson et al., 2020). As a conse-
quence of this process, as observed in Cahalane et al. (2023); Cruts et al. 
(2023), the percent volume of RBCs in the blood mixture is lower than 
the one in the final clot analogue (Kim et al., 2017; Johnson et al., 2020; 
Litvinov and Weisel, 2023). For instance, in Cahalane et al. (2023) the 
40% RBCs in the blood mixture led to about 90% RBCs in the contracted 
clot, while the 5% RBCs already led approximately to a 70% RBCs clot, 
which can be already classified as a RBCs-rich clot.

In silico studies have a great potential to enhance our understanding 
of the thrombus removal during the EVT procedure. Since the clinical 
procedure is relatively new, there are not many examples of in silico EVT 
with stent-retriever in the literature. The first finite element analysis 
(FEA) by Gu et al. (2017) was focused on the stent-retriever in a 
simplified vessel geometry, modelling the thrombus as a bullet-shaped, 
hyperelastic incompressible material. Another example by Liu et al. 
(2022) simplified the vessels into a plane, and the thrombus was 
modelled as a cylinder with a dome on both sides. A hyperelastic ma-
terial model calibrated on compression test data was assigned to the 
thrombus. Mousavi et al. (2021) simulated a EVT procedure in a rigid 
cylindrical vessel. A first-order Ogden hyperelastic constitutive model 
was assigned to the thrombus and a combination of finite elements (FE) 
and smoothed particle hydrodynamics was used to account for the large 
deformations of the thrombus as well as the penetration of the 

stent-retriever in the thrombus. Aiming to replicate the procedure in 
more realistic conditions, our group developed and validated the first 
FEA in which the whole procedure (stent-retriever crimping, tracking, 
deployment, and retrieval) was replicated in realistic vessel morphol-
ogies, firstly using in vitro tests (Luraghi et al., 2021a), and then clinical 
data of a patient-specific case (Luraghi et al., 2021b). In these studies, 
calibration of the adopted quasi-hyperelastic material model were car-
ried out with compression and tension test data of ovine clot analogues 
and of ex-vivo thrombi. To obtain a more realistic modelling of the 
thrombus behaviour, a first attempt of including a thrombus failure 
criterion was made (Luraghi et al., 2022a). However, while thrombus 
fracture is studied in the literature (Fereidoonnezhad et al., 2021a,b; 
Tutwiler et al., 2020, 2021; Liu et al., 2021, 2024; Sugerman et al., 2020; 
Lohr et al., 2024; Gültekin et al., 2024), the inclusion of fracture in the in 
silico EVT is still an open challenge, due to the limited number of failure 
models compatible with the FEA of the whole EVT procedure, where 
mixed fracture modes are involved and the fracture propagation does 
not follow a predictable path.

The aim of this work is to introduce in our validated methodology 
replicating the EVT procedure a material model with failure calibrated, 
for the first time, on human clot analogues data. This is done to study: (i) 
how the chosen failure criterion is applicable to the EVT simulation, and 
(ii) how thrombus composition impacts the outcome of the in silico 
procedure. In silico simulations, indeed, enable changing thrombus 
composition while keeping the same vessel geometry, device, and EVT 
procedure, to compare the outcomes in terms of success or unsuccess, 
and, with the introduction of the fragmentation, also in terms of amount 
of generated fragments. Firstly, knowing the importance of having both 
compression and tensile data due to the stress-strain curve asymmetry, a 
mechanical characterisation of human clot analogues in compression 
and tension until rupture is performed. Secondly, a material model 
including failure is calibrated to replicate in silico the experimental tests. 
Thirdly, a verification analysis is conducted on the failure criterion to 
assess its applicability in the EVT simulation. Finally, EVT simulations 
are run in a patient-like cerebral anatomy with the combination of three 
thrombus compositions and three stent-retriever models.

2. Methods

2.1. Clot modelling

2.1.1. Experimental characterisation of clot analogues
Six human clot analogues were prepared from the blood of one 

healthy donor with the protocol described in Cahalane et al. (2023) and 
reported for completeness in Appendix A. Briefly, the process of clot 
analogues creation started within 1 h from the blood draw. After the 
separation of plasma and RBCs, they were mixed to obtain three 
different volumetric percentages of RBCs: 0%, 1%, and 40%, to test 
fibrin-rich, intermediate composition, and RBCs-rich clot analogues 
(Cahalane et al., 2023). Clot analogues were created by adding thrombin 
to the blood mixture, which was then placed into syringes for 
compression samples and into dogbone-shaped moulds for tensile sam-
ples. After the clot maturation overnight, tensile samples were removed 
from their mould, while compression samples were obtained cutting the 
cylindrical clot created in the syringes at 2 mm of height. The 
compression test was conducted up to 80% strain, whereas the tensile 
test was conducted up to failure. Both tests were conducted at 10% 
strain/s. Due to the different geometries of the samples (Fig. 1a–b), two 
different strategies were exploited for measuring their cross-sections and 
reconstructing models for simulation: perpendicular pictures were taken 
from above the compression samples (Fig. 1a), and ultrasound imaging 
was used for the tensile samples. The ultrasound imaging involved 
capturing 20 cross-sections along each sample (Fig. 1c), which were 
subsequently averaged.

The Poisson’s ratio was estimated from the pictures of the sample 
taken during the tensile test as explained in Appendix A. The initial and 
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final lengths of the sample, as well as the initial and final widths halfway 
along its length were measured and the Poisson’s ratio was calculated as 
the inverse of the ratio between the transverse strain and the longitu-
dinal strain. For each sample and direction three measurements were 
taken and averaged. All measurements were performed with the soft-
ware ImageJ (National Institutes of Health, USA).

2.1.2. In silico replica of the experimental tests
To accurately replicate the experimental tests in silico, the geometry 

of the samples had to be reconstructed as closely as possible, to correctly 
compute the stresses. For the compression samples, the cross-section was 
reconstructed with the software ImageJ and then extruded to the sam-
ple’s height (2 mm in all cases). For the tensile samples, segmentation of 
ultrasound images was performed using ImageJ and 3D Slicer software 
(Brigham and Women’s Hospital, Harvard University and NIH, USA). 

Fig. 1. a) Three 1% RBCs compression samples photographed from above next to a ruler. b) 1% RBCs dog-bone shaped tensile sample. c) Ultrasound images of the 
1% RBCs sample.

Fig. 2. Boundary conditions for the in silico replica of the experimental tests for a) the tensile test b) the compression test. c) Curve of the z-displacement against time 
given as a boundary condition to the upper face of the clot for the tensile test and to the upper plate for the compression test.
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The models were meshed using ANSA (BetaCAE System, Switzerland) 
software with 0.2 mm tetrahedral elements for the compression samples 
and 0.3 mm tetrahedral elements for the tensile samples, whose di-
mensions were chosen after a mesh sensitivity analysis (Appendix C).

The experimental compression and tensile tests were replicated in 
silico using the explicit finite element solver LS-DYNA (Ansys, Canons-
burg, PA, USA). For the compression tests, displacement boundary 
conditions were applied on two plates, while for the tensile tests they 
were applied directly to the two ends of the sample. In both cases the 
displacement of one side (lower face or lower plate for tensile and 
compression test, respectively) were blocked, while a ramp of 
displacement was applied to the other side (upper face or upper plate) to 
replicate the experimental tests (Fig. 2). For compression the maximum 
displacement was set to − 1.6 mm, in order to reach a maximum nominal 
strain of 80%, as in the experimental test. For tension, the maximum 
displacement was set in order to obtain a maximum strain of 200% for 
the 0% and 1% RBCs, and a maximum strain of 100% for the 40% RBCs, 
to reach a maximum strain higher than the failure strain of the experi-
mental tests.

Regarding the clot, one of the disadvantages of classical hyperelastic 
models is the identification of the material parameters that is usually 
quite complex. In addition, in many biological tissues like the material of 
the clot featuring different initial moduli in tension and compression (or 
a fast transition between tension and compression), classical hyper-
plastic models with parameters obtained by a least squares fit can never 
produce an exact fit, whereas this poses no problem for the tabulated 
model used in this work (Kolling et al., 2007). In this regard, the clot was 
assigned a tabulated model implemented in LS-DYNA (based on the 
work by Kolling et al.) which does not require continuity in the deriv-
ative of the stress-strain curve but only continuity of the stress as a 
function of the strain. In addition, only uniaxial stress-strain data is 
needed to setup the material model (see Appendix B).

To replicate the fracture of the experimental samples, a failure cri-
terion, based on the definition of a threshold value of the maximum 
principal stress (PSMAX) (Luraghi et al., 2022a,b), was employed. When 
an element exceeds this threshold, it is cancelled from the calculation, 
creating discontinuities and eventually forming fragments in the clot. 
The threshold value was calibrated based on experimental results ac-
cording to the following workflow: first, a simulation of the tensile test 
up to a strain higher than the failure strain was run; then, the five highest 
PSMAX values in the clot at the failure strain were averaged to deter-
mine the threshold value (this had been done to avoid the influence of a 
local value which could be related to a single element); finally, the 
tensile test simulation was rerun using the calibrated failure model.

For comparing the stress-strain curve resulting from the simulation 
with the experimental stress-strain curve, considering the whole strain 
range covered in the experimental tests, an error was computed as: 

err% =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∫ εmax
0

(
σexp − σcomp

)2dε
√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∫ εmax
0

(
σexp

)2dε
√ × 100 (1) 

For compression the entire tested strain range (from 0 to − 80%) was 
considered, while for tension the strain range up to the failure was 
considered.

2.2. Verification analysis of the failure criterion

Preliminary thrombectomy simulations showed an influence of the 
mesh size of the thrombus on the amount of volume which is cancelled 
from the calculation due to the failure criterion. The two steps of the 
simulation useful for studying this influence are the deployment and the 
retrieval, since the stent-retriever exerts a force on the thrombus. Thus, a 
simplified thrombectomy case was simulated considering only an 
idealized straight occlusion site (M1 tract of the Middle Cerebral Artery), 
where the thrombus was positioned. The same simulation settings that 

will be reported in section 2.3 were here used. The material model of the 
red thrombus obtained from replicating the experimental tests was 
assigned to the clot. The ET stent-retriever crimped in the microcatheter 
was placed across the occlusion (Fig. 3a) and deployed (Fig. 3b). Then, 
the stent-thrombus complex was retrieved to the end of the idealized M1 
(Fig. 3c). Considering that the cross section of the stent-retriever beams 
was 0.075 mm of diameter (Fig. 3d), four mesh sizes were considered for 
discretizing the thrombus, going from 0.2 to 0.05 mm. For a better 
computation of the contact algorithms the elements of the thrombus and 
the elements of the stent-retriever should have similar dimensions, thus 
four simulations were run, changing the length of the beams of the stent- 
retriever according to the element size of the thrombus (Table 1).

All four simulations were run with the PSMAX threshold value of the 
failure criterion calibrated based on the experimental tensile test. For 
quantifying the fragmentation, the percentage of cancelled volume over 
the initial thrombus volume was computed. To do so the initial volume 
of each tetrahedron was saved along with the element identification 
number (ID). All volumes were summed to obtain the total initial vol-
ume. At selected timepoints of the simulation, the ID of each cancelled 
tetrahedron is saved and the volumes of all the cancelled tetrahedron are 
summed to obtain the total cancelled volume. The percent cancelled 
volume found with the finest mesh was set as target. Thus, a trial-and- 
error approach was used to find the PSMAX threshold value to be used 
with the coarser mesh (0.2 mm) in order to reach the target cancelled 
volume.

2.3. In silico thrombectomy procedure

Three stent-retriever models resembling three different design con-
cepts were considered for this study (Fig. 4): EmboTrap II 5 × 33 (ET) 
(CERENOVUS, Galway, Ireland), Solitaire X 6 × 40 (SX) (Medtronic, 
USA), and Trevo ProVue 6 × 25 (TP) (Stryker, USA). ET has a dual-layer 
design, composed by an outer stent cage with large openings and leaf-
lets, and an inner closed-cell stent. Differently from ET, SX is charac-
terized by a single open structure, while TP has a single closed structure 
with open tails (Fig. 4). After a mesh sensitivity analysis, all stent- 
retrievers were discretized with beam elements of 0.2 mm of length. 
To the tip of all stents a 13 mm long wire, discretized with 0.2 mm beam 
elements, was attached.

A shape memory material model resembling Nitinol is assigned to the 
three stent-retrievers. The calibration of the Nitinol parameters for these 
stents and mesh sensitivity analysis can be found in (Luraghi et al., 
2021a; Luraghi et al., 2022b).

An averaged patient anatomy (Fig. 5a) was created based on the 
results of Bridio et al. (2021); Bridio et al. (2023). In Bridio et al., 2021) 
27 geometric parameters, including, among the others, the average di-
ameters of the Anterior Cerebral Artery (ACA), and of the segments of 
the Middle Cerebral Artery (MCA, M1 and M2 segments), average di-
ameters of the superior, anterior, posterior and inferior bends of the 
Internal Carotid Artery (ICA), as well as the angles formed at the 
T-junction and the M2 bifurcation, were identified. Then, in Bridio et al. 
(2023) 19 of these parameters were selected and changed to generate a 
virtual cohort of patients, starting from a training dataset of 88 cere-
brovascular anatomies segmented from AIS patients’ images. Here, the 
same process was used, with each of the 19 parameters taking the me-
dian values found in the training dataset to create an averaged patient 
model. For the simulation, the vessels were discretized with 0.3 mm 
rigid triangular elements.

The thrombus dimensions and location were taken from the litera-
ture to replicate the most common AIS event, visible in Fig. 5b. The 
thrombus was modelled as a cylinder of 13.5 mm of length, which was 
the median thrombus length found in Boodt et al. (2020) considering 
367 AIS patients. The thrombus was then positioned in the distal M1, 
right upstream the T-junction, which was the most frequent occlusion 
location found in Dutra et al. (2019), for a cohort of 408 patients. The 
thrombus was discretized with 0.2 mm tetrahedral elements 
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(Fig. 6-magnification), which resulted the best compromise between 
computational time and cancelled thrombus volume in the simulation 
presented in section 2.2. The material model obtained replicating the 
experimental tests on human clot analogues was assigned to the 
thrombus, while the PSMAX threshold was adjusted to account for the 
effect of the mesh dimension, as explained in section 2.2.

A 0.8 mm microcatheter was modelled as a hollow cylindrical shell of 
length 130 mm and discretized with 0.15 mm orthogonal triangular 
elements (Fig. 6-magnification). This microcatheter was assigned a 
linear elastic material with an elastic modulus of 35 MPa, determined 

after a sensitivity analysis on the stiffness to have a reliable navigation, 
avoiding kinking. At the proximal end of the ICA a rigid 2.5 mm 
diameter aspiration catheter, modelled as a hollow cylindrical shell 
discretized with 1 mm quadrangular elements, was placed to collect 
stent-retriever and thrombus at the end of the retrieval.

The simulation of the EVT procedure consisted of four steps: 

1. Stent crimping and thrombus positioning: the stent-retriever was 
crimped in the deformable microcatheter. A soft penalty contact was 
defined between the stent and the catheter. At the same time the 
thrombus was positioned at the distal M1 and pushed against the 
vessel wall by a piece of rigid catheter. A soft penalty contact with a 
static friction coefficient of 0.2 (Gunning et al., 2018) was set be-
tween thrombus and vessel;

2. Microcatheter tracking: the microcatheter tip was moved following 
the centreline of the vessels, while the microcatheter body could 
adjust itself, better resembling clinical scenarios with respect to the 
previous method where the entire catheter was constrained to 
remain on the centreline (Arrarte Terreros et al., 2023). Near the 
thrombus, the centreline was modified so that the microcatheter 
could pass on one side of the thrombus, as shown in Fig. 6. A soft 
penalty contact with a static friction coefficient of 0.5 and a dynamic 
friction coefficient of 0.4 was defined between stent and micro-
catheter so that moving the catheter, the crimped stent was dragged. 

Fig. 3. Thrombectomy procedure in a simplified geometry. a) End of the tracking of the microcatheter with the crimped stent-retriever. b) End of the deployment of 
the stent-retriever. c) Retrieval. d) Thrombus mesh dimension compared to the beam length and diameter.

Table 1 
Thrombus mesh sizes considered in the mesh sensitivity analysis, correspondent 
number of elements of the thrombus, and stent-retriever beam length for the 
correct computation of the contact algorithm.

Thrombus mesh size 
(mm)

Number of thrombus 
elements

Stent-retriever beam length 
(mm)

0.2 29968 0.2
0.1 228169 0.1
0.07 553959 0.05
0.05 1724161 0.05

Fig. 4. Numerical models of the three devices considered in this work.

Fig. 5. a) Averaged patient’s vessels b) Positioned thrombus.

Fig. 6. Position of the microcatheter (green) at the end of the tracking step, 
with a magnification of the meshes of the thrombus and the microcatheter. The 
piece of rigid catheter pushing the clot against the wall is not shown. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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A soft penalty contact without friction was defined between 
thrombus and microcatheter;

3. Deployment: the stent was released by sliding the microcatheter 
from the stent, coming in contact with vessel and thrombus. A soft 
penalty contact was defined between stent and vessel, and stent and 
thrombus (with a static friction coefficient of 0.2 and a dynamic 
friction coefficient of 0.15);

4. Retrieval: the stent, with the entrapped thrombus, was retrieved by 
pulling the end of the wire until the stent was re-crimped inside the 
aspiration catheter.

All meshes were created in ANSA, and all the simulations were run 
using the commercial explicit finite-element solver LS-DYNA R14 with 
28 CPUs (Intel Xeon64) and 250 GB of RAM memory. Mass proportional 
dampings were adopted: 1 s− 1 for the thrombus, 10 s− 1 for the stent and 
the microcatheter in order to improve stability (Luraghi et al., 2018). A 
selective mass scaling was used to use a constant timestep of 10− 6 s to 
speed up the computation as recommended by the LS-DYNA Support 
(https://www.dynasupport.com/howtos/general/quasistatic-simulatio 
n). The real timings of the procedure were scaled down to reduce the 
computational time. However, to do that with an explicit time integra-
tion the loads should be slow enough to be in a quasi-static condition, to 
minimize the inertia effects. In all simulations it was verified that the 
ratio between the kinetic and the internal energy was less than 5%.

For each thrombus composition, three stent-retriever models were 
considered, resulting in a total of nine simulations. For the analysis of 
the results of the EVT simulations, a qualitative comparison among the 
nine combinations is performed in terms of deformation and fragmen-
tation of the thrombus, and success of the retrieval. To quantify the 
fragmentation, the percentage of the cancelled thrombus volume rela-
tive to the initial thrombus volume is computed, as an index of the force 
which is exerted to the thrombus by the stent-retriever.

3. Results

3.1. Clot modelling

3.1.1. Experimental characterisation of clot analogues
The results of the compression and tensile tests are reported in Fig. 7. 

In compression the clot analogues of all three compositions exhibited a 
non-linear stress-strain behaviour, with an increase of the stiffness with 
increasing strain. There was negligible difference between 0% and 1% 
RBCs curves (stress at 0.8 strain: 67 kPa, and − 69 kPa, respectively), 
while the 40% RBCs sample showed a much lower stiffness and stress at 
0.8 strain (− 3.7 kPa). Differently from compression, the tensile curves 
showed an almost linear behaviour. The 0% RBCs sample had the 

highest stiffness, closely followed by the 1% RBCs, while the 40% RBCs 
was far less stiff than the others. 0% and 1% RBCs fractured approxi-
mately at the same strain (1.21 and 1.20 strain, respectively), but with 
different stresses (68.6 kPa, and 52 kPa, respectively). The 40% RBCs 
sample fractured at a lower strain, with a much smaller stress (0.94 
strain, 2.9 kPa). In all cases the fracture of the sample was almost 
instantaneous.

The estimation of the Poisson’s ratio from the pictures taken during 
the tensile test resulted in an average value of 0.3.

3.1.2. In silico replica of the experimental test
The stress-strain curves resulting from the in silico replica of the 

experimental tests are compared with the experimental ones in Fig. 8. 
The errors computed with Equation (1) are reported in Table 2 along 
with the correspondent coefficients of determination R2.

The PSMAX thresholds calibrated based on the experimental curves 
were 0.1434 MPa, 0.1193 MPa, and 0.00862 MPa for the 0% RBCs, 1% 
RBCs and 40% RBCs, respectively.

3.2. Verification analysis of the failure criterion

The results of the mesh sensitivity analysis are reported in Table 3. In 
Fig. 9 the red thrombus and stent are showed at the end of the deploy-
ment in the four cases considered. When the dimension of the thrombus 
elements was 0.2 mm or 0.1 mm, thus larger than the diameter of the 
cross section of the stent elements (0.075 mm), the stress distribution 
was similar. Consequently, these two cases did not display a sensible 
difference in terms of cancelled volume at the end of the stent-retriever 
deployment. With the thrombus discretized with 0.05 mm tetrahedral 
elements the cancelled volume approximately halved with respect to the 
coarser mesh. This is due to the more local interaction between the stent 
struts and the thrombus, as visible in Fig. 10, where the comparison 
between the distributions of the PSMAX in the 0.2 mm and 0.05 mm case 
is shown. In the 0.05 mm case, the more local distribution allowed the 
penetration of the stent struts in the thrombus (Fig. 9e) without losing a 
high amount of volume (Fig. 10c).

Despite the more detailed results in terms of stent-thrombus inter-
action, the 0.05 mm mesh was not chosen for the EVT simulation in the 
cerebral vessels due to the too high computational cost. For obtaining 
9% of cancelled volume with the 0.2 mm mesh, the PSMAX threshold 
was increased by 60%.

In Fig. 11 the stent-thrombus configuration obtained with the 0.2 
mm mesh with the adjusted threshold and the 0.05 mm mesh is shown. 
Comparing the two results at the end of the deployment (Fig. 11 a1 and 
b1), and then during the retrieval (Fig. 11 a2 and b2) a visible difference 
is that with the coarser mesh (Fig. 11 a1 and a2) the thrombus was more 

Fig. 7. Experimental stress-strain curves resulting from the compression and the tensile test for the three compositions.
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compressed against the vessel wall, while with the finest mesh (Fig. 11
b1 and b2), the stent struts penetrated the clot.

3.3. In silico thrombectomy simulations

The comparison among devices and thrombus compositions at the 
end of the deployment is reported in Fig. 12. In this simulation instant 
the stent-retriever, positioned across the thrombus, had been opened, 
and the thrombus was deformed and pushed against the vessel wall. 
Considering all nine cases, the volume cancelled from the simulation is 
2% at most (red thrombus with SX model).

In Fig. 13 there is the comparison among devices and thrombus 
compositions at three different instants of the retrieval phase. With all 
three stent-retrievers the red thrombus fragmented, especially using the 
ET device, as visible also in Fig. 14, where the percentage of cancelled 
volume is plotted over time. The first sudden increase of volume which 
was cancelled from the simulation was in correspondence of the start of 
the pulling of the stent-retriever. Then, the other increases were in 
correspondence of the bends of the ICA, when the thrombus was pushed 
against the walls. In case of SX and TP devices, with a smaller cancelled 
volume, the fragments were bigger than the ones generated by ET, and 
some of them were lost at the end of the retrieval phase. The 

Fig. 8. Comparison of the stress-strain curves resulting from the simulations with the respective experimental stress-strain curves.

Table 2 
Errors made by the computational stress-strain curve with respect to the 
experimental stress-strain curve.

Test Composition Error R2

Compression 0% RBCs 5.3% 0.996
1% RBCs 4.1% 0.996
40% RBCs 9.3% 0.990

Tensile 0% RBCs 5.2% 0.989
1% RBCs 1.9% 0.996
40% RBCs 5.4% 0.990

Table 3 
Thrombus mesh sizes considered in the mesh sensitivity analysis with the 
correspondent cancelled volume and computational times.

Thrombus mesh size (mm) Cancelled volume Computational time

0.2 27% 5 h 27 min
0.1 17% 17 h 56 min
0.07 12% 29 h 11 min
0.05 9% 46 h 4 min

Fig. 9. Comparison of the stent-thrombus configuration at the end of the deployment among the different mesh sizes: a) mesh size 0.2 mm b) mesh size 0.1 mm c) 
mesh size 0.07 mm d) mesh size 0.05 mm. e) close up on the contact between stent-retriever and thrombus with mesh size 0.05 mm: the thrombus was firstly 
deformed and then penetrated by the stent struts.
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intermediate and the white thrombi did not produce fragments, indeed 
the very small percentages of cancelled volume observed in these six 
cases (Table 4) were not enough to create a total discontinuity in the 
thrombi. A graphical representation of the decrease of cancelled volume 
with decreasing RBCs content for each stent-retriever model is shown in 
Fig. 15. Even though the fragmentation was low, in half of the cases 
intermediate and white thrombi were not successfully retrieved.

4. Discussion

Numerical models of clinical procedures have become a widespread 
technique for the study of the performance of the devices and their 
interaction with surrounding tissues and biological structures. In this 
view, our group proved the credibility of the thrombectomy FE simu-
lations with stent-retriever (Luraghi et al., 2021c). The thrombus is a 

Fig. 10. PSMAX distribution on the surface of the thrombus in contact with the stent-retriever: a) mesh size 0.2 mm b) mesh size 0.05 mm. c) highlighted cancelled 
elements at the end of the deployment with the 0.05 mm mesh.

Fig. 11. Comparison of the two simulations with the same cancelled volume: a) stent-thrombus configuration with the 0.2 mm mesh and the adjusted threshold at 
the end of the deployment (a1) and during the retrieval (a2); b) stent-thrombus configuration with the 0.05 mm mesh at the end of the deployment (b1) and during 
the retrieval (b2).

Fig. 12. Comparison among the different stent-thrombus configurations obtained at the end of the deployment with different thrombus composition and device (ET: 
Embotrap II; SX: Solitaire X; TP: Trevo ProVue).
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crucial element in the procedure, and its fragmentation, which can cause 
distal embolism, is a challenge in the in vivo EVT procedure (Gascou 
et al., 2014; Chueh et al., 2016). Consequently, the accurate modelling 
of the thrombus in the in silico EVT is crucial. To achieve that, its me-
chanical properties should be studied and numerically replicated, 
considering their variability with thrombus composition and the sig-
nificant tension-compression asymmetry (Cahalane et al., 2023), and 
including the possibility of thrombus fragmentation in the simulations.

The results of the compression test here performed were in line with 
the results found in the literature for human clot analogues (Cahalane 
et al., 2023; Cruts et al., 2023). Similar results were found for animal clot 
analogues (Liang et al., 2017; Chueh et al., 2011; Fereidoonnezhad 
et al., 2021a,b; Johnson et al., 2020; Malone et al., 2018), and for 
retrieved thrombi (Boodt et al., 2021). Moreover, as previously found by 
Cahalane et al. (2023); Cruts et al. (2023) with the same experimental 
protocol here followed and by Liang et al. (2017); Boodt et al. (2021), 
here it was found that the increase in RBCs content was associated to a 
decrease of the stiffness. This was especially true when comparing 
RBCs-poor (0% RBCs and 1% RBCs) and RBCs-rich (40% RBCs) clots. 
Confirming the results of Cahalane et al. (2023), under tensile loading an 

almost linear stress-strain behaviour was observed. Again, an increase in 
RBCs content (in the blood mixture) from 0% to 40% was linked to a 
decrease in stiffness as in Liu et al. (2020); Cahalane et al. (2023). 
Confirming again the results of Cahalane et al. (2023), considering 
compression and tension together a significant tension-compression 
asymmetry was found, underling the importance of considering both 
loading types for the characterisation of clot analogues and the defini-
tion of a material model suitable for numerical simulations. From the 
pictures of the samples subjected to tensile test, a Poisson’s ratio of 0.3 
was estimated, which is in line with the choice previously made by 
Luraghi et al., 2021a). With respect to previous works made with the 
same experimental protocol, in the present work, particular attention 
has been put to the accurate recording of the shape of the experimental 
samples by means of pictures and ultrasound images, in order to be able 
to replicate it in the CAD models. Having in silico geometries resembling 
as much as possible the experimental ones is fundamental for the correct 
calibration of the material model.

The mechanical behaviour of the clot was modelled using a tabulated 
model implemented in LS-DYNA and based on the work by Kolling et al. 
(2007). The model can accommodate non-linear elastic behaviour, but 
also realistic unloading behaviour with energy dissipation, based on user 

Fig. 13. Comparison among the results with different thrombus composition 
and device at three instants of the retrieval step.

Fig. 14. Progression of the cancelled volume during the deployment and the 
retrieval steps of the simulation with the three different stent-retrievers used to 
retrieve the red thrombus. For ET four instants of the simulation are reported in 
correspondence to the sudden increases of the cancelled volume. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)

Table 4 
Volume which is cancelled from the simulation at the end of the retrieval for the 
nine combinations of stent-retrievers and thrombus compositions.

Stent-retriever Cancelled volume at the end of retrieval

Red thrombus Intermediate thrombus White thrombus

ET 43.37% 0.72% 0.14%
SX 11.32% 0.07% 0.16%
TP 20.25% 0.00% 0.08%
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input of uniaxial stress-strain data. In this regard, we have decided to use 
the model limited to a non-linear elastic case as described in Appendix B. 
With errors between experimental and computational stress-strain 
curves under 10%, the tabulated material model here used proved 
capable of replicating the asymmetry of the stress-strain curve in both 
tension and compression. The advantage of this material model is that 
no time-consuming fitting operation is needed to determine the 
hyperelastic coefficients as required in the classical analytical formula-
tions, since it requires only uniaxial test data, without needing any other 
type of mechanical test. Moreover, it could meet the need of describing a 
compressible hyperelastic material with the addition of stress-strain 
curve asymmetry in compression and tension. The decision to neglect 
the rate dependency of thrombus mechanical behaviour is based on the 
assumption that virtual EVT takes place sufficiently fast as to minimize 
viscoelastic effects.

Additionally, the use of a failure criterion based on a PSMAX 
threshold led to an instantaneous fracture of the samples, as in the 
experimental tensile tests. This happened because the elements consti-
tuting the most loaded section of the clot overcome the PSMAX 
threshold almost at the same time: when the first elements were 
cancelled, the resistant section decreased, and the remaining elements 
rapidly overcome the threshold. Thus, in very few timesteps, all the 
elements constituting that section were cancelled, and a complete 
discontinuity in the thrombus was created. As a consequence, this ma-
terial model, for the first time based on human data, was deemed suit-
able for its use in EVT simulations. However, the failure of the clot 
analogue during tensile testing and the fragmentation of the thrombus 
during the EVT have slightly different mechanisms. In the latter, indeed, 
the fragmentation of the thrombus was mainly due to the stresses 
generated by the interaction between the thrombus and the stent- 

retriever, which pushed the thrombus against the vessel wall. The dis-
tribution of the stresses was dependent on the mesh size of the thrombus 
with respect to the diameter of the stent-retriever struts. Consequently, 
also the cancelled volume was dependent on the thrombus mesh size. 
Reducing the thrombus mesh size the cancelled volume converged, but 
the computational cost of the simulation was not acceptable. The use of 
a coarser mesh with an adjustment of the PSMAX threshold to address 
this numerical problem was preferred. In the simplified M1 geometry, 
the comparison between the two configurations (0.2 mm and 0.05 mm 
mesh) with equal cancelled volume showed a different behaviour in the 
interaction between thrombus and stent. With the coarser mesh, indeed, 
the stent pushed the thrombus against the vessel wall, deforming it, 
while with the finest mesh the stent-struts could penetrate in the 
thrombus. However, the two configurations were similar in terms of 
quantity of fragments that were produced, since in both cases the 
thrombus was still a single piece.

For the in silico procedure, nine FE simulations were carried out using 
combinations of three thrombus compositions and three stent-retriever 
models. The selection of three stent-retriever models was made to 
assess whether the thrombus behaviour, such as fragmentation, could be 
affected by the stent-retriever design. This work is a proof-of-concept 
towards clinical applications and the results are discussed according to 
the specific modelled procedure: using a stent-retriever alone, without 
an aspiration catheter, assuming flow arrest due to the presence of a 
ballon guide catheter, and having calibrated the material model based 
on data from a single donor. The outcomes of the simulations by 
changing the thrombus mechanical properties were in line with the 
literature regarding the different proneness to fragmentation of thrombi 
with different compositions (Kaesmacher et al., 2017; Fereidoonnezhad 
et al., 2021a,b). In particular, RBCs-rich (red) thrombi also in this work 
seemed to be more prone to fragmentation than RBCs-poor (interme-
diate and white) thrombi. Indeed, the cancelled volume with respect to 
the initial thrombus volume in case of red thrombi spanned from 11% to 
more than 40%, meaning that a non-negligible number of elements 
overcame the PSMAX threshold, leading to the formation of fragments. 
Instead, intermediate and white thrombi did not produce fragments, and 
in general seemed to be more difficult to be retrieved since they were 
pushed against the vessel wall, while being less engaged in the stent 
struts, as observed also experimentally in (Machi et al., 2017). The 
differences in thrombus behaviour using three different stent-retrievers 
could be due to their different design, which led to a different radial 
force, different distribution of the points of contact with the thrombus, 
and consequently different distribution of the stresses in the thrombus. 
For example, the high cancelled volume of the red thrombus retrieved 
with ET model could be due to the double metallic structure, which 
came in contact with a greater number of elements with respect to the 
single metallic structure of SX and TP models.

This work has limitations. First, for the mechanical characterisation 
of the clot analogues, blood was drawn from only one donor, and only 
one sample for each composition and type of test has been considered. A 
larger number of samples also from different donors should be included 
in the future to contrast possible variabilities due to test and donor. In 
addition, in the tests only the loading was performed; considering both 
loading and unloading could provide a complete characterisation, 
allowing a more realistic behaviour of the thrombus in the virtual 
retrieval phase, where the stresses in the clot not necessarily are 
monotonically increasing. Moreover, in the virtual procedure, while 
changing thrombus composition, the choice to keep the friction coeffi-
cient constant between the thrombi and the vessel wall, as well as be-
tween the thrombi and the device, was made because: i) we intentionally 
changed only the thrombus mechanical properties in the simulations, 
keeping all other settings the same to avoid introducing confounding 
variables and to compare the outcomes by studying only the impact of 
thrombus compositions; ii) there is a lack of detailed and consistent 
values in the literature. In reality, however, a different thrombus 
composition in terms of RBCs content would lead to a different friction 

Fig. 15. Cancelled thrombus volume trend with decreasing RBCs content for 
each stent-retriever model.
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coefficient. In particular, friction coefficient quantifications performed 
on clot analogues made from animal blood (ovine in Gunning et al., 
2018 and bovine in Elkhayyat et al., 2024) tested on different materials 
(PTFE in Gunning et al., 2018, silicone, glass, and PVC Elkhayyat et al., 
2024, and bovine arterial tissue in both Gunning et al., 2018; Elkhayyat 
et al., 2024) showed that the static friction coefficient decreased with 
increasing RBCs content. As a consequence, here, the difficulty in 
retrieving RBCs-poor thrombi would probably be increased with respect 
to the presented results. Third, the vessel wall was modelled with a rigid 
material. The influence of vessel wall elasticity on the outcome of the 
EVT should be investigated in future studies. Then, the presence of blood 
was neglected because it would have required a fluid-structure inter-
action simulation, which is very costly. This implies that the thrombus 
has no residual stresses from blood pressure before the EVT procedure. 
Lastly, the failure model here used implied the loss of thrombus volume 
during the virtual EVT procedure, thus, in the future, an improvement of 
the failure model should be made, validating with specific in vitro 
evidence.

5. Conclusions

In this work, an experimental characterisation of human clot ana-
logues with different compositions was conducted to calibrate a material 
model, incorporating failure, for use in finite element simulations of 
EVT. The resulting stress-strain curves revealed compression-tension 
asymmetry and instantaneous fracture of the clot analogues under ten-
sion. This experimental behaviour was replicated in silico. The effect of 
the adopted failure criterion, based on setting a PSMAX threshold, was 
found to be dependent on the thrombus mesh size in the EVT procedure, 
due to contact with the stent retriever. A converging trend in the 
cancelled volume, caused by the failure, was observed as the thrombus 
mesh size decreased. However, decreasing the mesh size increased the 
computational cost. Therefore, to contain computational costs, the 
PSMAX threshold was adjusted to achieve with the coarsest mesh the 
same cancelled volume achieved with the finest mesh. Finally, nine EVT 
simulations were performed, varying clot composition and stent- 
retriever design. These simulations demonstrated a greater proneness 
to fragmentation in RBC-rich thrombi compared to RBC-poor thrombi 
and highlighted the influence of stent-retriever design on the outcome of 
the in silico procedure.
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