
 
  

NUMERICAL MODELING OF ASPIRATION THROMBECTOMY 
UTILIZING NUMERICAL METHODS FOR IMPROVING THE CURRENT ASPIRATION CATHETER 

CHUNGHSU LING 
TU DELFT 

       

AUGUST 28, 2023 



Numerical modeling of
aspiration thrombectomy:

Utilizing numerical methods
for improving the current

aspiration catheter
MSC Thesis

by

Chunghsu Ling

Student number : 5456479
Defense time: August 28, 2023, at 12:00 PM
Thesis committee: Dr. Ir. F.J.H. Gijsen TU Delft & Erasmus MC, Supervisor

Dr. B. Fereidoonnezhad TU Delft, Supervisor
Dr. Ir. N. Tümer TU Delft



 1 

Preface 
 
My journey into the field of biomedical engineering began with my first course, 'Cardiovascular 
Biomechanics,' during my college days. Ever since then, the intricacies of clot removal procedures have 
captivated my interest. It is with gratitude that I conduct research and contribute to this fascinating 
domain. 
 
Prior to enrolling in the biomedical engineering program at TU Delft, I had not received formal education 
in this field. Thus, I extend my appreciation to my mentors, Frank Gijsen and Behrooz Fereidoonnezhad, 
for generously sharing their knowledge of the cardiovascular system and aiding me in learning finite 
element analysis. I also wish to acknowledge Olaf van der Sluis, whose constructive feedback have 
consistently pushed me to dive deeper into the foundations of my work. Without their guidance and 
support, the successful completion of this thesis is not possible. 

Furthermore, I am deeply grateful for the substantial emotional and financial backing provided by my 
parents, Hao Chen, and Hsiaolien Ling. Their unwavering support has enabled me to pursue my master's 
degree in the Netherlands, and for this, I extend my heartfelt appreciation.  

Eventually, I want to extend my thanks to my girlfriend, Chiapei, for her unwavering support throughout 
my journey. I would also like to express my appreciation to my friends for being there for me through 
good times and bad, whether it is by having a drink or playing video games together. 

 

Chunghsu Ling 
Capelle aan den IJssel, August 2023  



 2 

Abstract 
 
Acute ischemic stroke (AIS) is a medical emergency which happens when a thrombotic or embolic blood 
clot blocks a brain artery, leading to brain damage or tissue death. AIS is the second leading cause of 
death worldwide and affects approximately 700,000 people in the United States alone. Since 2015, 
endovascular treatment (EVT) has become the standard of care for stroke patients. However, it is 
important to note that the current treatment options for AIS still have significant room for improvement. 
The aim of this thesis is to acquire a deeper understanding of how thrombi, the vessel wall, and 
thrombectomy devices interact through numerical modeling of aspiration thrombectomy. This can help 
explain the limitations in the effectiveness of the procedure and possibly pave the way for designing new 
devices that yield better results. 
 
The thesis starts with reviewing relevant literature and identifying research gaps. The initial phase of the 
research involves identifying and validating an appropriate clot material model. Additionally, cohesive 
zone modeling (CZM) is integrated to simulate the interaction between the clot and vessel wall. A 
validation study is conducted to confirm the accurate implementation of CZM within the finite element 
analysis software, Abaqus. Subsequently, a parameter study is undertaken to explore how clot dimensions 
impact aspiration performance. This study aims to gather insights that can contribute to the enhancement 
of catheter design. Finally, an approach involving the combination of an expandable stent and an 
aspiration catheter is proposed. A parameter study is conducted to optimize the design geometry to 
achieve the first-pass recanalization (FPR). The findings of the research demonstrate that achieving a 
specific threshold of suction area in direct contact with the clot is crucial for the clinical outcome.  
 
Regarding the content covered in each chapter, Chapter 2 outlines the methodologies employed for 
material parameter analysis, validation of the material model, cohesive zone modeling (CZM), clot 
dimension investigation, and catheter design examination. Chapter 3 presents the outcomes of these 
studies, while Chapter 4 offers an in-depth discussion of the findings. Finally, Chapter 5 provides the 
conclusion. Supplementary scripts and input files utilized in this thesis are available in the Appendix. 
 
In conclusion, this thesis establishes a groundwork for future research. Furthermore, enhancing the 
present models requires the incorporation of factors like authentic aspiration pressure, clot fragmentation 
mechanisms, and accurate damage criteria for the clot-vessel interface. These enhancements would bring 
the simulation closer to real-world medical scenarios, providing valuable and insightful insights. 
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Chapter 1. Introduction 
 
1.1. Acute ischemic stroke (AIS) 
Acute ischemic stroke (AIS) is a medical emergency which happens when a thrombotic or embolic blood 
clot blocks a brain artery, leading to a reduction of blood flow and oxygen supply to the brain and can cause 
brain damage or tissue death (Walter, 2022) (illustrated in Figure 1). 

 
Figure 1. An illustration of AIS (Walter, 2022) 

The symptoms of AIS include various types of disabilities, such as partially paralysis, difficulty speaking 
or understanding speech, trouble with balance and loss of vision (Walter, 2022). To elaborate the severity, 
AIS is responsible for almost 90% of all strokes and affects approximately 700,000 people in the United 
States alone (Walter, 2022). Moreover, it is the second leading cause of death worldwide (WHO, 2020). 
Therefore, the diagnosis and treatment of AIS is definitely an important issue and should be executed 
immediately since early treatment could lead to improved clinical outcomes (Walter, 2022). 
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1.2. The current treatments 
Initially, the only available treatment for stroke patients was intravenous thrombolysis. Nevertheless, 
studies have shown that only 7-30% of patients with large vessel occlusion were able to achieve 
recanalization with intravenous thrombolysis (Menon et al., 2018). Hence, the treatment cannot be 
considered as effective. 
 
Since 2015, endovascular treatment (EVT) has become the new standard of care for stroke patients (Goyal 
et al., 2016; Powers et al., 2018). EVT relies on mechanical thrombus retrieval, which can be helpful in 
restoring blood flow to the brain (Ospel et al., 2021). Furthermore, EVT can be divided into three categories: 
stent retriever thrombectomy, aspiration thrombectomy, and a combination of the two (Fanous & Siddiqui, 
2016; Ospel et al., 2021).  

Stent retriever thrombectomy involves the use of a self-expanding stent retriever, which is compressed and 
inserted into a microcatheter (Ospel et al., 2021). Once the microcatheter is placed in the target site, the 
stent retriever will be deployed and expands within the clot, allowing it to be captured and removed from 
the blood vessel, the process is demonstrated in Figure 2. (Ospel et al., 2021). 

 
Figure 2. The illustration of stent retriever thrombectomy procedure (Luraghi, Bridio, et al., 2021). 

Aspiration thrombectomy uses an aspiration catheter connected to a vacuum pump or syringe. The catheter 
is firstly guided to the proximal thrombus face, then negative pressure is applied, causing the thrombus to 
be sucked up into the catheter (Ospel et al., 2021). In the end, the blood flow can be restored due to the 
removal of the thrombus in the affected area. An illustration is provided in Figure 3. 

 
Figure 3. The illustration of aspiration thrombectomy procedure (McCarthy et al., 2022). 

Combined approaches involve the simultaneous use of both stent retriever thrombectomy and thrombus 
aspiration to extract the clots (Figure 4.) (Ospel et al., 2021). Clinical trials have demonstrated the 
effectiveness of combined approaches in treating stroke patients (Deshaies, 2013; Humphries et al., 2015). 
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Figure 4. The procedure of the combined thrombectomy approach using a stent retriever (SR), a distal 
access catheter (DAC) and a balloon guide catheter (BGC) (Ospel et al., 2021). 

Furthermore, these methods can be performed with a balloon guide catheter (Figure 5.), which includes a 
balloon that can be inserted into the internal carotid artery (ICA) to halt blood flow and prevent distal 
embolization (Baek et al., 2019; Nguyen et al., 2014).  

 
Figure 5. A balloon guide catheter (Ospel et al., 2021). 

While EVT has increased the rate of successful recanalization to 85% (Grech et al., 2015), there is still a 
noticeable risk of mortality and major disability associated with this procedure. In fact, 17% of patients 
treated with EVT die within 90 days (Grech et al., 2015) and approximately 80% of patients either die or 
suffer from significant disability following the procedure (Oyekole et al., 2021). Possible explanations for 
this phenomenon include blood vascular trauma caused by mechanical thrombectomy (Oyekole et al., 2021) 
and the low probability of achieving first-pass recanalization, which is associated with better clinical 
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outcomes (Fereidoonnezhad & McGarry, 2022) since multiple passes at revascularization tend to cause clot 
fracture, which can lead to distal embolization (Fereidoonnezhad, Dwivedi, et al., 2021; Gralla et al., 2006; 
Kaesmacher et al., 2017; "The Penumbra Pivotal Stroke Trial," 2009). Therefore, it is important to note that 
the current treatment options for AIS still have significant room for improvement, and more research is 
needed to develop more effective and safer approaches that increase the likelihood of successful 
recanalization while minimizing complications. 
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1.3. In-silico modeling 
Numerous studies have been undertaken to gain a better understanding of the processes required to improve 
current treatments (Gralla et al., 2006; Pearce et al., 2010). However, in vivo studies and experiments pose 
ethical issues due to the critical nature of this topic (Oyekole et al., 2021). Additionally, it can be challenging 
to control experiment parameters, such as the distance between catheters and clots, thrombus size, and clot 
properties (Soleimani et al., 2016). As a result, computational analysis using in-silico models has emerged 
as an alternative technique. This method has become increasingly popular not only for testing new devices 
virtually and investigating their efficacy in endovascular treatments (Colombo et al., 2020; Kusner et al., 
2021; Luraghi, Matas, et al., 2021; Migliori et al., 2020; Zaccaria et al., 2020) but also for building the first 
patient-specific thrombectomy procedure (Luraghi, Bridio, et al., 2021). Thus, with advances in medical 
imaging and computer simulation techniques, in-silico models have become a robust method to evaluate 
the performance of different devices in clinical scenarios, even in a patient-specific manner (Luraghi, Bridio, 
et al., 2021). In conclusion, it is evident that in-silico models offer significant potential to gain valuable 
insights into the treatment of AIS. This thesis specifically focuses on the numerical modeling of the 
aspiration clot removal procedure. 
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1.4. State-of-the-art 
The aspiration thrombectomy is a complex procedure with several factors that can affect the success rate 
and potential complications and these factors must be carefully considered and optimized to ensure optimal 
patient outcomes. First of all, the applied aspiration pressure and pattern are important factors in the success 
of the aspiration thrombectomy procedure because they determine the suction force applied to the clots 
(Simon et al., 2014). Additionally, the properties of the thrombus, such as the size, shape, composition, and 
the interaction between the clot and vessel, can also affect the outcomes (Dutra et al., 2019; Good et al., 
2020; Oyekole et al., 2021; Santos et al., 2016). Thus, the factors should be considered when performing 
the procedure. Furthermore, the design of the catheters used for aspiration thrombectomy can also influence 
the suction force and the difficulty of clot removal (Talayero et al., 2020).  

To investigate the impacts of these factors, several indicators need to be adopted. The first-pass 
recanalization (FPR) will be used to determine the efficacy and speed of recanalization (Ospel et al., 2019; 
Zaidat et al., 2018). Another important aspect in EVT is avoiding distal embolization caused by clot rupture 
(Gralla et al., 2006; Kaesmacher et al., 2017), thus, clot fracture (CF) will also be monitored as it is equally 
important to avoid complications. 

Hence, research that emphasize these aspects using numerical analysis or can offer valuable insights into 
these areas will be thoroughly examined. 

1.4.1. Aspiration design 
Several articles have proposed different types of catheter designs for aspiration thrombectomy. Some 
suggest that catheters that can deliver the suction force close to the clot-vessel interface have a better first-
pass recanalization rate (Talayero et al., 2019; Talayero et al., 2020), while others argue that catheters 
with larger diameters can achieve better outcomes (Chitsaz et al., 2018; Hu & Stiefel, 2016). However, 
these arguments are not conflicting since catheters with larger diameters can induce suction forces to the 
clot-vessel interface. Nevertheless, using catheters with larger diameters may pose navigational 
difficulties, so a trade-off between suction force and feasibility must be made to optimize the design. 
(Talayero et al., 2020) proposed a catheter design with peripheral pores (the last row in Figure 6.) that has 
the potential to improve the current treatment by producing higher suction force (Figure 7.) while 
minimizing the risk of clot fracture. This design could achieve better clinical outcomes in a relatively 
small size. 
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Figure 6. The catheter designs studied by (Talayero et al., 2020) to investigate the optimal catheter 

geometry. 

 
Figure 7. The suction forces created by aspiration catheters with different designs, according to 

(Talayero et al., 2020) 

Other proposals, such as lateral holes on the catheter tip (Soleimani et al., 2014) and helical geometry 
(Romero et al., 2020), are not recommended. Lateral holes only work better in circumstances where the 
viscosity of the blood clot is low (Soleimani et al., 2014), while the helical geometry was outperformed by 
the catheters with peripheral pores (Talayero et al., 2018; Talayero et al., 2020). 

1.4.2. Aspiration pressure and pattern 
Studies usually apply suction pressures ranging from -10 to -100 kPa in the computational models. These 
studies have generally concluded that higher suction pressures tend to result in better outcomes, particularly 
in terms of the amount of clot mass that is aspirated. (Chitsaz et al., 2018; Soleimani et al., 2014; Talayero 
et al., 2020). 
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In previous studies, the hypothesis that a cyclic aspiration pattern may be more effective than a static pattern 
for thrombus removal seems plausible, as cyclic loading can facilitate material failure through fatigue 
mechanisms (Bathias & Pineau, 2013; Withey, 1997). However, only (Simon et al., 2014) has directly 
compared the two patterns using a glass artery model, synthetic clots, and air and water as the medium 
(Figure 8. & Figure 9.). Although the authors concluded that the cyclic pattern achieved better outcomes, 
the conclusion may not be definitive due to the limited similarity between the experimental setup and the 
clinical scenario. 

 
Figure 8. The experimental setup of (Simon et al., 2014) to conduct in-vitro aspiration experiments to 

compare static and cyclic aspiration pattern 

Regarding in-silico studies, (Good et al., 2020) tried to optimize the waveform of the cyclic suction and 
concluded that lower frequency (0.5 Hz vs. 1 Hz) could achieve higher cohesive zone (the interface of the 
clot and artery) opening. In addition, (Oyekole et al., 2021) investigated the mechanism of clot removal 
with the cyclic aspiration. Nevertheless, both studies applied low suction pressure (less than 10 mmHg) due 
to the limitations of the model they employed (Good et al., 2020; Oyekole et al., 2021). Therefore, both 
models must be improved to better resemble real-world scenarios. 

 
Figure 9. An illustration of the waveform of a cyclic suction loading, the cyclic pattern was applied to 

compare with the static aspiration which also shown in the figure (Simon et al., 2014). 

1.4.3. Thrombus models 
The composition of thrombi is highly heterogeneous (Chueh et al., 2011; Staessens & De Meyer, 2021) and 
can significantly impact various aspects of aspiration thrombectomy, including mechanical properties, 
recanalization rate, clinical outcomes, and risk of clot fragmentation (Brouwer et al., 2018; Cahalane et al., 
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2021; Chueh et al., 2011; Simons et al., 2015; Yuki et al., 2012). Thus, it is essential to use appropriate 
material models in numerical simulations to accurately represent the behaviour of thrombi. Several material 
models have been used in previous studies, including the fluid model (Soleimani et al., 2014, 2016), hyper-
elastic model (Fereidoonnezhad, Moerman, et al., 2021; Liu et al., 2022; Luraghi, Rodriguez Matas, et al., 
2021; Rausch & Humphrey, 2016; Rausch et al., 2021; Romero et al., 2020; Sugerman et al., 2021; Talayero 
et al., 2018; Talayero et al., 2020), which appears to be the most relevant constitutive model, and visco-
elastic model (Fereidoonnezhad, Moerman, et al., 2021; Good et al., 2020; Johnson et al., 2021; Oyekole 
et al., 2021; Tashiro et al., 2021). Furthermore, few studies have considered additional properties such as 
porosity (Chitsaz et al., 2018; He et al., 2022) and plasticity (Fereidoonnezhad & McGarry, 2022; Sugerman 
et al., 2020). 

1.4.4. Clot fracture mechanism  
The majority of the studies have come to a consensus that fibrin plays a significant role in determining the 
fracture mechanism and toughness (Brown et al., 2009; Fereidoonnezhad, Dwivedi, et al., 2021; Liang et 
al., 2017; Litvinov & Weisel, 2017; Münster et al., 2013; Rausch & Humphrey, 2016; Tutwiler et al., 2021; 
Tutwiler et al., 2020). A recent study conducted by (Tutwiler et al., 2021) has provided further insight into 
the fracture process, which can be divided into three regimes: (1) alignment of the fibrins, (2) further 
alignment leading to extensions of 10-30%, and (3) irreversible fibrin breakage. (Figure 10.) 

 
Figure 10. Stress strain analysis of the deformation and rupture process of a fibrin clot. The three 

regimes of fibrin rupture process are included. (Tutwiler et al., 2021) 

Certainly, incorporating the risk of clot fracture into computational models is essential to better understand 
and predict the behaviour of thrombi during endovascular treatment. An example of a study that effectively 
modeled the fibrin networks in thrombi can be found in (Chitsaz et al., 2018). In this study, the researchers 
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employed a 3D network of branch points interconnected by fibrins and utilized the Kelvin-Voigt model for 
fibrin bonds. By setting the breakage point to be 100% of strain, they were able to successfully capture the 
fracture behaviour of the clot. Other studies suggest that hyper-elastic models (Fereidoonnezhad, Dwivedi, 
et al., 2021; Rausch & Humphrey, 2016; Tutwiler et al., 2020) or visco-hyper-elastic models (Rausch et al., 
2021) can be used for the fibrins. 

1.4.5. Clot-vessel interaction 
The numerical modeling of the clot removal procedure involves another important aspect, which is defining 
the contact property between the thrombi and artery walls. Different approaches have been employed in the 
literature. For example, (Liu et al., 2022) applied different friction coefficients at the thrombus-artery 
interface and modeled the vessels as linear elastic materials. On the other hand, (Good et al., 2020) assumed 
the vessel walls to be rigid and employed a cohesive zone (CZ) model for the interface. The scholars 
investigated the separation of the clot by incorporating a damage model, where damage accumulation 
occurred when the CZ opening displacement reached a specific criterion. Moreover, (Oyekole et al., 2021) 
took the deformability of the artery into consideration and model it as a hyper-elastic material, however, 
the artery still behaved as it were rigid eventually. Similar to (Good et al., 2020), a cohesive zone was 
implemented for the interface, and damage accumulation was initiated when the CZ opening displacement 
surpassed a predefined threshold. 
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1.5. Research aim 
Considering the potential for significant improvement in current EVT procedures and the emergence of 
computational modeling, this project aims to leverage the potential of in-silico modeling techniques to 
improve the current EVT by focusing on the simulation of aspiration thrombectomy.  

Despite the extensive research conducted on thrombi, gaps in knowledge still exist. For example, the hyper-
elastic model is the most commonly used constitutive model for thrombi, researchers have mainly relied on 
fitting experimental compression and tension test data of clots or analogues to reproduce clot behaviours. 
Nonetheless, no current literature has demonstrated the ability of their model to predict the mechanical 
behaviours of other clots or analogues. As a result, validating clot material models is a fascinating area of 
research. 

Furthermore, only (Good et al., 2020; Oyekole et al., 2021) explicitly considered the clot-vessel interaction 
by incorporating a sticky, cohesive zone model to investigate the damage accumulation in the interface 
when subjected to cyclic aspiration patterns. Moreover, except for the work by (Chitsaz et al., 2018), the 
current studies on in-silico modeling of aspiration clot removal procedure have not incorporated the clot 
fragmentation, which relates to distal embolization and is a crucial factor in evaluating the clinical outcomes 
(Fereidoonnezhad, Dwivedi, et al., 2021; Gralla et al., 2006; Kaesmacher et al., 2017; "The Penumbra 
Pivotal Stroke Trial," 2009). 

Hence, to address the research gaps mentioned earlier, the initial phase of this thesis aims to validate a 
hyper-elastic model by predicting experimental data of a different clot analogue. In addition, an in-silico 
model of the occlusion in the brain, including the clot and vessel walls, is constructed. The interaction 
properties of the interface between these components are also implemented. By incorporating the aspiration 
pressure, the numerical simulations could better resemble medical practice, and this allows for the study of 
clot separation from the artery. Eventually, the simulations incorporate several catheter designs (Chitsaz et 
al., 2018; Hu & Stiefel, 2016; Romero et al., 2020; Soleimani et al., 2014; Talayero et al., 2018, 2019; 
Talayero et al., 2020) to optimize the aspiration catheter to achieve the first-pass recanalization. 

Regarding the clot fragmentation, modeling the feature is highly challenging and time-consuming, besides, 
validating the results can present difficulties. Finally, incorporating the fracture mechanism into the 
constitutive model can be the research aim for future studies and this thesis could serve as a foundation. 
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1.6. Thesis outline 

 
Figure 11. The workflow of this thesis 

The thesis can be divided into four stages according to Figure 11: 

1) Select the hyper-elastic model and parameters: 
To acquire the ideal constitutive model, the stress-strain curve of a mechanical test of whole blood 
analogues, which were conducted by other students in the same laboratory, was used as a target. By 
adjusting the coefficients, the output stress-strain curve of the hyper-elastic model can be manipulated to 
match the target curve. Additionally, a parameter study of the coefficients is conducted to better replicate 
the behaviour of the target clot analogue. 

2) Validate the material model: 
The following step is demonstrating the model is capable of predicting the behaviours of other unseen clots. 
To accomplish this goal, an attempt is made to predict the behaviour of a different whole blood clot analogue 
during a tensile experiment using computational simulation with a commercial finite element analysis (FEA) 
software, Abaqus/Standard (2020). The actual sample and experiment, as shown in Section 2.2., were 
conducted and prepared by other students in the same laboratory. The objective is to replicate the force-
displacement and deformation characteristics observed during the experiment. 

3) Cohesive zone modeling (CZM) study 
Since the previous studies (Good et al., 2020; Oyekole et al., 2021) modeled the clot-vessel interface using 
the cohesive zone (CZ) modeling, the method is implemented in the project as well. However, there is a 
lack of literature investigating the initiation and evolution of damage in the interface, making it unclear 
what level of separation or stress triggers the detachment between thrombi and arteries. Additionally, the 
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fracture energy is unknown. Therefore, a parameter study focusing on the damage behavior within the 
cohesive zone is conducted to provide some insights into these aspects.  

4) Aspiration Thrombectomy simulation: 
Once the desired clot and interface model have been established, a comprehensive simulation of aspiration 
thrombectomy can be created. Moreover, a study focusing on the influence of clot dimensions is undertaken, 
aiming to determine the optimal catheter size. Subsequently, the final simulation  incorporates important 
factors such as clot-vessel interaction and clot-catheter interaction. Furthermore, by implementing various 
catheter designs, the simulations can provide valuable insights into optimizing the aspiration device to 
achieve better clinical outcomes.  
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Chapter 2. Method 
 
2.1. Material model and parameter identification 
The nonlinear mechanical behaviour of blood clot is described by hyper-elastic models (Fereidoonnezhad, 
Moerman, et al., 2021; Liu et al., 2022; Luraghi, Rodriguez Matas, et al., 2021; Rausch & Humphrey, 2016; 
Rausch et al., 2021; Romero et al., 2020; Sugerman et al., 2021; Talayero et al., 2018; Talayero et al., 2020). 
Regarding the selection of hyper-elastic model, based on my previous work, neither the Neo Hookean, 
Ogden, nor Hyper Foam material models were able to accurately replicate the behavior of the clot analogue 
(Ling, 2023).Therefore, to precisely replicate the mechanical behaviour of thrombi, the clot material is 
simulated as an anisotropic hyperplastic fibrous soft tissue using a recently introduced formulation 
(Fereidoonnezhad et al., 2020). This formulation has been proven to effectively predict the isochoric and 
volumetric characteristics of blood clots across various compositions (Fereidoonnezhad, Moerman, et al., 
2021). 

The isochoric strain energy density function is given as:  

𝜓௜௦௢൫𝜆̅ଵ, 𝜆̅ଶ, 𝜆̅ଷ൯ = ෍ 𝜓ത൫𝜆పഥ ൯
ଷ

௜ୀଵ

,  

𝜓ത൫𝜆పഥ ൯ =

⎩
⎪
⎨

⎪
⎧ 𝐸ଵ௠(𝜆̅௜ − 𝑙𝑛𝜆పഥ − 1), ห𝜆̅௜ − 1ห ≤ 𝐷ଵ௠

𝑝௠ ൬ఒഥ೔
మ

ଶ
− 2𝜆̅௜ + 𝑙𝑛𝜆̅௜൰ + 𝑞௠൫𝜆̅௜ − 𝑙𝑛𝜆̅௜൯ + 𝑟௠𝑙𝑛𝜆̅௜ + 𝜓଴ଵ௠, 𝐷ଵ௠ < ห𝜆̅௜ − 1ห < 𝐷ଶ௠

𝐸ଶ௠൫𝜆̅௜ − (1 + 𝐷ଶ௠)𝑙𝑛𝜆̅௜൯ + (𝑝௠𝐷ଶ௠
ଶ + 𝑞௠𝐷ଶ௠ + 𝑟௠)𝑙𝑛𝜆̅௜ + 𝜓଴ଶ௠, ห𝜆̅௜ − 1ห ≥ 𝐷ଶ௠

     (1) 

 

D1m, D2m, E1m and E2m: material coefficients 
λത୧(i = 1, 2, 3): isochoric principal stretches, J = λଵλଶλଷ is the Jacobian 
ψ଴ଵ୫ and ψ଴ଶ୫: two constants which ensure the continuity of strain energy 
pm, qm, and rm satisfy Eq. (2) to maintain C0 and C1 continuity 

𝑝௠ = ாభ೘ିாమ೘
ଶ(஽భ೘ି஽మ೘)

, 𝑞௠ = 𝐸ଵ௠ − 2𝐷ଵ௠𝑝௠, 𝑟௠ = (𝐸ଵ௠ − 𝑞௠)𝐷ଵ௠ − 𝑝௠𝐷ଵ௠
ଶ     (2) 

Moreover, the volumetric strain energy density function is given as:  

𝜓௩௢௟(𝐽) =

⎩
⎪
⎨

⎪
⎧ 𝜅ଵ(𝐽 − 𝑙𝑛𝐽 − 1), |𝐽 − 1| ≤ 𝐷ଵ௩

𝑝௩ ቆ
𝐽ଶ

2
− 2𝐽 + 𝑙𝑛𝐽ቇ + 𝑞௩(𝐽 − 𝑙𝑛𝐽) + 𝑟௩𝑙𝑛𝐽 + 𝜓଴ଵ௩, 𝐷ଵ௩ < |𝐽 − 1| < 𝐷ଶ௩    (3)

𝜅ଶ(𝐽 − (1 + 𝐷ଶ௩)𝑙𝑛𝐽) + (𝑝௩𝐷ଶ௩
ଶ + 𝑞௩𝐷ଶ௩ + 𝑟௩)𝑙𝑛𝐽 + 𝜓଴ଶ௩, |𝐽 − 1| ≥ 𝐷ଶ௩

 

𝜅ଵ, 𝜅ଶ: initial small-strain and large-strain bulk modulus 
𝐷ଵ௩, 𝐷ଶ௩  control the transition volumetric strains 
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pv, qv, and rv are acquired in a similar way as shown in Eq. (2), utilizing the corresponding volumetric 
parameters 

Furthermore, the anisotropic strain energy density function related to the influence of fibrin fibers in a blood 
clot is presented: 

𝜓௔௡௜௦௢ = ෍ 𝜓௙௜

ଶ

௜ୀଵ

,  

𝜓௙௜ =

⎩
⎪
⎨

⎪
⎧ 𝐸1𝑓(

2
3

𝜆𝑓𝑖
3 − 𝜆𝑓𝑖

2 +
1
3

), 𝜆𝑓𝑖 − 1 ≤ 𝐷1𝑓

2
3

𝜆𝑓𝑖
3 ቀ𝑞𝑓 − 2𝑝𝑓ቁ +

𝑝𝑓

2
𝜆𝑓𝑖

4 + 𝜆𝑓𝑖
2 (𝑝𝑓 − 𝑞𝑓 + 𝑟𝑓) + 𝜓01𝑓, 𝐷1𝑓 < 𝜆𝑓𝑖 − 1 < 𝐷2𝑓    (4)

2𝐸2𝑓

3
𝜆𝑓𝑖

3 + 𝜆𝑓𝑖
2 ቀ𝑝𝑓𝐷2𝑓

2 + 𝑞𝑓𝐷2𝑓 + 𝑟𝑓 − 𝐸2𝑓(1 + 𝐷2𝑓)ቁ + 𝜓02𝑚, 𝜆𝑓𝑖 − 1 ≥ 𝐷2𝑓

 

pf, qf, and rf are acquired in a similar way as shown in Eq. (2), utilizing the corresponding volumetric 
parameters. 

In the end, the total strain energy density of the clot material is given as 𝜓௙൫𝜆௙௜൯ + 𝜓௜௦௢൫𝜆̅ଵ, 𝜆̅ଶ, 𝜆̅ଷ൯ +
𝜓௩௢௟(𝐽). Thus, the anisotropic bilinear model, which adopts Eq. (1)-(4) to describe the clot behaviours, is 
utilized in this study. The model was developed by Fereidoonnezhad et al. (2022) (Fereidoonnezhad, 
Dwivedi, et al., 2021; Fereidoonnezhad, Moerman, et al., 2021; Fereidoonnezhad et al., 2020) (In Abaqus, 
the material model can be implemented through utilizing a user subroutine, UMAT (ABAQUS User 
Subroutines Reference Manual, Dassault Systèmes Simulia Corp.)) Moreover, the material parameters are 
presented in Table 1. 

Table 1. The associate parameters of the anisotropic bilinear model 

𝐷ଵ௠ The value of the first transitional strain for the matrix. 
𝐷ଶ௠ The value of the second transitional strain for the matrix. 
𝐸ଵ௠ Stiffness of the matrix when the strain is lower than 𝐷ଵ௠. 
𝐸ଶ௠ Stiffness of the matrix when the strain is higher than 𝐷ଶ௠. 
𝐷ଵ௩ The value of the first transitional strain for the volumetric part. 
𝐷ଶ௩ The value of the second transitional strain for the volumetric part,  
𝜅ଵ The bulk modulus when the strain is lower than 𝐷ଵ௩.  
𝜅ଶ The bulk modulus when the strain is higher than 𝐷ଶ௩.  

𝐷ଵ௙ The value of the first transitional strain for the fibrin. 
𝐷ଶ௙ The value of the second transitional strain for the fibrin. 
𝐸ଵ௙ Stiffness of the fibrin when the strain is lower than 𝐷ଵ௙. 
𝐸ଶ௙ Stiffness of the fibrin when the strain is higher than 𝐷ଶ௙. 

Additionally, stress-strain curve obtained from unconfined compression and uniaxial tests of a whole blood 
clot analogue was used as the target experimental data (the analogue, made from human blood, and the 
experiments were conducted by other students in the same laboratory), and the goal of this phase is to 
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modify the coefficients of the anisotropic bilinear model in order to make the output stress-strain curve as 
similar as possible to the experimental data.  

To obtain the stress-strain curves of the proposed hyper-elastic model, a computational simulation is built 
in Abaqus, involving a unit cube representing the clot material. In this simulation, a compression and tensile 
test will be performed on the unit cube, with strain values ranging from -0.8 to 1. To simplify this process, 
a MATLAB script developed by Fereidoonnezhad et al. (2022) (Fereidoonnezhad, Dwivedi, et al., 2021; 
Fereidoonnezhad, Moerman, et al., 2021; Fereidoonnezhad et al., 2020) is utilized. This script automates 
the simulation, data collection, and stress-strain curve plotting, additionally, the experimental data is plotted 
in the same figure to compare with the proposed model. 

Furthermore, a parameter study using the same MATLAB script is conducted to facilitate this process. 
Specifically, an arbitrary parameter set is selected, and the stress-strain curve is plotted based on this set. 
Subsequently, each parameter is individually modified, both by increasing and decreasing its value, and the 
resulting curve is plotted on the same figure for comparison with the original curve. By performing this 
study for the parameters, the influence of each coefficient can be determined. 

Eventually, by modifying the coefficients according to the conducted parameter study, the optimal 
parameter set which captures the target curve is identified.  
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2.2. Validation of the material model 
Once the desirable constitutive model that accurately represents the behavior of clots is found, it is 
important to validate its capability of predicting unseen experimental data that were not used in the fitting 
procedure. For this purpose, we use the results of tensile test on a rectangular sample with a circular 
inclusion (Figure 12.), made from the same blood sample that used for tensile and compression tests. 

In order to achieve the objective, a clot model is created in Abaqus based on the geometry of the 
experimental sample (described in Table 2. and illustrated in Figure 13.). Subsequently, the proposed 
constitutive model is assigned to the virtual analogue. Regarding the boundary conditions, to simulate the 
actual tensile test, the bottom is fixed, and the x-symmetric condition is applied to the right side. As for the 
top side, a displacement of 3.1 mm is applied, and the movement in the x-direction is constrained.  

A mesh sensitivity study is conducted to visualize the relationship between the mesh density and maximum 
principal stress. Thus, the model with proper mesh density and element number is identified. In the next 
step, the primary comparisons between the physical and numerical tests are the force-displacement curves 
and the shape-changing processes. Hence, the relative resulting data is collected. 

 
Figure 12. Tensile test of the clot analogue (the red arrow indicates the tensile direction). The 

experiment is utilized for the validation study of the anisotropic bilinear material model 

Table 2. The dimensions of the clot analogue and experimental setup of the thrombus tensile test. The 
numerical model for the validation study of the anisotropic bilinear model is built according to these 

values. 

Initial length 3.1 mm 
Strain rate (tensile rate) 10%/s 
Width (Bottom) 3.11 mm 
Thickness of the clot analogue 1.171 mm 
Hole length 0.9 mm 
Hole width 0.35 mm 
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Figure 13. Clot analogue built in Abaqus (Due to symmetry, half of the model is simulated.) 

Another important aspect is to avoid permanent damage since the damage model is not implemented. 
According to the findings from a tensile-failure test conducted on a clot analogue by the colleagues in the 
same laboratory, the total strain over 65% could lead to permanent damage. Thus, only the total deformation 
below 65% was considered. Since the strain rate is set at 10% per second, specific time points at 0, 2.5, 4.5, 
and 6.5 seconds (representing 0%, 25%, 45%, and 65% of strain) were selected for analysis. 

Subsequently, the shapes of both the computational and physical samples at those specific time points are 
captured and digitized using a graphic digitizer software, xyExtract. This process allows for the acquisition 
of coordinate data for the outlines, which can then be plotted using MATLAB. Furthermore, the resulting 
force-displacement curve from the simulation is collected. Finally, the validation process involves 
comparing the shapes and force-displacement curves of the in-vitro and in-silico experiments at the 
corresponding time points.  
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2.3. Investigation of the traction-separation behavior in the cohesive zone 
In Abaqus, users can define the traction-separation curve to model the cohesive behaviour as well as the 
initiation and evolution of cohesive zone damage (Figure 14). Regarding the cohesive behaviour, the 
stiffness of the linear elastic region, K, can be assigned. For damage initiation, users can define the criterion 
using either stress or separation values. Which means they can specify the point at which damage starts to 
occur based on a certain stress or separation threshold. Moreover, to capture the progression of damage, 
two options are available: (i) fracture energy, which represents the total area under the traction-separation 
curve, and (ii) final separation, which indicates the extent of separation at complete failure. In terms of 
softening, choice between linear and exponential modes is made. The linear mode provides a simple 
reduction in stiffness as separation increases, while the exponential mode allows for a more rapid decrease 
in stiffness.  

 
Figure 14. A typical traction-separation curve (Bustamante-Góez et al., 2019) 

Vmax,Wmax: Maximum (shear) stress, stress at damage initiation 
Gc: Critical separation, separation at damage initiation 
Gf: Final separation, separation at failure 

Hence, before implementing the cohesive and damage behaviour into the simulation, it is necessary to verify 
that the resulting traction-separation curve satisfies all the predetermined criteria. To achieve this, a simple 
two-dimensional computational model which consists of a rigid surface and a single-element, rigid, unit 
square connected by a cohesive interface is built and shown in Figure 15. Nonetheless, due to the limitations 
of Abaqus, the square is modeled as an incompressible linear elastic material with a high Young’s modulus, 
1012 MPa, instead of being treated as a true rigid body. This is because Abaqus does not allow defining 
contact interactions between actual rigid bodies. In addition, the square is assigned the element type of 
plane stress. 
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(a) 

 

(b) 

 
Figure 15. Simple model which consists of a rigid surface (the blue line in the right) and a single-

element unit square. (a) Applying a shear displacement (b) Applying a normal displacement 

Furthermore, to investigate the traction-separation behavior in different scenarios, a displacement is applied 
to the bottom side of the square to study its behaviour in the shear direction. On the other hand, a 
displacement is imparted to the left surface of the square to investigate its behavior in the normal direction. 
Additionally, the rigid surface is fixed. The other simulation configuration details can be found in Table 3, 
providing an overview of the specific parameters and settings used in the simulation. In addition, the 
stiffness of the linear elastic region is set to be 4000 MPa/mm in the normal, first shear and second shear 
direction to demonstrate the curves. 

Table 3. The predefined settings for examining the traction-separation curves in the simulations using 
Abaqus 

Case no. Displacement 
direction 

Damage initiation Damage evolution Softening 

Case 1 normal Maximum stress = 1 (MPa) Fracture energy = 3.5e-4 
(MPa/mm) 

Linear 

Case 2 shear Maximum stress = 1 (MPa) Fracture energy = 3.5e-4 
(MPa/mm) 

Linear 

Case 3 normal Maximum stress = 1 (MPa) Fracture energy = 3.5e-4 
(MPa/mm) 

Exponential 

Case 4 shear Maximum stress = 1 (MPa) Fracture energy = 3.5e-4 
(MPa/mm) 

Exponential 

Case 5 normal Maximum separation =  
5e-4 (mm) 

Fracture energy = 1e-3 
(MPa/mm) 

Linear 

Case 6 shear Maximum separation =  
5e-4 (mm) 

Fracture energy = 1e-3 
(MPa/mm) 

Linear 
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Case 7 normal Maximum separation =  
5e-4 (mm) 

Fracture energy = 1e-3 
(MPa/mm) 

Exponential 

Case 8 shear Maximum separation =  
5e-4 (mm) 

Fracture energy = 1e-3 
(MPa/mm) 

Exponential 

 
After the completion of the simulations, the reaction force value can be obtained, which is equivalent to the 
value of nominal stress since the dimensions of the square as 1×1 (mm). Thus, the relationship between 
traction and separation can be acquired and plotted to verify if the resulting curves match the predefined 
settings. 

Once the traction-separation curves are verified, the rigidity of the clot is replaced with a deformable 
material property to observe the interaction between the realistic clots and vessel wall. This is accomplished 
by utilizing the hyper foam model, which has been found to resemble the characteristics of the whole blood 
clot analogue in my previous work (Table 4.)(Ling, 2023).  

Table 4. The parameter coefficients of the hyper foam model which mimics the behaviour of a whole 
blood clot analogue (Ling, 2023) 

Coefficient Value 
P1 0.0043 (MPa) 
D1 6.9409 
Q1 0.1778 
P2 0.0002 (MPa) 
D2 -0.2094 
Q2 0.35 

In terms of the simulation settings, unit square clots are adopted, while the vessel wall is assumed to be 
rigid. The element type of plane stress is adopted once again. Moreover, the rigid vessel wall remains fixed 
while a displacement is applied to the entire bottom or the entire left side (as shown in Figure 15.). The 
purpose is to examine the traction-separation behaviour in both the shear and normal directions. As for the 
cohesive behaviour, it is assumed that the stiffness of the cohesive zone, K, is 0.02 MPa/mm, which is 
approximately ten times higher than the stiffness of the underlying elements. Regarding the damage 
initiation and evolution criteria, as specific values are not available in current literature, the simulations 
adopt the damage initiation criteria based on the assumptions made in (Fereidoonnezhad, Dwivedi, et al., 
2021) as a starting point. Furthermore, due to the unknown value of the fracture energy of the clot-vessel 
interface, the fracture energy of the clot itself, as shown in Table 5. (Fereidoonnezhad, Dwivedi, et al., 
2021),is utilized instead. 

Table 5. The damage criteria of the whole blood clot analogue (Fereidoonnezhad, Dwivedi, et al., 2021) 

Clot composition 40% H (hematocrit) 
Damage initiation Maximum stress = 0.01 MPa 
Damage evolution Fracture energy = 0.00744 

N/mm 
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CZ stiffness 0.02 MPa/mm 

Subsequently, the mesh sensitivity is executed firstly and following simulations are conducted. To avoid 
interference from stresses in other directions, we collect the traction stress and displacement data at the 
right-bottom node for the shear displacement case, and at the node in the middle of the right side for the 
normal displacement case. The relationship between traction-separation curves and elements is presented 
to identify the desirable mesh density.  

For the next step, parameter studies of damage initiation and evolution are executed to determine the impact. 
To be more specific, each parameter is individually modified according to Table 6., and the resulting 
reaction force-displacement curve is compared with the original curve. By performing these studies, the 
influence of maximum stress, CZ stiffness, and fracture energy are identified. 

Table 6. Parameter study plan for the cohesive and damage behaviours in the cohesive zone. The 
coefficients are adopted when modeling the interaction between deformable clots and rigid vessel walls to 

examine the influence of each parameter. 

Damage initiation Fracture energy CZ stiffness, K 
Maxs = 0.01 MPa (default) 0.00744 N/mm (default) 0.02 MPa/mm (default) 
Maxs = 0.012 MPa 0.008 N/mm 0.043 MPa/mm 
Maxs = 0.008 MPa 0.005 N/mm 0.015 MPa /mm 

To take the analysis one step further, the material model is replaced with the anisotropic bilinear model 
(Table 7.), which is suitable for three-dimensional elements with anisotropic properties, such as fibers. In 
this case, the element type is set to axisymmetric. Also, an additional boundary condition, symmetry in 
the X direction, is added to simulate real-world scenarios. Furthermore, the displacement is applied only 
to the bottom side of the clot due to the nature of axisymmetric models. The model is demonstrated in 
Figure 16. 

Table 7. The material parameters of 40%H clot analogues in the anisotropic bilinear model 
(Fereidoonnezhad, Dwivedi, et al., 2021) 

Clot composition 40% H (hematocrit) 
𝐷ଵ௠ 0.55 
𝐷ଶ௠ 0.65 
𝐸ଵ௠ 2e-5 
𝐸ଶ௠ 0.008 
𝐷ଵ௙ 0.001 
𝐷ଶ௙ 0.003 
𝐸ଵ௙ 0.03 
𝐸ଶ௙ 0.032 
𝐷ଵ௩ 0.014 
𝐷ଶ௩ 0.022 
𝜅ଵ 0.002 
𝜅ଶ 0.006 
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Figure 16. Illustration of the simple axis-symmetric simulation consisting of a unit square clot (the blue 
square) with anisotropic bilinear material model and a rigid vessel wall (the blue line in the right). An 
x-symmetric boundary condition is applied to the left side of the clot and a displacement is applied to 

the clot bottom. The vessel wall is fixed. 

In terms of the cohesive and damage behavior of the cohesive zone, the parameters listed in Table 5. are 
utilized once again. Moreover, a mesh sensitivity analysis is conducted to determine the relationship 
between traction-displacement curves and the number of elements, in order to identify the optimal mesh 
density. Subsequently, parameter studies are conducted to investigate the impact of damage initiation and 
evolution coefficients, as specified in Table 6. By comparing the resulting traction-separation curves with 
the original curve, the impact of maximum stress, cohesive zone stiffness, and fracture energy can be 
evaluated. 
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2.4. Numerical modeling of aspiration thrombectomy 
Once the appropriate constitutive model for clot with varying compositions and CZM method are identified 
and validated, the in-silico aspiration thrombectomy model can be created accordingly to investigate the 
performance of different suction catheter designs. 

First of all, a parameter study is conducted to investigate the impact of clot size on the procedure using 
typical diameters of internal carotid artery (ICA) and middle cerebral artery (MCA) (Rai et al., 2013). The 
study focuses on modifying the ratio of the clot dimensions (diameter and length) to the catheter diameter 
while applying a suction pressure of 0.02 MPa to the clot bottom. The resulting deformation at the center 
of the clot bottom are collected to evaluate how the clot size influences the aspiration process. 

In terms of the geometry, only the clot and the catheter are incorporated into the model to simplify the 
calculation, and the clot is assumed to be a cylinder. As for the catheter specifications, the dimensions of 
Penumbra 5MAX (Table 8.)(Penumbra Inc., Alameda, CA, USA) is utilized. Thus, an axisymmetric model 
is utilized, and a x-symmetric boundary condition is applied. Besides, the element type of axis-symmetric 
element is adopted for the clot. In addition, the catheter tip is in direct contact with the clot and the contact 
property between the clot and the catheter is defined as frictionless, hard contact to simplify the simulation. 
The model is demonstrated in Figure 17. 

 
Figure 17. The model for the parameter study of in the aspiration thrombectomy simulation. The blue 

square represents the clot and the frame consisting of blue line represents the catheter. A boundary 
condition of x-symmetricity is applied to the left side of the clot and a suction pressure of 0.02 MPa is 
applied to the clot bottom (area equals to the inner part of the catheter). The catheter is assumed to be 
rigid and fixed. The values of D/d and L/d are modified and the impact on deformation at the center of 

the clot bottom are recorded. 

D: clot diameter (mm) 
L: clot length (mm) 
d: catheter diameter (mm) 

 

D L 

d 
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Table 8. The dimensions of the catheter used for simulation in this thesis 

Distal outer diameter 1.67 mm 
Distal inner diameter 1.37 mm 
Length 8 mm 

In relation to the material parameters, the anisotropic bilinear model is adopted to model different types of 
clots with different compositions ranging from low fibrin/high red blood cell (RBC) to high fibrin/low RBC. 
The material coefficients for these clots are obtained from the work of (Fereidoonnezhad, Dwivedi, et al., 
2021) and the details are presented in Table 9. In the simulation, the softest (40%H) and the toughest (5%H) 
clot are examined.  

Table 9. Material parameters of anisotropic bilinear model for three different clot analogues 
(Fereidoonnezhad, Dwivedi, et al., 2021). %H stands for the percentage of Hematocrit.  

Clot composition 40% H (hematocrit) 20% H 5% H 
𝐷ଵ௠ 0.55 0.35 0.4 
𝐷ଶ௠ 0.65 0.45 0.55 
𝐸ଵ௠ 2e-5 2e-5 5e-5 
𝐸ଶ௠ 0.008 0.006 0.02 
𝐷ଵ௙ 0.001 0.01 0.01 
𝐷ଶ௙ 0.003 0.015 0.02 
𝐸ଵ௙ 0.03 0.085 0.065 
𝐸ଶ௙ 0.032 0.095 0.15 
𝐷ଵ௩ 0.014 0.015 0.015 
𝐷ଶ௩ 0.022 0.025 0.025 
𝜅ଵ 0.002 0.004 0.004 
𝜅ଶ 0.006 0.006 0.006 

 
Subsequently, the vessel wall is included into the model to mimic the medical practice. The artery is 
assumed to have a rigid behavior (Good et al., 2020). Subsequently, the clot-vessel interface is modeled as 
a cohesive zone with implemented criteria for damage initiation and evolution. As specific cohesive and 
damage parameters are not available in current literature, the objective is to investigate the impact of 
damage initiation criterion, fracture energy, and cohesive stiffness. Similar to section 2.3, the damage 
criteria in (Table 10.) (Fereidoonnezhad, Dwivedi, et al., 2021) serve as a starting point. 

Table 10. The damage initiation and evolution criteria for clots with different compositions 
(Fereidoonnezhad, Dwivedi, et al., 2021) 

Clot composition 40% H 20% H 5% H 
Damage initiation Maximum stress = 0.01 

MPa 
Maximum stress = 
0.025 MPa 

Maximum stress = 
0.045 MPa 

Damage evolution Fracture energy = 
0.00744 N/mm 

Fracture energy = 
0.0170 N/mm 

Fracture energy = 
0.0219 N/mm 

CZ stiffness 0.3 MPa/mm 0.85 MPa/mm 0.65 MPa/mm 
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The geometries of the clot and artery are simplified as cylindrical shapes, with the clot resembling a cylinder 
and the artery resembling a hollow tube. Thus, an axis-symmetric model is selected the element type of 
axis-symmetric element is adopted for the clot.  For clot diameter, a value of 2.74 mm is chosen since it is 
approximately the typical diameter of the M1 segment of the middle cerebral artery (MCA) (Oyekole et al., 
2021) and precisely twice of the inner diameter of the Penumbra 5MAX reperfusion catheter. In terms of 
clot length, a value according to result of the last parameter study (Figure 17.) is utilized. 

In addition to the Penumbra 5MAX catheter, a catheter with a larger inner diameter (as determined by the 
parameter study shown in Figure 17.) is used to assess the potential improvement in performance. That is 
because, larger suction diameter can deliver suction forces close to the clot-vessel interface and has been 
recommended in multiple studies (Chitsaz et al., 2018; Hu & Stiefel, 2016; Talayero et al., 2019; Talayero 
et al., 2020). Therefore, it may have the potential to improve clinical outcomes. The resulting deformation 
at the center of the clot bottom are collected to evaluate how the CZM coefficients influence the aspiration 
process. Different scenarios, including adopting clot damage criteria, reduced maximum nominal stress, 
and decreased fracture energy are examined. The values in (Fereidoonnezhad, Dwivedi, et al., 2021) once 
again provides a starting point. 

Regarding the rest settings and boundary conditions, the catheter tip is in direct contact with the clot and 
the interaction between the clot and catheter is defined as frictionless and hard contact. Moreover, an 
aspiration pressure of 0.02 MPa is applied to the clot bottom and the suction area is equal to the inner area 
of the catheter. The model is demonstrated in Figure 18. Finally, both the softest (40%H) and the toughest 
(5%H) clot are examined (Table 9.). 

 
Figure 18. The model for parameter study of CZM coefficients in the aspiration thrombectomy 

simulation. The blue square represents the clot and the frame consisting of blue line represents the 
catheter. The vessel wall (the blue line in the right) is included and both the vessel wall and the 

catheter are assumed to be rigid and fixed. A boundary condition of x-symmetricity is applied to the left 
side of the clot and a suction pressure of 0.02 MPa is applied to the clot bottom (area equals to the 

inner part of the catheter). The values of CZM coefficients and d are changed to observe the impact of 
the parameters. d: catheter diameter (mm) 

 
2.5. Proposing a new catheter design 

d
x 
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A larger catheter tip can be achieved by incorporating an expendable stent with a cover, extending over the 
catheter tip. This approach allows for enlarging the diameter of the catheter tip while mitigating navigation 
difficulties. Therefore, a final parameter study is conducted to identify the optimal design of the catheter 
and the stent. 

Specifically, the distances between the location where the stent starts to extend and the clot (L1), as well as 
the distance between the clot and the location where the stent turns straight (L2), are modified to optimize 
the dimensions of the catheter and stent. To elaborate, the simulations involve varying L1 values of 4, 5, 
and 6 mm, while keeping L2 at 3 mm. Additionally, scenarios with L2 values of 2, 3, and 4 mm, while 
maintaining L1 at 5 mm, will also be executed. The CZM parameters are chosen based on the results of the 
last parameter study (Figure 18.). The remaining settings and boundary conditions adopt the same values 
as shown in Figure 18. The model for this catheter design study is presented in Figure 19. Once again, the 
resulting deformation at the center of the clot bottom are collected to evaluate how the CZM coefficients 
influence the aspiration process. 

 
Figure 19. The model for parameter study of catheter and stent design in the aspiration thrombectomy 

simulation. The blue square represents the clot and the frame consisting of blue line represents the 
catheter. The vessel wall (the blue line in the right) is included and both the vessel wall and the 

catheter are assumed to be rigid and fixed. A boundary condition of x-symmetricity is applied to the left 
side of the clot and a suction pressure of 0.02 MPa is applied to the clot bottom (area equals to the 

inner part of the catheter). The values of L1 and L2 are changed to observe the impact of the 
parameters. 

L1: the distance between the location where the stent starts to extend and the clot 
L2: the distance between the clot and the location where the stent turns straight 

  

L1 

L2 
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Chapter 3. Results 
 
3.1. Parameter study of the material model and the fitting result 
In this section, the results of parameter study and parameter identification for the anisotropic bilinear model 
are presented. Some typical parameters are chosen as baseline parameters (Table 11.) Next, each parameter 
is modified by both increasing and decreasing its value, and then assigned as the material model for the 
deformation test simulation of the unit cube in Abaqus. Subsequently, the according stress-strain curves are 
plotted and compared to the curve obtained from the original parameter set. The resulting plots are shown 
in Figure 20. 

Table 11. Baseline parameters for the parameter study and parameter identification for the anisotropic 
bilinear model 

𝐷ଵ௠ 0.1 
𝐷ଶ௠ 0.4 
𝐸ଵ௠ 5e-5 
𝐸ଶ௠ 0.003 
𝐷ଵ௩ 0.27 
𝐷ଶ௩ 0.8 
𝜅ଵ 0.0015 
𝜅ଶ 0.06 

𝐷ଵ௙ 0.08 
𝐷ଶ௙ 0.016 
𝐸ଵ௙ 0.2 
𝐸ଶ௙ 0.4 
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Figure 20. The influence of each parameter to the stress-strain curve in the anisotropic bilinear model 

Thus, the influence of ethe coefficients are determined. For instance, E2f, D1f, and D2f have a significant 
effect on the tension regime, while D1v, D2v, 𝜅ଵ, and 𝜅ଶ have a greater impact on the compression regime. 
Moreover, E1m, E2m, and E1f have a substantial influence on both the tension and compression regimes 
largely. On the other hand, the influence of D1m and D2m are relatively insignificant. 

With the information, the output stress-strain curve is predicted and controlled when adjusting the 
parameters. Consequently, the optimized parameter set which matches the experimental data is obtained 
and shown in Figure 21 and Table 12. 

 
Figure 21. Capability of the anisotropic bilinear model (Fereidoonnezhad, Dwivedi, et al., 2021; 

Fereidoonnezhad, Moerman, et al., 2021; Fereidoonnezhad et al., 2020) to replicate the experimental 
data of compression and tensile tests for whole blood clot analogues.  

 
Table 12. The parameter set of the optimal anisotropic bilinear model (Fereidoonnezhad, Dwivedi, et al., 

2021; Fereidoonnezhad, Moerman, et al., 2021; Fereidoonnezhad et al., 2020) to replicate the 
experimental data of compression and tensile tests for whole blood clot analogues. 
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𝐷ଵ௠ 0.1 
𝐷ଶ௠ 0.4 
𝐸ଵ௠ 5e-5 
𝐸ଶ௠ 0.003 
𝐷ଵ௩ 0.27 
𝐷ଶ௩ 0.8 
𝜅ଵ 0.0015 
𝜅ଶ 0.06 

𝐷ଵ௙ 0.08 
𝐷ଶ௙ 0.016 
𝐸ଵ௙ 0.2 
𝐸ଶ௙ 0.4 
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3.2. Validation of the material model 
Once the optimal anisotropic bilinear model is identified, the material parameters are assigned to the 
numerical clot analogue (as depicted in Figure 13.). Next, the tensile simulation is performed and the results 
are presented to compare with the experimental data. Initially, a mesh sensitivity study is conducted to 
determine the relationship between maximum principal stress and mesh density. The findings are presented 
in Figure 22, Figure 23 and Table 13. 

 
Figure 22. The location of the maximum principal stress occurrence in the tensile simulations for the 
mesh sensitivity study to identify optimal mesh density. The simulation is used to validate the optimal 
isotropic bilinear model (Fereidoonnezhad, Dwivedi, et al., 2021; Fereidoonnezhad, Moerman, et al., 

2021; Fereidoonnezhad et al., 2020). 
 

 
Figure 23. The relationship between elements and maximum principal stress in the tensile simulations 
for the mesh sensitivity study to identify optimal mesh density. The simulation is used to validate the 
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optimal isotropic bilinear model (Fereidoonnezhad, Dwivedi, et al., 2021; Fereidoonnezhad, Moerman, 
et al., 2021; Fereidoonnezhad et al., 2020). 

Table 13. The relationship between elements, max. principal stress and computational time in the tensile 
simulations for the mesh sensitivity study to identify optimal mesh density. The simulation is used to 

validate the optimal isotropic bilinear model (Fereidoonnezhad, Dwivedi, et al., 2021; Fereidoonnezhad, 
Moerman, et al., 2021; Fereidoonnezhad et al., 2020). 

Elements Max. principal stress Computational time 
5193 0.2368 33 mins 
7030 0.2531 44 mins 
11172 0.2582 1 hr 6 mins 
17034 0.2618 2 hr 10 mins 
33643 0.274 4 hr 15 mins 
63525 0.2829 8 hr 20 mins 
84157 0.2847 11 hr 6 mins 

The location of the maximum principal stress remains consistent across different mesh densities, as depicted 
in Figure 22. In addition, the value of the maximum principal stress appears to converge as the number of 
elements increases. Moreover, by taking the computational time into consideration, the element number of 
33643 is selected since it provides a good accuracy in a relatively short period. 

Therefore, a comparison can be made between the results of the in-silico model and experimental data. To 
begin with, the total reaction force of the in-silico model is collected and multiplied by a factor of two since 
only half of the clot was modeled. This enables the determination of the force-displacement curve, 
considering the known strain rate of 10%. Furthermore, the force-displacement curve of the experiment is 
plotted in the same figure, allowing for a visual comparison of the differences within the 0-65% elongation 
range. The trends of the two curves are similar, however, a notable deviation is evident between the 
computational simulation and the in-vitro tensile experiment (Figure 24). 
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Figure 24. The comparison in terms of force-displacement curves of the tensile experiment and the 
numerical simulation to validate the anisotropic bilinear material model(Fereidoonnezhad, Dwivedi, et 

al., 2021; Fereidoonnezhad, Moerman, et al., 2021; Fereidoonnezhad et al., 2020).  

Subsequently, screenshots of the simulation and experimental shapes at 0%, 25%, 45%, and 65% tension 
(corresponding to 0, 2.5, 4.5, and 6.5 seconds) are taken. Next, xyExtract is used to digitize the screenshots 
to acquire the coordinate data of the outlines. The coordinate data obtained is utilized by MATLAB to plot 
the shapes at the same tension in a single figure for the purpose of comparison (Figure 25).  
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Figure 25. The comparison of shape changing processes between the tensile experiment and the tensile 
simulation to validate the anisotropic bilinear material model(Fereidoonnezhad, Dwivedi, et al., 2021; 

Fereidoonnezhad, Moerman, et al., 2021; Fereidoonnezhad et al., 2020). 

According to the comparison, an obvious deviation is observed and the anisotropic bilinear model exhibits 
a greater shrinkage compared the tensile experiment, particularly at both the right and left sides.  
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3.3. Traction-separation curve study 
The simulation results of modeling rigid clots and vessel wall are shown. The traction-separation curves 
obtained from each case are collected and presented in Figure 26., aligning with the settings specified in 
Table 3. The fracture energy values, calculated from the area under the curves, align with the predefined 
settings as well. 

Case 1: 

 

Case 2: 

 

Case 3: 

 

Case 4: 
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Case 5: 

 

Case 6: 

 

Case 7: 

 

Case 8: 

 

Figure 26. The resulting traction-separation curves of the simulations which validate the cohesive and 
damage behaviour in Abaqus using rigid clots and vessel wall 

Upon replacing the clot material with the hyper foam model (Table 4.), the mesh sensitivity studies show 
that the location of the maximum principal stress remains consistent irrespective of the mesh density (Figure 
27). Additionally, the resulting traction-separation curves exhibit complete similarity (Figure 28 and Figure 
29). 
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(a)  

(b) 

 
Figure 27. The location where the maximum principal stress occurs when (a) applying displacements 
in shear direction (b) applying displacements in normal direction to identify the optimal mesh density 

for CZM validation in Abaqus. The models consist of a hyper foam clot and a rigid vessel wall. 
 

 
Figure 28. The resulting traction-separation curves of simulations applying displacements in shear 

direction to the clot. The models consist of a hyper foam clot and a rigid vessel wall, and the interface 
is modeled as a cohesive zone. 
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Figure 29. The resulting traction-separation curves of simulations applying displacements in normal 

direction to the clot. The models consist of a hyper foam clot and a rigid vessel wall, and the interface 
is modeled as a cohesive zone. 

To visualize the stress and deformation distribution more effectively, the simulation is conducted with a 
chosen element number of 1600 (mesh density = 0.025 mm) for further analyses. Next, the parameter 
studies are performed for the maximum stress, fracture energy, and cohesive stiffness. The resulting curves 
obtained from these studies are identical to the predefined parameters listed in Table 6. Moreover, the areas 
under the curves align with the predefined fracture energy values. In addition, it is observed that when the 
K value is excessively high or the maximum stress is too low, the traction stress can exceed the predefined 
maximum stress (the damage initiation criterion). The resulting curves are presented in Figure 30 and 
Figure 31. 
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Figure 30. The resulting traction-separation curves in the cohesive interface when applying shear 

displacements to the hyper foam clot to study the influence of different damage parameters. The models 
consist of a hyper foam clot and a rigid vessel wall, and the interface is modeled as a cohesive zone.  

Parameters which are not specified are identical to the default values in Table 6. 
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Figure 31. The resulting traction-separation curves in the cohesive interface when applying normal 

displacements to the hyper foam clot to study the influence of different damage parameters. The models 
consist of a hyper foam clot and a rigid vessel wall, and the interface is modeled as a cohesive zone.  

Parameters which are not specified are identical to the default values in Table 6. 

Subsequently, the clot material is replaced with the anisotropic bilinear model (Table 7.). Once again, the 
mesh sensitivity studies indicate that the location of the maximum principal stress remains consistent 
regardless of the mesh density (Figure 32). Moreover, the resulting traction-separation curves are 
completely identical (Figure 33). 

 
Figure 32. The location where the maximum principal stress occurs when applying displacements in 
shear direction in the axisymmetric model to identify the optimal mesh density for CZM validation in 
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Abaqus. The models consist of an anisotropic bilinear clot (Fereidoonnezhad, Dwivedi, et al., 2021; 
Fereidoonnezhad, Moerman, et al., 2021; Fereidoonnezhad et al., 2020) and a rigid vessel wall. 

 

 
Figure 33. The resulting traction-separation curves of simulations applying displacements in shear 

direction to the clot in the axisymmetric model. The models consist of a anisotropic bilinear clot 
(Fereidoonnezhad, Dwivedi, et al., 2021; Fereidoonnezhad, Moerman, et al., 2021; Fereidoonnezhad 

et al., 2020) and a rigid vessel wall, and the interface is modeled as a cohesive zone.  

For the same reason, the element number of 1600 (mesh density = 0.025 mm)  is selected for further 
analyses. The subsequent parameter studies investigate the effects of maximum stress, fracture energy, and 
cohesive stiffness. The resulting curves obtained from these studies closely match the predefined parameters 
outlined in Table 6. Furthermore, the areas under the curves align with the predetermined fracture energy 
values. It is worth noting that in cases where the cohesive stiffness (K value) is excessively high or the 
maximum stress is too low, the traction stress may surpass the predefined maximum stress (the damage 
initiation criterion). The resulting curves are shown in Figure 34. 
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Figure 34. The resulting traction-separation curves in the cohesive interface when applying shear 

displacements to the anisotropic bilinear clot to study the influence of different damage parameters. 
The models consist of an isotropic bilinear clot (Fereidoonnezhad, Dwivedi, et al., 2021; 

Fereidoonnezhad, Moerman, et al., 2021; Fereidoonnezhad et al., 2020) and a rigid vessel wall, and 
the interface is modeled as a cohesive zone.  Parameters which are not specified are identical to the 

default values in  Table 6. 
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3.4. Aspiration thrombectomy simulations 
A mesh sensitivity analysis using 40%H clot was conducted to determine the relationship between the 
displacement at the center of the clot bottom and the number of elements. The maximum principal stress is 
consistently found at the same location, regardless of mesh density (Figure 35.), and displacement tends to 
stabilize (Figure 36). As a result, a mesh density of 0.02 mm (4692 elements) is chosen. 

  
Figure 35. The outcome of the simulation using a 40%H clot in the mesh sensitivity study for the 

parameter study of clot dimensions. The zoom-in view (right) shows where the max. principal stress 
occurs 

 
 

 
Figure 36. The relationship between the deformation at the clot bottom center and the mesh density in 
the mesh sensitivity study for the parameter study of clot dimensions. The clot composition is 40%H.  

 
In the 40%H clot cases, the entire clot is aspirated into the aspiration catheter when the ratio D/d (clot 
diameter divided by catheter diameter) was less than 1.1. However, when D/d is increased to greater than 
1.1 and lower than 1.8, the clot models experienced tremendous compression and self-contact, leading to 
convergence issues in the simulations. As a result, the relationship between the clot diameter and the 
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displacement at the clot bottom center could only be plotted when D/d ≥ 1.8. The relationship is shown in 
Figure 37. 
 

 
Figure 37. The relationship between the deformation at the clot bottom center and the clot diameter 
when a suction pressure of 0.02 MPa is applied. The clot composition is 40%H (All the values are 

divided by the catheter diameter to make them dimensionless). The clot length was set to be twice as 
that of the catheter diameter. 

As for the influence of the clot length, the clot models again suffer significant compression, self-contact, 
and leads to converge issues when the ratio L/d (clot length divided by catheter diameter) was less than 1. 
Thus, meaningful results regarding the relationship between the clot diameter and the displacement at the 
clot bottom center could only be obtained when L/d ≥ 1. The relationship is shown in Figure 38. 

 
Figure 38. The relationship between the deformation at the clot bottom center and the clot length when 
a suction pressure of 0.02 MPa is applied. The clot composition is 40%H (All the values are divided by 
the catheter diameter to make them dimensionless). The clot diameter was set to be twice as that of the 

catheter diameter. 
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Furthermore, in the 5%H clot cases, the entire clot is aspirated into the aspiration catheter when the ratio 
D/d was less than 1.1. Nonetheless, when D/d was increased to greater than 1.1 and lower than 1.7, the 
converge issues of enormous compression and self-contact occurred. In conclusion, the relationship 
between the clot diameter and the displacement at the clot bottom center could only be plotted when D/d ≥ 
1.7. The relationship is shown in Figure 39. 

 
Figure 39. The relationship between the deformation at the clot bottom center and the clot diameter 

when a suction pressure of 0.02 MPa is applied. The clot composition is 5%H (All the values are 
divided by the catheter diameter to make them dimensionless). The clot length was set to be twice as 

that of the catheter diameter. 

In terms of the clot length, the clot models once again suffer the identical converge issues when the ratio 
L/d was less than 1. Thus, meaningful results regarding the relationship between the clot diameter and the 
displacement at the clot bottom center could only be obtained when L/d ≥ 1. The relationship is shown in 
Figure 40. 

 
Figure 40. The relationship between the deformation at the clot bottom center and the clot length when 
a suction pressure of 0.02 MPa is applied. The clot composition is 5%H (All the values are divided by 
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the catheter diameter to make them dimensionless). The clot diameter was set to be twice as that of the 
catheter diameter. 

Additionally, as depicted in Figure 41. And Figure 42., it is evident that stress and strain levels remain 
notably low in the outer and distal sections of the clot. This implies that these areas are minimally influenced 
by aspiration and have little impact on the deformation. 

 

 
Figure 41. The distribution of max. principal stress (top) and max. principal strain (bottom) for D/d=4 
in 40%H clot case. The deformation and stress level at the outer part of the clot is significantly lower 

than the inner part which closes to the catheter 
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Figure 42. The distribution of max. principal stress (left) and max. principal strain (right) for L/d=2 in 

40%H clot case. The deformation and stress level at the outer part of the clot is significantly lower 
than the inner part which closes to the catheter 

Following that, a parameter study of the CZM coefficients in the aspiration simulation, along with the rigid 
vessel wall, was conducted. For all cases, except when D = 2.74 mm and d = 1.37 mm, a larger catheter 
with an inner diameter of 2.62 mm was incorporated, as the clot is entirely aspirated when D/d < 1.1. As 
for the clot length, a value four times that of the original catheter diameter was utilized. This decision was 
based on the average clot length being approximately 12.0 mm (Consoli et al., 2018), and a length greater 
than four times the catheter diameter did not significantly affect the performance, as illustrated in Figure 
38. and Figure 40. 

In the case of D/d = 2, four distinct scenarios are investigated: (i) adopting damage criteria for clots 
(Fereidoonnezhad, Dwivedi, et al., 2021), (ii) reduced maximum nominal stress, (iii) decreased fracture 
energy, and (iv) reduced maximum nominal stress combined with decreased fracture energy. The simulation 
configurations and results are listed and shown in Table 14.,Table 15., Figure 43., and Figure 44. 

Table 14. The simulation configurations, results in terms of the displacement at the clot bottom center, 
and notes for D/d=2 in CZ parameter study of aspiration simulation for 40%H clot case 

Damage initiation 
criterion 

Fracture energy 
(N/mm) 

The displacement at the center of 
the clot bottom, divided by d 
(1.37 mm) 

Note 

maxs = 0.01 MPa 0.00744 1.097 The damage criteria for 
the clot itself 

maxs = 0.0015 MPa 0.00744 1.098 Little damage in CZ 
(0-3.5%) 

maxs = 0.01 MPa 0.00006 1.097 No damage in CZ 
maxs = 0.0015 MPa 0.00006 1.253 CZ fully damaged 
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Figure 43. The displacements at the clot bottom center for different simulation scenarios for D/d=2 in 

CZ parameter study of aspiration simulation for 40%H clot case 
 

Table 15. The simulation configurations, results in terms of the displacement at the clot bottom center, 
and notes for D/d=2 in CZ parameter study of aspiration simulation for 5%H clot case 

Damage initiation 
criterion 

Fracture energy 
(N/mm) 

The displacement at the center of 
the clot bottom, divided by d 
(1.37 mm) 

Note 

maxs = 0.045 MPa 0.0219 0.4292 The damage criteria for 
the clot itself 

maxs = 0.002 MPa 0.0219 0.4292 Little damage in CZ (0-
0.7%) 

maxs = 0.045 MPa 0.00011 0.4292 No damage in CZ 
maxs = 0.002 MPa 0.00011 0.5646 CZ fully damaged 
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Figure 44. The displacements at the clot bottom center for different simulation scenarios for D/d=2 in 

CZ parameter study of aspiration simulation for 5%H clot case 

Consequently, solely decreasing either the maximum nominal stress or the fracture energy does not lead to 
the evolution of damage in the cohesive zone or an increase in displacement at the center of the clot bottom. 
It is essential to decrease both the damage initiation criterion and the fracture energy to facilitate clot 
separation. Nevertheless, even with the decrease in both criteria, the clot remains unextracted despite the 
full damage to the cohesive zone. 

Hence, for the case of catheter diameter = 2.62 mm, only two scenarios are examined: the clot damage 
criteria and the reduction of both criteria. The setups and outcomes are presented in Table 16. and Table 17. 

Table 16. The simulation configurations, results in terms of the displacement at the clot bottom center, 
and notes for large catheter case in CZ parameter study of aspiration simulation for 40%H clot case 

Damage initiation 
criterion 

Fracture energy 
(N/mm) 

The displacement at the 
center of the clot bottom, 
divided by d (2.62 mm) 

Note 

maxs = 0.01 MPa 0.00744 0.9107 1. The damage 
criteria for the clot 
itself 

2. No damage in CZ 
maxs = 0.0015 MPa 0.00006 Whole clot aspirated  

Table 17. The simulation configurations, results in terms of the displacement at the clot bottom center, 
and notes for large catheter case in CZ parameter study of aspiration simulation for 5%H clot case 

Damage initiation 
criterion 

Fracture energy 
(N/mm) 

The displacement at the 
center of the clot bottom, 
divided by d (2.62 mm) 

Note 
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maxs = 0.01 MPa 0.0219 0.3161 1. The damage 
criteria for the clot 
itself 

2. No damage in CZ 
maxs = 0.002 MPa 0.00011 Whole clot aspirated  

As a result, the thrombi can be entirely aspirated using the CZ coefficients outlined in Table 16. for the 
40%H clot and Table 17 for 5%H clot. Therefore, for the parameter study of L1 and L2, these parameters 
are utilized in cohesive zone modeling.  
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3.5. Proposing a new catheter design 

Subsequently, the analysis of L1 and L2 parameters, which correspond to the catheter and stent design, is 
conducted and the results are presented in this section. In simulations involving the 5%H clot, it is evident 
that all thrombi detach from the vessel wall and completely enter the catheter simultaneously, irrespective 
of the specific values assigned to L1 and L2. This pattern is consistently observed in scenarios involving the 
40%H clot as well. Two examples are illustrated in Figure 45. and Figure 46. 

    
Figure 45. The aspiration process (from the left to the right, the distribution of deformation is shown) 
of 5%H clot when L1 = 5 mm and L2 = 2 mm. The deformation and separation start in parallel. Next, 
the clot separates from the vessel wall completely and enters the catheter. 

 

    
Figure 46. The aspiration process (from the left to the right, the distribution of deformation is shown) 
of 5%H clot when L1 = 5 mm and L2 = 3 mm. The deformation and separation start in parallel. Next, 
the clot separates from the vessel wall completely and enters the catheter. 
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Chapter 4. Discussion and Limitation 
 
In this study, we investigated the capability of the anisotropic bilinear model, a hyper-elastic model, to 
replicate the mechanical behaviour of blood clots in tensile and compressive loadings. The model provides 
flexibility for users to adjust the stress-strain curve, enabling a precise alignment with the experimental data. 
However, notable deviations become evident when attempting to predict the behavior, including 
deformation and force-displacement curves, of another clot analogue in a tensile test. This variance could 
potentially be attributed to inconsistent clot sample thickness resulting from contraction during the 
production process. Consequently, such difference in thickness between the actual sample and numerical 
model could contribute to the observed deviations. Furthermore, the considerable heterogeneity in human 
clots, as documented in various studies (Chueh et al., 2011; Staessens & De Meyer, 2021), may significantly 
vary among patients and even within the same clot (Alkarithi et al., 2021; Liu et al., 2020). Therefore, 
distinct properties between the computational clot and the experimental clot might contribute to the 
observed differences. To obtain an optimal material parameter set, it is essential to carry out predictions 
based on a series of in-vivo experiments. 

Following that, recognizing the significance of the clot-vessel interface, we utilized cohesive zone modeling 
(Good et al., 2020; Oyekole et al., 2021) to simulate the interface computationally. We carried out validation 
studies for rigid, hyper foam, and anisotropic bilinear clots with a rigid vessel wall to demonstrate Abaqus' 
ability to incorporate predetermined parameters, including CZ stiffness, damage initiation criteria, and 
fracture energy, into the cohesive zone. Generally, these models accurately capture CZ characteristics when 
simulating the interaction between a rigid vessel wall and a clot. Nonetheless, a specific scenario was 
observed where the traction exceeds the maximum nominal stress. This phenomenon is attributed to an 
increased CZ stiffness causing the cohesive interface to resist separation more strongly. As a result, this 
leads to a tighter connection between the clot and the vessel, resulting in elevated tractions even beyond the 
point where the damage should initiate. This observation emphasizes the need for cautious selection of CZ 
coefficients to prevent unintended phenomena. 

The analysis of clot dimensions shows that the suction pressure exerted by the catheter affects smaller clots 
more significantly. In contrast, enlarging the clot diameter or length results in a reduction of displacement 
at the center of the clot bottom. Furthermore, the trends indicate the presence of specific thresholds beyond 
which increasing the dimensions no longer affects the displacement. Which means that larger clots 
demonstrate low sensitivity to the suction pressure, particularly in their outer and distal regions. In other 
words, these parts of the clot contribute little to the deformation induced by aspiration. Consequently, 
increasing the catheter diameter results in more substantial deformation, potentially enabling complete clot 
removal. This observation is further validated by incorporating the vessel wall. In the study, challenges in 
clot extraction emerge when the clot diameter-to-catheter diameter ratio equals two. On the other hand, a 
decrease in this ratio (as exemplified by a catheter diameter of 2.62 mm and a clot diameter of 2.74 mm) 
enables the complete removal of the clot in a single attempt. However, this achievement is contingent upon 
the damage criteria of the interface being substantially lower than that of the clot when the aspiration 
pressure is 0.02 MPa. The outcomes suggest that a strategy for improving clot removal in medical practice 
involves the increase the catheter diameter. This approach aligns with the observed trends in the research 



 59 

(Chitsaz et al., 2018; Hu & Stiefel, 2016), where larger catheter diameters enable the aspiration catheter to 
target a wider region of the clot and deliver suction force close to the clot-vessel interface (Talayero et al., 
2019; Talayero et al., 2020). 

Therefore, the final phase of this project integrates an expandable stent to extend beyond the catheter tip. 
This approach expands the area of suction force application while avoiding navigation challenges during 
the medical practice. Exploring the optimization of this design reveals that as far as the aspiration area, clot 
size, and CZ parameters remain consistent, the gap between the catheter tip and the proximal face of the 
clot becomes unimportant. In addition, the specific location at which the stent reaches the desired diameter 
expansion does not influence the efficacy of aspiration. 

Regarding the limitations of the project, it is important to note that a suction pressure of 20 kPa was 
uniformly applied in all aspiration simulations to prevent significant deformation and convergence issues. 
However, in clinical applications, aspiration systems can apply negative pressures up to 98.9 kPa (as in the 
case of Penumbra) (Penumbra). Additionally, the clot fragmentation, crucial in aspiration thrombectomy, is 
not included in this study and should be explored in future research. Furthermore, the precise criteria 
governing damage initiation and evolution at the clot-vessel interface remain unknown. Moreover, the 
influence of the blood flow was not taken into consideration in the models. These factors could play 
important roles and exert substantial influence on the aspiration procedure. Therefore, incorporating these 
features into future simulation studies could provide intriguing insights. 
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Chapter 5. Conclusion 
 
The thesis includes a comprehensive exploration, encompassing the identification of an appropriate clot 
material model, the validation of this model, validation of the CZM implementation in Abaqus, a parameter 
study investigating the interplay between clot dimensions and catheter diameter ratios, and the formulation 
of computational models for aspiration thrombectomy. The aim of these studies is to optimize the design of 
catheters for the clot removal procedure. 

Through the simulations and experiments, it is demonstrated that the anisotropic bilinear model has the 
potentially replicate the clot behaviours, yet further experiments and predictions are required to obtain an 
optimal clot model. Additionally, Abaqus could precisely model the cohesive zone using predefined 
parameters, though it is important to pick these measurements carefully. Furthermore, the impact of clot 
dimensions is identified. Most important of all, the first-pass recanalization might potentially be 
accomplished through using an expandable stent in conjunction with an aspiration catheter. Notably, so 
long as the suction area in direct clot contact reaches a certain threshold, the distance between the catheter 
tip and the proximal face of the clot insignificantly affects clinical outcomes. Given the intricate nature of 
catheter positioning in medical practice, the practicality of these findings is noteworthy. Given the difficulty 
in accurately positioning the catheter tip during medical procedures, these findings are seen as applicable 
in real-world scenarios. Therefore, the objective is considered achieved. 

To improve the current simulation models, a crucial part is to integrate critical factors such as authentic 
aspiration pressure, clot fracture mechanics, and practical damage criteria for clot-vessel interface. These 
adjustments would lead the simulation closer to replicating real medical scenarios, yielding meaningful 
insights. Eventually, this thesis has established a groundwork for future research pursuits.  
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A. The MATLAB script for the parameter study for the anisotropic bilinear model 
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�GUDZQRZ� 

b) MPI_CompressionTest_2.m 
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B. The anisotropic bilinear model 
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C. The input file for the clot tensile simulation 
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��������������������������������������������������������������������������������
������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
�������������������������������������������������������������������������������
�������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
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������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
������������������������������������������������������������������������������
��������������������������������� 
���������������������������������������������������������������������������� 
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6XUIDFH��W\SH 12'(��QDPH 7RSB&16B��LQWHUQDO 
7RS���� 


�&RQVWUDLQW��&RQVWUDLQW�� 

&RXSOLQJ��FRQVWUDLQW�QDPH &RQVWUDLQW����UHI�QRGH 16(7�FRQWUROBSRLQW��
VXUIDFH 7RSB&16B 

.LQHPDWLF 

(QG�$VVHPEO\ 


� 


�0$7(5,$/6 


� 

0DWHULDO��QDPH 0DWHULDO�� 

'HSYDU 
�������� 

8VHU�0DWHULDO��FRQVWDQWV �� 
����������������H������������������������������������������� 
��������������������������������������������������������������� 
������������������������������� 


� 


�%281'$5<�&21',7,216 


� 


�1DPH��%RWWRP�7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 
%RWWRP��(1&$675( 


�1DPH��0LUURU�7\SH��'LVSODFHPHQW�5RWDWLRQ 

%RXQGDU\ 
0LGGOH3ODQH������ 
0LGGOH3ODQH������ 
0LGGOH3ODQH������ 
0LGGOH3ODQH������ 


�1DPH��7RS�7\SH��'LVSODFHPHQW�5RWDWLRQ 

%RXQGDU\ 
7RS������ 
7RS������ 
7RS������ 
7RS������ 
7RS������ 


����������������������������������������������������������������� 


� 


�67(3��6WHS�� 


� 

6WHS��QDPH 6WHS����QOJHRP <(6��LQF ������� 

6WDWLF��VWDELOL]H ��������DOOVGWRO ������FRQWLQXH 12 
������������H��������� 


� 


�%281'$5<�&21',7,216 


� 


�1DPH��7HQVLRQ�7\SH��'LVSODFHPHQW�5RWDWLRQ 

%RXQGDU\ 
16(7�FRQWUROBSRLQW����������� 


� 


�287387�5(48(676 


� 

5HVWDUW��ZULWH��IUHTXHQF\ � 


� 


�),(/'�287387��&RRUGLQDWH 


� 

2XWSXW��ILHOG��WLPH�LQWHUYDO ���� 
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1RGH�2XWSXW��QVHW 2XWOLQH 
&225'�� 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG��YDULDEOH 35(6(/(&7��WLPH�LQWHUYDO ���� 


� 


�+,6725<�287387��+�2XWSXW�� 


� 

2XWSXW��KLVWRU\��WLPH�LQWHUYDO ���� 

1RGH�2XWSXW��QVHW 7RS 
5)���5)���5)���50���50���50���57 

(QHUJ\�2XWSXW��HOVHW 7RS 
$//$(��$//&'��$//'0'��$//((��$//)'��$//,(��$//-'��$//.(��$//./��$//3'��$//4%��
$//6'��$//6(��$//9'��$//:.��(727$/ 

(QG�6WHS 
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D. The MATLAB script utilized to conduct the shape comparison 
�(QWHU�WKH�FRRUGLQDWH�GDWD�RI�WKH�H[SHULPHQW 
[BH >«@� 
\BH >«@� 
 
�(QWHU�WKH�FRRUGLQDWH�GDWD�RI�WKH�VLPXODWLRQ 
[BV >«@� 
\BV >«@� 
 
�3ORW�WKH�RXWOLQHV�LQ�WKH�VDPH�ILJXUH�DQG�DGG�OHJHQG��ODEHO��DQG�WLWOH 
SORW�;(��<(��
/LQH:LGWK
������ 
KROG�RQ 
JULG�RQ 
SORW�;6��<6��
/LQH:LGWK
������ 
WLWOH�
WLWOH�WH[W
� 
[ODEHO�
GLVSODFHPHQW��PP�
� 
\ODEHO�
GLVSODFHPHQW��PP�
� 
OHJHQG�
(;3
��
)($
�
/RFDWLRQ
�
HDVWRXWVLGH
� 
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E. The input file for the CZ study using rigid clots 
a) Applying displacement in the normal direction 

+HDGLQJ 


�-RE�QDPH��&=BQ�0RGHO�QDPH��&=BQ 


�*HQHUDWHG�E\��$EDTXV�&$(����� 

3UHSULQW��HFKR 12��PRGHO 12��KLVWRU\ 12��FRQWDFW 12 


 


�3$576 


 

3DUW��QDPH FORW 

1RGH 
����������������������������������� 
����������������������������������� 
����������������������������������� 
����������������������������������� 

(OHPHQW��W\SH &36� 
������������� 

1VHW��QVHW FORW��JHQHUDWH 
���������� 

(OVHW��HOVHW FORW 
��� 


�6HFWLRQ��6HFWLRQ�� 

6ROLG�6HFWLRQ��HOVHW FORW��PDWHULDO 0DWHULDO�� 
��� 

(QG�3DUW 


�� 

3DUW��QDPH YHVVHO 

(QG�3DUW 


�� 


 


�$66(0%/< 


 

$VVHPEO\��QDPH $VVHPEO\ 


�� 

,QVWDQFH��QDPH YHVVHO����SDUW YHVVHO 

6XUIDFH��W\SH 6(*0(176��QDPH 6XUI�YHVVHO 
67$57���������������������������� 
�/,1(���������������������������� 

(QG�,QVWDQFH 


�� 

,QVWDQFH��QDPH FORW����SDUW FORW 

(QG�,QVWDQFH 


�� 

1RGH 
������������������������������������������������� 

1VHW��QVHW FRXSOHGSRLQW��LQVWDQFH FORW�� 
��� 

1VHW��QVHW US 
��� 

1VHW��QVHW B3LFNHG6HW����LQWHUQDO 
��� 

(OVHW��HOVHW B6XUI�FORWB6���LQWHUQDO��LQVWDQFH FORW�� 
��� 

6XUIDFH��W\SH (/(0(17��QDPH 6XUI�FORW 
B6XUI�FORWB6���6� 

(OVHW��HOVHW BFORWBQRUB6���LQWHUQDO��LQVWDQFH FORW�� 
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��� 

6XUIDFH��W\SH (/(0(17��QDPH FORWBQRU 
BFORWBQRUB6���6� 


�&RQVWUDLQW��FRXSOHGSRLQW 

&RXSOLQJ��FRQVWUDLQW�QDPH FRXSOHGSRLQW��UHI�QRGH FRXSOHGSRLQW��
VXUIDFH FORWBQRU 

.LQHPDWLF 


�&RQVWUDLQW��ULJLG 

5LJLG�%RG\��UHI�QRGH B3LFNHG6HW����DQDO\WLFDO�VXUIDFH YHVVHO���6XUI�YHVVHO 

(QG�$VVHPEO\ 


� 


�0$7(5,$/6 


� 

0DWHULDO��QDPH 0DWHULDO�� 

(ODVWLF 
��H�������� 


� 


�,17(5$&7,21�3523(57,(6 


� 

6XUIDFH�,QWHUDFWLRQ��QDPH FRK 
��� 

&RKHVLYH�%HKDYLRU��HOLJLELOLW\ &855(17�&217$&76 
����������������� 

'DPDJH�,QLWLDWLRQ��FULWHULRQ 0$;6 
�������� 

'DPDJH�(YROXWLRQ��W\SH (1(5*<��VRIWHQLQJ (;321(17,$/ 
��������� 

'DPDJH�6WDELOL]DWLRQ 
�� 


� 


�%281'$5<�&21',7,216 


� 


�1DPH��IL[�7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 
US��(1&$675( 


� 


�,17(5$&7,216 


� 


�,QWHUDFWLRQ��&= 

&RQWDFW�3DLU��LQWHUDFWLRQ FRK 
6XUI�FORW��YHVVHO���6XUI�YHVVHO 


����������������������������������������������������������������� 


� 


�67(3��6WHS�� 


� 

6WHS��QDPH 6WHS����QOJHRP <(6��LQF ������� 

6WDWLF 
�������������H���������� 


� 


�%281'$5<�&21',7,216 


� 


�1DPH��GLVS�7\SH��'LVSODFHPHQW�5RWDWLRQ 

%RXQGDU\ 
FRXSOHGSRLQW��������������� 
FRXSOHGSRLQW������ 
FRXSOHGSRLQW������ 


� 
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�&21752/6 


� 

&RQWUROV��UHVHW 

&RQWUROV��SDUDPHWHUV WLPH�LQFUHPHQWDWLRQ 
���������������������� 


� 


�287387�5(48(676 


� 

5HVWDUW��ZULWH��IUHTXHQF\ � 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG 

&RQWDFW�2XWSXW 
&6'0*�� 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG��YDULDEOH 35(6(/(&7 


� 


�+,6725<�287387��+�2XWSXW�� 


� 

2XWSXW��KLVWRU\ 

&RQWDFW�2XWSXW 
(1557����(1557����(1557�� 


� 


�+,6725<�287387��+�2XWSXW�� 


� 

2XWSXW��KLVWRU\��YDULDEOH 35(6(/(&7 

(QG�6WHS 

b) Applying displacement in the shear direction 

+HDGLQJ 


�-RE�QDPH��&=BF\FBV�0RGHO�QDPH��&=BF\FOLFBV 


�*HQHUDWHG�E\��$EDTXV�&$(����� 

3UHSULQW��HFKR 12��PRGHO 12��KLVWRU\ 12��FRQWDFW 12 


 


�3$576 


 

3DUW��QDPH FORW 

1RGH 
����������������������������������� 
����������������������������������� 
����������������������������������� 
����������������������������������� 

(OHPHQW��W\SH &36� 
������������� 

1VHW��QVHW FORW��JHQHUDWH 
���������� 

(OVHW��HOVHW FORW 
��� 


�6HFWLRQ��6HFWLRQ�� 

6ROLG�6HFWLRQ��HOVHW FORW��PDWHULDO 0DWHULDO�� 
��� 

(QG�3DUW 


�� 
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3DUW��QDPH YHVVHO 

(QG�3DUW 


�� 


 


�$66(0%/< 


 

$VVHPEO\��QDPH $VVHPEO\ 


�� 

,QVWDQFH��QDPH YHVVHO����SDUW YHVVHO 

6XUIDFH��W\SH 6(*0(176��QDPH 6XUI�YHVVHO 
67$57���������������������������� 
�/,1(���������������������������� 

(QG�,QVWDQFH 


�� 

,QVWDQFH��QDPH FORW����SDUW FORW 

(QG�,QVWDQFH 


�� 

1RGH 
������������������������������������������������� 

1VHW��QVHW FRXSOHGSRLQW��LQVWDQFH FORW�� 
��� 

1VHW��QVHW US 
��� 

1VHW��QVHW B3LFNHG6HW����LQWHUQDO 
��� 

(OVHW��HOVHW B6XUI�FORWB6���LQWHUQDO��LQVWDQFH FORW�� 
��� 

6XUIDFH��W\SH (/(0(17��QDPH 6XUI�FORW 
B6XUI�FORWB6���6� 

(OVHW��HOVHW BFORWBERWWRPB6���LQWHUQDO��LQVWDQFH FORW�� 
��� 

6XUIDFH��W\SH (/(0(17��QDPH FORWBERWWRP 
BFORWBERWWRPB6���6� 


�&RQVWUDLQW��FRXSOHGSRLQW 

&RXSOLQJ��FRQVWUDLQW�QDPH FRXSOHGSRLQW��UHI�QRGH FRXSOHGSRLQW��
VXUIDFH FORWBERWWRP 

.LQHPDWLF 


�&RQVWUDLQW��ULJLG 

5LJLG�%RG\��UHI�QRGH B3LFNHG6HW����DQDO\WLFDO�VXUIDFH YHVVHO���6XUI�YHVVHO 

(QG�$VVHPEO\ 


� 


�0$7(5,$/6 


� 

0DWHULDO��QDPH 0DWHULDO�� 

(ODVWLF 
��H�������� 


� 


�,17(5$&7,21�3523(57,(6 


� 

6XUIDFH�,QWHUDFWLRQ��QDPH FRK 
��� 

&RKHVLYH�%HKDYLRU��HOLJLELOLW\ &855(17�&217$&76 
����������������� 

'DPDJH�,QLWLDWLRQ��FULWHULRQ 0$;6 
�������� 

'DPDJH�(YROXWLRQ��W\SH (1(5*<��VRIWHQLQJ (;321(17,$/ 
��������� 
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'DPDJH�6WDELOL]DWLRQ 
�� 


� 


�%281'$5<�&21',7,216 


� 


�1DPH��IL[�7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 
US��(1&$675( 


� 


�,17(5$&7,216 


� 


�,QWHUDFWLRQ��&= 

&RQWDFW�3DLU��LQWHUDFWLRQ FRK 
6XUI�FORW��YHVVHO���6XUI�YHVVHO 


����������������������������������������������������������������� 


� 


�67(3��6WHS�� 


� 

6WHS��QDPH 6WHS����QOJHRP <(6��LQF ������� 

6WDWLF 
�������������H���������� 


� 


�%281'$5<�&21',7,216 


� 


�1DPH��GLVS�7\SH��'LVSODFHPHQW�5RWDWLRQ 

%RXQGDU\ 
FRXSOHGSRLQW������ 
FRXSOHGSRLQW��������������� 
FRXSOHGSRLQW������ 


� 


�&21752/6 


� 

&RQWUROV��UHVHW 

&RQWUROV��SDUDPHWHUV WLPH�LQFUHPHQWDWLRQ 
���������������������� 


� 


�287387�5(48(676 


� 

5HVWDUW��ZULWH��IUHTXHQF\ � 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG 

&RQWDFW�2XWSXW 
&6'0*�� 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG��YDULDEOH 35(6(/(&7 


� 


�+,6725<�287387��+�2XWSXW�� 


� 

2XWSXW��KLVWRU\ 

&RQWDFW�2XWSXW 
(1557����(1557����(1557�� 


� 


�+,6725<�287387��+�2XWSXW�� 
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� 

2XWSXW��KLVWRU\��YDULDEOH 35(6(/(&7 

(QG�6WHS 
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F. The input file for the CZ study using hyper foam clots 
a) Applying displacement in the normal direction 

+HDGLQJ 


�-RE�QDPH��&=QB+)�0RGHO�QDPH��&=QB+) 


�*HQHUDWHG�E\��$EDTXV�&$(����� 

3UHSULQW��HFKR 12��PRGHO 12��KLVWRU\ 12��FRQWDFW 12 


 


�3$576 


 

3DUW��QDPH FORW 

1RGH 


�)RU�WKH�PHVK�DQG�QRGH�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�
VL]H�WR�EH�������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�
ZLOO�QRW�EH�VKRZQ�LQ�WKLV�DSSHQGL[ 
 

(OHPHQW��W\SH &36� 


�)RU�WKH�PHVK�DQG�QRGH�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�
VL]H�WR�EH�������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�
ZLOO�QRW�EH�VKRZQ�LQ�WKLV�DSSHQGL[ 

1VHW��QVHW FORW��JHQHUDWH 
������������������� 

(OVHW��HOVHW FORW��JHQHUDWH 
������������������� 


�6HFWLRQ��6HFWLRQ�� 

6ROLG�6HFWLRQ��HOVHW FORW��PDWHULDO 0DWHULDO�� 
��� 

(QG�3DUW 


�� 

3DUW��QDPH YHVVHO 

(QG�3DUW 


�� 


 


�$66(0%/< 


 

$VVHPEO\��QDPH $VVHPEO\ 


�� 

,QVWDQFH��QDPH YHVVHO����SDUW YHVVHO 

6XUIDFH��W\SH 6(*0(176��QDPH 6XUI�YHVVHO 
67$57���������������������������� 
�/,1(���������������������������� 

(QG�,QVWDQFH 


�� 

,QVWDQFH��QDPH FORW����SDUW FORW 

(QG�,QVWDQFH 


�� 

1RGH 
������������������������������������������������� 

1VHW��QVHW FRXSOHGSRLQW��LQVWDQFH FORW�� 
���� 

1VHW��QVHW LQWHUIDFH��LQVWDQFH FORW����JHQHUDWH 
������������������� 

(OVHW��HOVHW LQWHUIDFH��LQVWDQFH FORW����JHQHUDWH 
������������������� 

1VHW��QVHW QRUVXUI��LQVWDQFH FORW����JHQHUDWH 
������������������� 

(OVHW��HOVHW QRUVXUI��LQVWDQFH FORW����JHQHUDWH 
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������������������� 

1VHW��QVHW US 
��� 

1VHW��QVHW B3LFNHG6HW����LQWHUQDO 
��� 

(OVHW��HOVHW B6XUI�FORWB6���LQWHUQDO��LQVWDQFH FORW����JHQHUDWH 
������������������� 

6XUIDFH��W\SH (/(0(17��QDPH 6XUI�FORW 
B6XUI�FORWB6���6� 

(OVHW��HOVHW BFORWBQRUB6���LQWHUQDO��LQVWDQFH FORW����JHQHUDWH 
������������������� 

6XUIDFH��W\SH (/(0(17��QDPH FORWBQRU 
BFORWBQRUB6���6� 


�&RQVWUDLQW��ULJLG 

5LJLG�%RG\��UHI�QRGH B3LFNHG6HW����DQDO\WLFDO�VXUIDFH YHVVHO���6XUI�YHVVHO 

(QG�$VVHPEO\ 


� 


�0$7(5,$/6 


� 

0DWHULDO��QDPH 0DWHULDO�� 

+\SHUIRDP��Q � 
���������������������������������������������������� 


� 


�,17(5$&7,21�3523(57,(6 


� 

6XUIDFH�,QWHUDFWLRQ��QDPH FRK 
��� 

&RKHVLYH�%HKDYLRU��HOLJLELOLW\ &855(17�&217$&76 
����������������� 

'DPDJH�,QLWLDWLRQ��FULWHULRQ 0$;6 
����������������� 

'DPDJH�(YROXWLRQ��W\SH (1(5*<��VRIWHQLQJ (;321(17,$/ 
��������� 

'DPDJH�6WDELOL]DWLRQ 
�H��� 

7LPH�3RLQWV��QDPH 7LPH3RLQWV����*(1(5$7( 
������������� 


� 


�%281'$5<�&21',7,216 


� 


�1DPH��IL[�7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 
US��(1&$675( 


� 


�,17(5$&7,216 


� 


�,QWHUDFWLRQ��&= 

&RQWDFW�3DLU��LQWHUDFWLRQ FRK 
6XUI�FORW��YHVVHO���6XUI�YHVVHO 


����������������������������������������������������������������� 


� 


�67(3��6WHS�� 


� 

6WHS��QDPH 6WHS����QOJHRP <(6��LQF ������� 

6WDWLF 
������������H��������� 


� 
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�%281'$5<�&21',7,216 


� 


�1DPH��GLVS�7\SH��'LVSODFHPHQW�5RWDWLRQ 

%RXQGDU\ 
QRUVXUI����������� 


� 


�&21752/6 


� 

&RQWUROV��UHVHW 

&RQWUROV��SDUDPHWHUV WLPH�LQFUHPHQWDWLRQ 
���������������������� 


� 


�287387�5(48(676 


� 

5HVWDUW��ZULWH��IUHTXHQF\ � 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG 

&RQWDFW�2XWSXW 
&6'0*�� 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG��YDULDEOH 35(6(/(&7 


� 


�),(/'�287387��7UDFWLRQ 


� 

2XWSXW��ILHOG��WLPH�SRLQWV 7LPH3RLQWV�� 

(OHPHQW�2XWSXW��HOVHW LQWHUIDFH��GLUHFWLRQV <(6 
75125��756+5 

&RQWDFW�2XWSXW��QVHW LQWHUIDFH 
&)25&(��&675(66��&675(66(726 


� 


�+,6725<�287387��+�2XWSXW�� 


� 

2XWSXW��KLVWRU\ 

&RQWDFW�2XWSXW 
(1557����(1557����(1557�� 


� 


�+,6725<�287387��+�2XWSXW�� 


� 

2XWSXW��KLVWRU\��YDULDEOH 35(6(/(&7 


� 


�+,6725<�287387��7UDFWLRQ 


� 

2XWSXW��KLVWRU\��WLPH�SRLQWV 7LPH3RLQWV�� 

1RGH�2XWSXW��QVHW LQWHUIDFH 
8��� 

&RQWDFW�2XWSXW��QVHW LQWHUIDFH 
&)1���&)1���&)1���&)10��&)6���&)6���&)6���&)60��&675(66 

(QG�6WHS 

b) Applying displacement in the shear direction 

+HDGLQJ 


�-RE�QDPH��&=VB+)�0RGHO�QDPH��&=VB+) 
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�*HQHUDWHG�E\��$EDTXV�&$(����� 

3UHSULQW��HFKR 12��PRGHO 12��KLVWRU\ 12��FRQWDFW 12 


 


�3$576 


 

3DUW��QDPH FORW 

1RGH 


�)RU�WKH�PHVK�DQG�QRGH�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�
VL]H�WR�EH�������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�
ZLOO�QRW�EH�VKRZQ�LQ�WKLV�DSSHQGL[ 

(OHPHQW��W\SH &36� 


�)RU�WKH�PHVK�DQG�QRGH�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�
VL]H�WR�EH�������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�
ZLOO�QRW�EH�VKRZQ�LQ�WKLV�DSSHQGL[ 

1VHW��QVHW FORW��JHQHUDWH 
������������������� 

(OVHW��HOVHW FORW��JHQHUDWH 
������������������� 


�6HFWLRQ��6HFWLRQ�� 

6ROLG�6HFWLRQ��HOVHW FORW��PDWHULDO 0DWHULDO�� 
��� 

(QG�3DUW 


�� 

3DUW��QDPH YHVVHO 

(QG�3DUW 


�� 


 


�$66(0%/< 


 

$VVHPEO\��QDPH $VVHPEO\ 


�� 

,QVWDQFH��QDPH YHVVHO����SDUW YHVVHO 

6XUIDFH��W\SH 6(*0(176��QDPH 6XUI�YHVVHO 
67$57���������������������������� 
�/,1(���������������������������� 

(QG�,QVWDQFH 


�� 

,QVWDQFH��QDPH FORW����SDUW FORW 

(QG�,QVWDQFH 


�� 

1RGH 
������������������������������������������������� 

1VHW��QVHW ERWWRP��LQVWDQFH FORW����JHQHUDWH 
������������������� 

(OVHW��HOVHW ERWWRP��LQVWDQFH FORW����JHQHUDWH 
������������������� 

1VHW��QVHW FRXSOHGSRLQW��LQVWDQFH FORW�� 
������ 

1VHW��QVHW LQWHUIDFH��LQVWDQFH FORW����JHQHUDWH 
������������������� 

(OVHW��HOVHW LQWHUIDFH��LQVWDQFH FORW����JHQHUDWH 
������������������� 

1VHW��QVHW QRUPDOVXUI��LQVWDQFH FORW����JHQHUDWH 
������������������� 

(OVHW��HOVHW QRUPDOVXUI��LQVWDQFH FORW����JHQHUDWH 
������������������� 

1VHW��QVHW US 
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��� 

1VHW��QVHW B3LFNHG6HW����LQWHUQDO 
��� 

(OVHW��HOVHW B6XUI�FORWB6���LQWHUQDO��LQVWDQFH FORW����JHQHUDWH 
������������������� 

6XUIDFH��W\SH (/(0(17��QDPH 6XUI�FORW 
B6XUI�FORWB6���6� 

(OVHW��HOVHW BFORWBERWWRPB6���LQWHUQDO��LQVWDQFH FORW����JHQHUDWH 
������������������� 

6XUIDFH��W\SH (/(0(17��QDPH FORWBERWWRP 
BFORWBERWWRPB6���6� 


�&RQVWUDLQW��ULJLG 

5LJLG�%RG\��UHI�QRGH B3LFNHG6HW����DQDO\WLFDO�VXUIDFH YHVVHO���6XUI�YHVVHO 

(QG�$VVHPEO\ 


� 


�0$7(5,$/6 


� 

0DWHULDO��QDPH 0DWHULDO�� 

+\SHUIRDP��Q � 
���������������������������������������������������� 


� 


�,17(5$&7,21�3523(57,(6 


� 

6XUIDFH�,QWHUDFWLRQ��QDPH FRK 
��� 

&RKHVLYH�%HKDYLRU��HOLJLELOLW\ &855(17�&217$&76 
����������������� 

'DPDJH�,QLWLDWLRQ��FULWHULRQ 0$;6 
����������������� 

'DPDJH�(YROXWLRQ��W\SH (1(5*<��VRIWHQLQJ (;321(17,$/ 
��������� 

'DPDJH�6WDELOL]DWLRQ 
�H��� 


� 


�%281'$5<�&21',7,216 


� 


�1DPH��IL[�7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 
US��(1&$675( 


� 


�,17(5$&7,216 


� 


�,QWHUDFWLRQ��&= 

&RQWDFW�3DLU��LQWHUDFWLRQ FRK 
6XUI�FORW��YHVVHO���6XUI�YHVVHO 


����������������������������������������������������������������� 


� 


�67(3��6WHS�� 


� 

6WHS��QDPH 6WHS����QOJHRP <(6��LQF ������� 

6WDWLF 
�������������H���������� 


� 


�%281'$5<�&21',7,216 


� 


�1DPH��GLVS�7\SH��'LVSODFHPHQW�5RWDWLRQ 

%RXQGDU\ 
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ERWWRP����������� 


� 


�&21752/6 


� 

&RQWUROV��UHVHW 

&RQWUROV��SDUDPHWHUV WLPH�LQFUHPHQWDWLRQ 
���������������������� 


� 


�287387�5(48(676 


� 

5HVWDUW��ZULWH��IUHTXHQF\ � 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG 

&RQWDFW�2XWSXW 
&6'0*�� 


� 


�),(/'�287387��7UDFWLRQ 


� 

(OHPHQW�2XWSXW��HOVHW LQWHUIDFH��GLUHFWLRQV <(6 
75125��756+5 

&RQWDFW�2XWSXW��QVHW LQWHUIDFH 
&)25&(��&675(66��&675(66(726 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG��YDULDEOH 35(6(/(&7 


� 


�+,6725<�287387��+�2XWSXW�� 


� 

2XWSXW��KLVWRU\ 

&RQWDFW�2XWSXW 
(1557����(1557����(1557�� 


� 


�+,6725<�287387��7UDFWLRQ 


� 

1RGH�2XWSXW��QVHW LQWHUIDFH 
8��� 

&RQWDFW�2XWSXW��QVHW LQWHUIDFH 
&)6���&)6���&)6���&)60��&675(66 


� 


�+,6725<�287387��+�2XWSXW�� 


� 

2XWSXW��KLVWRU\��YDULDEOH 35(6(/(&7 

(QG�6WHS 
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G. The input file for the CZ study using anisotropic bilinear clots 

+HDGLQJ 


�-RE�QDPH��&=B80BD[LV�0RGHO�QDPH��&=B80BD[LV 


�*HQHUDWHG�E\��$EDTXV�&$(����� 

3UHSULQW��HFKR 12��PRGHO 12��KLVWRU\ 12��FRQWDFW 12 


 


�3$576 


 

3DUW��QDPH FORW 

1RGH 


�)RU�WKH�PHVK�DQG�QRGH�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�
VL]H�WR�EH�������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�
ZLOO�QRW�EH�VKRZQ�LQ�WKLV�DSSHQGL[ 

(OHPHQW��W\SH &$;� 


�)RU�WKH�PHVK�DQG�QRGH�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�
VL]H�WR�EH�������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�
ZLOO�QRW�EH�VKRZQ�LQ�WKLV�DSSHQGL[ 

1VHW��QVHW FORW��JHQHUDWH 
������������������� 

(OVHW��HOVHW FORW��JHQHUDWH 
������������������� 


�6HFWLRQ��6HFWLRQ�� 

6ROLG�6HFWLRQ��HOVHW FORW��PDWHULDO 0DWHULDO�� 
� 

(QG�3DUW 


�� 

3DUW��QDPH YHVVHO 

(QG�3DUW 


�� 


 


�$66(0%/< 


 

$VVHPEO\��QDPH $VVHPEO\ 


�� 

,QVWDQFH��QDPH YHVVHO����SDUW YHVVHO 

6XUIDFH��W\SH 6(*0(176��QDPH YHVVHOZDOO 
67$57���������������������������� 
�/,1(���������������������������� 

(QG�,QVWDQFH 


�� 

,QVWDQFH��QDPH FORW����SDUW FORW 

(QG�,QVWDQFH 


�� 

1RGH 
������������������������������������������������� 

1VHW��QVHW ERWWRP��LQVWDQFH FORW����JHQHUDWH 
������������������� 

(OVHW��HOVHW ERWWRP��LQVWDQFH FORW����JHQHUDWH 
������������������� 

1VHW��QVHW LQWHUIDFH��LQVWDQFH FORW����JHQHUDWH 
������������������� 

(OVHW��HOVHW LQWHUIDFH��LQVWDQFH FORW����JHQHUDWH 
������������������� 

1VHW��QVHW US 
��� 

1VHW��QVHW [V\PP��LQVWDQFH FORW����JHQHUDWH 
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������������������� 

(OVHW��HOVHW [V\PP��LQVWDQFH FORW����JHQHUDWH 
������������������� 

1VHW��QVHW B3LFNHG6HW���LQWHUQDO 
��� 

(OVHW��HOVHW BFORWVXUIB6���LQWHUQDO��LQVWDQFH FORW����JHQHUDWH 
������������������� 

6XUIDFH��W\SH (/(0(17��QDPH FORWVXUI 
BFORWVXUIB6���6� 


�&RQVWUDLQW��ULJLG 

5LJLG�%RG\��UHI�QRGH B3LFNHG6HW���DQDO\WLFDO�VXUIDFH YHVVHO���YHVVHOZDOO 

(QG�$VVHPEO\ 


� 


�0$7(5,$/6 


� 

0DWHULDO��QDPH 0DWHULDO�� 

'HSYDU 
�������� 

8VHU�0DWHULDO��FRQVWDQWV �� 
���������������H�������������������������������������� 
������������������������������������������������������� 
��������������������������� 


� 


�,17(5$&7,21�3523(57,(6 


� 

6XUIDFH�,QWHUDFWLRQ��QDPH FRK 
��� 

&RKHVLYH�%HKDYLRU��HOLJLELOLW\ &855(17�&217$&76 
����������������� 

'DPDJH�,QLWLDWLRQ��FULWHULRQ 0$;6 
����������������� 

'DPDJH�(YROXWLRQ��W\SH (1(5*<��VRIWHQLQJ (;321(17,$/ 
��������� 

'DPDJH�6WDELOL]DWLRQ 
�H��� 


� 


�%281'$5<�&21',7,216 


� 


�1DPH��IL[HG�7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 
US��(1&$675( 


�1DPH��[V\PP�7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 
[V\PP��;6<00 


� 


�,17(5$&7,216 


� 


�,QWHUDFWLRQ��&= 

&RQWDFW�3DLU��LQWHUDFWLRQ FRK 
FORWVXUI��YHVVHO���YHVVHOZDOO 


����������������������������������������������������������������� 


� 


�67(3��6WHS�� 


� 

6WHS��QDPH 6WHS����QOJHRP <(6��LQF ������� 

6WDWLF 
������������H���������� 
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� 


�%281'$5<�&21',7,216 


� 


�1DPH��GLVS�7\SH��'LVSODFHPHQW�5RWDWLRQ 

%RXQGDU\ 
ERWWRP����������� 


� 


�287387�5(48(676 


� 

5HVWDUW��ZULWH��IUHTXHQF\ � 


� 


�),(/'�287387��'DPDJH 


� 

2XWSXW��ILHOG 

&RQWDFW�2XWSXW 
&6'0*�� 


� 


�),(/'�287387��7UDFWLRQ 


� 

&RQWDFW�2XWSXW��QVHW LQWHUIDFH 
&)25&(��&675(66��&675(66(726 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG��YDULDEOH 35(6(/(&7 


� 


�+,6725<�287387��7UDFWLRQ 


� 

2XWSXW��KLVWRU\ 

1RGH�2XWSXW��QVHW LQWHUIDFH 
8��� 

&RQWDFW�2XWSXW��QVHW LQWHUIDFH 
&)6���&)6���&)6���&)60��&675(66 


� 


�+,6725<�287387��+�2XWSXW�� 


� 

2XWSXW��KLVWRU\��YDULDEOH 35(6(/(&7 

(QG�6WHS 
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H. The input file for the parameter study of clot dimensions 
An example for D/d = 2 with 40%H clot: 

+HDGLQJ 


�-RE�QDPH��'WRG ��0RGHO�QDPH��'WRG � 


�*HQHUDWHG�E\��$EDTXV�&$(����� 

3UHSULQW��HFKR 12��PRGHO 12��KLVWRU\ 12��FRQWDFW 12 


 


�3$576 


 

3DUW��QDPH &DWKHWHU 


7KH�FDWKHWHU�OHQJWK� ����LQQHU�GLDPHWHU� �������RXWHU�GLDPHWHU� �������DQG�
ILOHW� ����� 

(QG�3DUW 


�� 

3DUW��QDPH &ORW 


7KH�FORW�GLDPHWHU� ������DQG�WKH�FORW�OHQJWK� ����� 

1RGH 


�)RU�WKH�PHVK�DQG�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�VL]H�WR�
EH������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�ZLOO�QRW�
EH�VKRZQ�LQ�WKLV�DSSHQGL[ 

(OHPHQW��W\SH &$;� 


�)RU�WKH�PHVK�DQG�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�VL]H�WR�
EH������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�ZLOO�QRW�
EH�VKRZQ�LQ�WKLV�DSSHQGL[ 

1VHW��QVHW FORW��JHQHUDWH 
���������������������� 

(OVHW��HOVHW FORW��JHQHUDWH 
���������������������� 


�6HFWLRQ��6HFWLRQ�� 

6ROLG�6HFWLRQ��HOVHW FORW��PDWHULDO 0DWHULDO�� 
� 

(QG�3DUW 


�� 


 


�$66(0%/< 


 

$VVHPEO\��QDPH $VVHPEO\ 


�� 

,QVWDQFH��QDPH &DWKHWHU����SDUW &DWKHWHU 

6XUIDFH��W\SH 6(*0(176��QDPH FDWBVXUI 
67$57���������������������������� 
�&,5&/�������������������������������������������������������� 
�/,1(���������������������������� 
�&,5&/���������������������������������������������������������������������� 
�/,1(���������������������������� 
�/,1(���������������������������� 
�/,1(���������������������������� 

(QG�,QVWDQFH 


�� 

,QVWDQFH��QDPH &ORW����SDUW &ORW 

(QG�,QVWDQFH 


�� 

1RGH 
������������������������������������������������� 

1VHW��QVHW US 
��� 
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1VHW��QVHW [V\PP��LQVWDQFH &ORW�� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
������������������������������������������������� 

(OVHW��HOVHW [V\PP��LQVWDQFH &ORW����JHQHUDWH 
������������������� 

1VHW��QVHW B3LFNHG6HW���LQWHUQDO 
��� 

(OVHW��HOVHW BFORWBERWWRPB6���LQWHUQDO��LQVWDQFH &ORW����JHQHUDWH 
������������������� 

(OVHW��HOVHW BFORWBERWWRPB6���LQWHUQDO��LQVWDQFH &ORW����JHQHUDWH 
���������������������� 

6XUIDFH��W\SH (/(0(17��QDPH FORWBERWWRP 
BFORWBERWWRPB6���6� 
BFORWBERWWRPB6���6� 

(OVHW��HOVHW BVXFWLRQBDUHDB6���LQWHUQDO��LQVWDQFH &ORW����JHQHUDWH 
������������������� 

6XUIDFH��W\SH (/(0(17��QDPH VXFWLRQBDUHD 
BVXFWLRQBDUHDB6���6� 


�&RQVWUDLQW��ULJLG 

5LJLG�%RG\��UHI�QRGH B3LFNHG6HW���DQDO\WLFDO�VXUIDFH &DWKHWHU���FDWBVXUI 

(QG�$VVHPEO\ 


� 


�0$7(5,$/6 


� 


0DWHULDO�SDUDPHWHUV�RI����+�FORW 

0DWHULDO��QDPH 0DWHULDO�� 

'HSYDU 
�������� 

8VHU�0DWHULDO��FRQVWDQWV �� 
���������������H�������������������������������������� 
������������������������������������������������������� 
��������������������������� 


� 


�,17(5$&7,21�3523(57,(6 


� 

6XUIDFH�,QWHUDFWLRQ��QDPH ,QW3URS�� 
��� 

)ULFWLRQ 
��� 

6XUIDFH�%HKDYLRU��SUHVVXUH�RYHUFORVXUH +$5' 


� 


�%281'$5<�&21',7,216 
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� 


�1DPH��)L[HG�7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 
US��(1&$675( 


�1DPH��[V\PP�7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 
[V\PP��;6<00 


� 


�,17(5$&7,216 


� 


�,QWHUDFWLRQ��,QW�� 

&RQWDFW�3DLU��LQWHUDFWLRQ ,QW3URS�� 
FORWBERWWRP��&DWKHWHU���FDWBVXUI 


����������������������������������������������������������������� 


� 


�67(3��6WHS�� 


� 

6WHS��QDPH 6WHS����QOJHRP <(6��LQF ������� 

6WDWLF��VWDELOL]H ��������DOOVGWRO ������FRQWLQXH 12 
������������H��������� 


� 


�/2$'6 


� 


�1DPH��6XFWLRQ���7\SH��3UHVVXUH 

'VORDG 
VXFWLRQBDUHD��3������� 


� 


�&21752/6 


� 

&RQWUROV��UHVHW 

&RQWUROV��SDUDPHWHUV WLPH�LQFUHPHQWDWLRQ 
���������������������� 


� 


�287387�5(48(676 


� 

5HVWDUW��ZULWH��IUHTXHQF\ � 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG��YDULDEOH 35(6(/(&7��IUHTXHQF\ � 


� 


�+,6725<�287387��+�2XWSXW�� 


� 

2XWSXW��KLVWRU\��YDULDEOH 35(6(/(&7��IUHTXHQF\ � 

(QG�6WHS 
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I. The input file for the parameter study of CZ coefficients in aspiration simulations 
An example for D/d = 2 with 40%H clot: 

+HDGLQJ 


�-RE�QDPH��'WRG ��0RGHO�QDPH��'WRG � 


�*HQHUDWHG�E\��$EDTXV�&$(����� 

3UHSULQW��HFKR 12��PRGHO 12��KLVWRU\ 12��FRQWDFW 12 


 


�3$576 


 

3DUW��QDPH &DWKHWHU 


7KH�FDWKHWHU�OHQJWK� ����LQQHU�GLDPHWHU� �������RXWHU�GLDPHWHU� �������DQG�
ILOHW� ����� 

(QG�3DUW 


�� 

3DUW��QDPH &ORW 


7KH�FORW�GLDPHWHU� ������DQG�WKH�FORW�OHQJWK� ����� 

1RGH 


�)RU�WKH�PHVK�DQG�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�VL]H�WR�
EH������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�ZLOO�QRW�
EH�VKRZQ�LQ�WKLV�DSSHQGL[ 

(OHPHQW��W\SH &$;� 


�)RU�WKH�PHVK�DQG�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�VL]H�WR�
EH������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�ZLOO�QRW�
EH�VKRZQ�LQ�WKLV�DSSHQGL[ 

1VHW��QVHW FORW��JHQHUDWH 
���������������������� 

(OVHW��HOVHW FORW��JHQHUDWH 
���������������������� 


�6HFWLRQ��6HFWLRQ�� 

6ROLG�6HFWLRQ��HOVHW FORW��PDWHULDO 0DWHULDO�� 
� 

(QG�3DUW 


�� 

3DUW��QDPH YHVVHO 


7KH�GLDPHWHU�RI�WKH�YHVVHO� ������DQG�WKH�OHQJWK� �� 

(QG�3DUW 


�� 


 


�$66(0%/< 


 

$VVHPEO\��QDPH $VVHPEO\ 


�� 

,QVWDQFH��QDPH &DWKHWHU����SDUW &DWKHWHU 

6XUIDFH��W\SH 6(*0(176��QDPH FDWBVXUI 
67$57���������������������������� 
�&,5&/�������������������������������������������������������� 
�/,1(���������������������������� 
�&,5&/���������������������������������������������������������������������� 
�/,1(���������������������������� 
�/,1(���������������������������� 
�/,1(���������������������������� 

(QG�,QVWDQFH 


�� 

,QVWDQFH��QDPH &ORW����SDUW &ORW 

(QG�,QVWDQFH 


�� 
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,QVWDQFH��QDPH YHVVHO����SDUW YHVVHO 

6XUIDFH��W\SH 6(*0(176��QDPH YHVVHO 
67$57��������������������������������� 
�/,1(�������������������������������� 

(QG�,QVWDQFH 


�� 

1RGH 
������������������������������������������������� 

1RGH 
������������������������������������������������� 

1VHW��QVHW LQWHUIDFH��LQVWDQFH &ORW�� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
������������������������������������������������� 

(OVHW��HOVHW LQWHUIDFH��LQVWDQFH &ORW����JHQHUDWH 
���������������������� 

1VHW��QVHW US 
��� 

1VHW��QVHW US� 
��� 

1VHW��QVHW [V\PP��LQVWDQFH &ORW�� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
����������������������������������������������������������������������������
��� 
������������������������������������������������� 

(OVHW��HOVHW [V\PP��LQVWDQFH &ORW����JHQHUDWH 
������������������� 

1VHW��QVHW B3LFNHG6HW���LQWHUQDO 
��� 

1VHW��QVHW B3LFNHG6HW����LQWHUQDO 
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��� 

(OVHW��HOVHW BFORWBERWWRPB6���LQWHUQDO��LQVWDQFH &ORW����JHQHUDWH 
������������������� 

(OVHW��HOVHW BFORWBERWWRPB6���LQWHUQDO��LQVWDQFH &ORW����JHQHUDWH 
���������������������� 

6XUIDFH��W\SH (/(0(17��QDPH FORWBERWWRP 
BFORWBERWWRPB6���6� 
BFORWBERWWRPB6���6� 

(OVHW��HOVHW BLQWHUIDFHB6���LQWHUQDO��LQVWDQFH &ORW����JHQHUDWH 
���������������������� 

6XUIDFH��W\SH (/(0(17��QDPH LQWHUIDFH 
BLQWHUIDFHB6���6� 

(OVHW��HOVHW BVXFWLRQBDUHDB6���LQWHUQDO��LQVWDQFH &ORW����JHQHUDWH 
������������������� 

6XUIDFH��W\SH (/(0(17��QDPH VXFWLRQBDUHD 
BVXFWLRQBDUHDB6���6� 


�&RQVWUDLQW��ULJLG 

5LJLG�%RG\��UHI�QRGH B3LFNHG6HW���DQDO\WLFDO�VXUIDFH &DWKHWHU���FDWBVXUI 


�&RQVWUDLQW��ULJLG� 

5LJLG�%RG\��UHI�QRGH B3LFNHG6HW����DQDO\WLFDO�VXUIDFH YHVVHO���YHVVHO 

(QG�$VVHPEO\ 


� 


�0$7(5,$/6 


� 


0DWHULDO�SDUDPHWHUV�IRU����+�FORW 

0DWHULDO��QDPH 0DWHULDO�� 

'HSYDU 
�������� 

8VHU�0DWHULDO��FRQVWDQWV �� 
���������������H�������������������������������������� 
������������������������������������������������������� 
��������������������������� 


� 


�,17(5$&7,21�3523(57,(6 


� 

6XUIDFH�,QWHUDFWLRQ��QDPH ,QW3URS�� 
��� 

)ULFWLRQ 
��� 

6XUIDFH�%HKDYLRU��SUHVVXUH�RYHUFORVXUH +$5' 

6XUIDFH�,QWHUDFWLRQ��QDPH FRK 
��� 


&=�VWLIIQHVV 

&RKHVLYH�%HKDYLRU��HOLJLELOLW\ &855(17�&217$&76 
����������������� 

'DPDJH�,QLWLDWLRQ��FULWHULRQ 0$;6 
����������������� 


)UDFWXUH�HQHUJ\ 

'DPDJH�(YROXWLRQ��W\SH (1(5*<��VRIWHQLQJ (;321(17,$/ 
��������� 

'DPDJH�6WDELOL]DWLRQ 
�H��� 


� 


�%281'$5<�&21',7,216 


� 


�1DPH��)L[HG�7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 



 133 

US��(1&$675( 


�1DPH��)L[HG��7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 
US���(1&$675( 


�1DPH��[V\PP�7\SH��6\PPHWU\�$QWLV\PPHWU\�(QFDVWUH 

%RXQGDU\ 
[V\PP��;6<00 


� 


�,17(5$&7,216 


� 


�,QWHUDFWLRQ��&= 

&RQWDFW�3DLU��LQWHUDFWLRQ FRK 
LQWHUIDFH��YHVVHO���YHVVHO 


�,QWHUDFWLRQ��,QW�� 

&RQWDFW�3DLU��LQWHUDFWLRQ ,QW3URS�� 
FORWBERWWRP��&DWKHWHU���FDWBVXUI 


�,QWHUDFWLRQ��,QW�� 

&RQWDFW�3DLU��LQWHUDFWLRQ ,QW3URS�� 
LQWHUIDFH��&DWKHWHU���FDWBVXUI 


�,QWHUDFWLRQ��VHOI 

&RQWDFW�3DLU��LQWHUDFWLRQ ,QW3URS�� 
LQWHUIDFH� 


����������������������������������������������������������������� 


� 


�67(3��6WHS�� 


� 

6WHS��QDPH 6WHS����QOJHRP <(6��LQF ������� 

6WDWLF��VWDELOL]H ��������DOOVGWRO ������FRQWLQXH 12 
������������H��������� 


� 


�/2$'6 


� 


�1DPH��6XFWLRQ���7\SH��3UHVVXUH 

'VORDG 
VXFWLRQBDUHD��3������� 


� 


�&21752/6 


� 

&RQWUROV��UHVHW 

&RQWUROV��SDUDPHWHUV WLPH�LQFUHPHQWDWLRQ 
���������������������� 


� 


�287387�5(48(676 


� 

5HVWDUW��ZULWH��IUHTXHQF\ � 


� 


�),(/'�287387��'DPDJH 


� 

2XWSXW��ILHOG 

&RQWDFW�2XWSXW��QVHW LQWHUIDFH 
&6'0*��&60$;6&57 


� 


�),(/'�287387��)�2XWSXW�� 


� 

2XWSXW��ILHOG��YDULDEOH 35(6(/(&7 


� 


�+,6725<�287387��7UDFWLRQ 
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� 

2XWSXW��KLVWRU\ 

&RQWDFW�2XWSXW��QVHW LQWHUIDFH 
&)1���&)1���&)1���&)10��&)6���&)6���&)6���&)60��&6'0*��&675(66 


� 


�+,6725<�287387��+�2XWSXW�� 


� 

2XWSXW��KLVWRU\��YDULDEOH 35(6(/(&7 

(QG�6WHS 
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J. The input file for the parameter study of catheter designs in aspiration simulations with 
40%H clot (L1 = 5 mm and L2 = 2 mm) 


+HDGLQJ 


�-RE�QDPH��/����0RGHO�QDPH��/��� 


�*HQHUDWHG�E\��$EDTXV�&$(����� 

3UHSULQW��HFKR 12��PRGHO 12��KLVWRU\ 12��FRQWDFW 12 


 


�3$576 


 

3DUW��QDPH &DWKHWHU 


7KH�FDWKHWHU�OHQJWK� ����LQQHU�GLDPHWHU� �������RXWHU�GLDPHWHU� �������
ILOHW� �������/�� ����DQG�/�� �� 

(QG�3DUW 


�� 

3DUW��QDPH &ORW 


7KH�FORW�GLDPHWHU� ������DQG�WKH�FORW�OHQJWK� ����� 

1RGH 


�)RU�WKH�PHVK�DQG�QRGH�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�
VL]H�WR�EH������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�
ZLOO�QRW�EH�VKRZQ�LQ�WKLV�DSSHQGL[ 

(OHPHQW��W\SH &$;� 


�)RU�WKH�PHVK�DQG�QRGH�VHWWLQJV�RI�WKH�FORW��VHW�WKH�DSSUR[LPDWH�JOREDO�
VL]H�WR�EH������LQ�6L]LQJ�FRQWURO�VHFWLRQ�LQ�JOREDO�VHHGV��WKH�GHWDLO�FRGHV�
ZLOO�QRW�EH�VKRZQ�LQ�WKLV�DSSHQGL[ 

1VHW��QVHW FORW��JHQHUDWH 
���������������������� 

(OVHW��HOVHW FORW��JHQHUDWH 
���������������������� 


�6HFWLRQ��6HFWLRQ�� 

6ROLG�6HFWLRQ��HOVHW FORW��PDWHULDO 0DWHULDO�� 
� 

(QG�3DUW 


�� 

3DUW��QDPH YHVVHO 


7KH�GLDPHWHU�RI�WKH�YHVVHO� ������DQG�WKH�OHQJWK� �� 

(QG�3DUW 


�� 


 


�$66(0%/< 


 

$VVHPEO\��QDPH $VVHPEO\ 


�� 

,QVWDQFH��QDPH &DWKHWHU����SDUW &DWKHWHU 

6XUIDFH��W\SH 6(*0(176��QDPH FDWBVXUI 
67$57���������������������������� 
�/,1(���������������������������� 
�&,5&/��������������������������������������������������������������� 
�&,5&/�������������������������������������������������������������� 
�/,1(���������������������������� 
�&,5&/�������������������������������������������������������� 
�/,1(���������������������������� 
�/,1(�������������������������������� 
�&,5&/���������������������������������������������������������������������� 
�&,5&/������������������������������������������������������������ 
�/,1(���������������������������� 
�/,1(���������������������������� 



 136 


(QG�,QVWDQFH 


�� 

,QVWDQFH��QDPH &ORW����SDUW &ORW 

(QG�,QVWDQFH 


�� 

,QVWDQFH��QDPH YHVVHO����SDUW YHVVHO 

6XUIDFH��W\SH 6(*0(176��QDPH YHVVHO 
67$57���������������������������� 
�/,1(���������������������������� 

(QG�,QVWDQFH 


�� 

1RGH 
������������������������������������������������� 

1RGH 
������������������������������������������������� 

1VHW��QVHW LQWHUIDFH��LQVWDQFH &ORW�� 
��������������������������������������������������������������������������
��������������������� 
��������������������������������������������������������������������������
��������������������� 
��������������������������������������������������������������������������
��������������������� 
��������������������������������������������������������������������������
��������������������� 
��������������������������������������������������������������������������
��������������������� 
��������������������������������������������������������������������������
��������������������� 
��������������������������������������������������������������������������
��������������������� 
��������������������������������������������������������������������������
��������������������� 
��������������������������������������������������������������������������
��������������������� 
��������������������������������������������������������������������������
��������������������� 
��������������������������������������������������������������������������
��������������������� 
�������������������������������������������������������������������������
���������������������� 
�������������������������������������������������������������������������
���������������������� 
�������������������������������������������������������������������������
���������������������� 
�������������������������������������������������������������������������
���������������������� 
�������������������������������������������������������������������������
���������������������� 
�������������������������������������������������������������������������
���������������������� 
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K. Rezoning method 
In section 2.4., the aspiration pressure of 0.02 MPa is adopted to avoid large deformation in elements and 
converge issues. However, an adaptivity technique, rezoning, could help optimize the mesh to control the 
computational cost (ABAQUS Analysis User’s Manual, Dassault Systèmes Simulia Corp.). This can be 
accomplished by employing the geometry from a completed simulation, redefining the mesh, and 
applying loadings and boundary conditions. This process allows for the replacement of elements that have 
undergone significant deformation with new ones. 

Take a model shown in Figure 17. for example. Firstly, one command line in the input file: 

*Restart, write, frequency=0 

must be changed to:  

*Restart, write, frequency=1  

Next, the simulation will be finalized, and a novel model will be established. In this updated model, the 
distorted clot from the previous .odb file's final increment must be imported. Additionally, two command 
lines must be input in Abaqus/CAE to extract the geometry: 

deformed_clot = mdb.models['new model' ].parts['deformed part'] 
 
mdb.models['new model'].Part2DGeomFrom2DMesh (name="deform_clot" ,part=deformed_clot, featureAngle=0) 
 
Subsequently, in mesh o controls o algorithm, medial axis should be selected before assigning the new 
mesh. Furthermore, the constraints and boundary conditions in Figure 17. are applied, and a new loading 
is assigned. In addition, a command line, *MAP SOLUTION, UNBALANCED STRESS=STEP, is added to 
the input file before **STEP: Step-1. The objective is to transfer the stress distribution from the previous 
model to the new one. Ultimately, by inputting the command: 

abaqus job='new job' oldjob='old job' inp='input file of the new job' user='UMAT'  

in the Abaqus command, the simulation can be executed, and the data from the previous job is inherited. 
 
This approach enables the simulation to continue based on the outcomes of the previous job. Through the 
creation of multiple jobs, it is possible to achieve aspiration pressure comparable to clinical usage. 
Incorporating the models with D/d ratios of 2, 3, and 4, and applying a total aspiration pressure of 0.05 
MPa, reveals a trend presented in Figure 47., which is similar to that depicted in Figure 37. This shows 
that the discoveries presented in this thesis offer meaningful insights even under stronger suction 
pressures. 
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Figure 47. The relationship between the deformation at the clot bottom center and the clot diameter 
when a suction pressure of 0.05 MPa is applied (using rezoning method). The clot composition is 
40%H (All the values are divided by the catheter diameter to make them dimensionless). 

 
Nonetheless, it is important to note that these simulations require substantial time. Therefore, exploring 
further advancements could serve as an interesting subject for future research. 
 
a) Input file for rezoning method for D/d = 2 with 40%H clot 
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