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Abstract — Thrombectomy by aspiration is one of the most effective systems for vessel recanalization. We present the results of a 
study on the modelling and elimination of blood clots in the arteries of the human body using Bond-Graph methodology. The 
modelling focuses on the clot and the distal end section of an aspiration device that improves the effectiveness of the treatment by 
reducing the risk of breaking the clot. The final model considers an elastic characterization of the blood clot and the possibility of 
achieving a process of progressive detachment of the clot from the vessel wall. An optimization process based on a design of 
experiments (DOE) is undertaken. The results show good agreement between the Bond-Graph techniques and the Finite Element 
Method models considered for validation (Computer Fluid Dynamics and nonlinear mechanics). Physical tests with gelatine also 
validate the results. We conclude that the proposed geometry will potentially improve the results of recanalization when blood clots 
are extracted from the arteries for a range of given parameters. 
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I.  INTRODUCTION 
 
Stroke is a very common cause of death worldwide [1]. 

Strokes arise in the brain when the blood supply to a certain 
area of the brain is interrupted, for example, by occlusion 
involving a blood clot. The arteries that make up the Circle 
of Willis in the human brain are commonly affected by a 
stroke. In the last decade, several devices have been 
developed and used to deal with the removal of blood clots 
that arise during stroke [2]. Stentrievers, classified as 
mechanical thrombectomy devices (MTDs), are a recent 
class of stroke thrombectomy devices approved by the Food 
and Drug Administration (FDA) for the recanalization of 
occluded cerebral vessels in patients with acute ischemic 
stroke. However, these devices can carry potential risks such 
as breakage of moving parts, risk of penetration into the 
vessel wall and risks of embolization upstream due to 
thrombus fragmentation. That is one reason why they are 
sometimes combined with aspiration devices [3]. There is an 
aspiration extraction device called GPTAD (GP Thrombus 
Aspiration Device) that attempts to overcome some of these 
potential problems [4-5]. The device can potentially reduce 
the risk of embolization downstream because it does not 
have to make contact with the clot, during removal of the 

blood clot. In addition, it has no moving parts, and this 
potentially reduces the risk of breakage that may occur in the 
device. In vitro studies by Tennucci et al. [6] have also 
shown that it potentially reduces the risk of clot 
fragmentation. 

Preliminary studies [7-9] have dealt with the formation, 
composition and shape of blood clots attempting to find 
some general parameters that can reliably define their 
behaviour. The study we present in this paper however, is 
specifically focused on the suction and on the behaviour of 
the clot. The model has shown that the Bond-Graph 
technique is very useful in representing different simulation 
conditions, enabling the incorporation of different 
parameters in a very effective and direct way. In addition, it 
allows us to quickly obtain the boundary conditions for more 
complex calculation and modelling based on three-
dimensional methods such as FEM. We note that although 
theoretical studies allow us to perform simulations under 
several varied conditions, such models need a validation 
process with more realistic data based, for example, on in-
vitro and in-vivo testing rather than using parameters from 
the literature [3,6]. Additionally, real scale prototypes will 
improve the results of the physical testing. 

As the intention of the model is to determine, not only 
when the blood clot begins to move or break, but also the 
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process of separation or local breakage (disaggregation), 
one-dimensional models are effectively inadequate. In order 
to accomplish this, a two-dimensional model has been 
proposed, which incorporates several components-including 
the relationship between platelet-platelet in longitudinal and 
transversal directions, and between platelet-wall. This 
approach leads to a large number of related elements (or 
platelets). In this way, we obtain the most favourable and 
optimised outcome of predicted parameters in order to apply 
the resulting suction pressure avoiding damage to the artery 
and thrombus. 

The main problem associated with the Bond-Graph 
technique concerns to each partition since it involves a 
differential equation for each partition or each compliance. 
In the study, a model of 5 x 5 partitions is analysed, which is 
considered sufficient given the relatively small size of the 
artery (from 1 to 3 mm in diameter) involved in this instance, 
and the practical possibilities of manufacturing the catheter. 

Study of the process of blood clot removal is very 
important in order to optimize the geometry of aspiration 
devices. The study we present aims to study the clot 
behaviour using virtual models seeking to minimize the load 
acting on the clot.  Thus, the risk of rupture and upstream 
embolism is reduced. There are numerous parameters that 
affect the result, such as the size of the thrombus (length and 
diameter), the area of contact between the thrombus and the 
artery, the suction pressure, the type of catheter or its 
distance to the clot. To analyse the influence of some of 
these parameters in a realistic manner, we undertook a 
Design of Experiments (DOE) and application of these 
experiments to blood clot removal. Comparisons could then 
be made between the experimental results obtained and the 
theoretical modelling.  

II. METHODS 

A. Modelling the Device 

1) Fluid Domain 
A resistance – compliance model has been chosen for 

modelling the fluid, comprised of the pump, the catheter, the 
distal end, the deflecting nozzle and the artery as shown in 
Fig.1. 

 
Figure 1.  Model representation with Bond-Graph. Fluid domain. 

The pump is the component that creates the necessary 
pressure to carry out the clot extraction. It is represented by a 
pressure source (Se = P) that varies over time reaching 100 
kPa in 1 s, after which time the pressure provided by the 
pump remains constant. The catheter is a cylindrical tube of 
about 1 meter long and 1 mm diameter, which is represented 
as a pipe section with the following aspects that take place in 
the interior: load (R), the inertia loss (I) and the 
compressibility of the blood (C). The friction between the 
liquid particles and the pipe walls is responsible for the 
primary load losses. As the catheter does not experience any 
abrupt change of direction, with constant cross-section and 
smooth surface, the pressure loss can be reduced to a 
progressive and proportional value related to the length of 
the pipe as the fluid advances along the pipe as in (1). 

 P(λ⋅ν2⋅ρ⋅L) / (2⋅D)           (1) 

where ‘λ’ is the load loss coefficient, ‘v’ is the average 
fluid velocity inside the catheter, ‘ρ’ is the blood density, ‘L’ 
the length of the section and ‘D’ the inner diameter of the 
catheter. 

The distal end of the catheter is taken to be the same 
diameter as the catheter with a length of 10 mm. It is 
represented by the same three previous elements (R, I, C) 
and with the corresponding values. Finally, and because the 
artery is surrounding the distal end, it is necessary to 
consider the transition between both elements as a pressure 
loss caused by the difference in diameter, and the subsequent 
variations in flow. 

From (1) and considering a laminar flow in a cylindrical 
section, the resistance and the inertia can be written as 
follows: 

 RBlood_catheter = (128⋅μ∙L) / (π⋅D4)                (2) 
 

 IBlood_catheter = (ρ∙L) / (π⋅(D/2)2)         (3) 
 
The compressibility of the catheter acts as a spring 

producing a decrease in volume when the pressure is 
increased, depending on the blood’s bulk coefficient ‘B’, 
defined by a capacitance with the value given by the 
following expression to represent the longitudinal stiffness: 

 KBlood_catheter = (4∙B) / (π⋅D2∙L)          (4) 

The pressure losses corresponding with the transition 
from the catheter distal end (GPTAD) to the artery (which 
have different diameters) are represented as a secondary loss 
and can be represented by adding a new resistance (Rnozzle). 

 Rnozzle = 8∙ρ∙ξ∙Q / (π⋅D4)                  (5) 

where ‘ξ’ is the load loss coefficient without dimensions 
and D is the mean diameter between the cylinder and the 
artery. The ideal value of D is that which corresponds to the 
same diameter as that of the artery, in which case it would 
create zero load loss. However, in patients it is not possible 
to measure these exact values (due to practical difficulties), 
in accordance with the relationship: 

 DArtery = 1,5·DDistalEnd                      (6) 
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Consequently, the coefficient is taken to be   0.3 in the 
best case. 

Ideally, the distal end is placed at approximately 3 mm 
from the blood clot when suction begins. However, while the 
clot traverses this distance, the artery can also become 
deformed due to the forces acting. This section of artery can 
be included in the model as the catheter or distal end and are 
defined in the same way as that previously used in the 
modelling presented in this paper. Consequently, it is 
necessary to insert a parallel capacitance (stiffness) that 
represents the compressibility of the artery, in accordance 
with its Young's modulus (E), its thickness (h), the initial 
volume of the artery (V0) and the radius initial (r0). 

 KArtery_wall = (E ∙h) / (V0∙2∙r0)                  (7) 

2) Blood Clot 
 
The model has a spring-damper system in parallel to 

simulate the elastoplastic behaviour of the clot to withstand 
traction. In addition, the clot inertia also supports the bond 
strength to the artery. 

To model the junction with the artery we need to 
consider the static and dynamic friction for each instant. 
While the clot is in the position of static friction, each inertia 
will suffer a force due to suction, which should be 
compensated for in the model by inserting an equal (and 
opposite) force of friction to eliminate the force due to the 
inertia. 

In this approach, as suggested by Romero et al. [9], the 
two dimensions blood clot representation allows a better 
study of the clot stress fields. By connecting several elements 
with a spring-damper link, the unidimensional model of 
Bond-Graph can be converted into a two-dimensional 
geometry where not only the longitudinal elastoplastic 
behaviour is reproduced, but also the transversal behaviour is 
taken into account (Fig.2). 

 
Figure 2.   Model representation with Bond-Graph. Mechanical domain 

for n elements in two dimension 

Considering the clot divided up into spheres, the surface 
tension would act on the circumference of the contact 
between the clot and the artery so, taking the value of the 
length of contact “ ” from the radius “ ” of the artery, the 
value for the surface tension “ ” can be obtained and also, in 
turn, the value for the spring coefficient “ ”, as: 

 = = /                                   (8) 

The clot is considered to be 5 to 50 mm long, which 
means that it can be divided into the junction of several 
spheres, all with the same constant, as shown in Fig 2. The 
number of spheres will give the final Kunion and Runion, noting 
also that the spring-damper system in parallel has to be 
solved in the modelling process. As established in previous 
models [9], the stiffness can be assumed as Kunion = 3.41 ± 
1.5 N / m and the damping coefficient as Runion = 0.035 kg / 
m · s. 

B. Design of Experiment for Optimization 

Typical DOEs are based on factor analysis where k 
factors are considered at two levels. In the case studied and 
due to the wide range of some factors, more levels are 
required. For these studies, the existing orthogonal matrices 
are very useful since a greater number of levels can be 
studied with a reduced number of experiments. The 
optimization objective is to minimize the variability and to 
maximize the suction load by combining up to 10 parameters 
without interaction factors. The result will be more stable 
against external factors.  

A total of 27 tests were undertaken using an L27 (b) 
matrix, where one factor is studied in 9 levels and nine 
factors in 3 levels. This combination of parameters 
guarantees the minimum number of independent tests. The 
combination of this number of factors and levels will 
otherwise give redundant experiments or interactions instead 
of factors, which require 9 x 39 experiments to achieve all 
possible combinations. Since the chosen matrix does not 
have dedicated columns for the interactions, all the factors 
studied can be added to the matrix.  

The chosen factor at nine levels concerns the shape of the 
distal end of the catheter. Depending on the design, the 
pressure will be applied to a different area (elements) of the 
blood clot, and with different values (pressure drops or high-
pressure areas). It is possible to create a vortex effect 
(GPTAD) by applying the load with a direction different to 
the normal. To apply these loads, a projection of the vector 
in both axis of the model is needed (longitudinal and 
transversal). The selected alternatives are: direct aspiration 
(uniform pressure), 2 solutions of concentrated aspiration 
(pressure applied at the revolution axis of the blood clot), 3 
solutions of peripheral suction pressure (pressure applied 
over the elements in contact with the artery walls) and 3 
solutions involving helical pressure (pressure applied 
generating a vortex effect). 

The remaining factors of the experiments are established 
at three levels. Some factors can potentially be adjusted in 
the medical intervention, namely, the suction pressure (20, 
30 and 40 kPa), the distance between the distal end of the 
catheter and the clot (0, 2 and 4 mm) and the diameter of the 
catheter in relation to the section of the artery, which is 
represented as the percentage of free area between them (0, 5 
and 10%). Other factors are related to the clot properties, 
such as the length (5, 25 and 50 mm), the Kunion (1,91; 3,41 
and 4,91 N/m) and Runion (0,025; 0,035 and 0.045 kg/m.s). 
The factor related to the vessel is the Young Modulus (0,5; 
0,8 and 1,1 MPa). Finally, two factors that relate the vessel 
and the clot are considered: the occluded area of the vessel 
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by the clot, measured as a percentage of the diameter of the 
artery being occluded by the clot (80, 90 and 100%) and the 
occlusion force, that means that this value should be 
exceeded (0,01; 0,05 and 0,1 N). 

C. 3D FEM Validation 

To validate the Bond-Graph model, a 3D assembly is 
created with SolidWorks software containing the studied 
elements: a tube that represents the artery, a nonregular 
revolution solid to represent the blood clot, and the catheter 
with its real geometry (Fig. 3).  



Figure 3.  Aspiration Thrombectomy Device 3D representation showing 
all the components and interactions to be modelled in the fluid and 

mechanical domains. 

The sequence for doing de experiments is as in Bond-
Graph modelling: prepare the model with its boundary 
conditions, solve the fluids problem (suctioning with a given 
pressure), and solve the mechanical problem generated by 
the fluid loads. In our investigation, FEM is a good technique 
to use for validation purposes but, since the resolution times 
are very high compared to Bond-Graph, only one case of the 
27 experiments will be solved. 

In order to do this, since the geometry is changing from 
the initial condition for each instant in time (the results 
obtained are based on the suction applied) an updated 
geometry was created automatically for each time step, 
where the clot displacement and deformation are the 
resultant of the previous time step.  

The blood clot was considered to be a hyperelastic solid 
with the properties being obtained from Bond-Graph 
modelling. Hyperelastic material models can be used to 
model materials such as rubber, where the solutions involve 
big strains. We therefore model an elastic material, which is 
nonlinear, isotropic and incompressible.  

For the mesh of the thrombus, quadratic tetrahedron 
elements (TETRA10) have been used with a size that 
adequately represents the geometry and which also 
reproduces correctly the bending effects. The chosen high 
order elements also provide better stability in the 
hyperelastic model than lower order elements (TETRA 4). 
Additionally, we note that a coarse mesh will generate a 
stiffer system that will not represent adequately the 
aspiration thrombectomy intervention. For the catheter and 

the artery, parabolic triangular elements (TRIA 6) are 
chosen. 

SolidWorks Flow Simulation and SolidWorks Nonlinear 
Dynamics are the chosen software since they allow us to 
automate the thrombectomy event during a period of time 
and to easily and effectively modify the geometry. The 
boundary conditions for the study are: 

 Fixed artery on the ends, and sufficiently far enough 
from the area being studied (artery ending distance 
to the thrombus is three times the length of the 
thrombus), to reproduce the strain properly, 

 Zero initial velocity in the distal thrombus surface. 
In addition, an automatic time lapse has been chosen, 

initially using 0.01 sec, and varying from 1e-6 to 0.01 
seconds; allowing up to 5 iterations for each step in time. 
These dynamic parameters allow us to simulate the 
thrombectomy event as it would potentially appear under 
real conditions. 

D. Phsysical Tests 

To validate the behaviour of the clot according to the 
shape of the catheter, experiments have been performed in 
which gelatine was used to represent the blood clot. Both the 
gelatine and the blood clot are composed of liquid and solid 
particles that produce a deformable solid; the clot is formed 
by aggregation of platelets in reality, and we mimic this 
situation in our experiments by using gelatine with water 
(namely gelatine powder). It is possible to adjust the density 
of the gelatine by modifying the amount of gelatine powder, 
and in the experiments the density of the gelatine was about 
20%. After about 45 minutes at 4ºC, once the gelatine was 
solid, it was inserted in a 25 ml clear tube with graduations, 
which was closed on one side. The gelatin filled the entire 
diameter of the tube to reproduce an occlusion of the blood 
clot, namely causing 100% occlusion of the artery. A clear 
tube was connected to a syringe and the whole apparatus was 
filled with water. To observe the movement of the clot, ink 
lines were injected into the gelatine. This arrangement mixed 
the ink with alcohol to make it more stable. Finally, all the 
pieces were assembled together and placed in water at 37 
degrees centigrade (consistent with body temperature). The 
experiments were carried out in water to prevent the entry of 
air. 

3D printed models have been manufactured using a BQ 
Witbox model which uses the Fused Filament Fabrication 
(FFF) method. The filament made of polylactic acid (PLA) 
had a thickness of 1.75mm. In addition, the software Cura 
v10 has been used to create the ‘gcode’ printing file - format 
- from the 3D design object to make the object solid (Fig.4). 

 
Figure 4.  Printed sample for testin. (a) Cura 3D model. (b) External view. 

(c) Internal helix. 
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III. RESULTS AND DISCUSSION 
 
The output to control - in our case a continuous variable - 

is the highest value of the suction force created by the 
suction pressure applied - which indicates if the clot begins 
to move.  Another result to consider- also a continuous 
variable, is the value of maximum load in the clot and in the 
artery. These are critical parameters to avoid undesirable 
damages to the artery itself. The results show that neither the 
clot nor the vessel suffer damage with the suction pressures 
considered for any of the experiments we undertook. It is 
worthy of note that, not all the experiments achieved 
movement of the clot. In particular, for the direct aspiration 
catheter and for concentrated aspiration, the force necessary 
to remove the clot by suction was not always achieved. 

The analysis considers not only the suction force but also 
compares it with the resistive force in order to study the 
initiation of the movement of the clot. It transpires that clot 
aspiration near the walls of arteries and with vortex effect 
results in higher load values (Fig. 5). 

 
Figure 5.  (a) Results of the suction force for the simulated suction 

options. (b) Suction force vs. suction pressure. 

The results show proportionality between the suction 
pressure and the resulting force for the helix-based and 
peripheral suction designs. In the case of direct suction, a 
higher pressure therefore will not be related to a greater 
suction load.  

The other parameter that can be set to accomplish clot 
removal is the distance between the catheter and the clot. It is 
noteworthy that if the catheter is far from the clot (more than 
the distance equivalent to the vessel diameter), the suction 
generates a vessel narrowing (Fig 6.). In this case, the helix-

based designs give the highest suction load results when the 
catheter is in contact with the thrombus. 

 
Figure 6.  (a) Vessel narrowing due to pressure and high distance from the 
clot and the distal end of the catheter. (b) Suction force vs Catheter - clot 

distance. 

The application of load when we have a helix-based 
catheter is not direct and, as explained above, we need to 
decompose the loads into its longitudinal and transverse 
components. To validate that the loads are correct in these 
cases, the 3D FEM model and the physical parts printed in 
3D reproduce these suction conditions. 

The CFD and the laboratory results are shown in Fig.7 
and Fig. 8. When the syringe was pulled to create the suction 
force, the gelatine moved linearly in the device as expected. 
Once the gelatine started moving, its velocity seemed to be 
constant and in a longitudinal direction. However, it was 
observed that the gelatine twisted (see ink lines in Fig.8) due 
to the torsional effect associated with the existing helix, 
which is reflected in the FEM simulation model. 

 

Figure 7.  Pressure plot for CFD analysis. 
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Figure 8.  Gelatin absorption. (a) Before suction; (b) Rotational clot 
deformation. 

 
 

IV. CONCLUSIONS AND FUTURE WORK 
 
The results confirm that aspiration thrombectomy is 

potentially a good option for recanalization of arteries after 
stroke. The suction allows the removal of the clot potentially 
without damaging the artery. 

The Bond-Graph models provide a useful tool for 
studying the extraction of blood clots. In the present study, 
we have included a representation of blood clots in two 
dimensions in the model. This allows the resulting load of 
the fluid domain to be applied in a more realistic way than in 
one-dimensional models. Bond-Graph modelling is limited 
to a small number of elements in the clot, but is validated by 
FEM tools, indicating that the chosen size is correct (25 
elements). 

 Bond-Graph models enable a plethora of virtual 
experiments to be performed to optimize the design of 
aspiration thrombectomy catheters. To study the influence of 
the different parameters involved in the final desired 
outcome, a DOE based on orthogonal matrices also provides 
a good number of useful non-redundant experiments.  

The design of the GP aspiration device based on a helical 
design yields good results, generating greater suction forces 
on the blood clot than other solutions at a given pressure. 
Our results indicate that the clot will be removed and the 
artery will potentially not be damaged. 

The physical tests carried out with 3D printed parts and 
gelatine give results qualitatively similar to those obtained 
with the FEM simulations for the helical design. 

The distance between the catheter and the clot affects the 
movement of the clot and potentially the integrity of the 
artery. This is the reason why it is necessary to choose a 
distance smaller than the diameter of the artery involved. The 
most robust option (less variation as a function of distance 
and higher suction values) is found for the helical design, 
obtaining the best suction values when the catheter is in 
contact with the clot. 

Future work in this field is however dependent on using 
reliable models that will subsequently lead to potentially 
better catheter geometries (i.e. to improved suction 
parameters). This may be accomplished by using, in-vitro 
testing in real-time in order to calibrate and validate the 
theoretical models. 
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