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ABSTRACT - Thrombectomy by aspiration is a highly effective method of accomplishing vessel 23}';;'&5:}? l.\lr(?sz\Em
recanalization. This study aims to obtain a mathematical model that allows the prediction of the Accepted: 180 Nov 2019
dynamic response of a thrombus in response to different suction conditions, in order to avoid
potential damage or the breakage of the clot during the interventional procedure. Virtual computing KEYWORDS
models have been created using Bond-Graph data and mass-spring Multi-Degree of Freedom Blood clot removal;
equations. The model allows the use of tensile and torsion loads that could potentially be generated modeling;
by the suction pressure together with different catheter geometries. The stress generated in the FEM;

numerical methods.

clot depends on its length and on its stiffness. The results obtained with the mathematical model
are validated with a Finite Element Method (FEM) model, shows good agreement in terms of stress
and elongation values. The results are consistent with previous Bond Graph models which
indicated that the forces needed to extract a blood clot from an artery in in-vitro experiments are
within the range used experimentally (~40-90 kPa). Qualitative experiments are undertaken with
3D printed scale prototypes and gelatin. The results are consistent with Computer Fluid Dynamic
(CFD) simulations.

INTRODUCTION

Stroke is the third commonest cause of death in the UK with 53,000 deaths having occurred in 2007 alone [1]. Strokes
arise in the brain when the blood supply to a given area of the brain becomes disrupted or cut off e.g. with occlusion by
a blood clot. The arteries that comprise the Circle of Willis in the human brain are frequently affected by stroke.
Treatments for Stroke include anti-coagulants e.g. Alteplase (rTPA), but this can be associated with problems such as risk
of bleeding and is contraindicated in some instances such as pregnancy trauma, or postoperatively. Thrombectomy
methods [2,3] include Mechanical Thrombectomy Devices (MTDs), aspiration devices or a combination of both [4-11],
e.g. the MERCI (Mechanical Embolus Removal in Cerebral Ischemia), the Penumbra device, rheolytic catheters
(Angiojet) are used. MTDs, however, may carry potential risks such as breakage of moving parts, risk of potential
penetration of the vessel wall, and risks of downstream embolization on account of fragmentation. Suction devices are
being developed and different solutions have been patented [12-15]. A thrombo-mechanical extraction named the GPTAD
(GP Thrombus Aspiration Device) attempts to overcome some of these potential problems. A schematic view of the
GPTAD, is shown in Figure 1.

The device may potentially decrease the risk of downstream embolization because it does not have to make contact
with the clot, in order to facilitate blood clot extraction. The GPTAD has no moving parts, thereby this potentially reduces
the risk of breakages occurring in the device. The efficacy of the GPTAD in the removal of blood clots has been
demonstrated by physical testing previously in other studies [16]. In-vitro studies undertaken by Tennucci et al [17] have
also shown that it potentially reduces the risk of clot fragmentation compared to using a straight tube without any helical
configuration on the inner surface.
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Figure 1. Schematic view of the GPTAD.
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The optimization of the process of clot removal and the geometry of the devices is of paramount importance. For this
reason, experiments related to material properties [18], simulation methodologies [19] and nozzle effects [20] have been
undertaken. Also, mathematical models have been developed in preliminary studies [21,22] to obtain the appropriate
range of different parameters without the need for complex in-vitro or in-vivo experiments. In these studies, the clot
removal is modelled with Bond-Graph method, paying attention to the whole system involved in the thrombectomy:
pump, catheter, vessel, suction device, blood clot and the existing interfaces. Although these Bond-Graph models
facilitated a good approach to some parameters involved in the study, the method is limited especially with regard to the
representation of the blood clot, where a high number of equations is needed for obtaining a solution. For that reason,
only the conditions regarding the movement of the clot were analyzed (the suction was higher than the resistive load due
to the clot-artery wall interaction).

The study we present in this paper aims to predict, with a new mathematical model, the dynamic response of the
thrombus with greater accuracy, and studies not only the clot extraction (its movement), but also the behavior of the
thrombus. We use virtual models and gelatin prototypes to investigate the minimization of the stress that causes the
breakage of the clot and potentially, increases the risk of downstream embolism. Several parameters are investigated such
as the size of the thrombus (length and diameter), the contact area between the thrombus and the artery, the pressure of
suction, the catheter length and the behavior of the artery. The size and the diameter of the thrombus and artery used in
the virtual testing are typically 3mm diameter and 30 mm length (size of Circle of Willis vessels).

METHODS

The methodology followed is represented in Figure 2. The study begins with a mathematical model that enables to set
the blood clot properties and the suction pressure. Representative results are obtained, from which the risk of
fragmentation can be obtained (relating to the elongation and the velocity of the clot). In order to validate the mathematical
model, a comparison with a FEM model that represents the same blood clot is set up. Finally, tests with gelatin and scaled
prototypes are undertaken in order to compare the results qualitatively.

* Parameters Definition: Suction force (N), Resistive force (N), number of elements )
(slices), mass of each “slice” of the clot, diameter of the clot (mm), initial velocity
Vil (usually 0 m/s), Poisson coefficient for the clot, time interval for the study and the
ekl stiffness of the clot )
~
e Elongation vs Time for each element
* Speed vs Time for each element
* Speed vs Time for each element
J
\
* Mathematical model and Finite Element Method model results comparison
Validation
J

¢ Qualitative analysis between gelatin prototypes and CFD plots

Experimental
tests

Figure 2. Methodology flowchart.
Mathematical Model

In the existing studies, we analyze the suction pressure vs time but the clot itself is not analyzed from the point of
view of the stresses involved. Using these results (the suction pressure values), we aim to analyze the possible damage
to the blood clot, i.e. a model to represent the internal behavior of the clot is considered. We model a clot that is
represented as a mass represented as several sections — a spring system that represents "slices" of the clot that can be
studied with respect to strain and stress, where the force over the mass is variable in time, F(t) along the direction x(t),
and this direction being the only one allowed for the movement of the clot mass. This approach enables us to obtain
multiple degrees of freedom system (MDOF). To analyze the strain in the clot zone that is not instantly in contact with
the vessel, the proximal end of the thrombus is modelled as a mass-spring system as shown in Figure 3.
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Figure 3. Clot dynamic model: (a) Clot model and region to be studied and
(b) Damped mass-spring system with 6 DOF.

Considering Newton’s second law, the result is ‘m - X(t) = k - x(t) + F(t), where “¥(t)” is the acceleration of the
mass at an instant “t” and “k” is the stiffness. According to the model, if the force is applied in a real model, the mass
will oscillate with an amplitude that becomes progressively reduced until the movement is halted due to the damping
phenomena. This implies an energy loss and is considered as follows, where the updated equilibrium equation
corresponds to "m - X(t) + ¢ - x(t) + k - x(t) = F(t)", where “x(t)” is the velocity of the mass at the instant “t”.

For a single degree of freedom, the solution is immediate and, even with a 2 DOF model (that is equivalent to consider
the clot as two pieces), a simple differential equation can be used.

The equilibrium equations for the first element are:

—kixy — 1%y Hho(x — x1) + (0 — X)) + fi(x) =my & 1)
and rearranging,
my &; + (¢ + )% — X + (ky + kp)xg — koxp, = f1(%) 2

The governing equation for the second mass is as follows:

My % + CXp — Xy + kyXp — kyxy = fo(x) ©))
And in a matrix form:
o 1 R s B i [ o S *

Notice that with only two elements, the representation of the thrombus is expected to be much stiffer than in reality
(similar to a coarse mesh in FEM), so more elements need to be added to the model. The following model is therefore
proposed where the matrix formulation is changed into a block representation. The first two elements are shown in Figure
4. To increase the number of elements in the model the scheme of the second element has to replicate up to the last
element, that is shown in Figure 5. The size for the studied solid is a typically 3 mm in diameter and between 10 and 50
mm in length, corresponding to the dimensions of the Circle of Willis.

The number of elements (slices) needed to be included in the model will be determined by the convergence of the
solution, and iterations are needed. Considering a FEM model with linear beam elements, between 5 and 15 elements

would give an adequate result.
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Figure 5. Model for the last (n) element.

Solver

For solving the model, we use a spreadsheet for convenience and speed, and in order to obtain the status of the system
for each instant “t” and “t+1”. Furthermore, instead of using the numerical integration, a small enough time lapse is
chosen, and the equilibrium equations are solved. To guarantee the convergence and the accuracy of the model, an
adequate time interval must be established. In this case, 0.001 seconds is chosen, which means that for a one second study,
1000 status of the system will be solved. The structure of the spreadsheet is as follows: it has an input data tab, an
equations tab and the graphic results tab. The fields on the input data tab are: Suction force (N), Resistive force (N),
number of elements (slices) that the clot is divided into for the study, mass of each “slice” of the clot, diameter of the clot
(mm), initial velocity (usually 0 m/s), Poisson coefficient for the material, time interval for the study and the stiffness of
the clot (entered by a force — displacement chart). Since the mass of the system is very small and the speeds are low
enough, the damping calculation can be neglected on a first approach. The number of elements is set to six, which gives
a good result. The mass of each slice is automatically calculated from the total mass and the number of slices with a total
mass of 1 gr chosen.
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The equations are, for the instant for the first element at instant “t”:

Velocity for instant t v[t]: = v[t-1]: + 4v[t-1]1 (5)
Elongation for instantt  x[t] 1= X[t-1]1+V[t] 1.4t (6)
Force equilibriumFappiied = F = Fsuction (7
Elongation Force Freaction[t]1= -K . AX[t]2:1 (8)
Acceleration for instant ta[t]:= 2F / m; 9
Increment of velocity Av[t]. = a[t].. 4t (10)
Stress for instantt ~ oft]1 = owm [t]1 (11)
Velocity for instant t+1  v[t+1]: = v[t]1 + Av[t]1 (12)

and the equations for the “n” element in the instant “t” are (in the studied case 1 <n < 6):

Velocity for instant t v/t], = v[t-1],+Av[t-1], (13)
Relative velocity Av/t],.n-1 = v[t]n1 - V[t]n (14)

Relative elongation — Ax/t]nn-1= AX[t-1]nn-1 + AV[t] nne1 . At (15)
Force equilibriumFupiica/t] n = ~Freaction/t] n-1 (16)
Elongation force Freaciion[t]n=-K . Ax[t]2:1 (17)
Acceleration for instant ta/t/, = 2F / m, (18)
Increment of velocity Av/t], = aft],. At (19)

Increment of elongation x/t/,= x[t-1],+Vv/[t].. At (20)
Stress for instantt  oft], = ovm/t]n (21

Velocity for instant t+1 v/t+1],=v[t],+ Av[t], (22)

For this model, an input variable is the suction force that can vary in a given period of time, depending on the suction
pressure and the size of the clot, that can be measured by medical techniques and which was obtained in previous Bond
Graph studies. As a reference value, 0.01 N is considered, and this is reached while suctioning occurs, as shown in Figure
6.

30 === L=5cm
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S 90 - TrseL
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@ el -
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30 T T T T T T T 1
25 30 35 40 45 50 55 60 65
P (kPa)

Figure 6. Time for reaching the pressure to initiate the clot movement.

The stiffness of the thrombus is also a variable value depending on the elongation and is typically in the range 0,1 and
0,5 N/mm based on experimental testing on porcine thrombus. Two different materials are allowed to consider the
superposition of results or a variable stiffness clot. The stiffness of the thrombus is introduced by displacement — force
data pairs and a curve is plotted to verify the data. The higher the slope, the stiffer the thrombus.
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The output parameters are the elongation and speed of each element (thrombus slice). Finally, with the force and the
elongation having been determined, the stress can be calculated for each slice and for each instant of time. In the first
stage, only an axial force is considered, thus the stress will be in tension and in a narrower section (smaller cross-sectional
area) that is usually found in the proximal side of the thrombus.

Flow direction

Stopped flow

Artery wall Blood clot
Tensile load Torsinal load

De-presure pump

Figure 7. Combined loads applied to the thrombus.

If the pressure were able to generate a torque (Figure 7), a shear load would appear in the bonded section (the thrombus
— arterial interface), that is usually far from the suction catheter. The stress on this area is calculated as follows by building
the corresponding Mohr’s circle (Table 1 and Figure 8).

Table 1. Mohr’s circle definition.

Description Symbol Value / Units Formula
Normal Stress alon
X-axis ’ Ox MPa Fsuction/ A
Normal Stress along
Y-axis % MPa i
Shear Stress in
XY-plane Ty MPa Torque.r/J

oy + oy
Mean Normal Stress Oavg MPa —

. Oy — O\ 2
Maximum Shear Stress (Tresca) Tmax MPa (Ty) + 7,2
Maximum Principal Stress (1) o1 MPa Oavg + Tmax
Minimum Principal Stress (2) o MPa Oavg - Tiax
_ 2 2 — 2\ 2

Von-Mises Stress oM MPa J ((01 ) +202 +Ca )>
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Figure 8. Mohr’s circle for Normal and shear stress.

A combination of values of axial load and torsional load is considered, assuming that it is possible to create such a
torque with a catheter with a helical geometry. For this study, and in order to analyze the beginning of the movement of
the thrombus, a resistive force slightly higher than the suction force is chosen. This corresponds to a state when the
maximum suction pressure is reached (force) since in the next instant of time, the resistive force will be released and the
stresses will drop significantly until the next event occurs, namely, the collision with the catheter. The value is consistent
with those obtained in in vitro testing [17].

Validation

In order to validate the results obtained by the mathematical model, a FEM study has been undertaken keeping the
same parameters: 3 mm of diameter, 10 and 30 mm length. As described in the section “Solver”, a shear stress will appear
if the pressure were able to create a torque high enough to torsion the thrombus. So, in order to analyze this with greater
accuracy, five different helical catheters have been designed. To verify that the resistive force is as according to the
material chosen properties and to the geometry, the contact area has been modelled as a pressure fitting according to the

following expression:
é

d (d? + d? d (d? + d? (23)
Rl o) (e +v)

p:

where 6 is the radial interference, d is the nominal diameter, d;is the inner diameter of the male component (the
thrombus in this case, and it is equal to zero), d, is the outer diameter of the hub (the vessel in this case), E, and E; are the
Young modulus for the outer and inner components (vessel and thrombus) and v, and v; are the Poisson coefficients for
the vessel and the thrombus respectively. The following values are chosen:

Table 2. Parameters definition.

Parameter Value

) 0.4 mm
Eo 0.11 MPa
E; 0.06 kPa”
d 3 mm

do 5mm

dx 0 mm

Vo 0.45

\% 0.49

* For the estimation of the radial pressure, a value as isotropic has been considered for the thrombus

The applied loads are the same as in the mathematical model. Since the clot is a mass that has usually formed in
another location, usually in a vascular artery, or in the heart, and has become dislodged becoming trapped in smaller
diameter arteries, such as the cerebral artery (considered in this work), we will consider the clot as a hyperelastic solid
instead of as a Non-Newtonian fluid (as blood is usually modeled). Hyperelastic material models can be used to model
materials such as rubber, where the solutions involve big strains. We therefore assume an elastic material, which is
nonlinear, isotropic and incompressible. This incompressibility causes numerical difficulties in the element formulation
and it is corrected with the introduction of a compensation based factor on a compressibility in the strain energy density
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function, that is used in the assembly of the additional DOF into the stiffness matrix. This penalty function changes the
original function from incompressible to nearly incompressible. In particular, the Mooney Rivlin model strain energy
density function is:

1
w, =A(1—3)+B(II—3)+X(W—1>+(1”_1)2 (24)
W, =CU =3)(II =3) + D(I = 3)* + E(I = 3)* + F(I - 3)° (25)
W=t (26)
where I, I1, and Il are invariants of the right Cauchy-Green strain tensor and can be expressed in terms of principal

stretch ratios. A, B, C, D, E, and F are Mooney material constants in stress dimensions. For the model studied, a two
constants formulation has been chosen, so A and B are considered (first and second constants).

For the mesh of the thrombus and the vessel, tetrahedral elements (TETRAL0) have been used with a size that
adequately represents the geometry and that reproduces correctly the bending effects, especially in the artery. The chosen
high order elements also provide better stability in the hyperelastic model than lower order elements (TETRA 4).
Additionally, a coarse mesh will generate a stiffer system that will not represent adequately the aspiration thrombectomy
intervention. The geometry and the mesh are shown in Figure 9. The chosen properties for the materials are shown in the
Table 3.

Table 3. Material properties.
Vessel (artery) Thrombus

Isotropic linear Hyperelastic Mooney Rivlin model
Material first constant (A)= 4

Young’s modulus E =0.11 MPa Material second constant (B)= 2.5
Poisson = 0.45 Poisson = 0.49
Yield limit = 3 MPa Yield limit = 0.4 MPa
(@)
_ _ i
iS58/ SRy iEEr RS
i 7 ___# 7 i I
Fi 1 m!_;__@! A Fi
(b)

(c)
Figure 9. Helix + Clot: (a) 3D Model, (b) Mesh for CFD and (c) Mesh for nonlinear FEM.

The dynamic analysis was simulated with SolidWorks Nonlinear Dynamics and with SolidWorks Flow Simulation since

these allow us to model the thrombectomy event during a period of time. The boundary conditions for the study are:

o Fixed artery on the endings, 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.

e Zero initial velocity on the distal thrombus surface.
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¢ An interference fit between the vessel and the clot of 0.04 mm with a static friction coefficient (i) of 0.4 along 6 mm,
has been modelled for reproducing the resistive force. For both 10 mm and 30 mm lengths of thrombus, the same
interference has been modelled. This has been estimated from Equation. (23).

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 on each time step. These dynamic parameters allow us to simulate the thrombectomy event as
it would appear under real conditions.

Experimental Investigations: Blood Clot Extraction

To verify the behavior of the clot and the dependence of the suction force on the catheter geometry, some experiments
have been undertaken where gelatin was used to represent the blood clot. Gelatin was used to represent the blood clot,
because both gelatin and blood clot are composed of liquid and solid particles that produce a deformable solid; the clot
being formed by platelet aggregation, and gelatin by water and gelatin powder. It was possible to choose the density of
the gelatin by modifying the quantity of gelatin powder and in the experiments the density of the gelatin was about 20%.
That quantity of gelatin powder was put in hot water, mixed, and placed it in a refrigerator until the gelatin was solid -
about 45 minutes; after that, the gelatin was inserted in a transparent plastic tube of 25 ml with graduations, which was
closed on one side. The gelatin filled the entire diameter of the tube to reproduce a 100 % blood clot occlusion of the
artery. A transparent tube was connected to a syringe and the whole assembly was filled with water. The syringe was
pulled back to extract the blood clot. In order to observe the movement of the clot, lines of ink were injected into the
gelatin as shown in Figure 10, mixing the ink with alcohol to make it more stable. In addition, to create a difference of
pressure and so a suction force, we used a 25 ml plastic syringe of 25 ml graduation to suck the gelatin up by pulling the
piston. Finally, all pieces were assembled together and placed into water at 37 degrees centigrade. The experiments were
undertaken in water to avoid air inflow.

3D printed models have been manufactured using a BQ Witbox model which uses the Fused Filament Fabrication
(FFF) method to print by adding melted polymer filament layer by layer from a print base; the filament, made of polylactic
acid (PLA) - a thermoplastic polyster - 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. These are shown the
following figure:

RESULT AND DISSCUSSION

The results for the mathematical model are shown in Figures 11 and 12. Figure 11 shows the elongation vs time for
each element (slice) of the clot, having considered the case for studying six elements (slices). The movement follows a
dual slope law, where the first part with a steeper gradient, is affected in particular by all the slices at the start of movement
(wave forms), and the second, almost straight, is led by the elastic behavior of the clot. Figure 12 shows the stress (tensile)
vs time for each element (slice) of the clot. It is noted that the variation in time is due to the “spring effect” of each slice;
the movement is as follows: the first element is strained until the elastic force leads the second element to begin movement.
Since the second element has stored energy, at the beginning of the movement it moves faster than the first element. This
implies a reduction of the strain and, as a consequence, a stress reduction. This occurs each time an element begins to
move. It is notable that the last element, even without having begun the movement, is stressed and, for the applied load,
is in equilibrium. In this case, a little higher load will initiate movement. The total elongation of the clot of 10 mm is 2,8
mm reached 5 seconds after the pressure reaches 30 kPa.
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Figure 11. Displacement of each element (6 elements model).
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Figure 12. Stress on each element (6 elements model).

Five different suction scenarios have been evaluated with the developed tool (Fig13), combining traction and torsion
in different proportions. As expected, in both cases, for both lengths, for a prevailing tensile load (low rotational
component) the maximum stress is obtained in the same zone, that is, the load application face. Since the 10 mm thrombus
is stiffer than the 30 mm one, the transverse section reduction is less significant.

0,025

0,022
g 0,02
Z 00
- 17 17
7 0,016
z
&a

0,015
& 0,012
@ 11
s 01
=

0,01
- 0,007
£ 05
E 0,005
>
(]
=

1 2 3 4 5

H30mm ®10mm

Figure 13. Stress maximum values for 30-10 mm clot length for five helix geometries.
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The validation gives a good correlation with the FEM models, as shown in Figure 14, where the maximum stress of
the 10 mm clot is 0,019 MPa (0,017 MPa in the FEM model) with an elongation of 1,68 mm, and the maximum stress for
the 30 mm clot is 0,027 (0,022 in the FEM model) with an elongation of 3,22 mm.

Stress
0,070 | |

—— High stifness {10 mm clot)

0,060 4

Low stiffness (30 mm clot)

0,050 -
0,040 -
0,030 -
0,020 - q

0,010 - LFFJﬂt

0,000

0,000 0,500 1,000 1,500 2,000 2,500 2,000 2,500
Elongation {mm)

Maxirnum stress{MPa)

Figure 14. Stress — elongation graph for 10mm and 30mm clot length.

The results obtained using the CFD model are shown in the figures below where the pressure profile is shown. As can

be seen, a rotational component appears due to the helical geometry that will create a shear load in the clot — arterial
interface.

10141974
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20028.50
86098.21
82267.82
7843744
74607.05
TOTTE.67
6004628
ss

CutPlat 1: contours
Flow Trajectories 1

(@) (b)

Figure 15. Pressure field: (a) Section cut plot, (b) Isometric view- Trajectories plot.

The results of the laboratory based experiments are shown in Figure 16. When the syringe was pulled to create the
suction force, the gelatin moved linearly in the device as expected. Once the gelatin started moving, its velocity seemed
to be constant and in a longitudinal direction. However, it is observed that the gelatin twisted (see ink lines in figure) due
to the torsional effect associated with the existing helix, which is reflected in the FEM simulation modeling results.

(@ (b)

Figure 16. Gelatin absorption: (a) Before suction and, (b) Rotational clot deformation.
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The results obtained are consistent with previous Bond Graph models that indicated that the forces needed to extract
a blood clot from an artery in in-vitro experiments are within the range ~40-90 kPa [21, 22]. This indicates that the
GPTAD may therefore have potential use in the removal of blood clots in human arteries because it will not potentially
damage the arteries due to the suction operating pressure. The spring-mass system is useful to study the behavior of blood
clots in arteries and potentially provides a realistic approach to clot behavior (and any potential damage or clot
fragmentation) during the clot suction stage (elongation and stress). The model developed also has the potential to provide
realistic results concerning the influence of the stiffness of the clot in relation to any potential damage.

Based on these pressure values and resistive loads, complex geometries can be designed and virtually tested with the
combination of Computer Fluid Dynamic and Nonlinear Dynamic FEM models. The 3D based models provide us with a
detailed analysis of suction force (based on a pressure field). The results of mathematical models and FEM models are
consistent (stresses and elongation). It is significant that the mean solving time for the computer models are around 120
min in a Core i7 processor while the spreadsheet is updated in less than a second for new values.

The analysis of the results allows to draw some conclusions about the behavior of the thrombus. Firstly, the longer
the thrombus, the higher the stress, that arises on account of the lower stiffness. When tensile loads are predominant (low
helix influence), very high elongation is produced and as a consequence, the section reduction causes higher stress. On
the other hand, lower stiffness results, when a prevailing torque (high helix influence), provokes higher angular strain
and, therefore, higher stress. This can be appreciated in the bar diagram shown in Figure 13.

The most favorable load combination for both 10 mm and 30 mm thrombus (the lowest stress value) are obtained for
the Helix n°4, where an adequate combination of axial suction and rotation is achieved. When combining tensile and
torque loads (corkscrew / twister effect), torsion occurs, and clot movement is initiated by overcoming the interface
resistive loads, and the axial suction load manages the longitudinal movement. A pure torque application will only give
a torsion that will not lead to the clot extraction, while a pure traction will suction the thrombus by breaking it into pieces
close to the catheter, where the maximum stress values are observed.

The gelatin experiments showed the rotational effect caused by the helix and the necessity of creating a good seal
between the GPTAD device and artery wall to avoid inflow and increase the suction effectiveness over the blood clot.

CONCLUSIONS AND FUTURE WORK

The studies and experiments lead us to conclude that:

e The stress resultant from the required suction pressure to remove a blood clot in an artery as derived from the mass-
spring model are consistent with those produced by experimental investigations and previous studies.

o The stiffer the blood clot, the better its extraction, with respect to clot breakage.

e A geometry that creates a rotational effect combined with axial suction could be better for suction than straight
cylindrical ducts. This effect can be created by a helix section positioned within the catheter.

o 3D based models are appropriate for solving these problems where movement of both fluids and solids is involved in
combination.

o Mass-spring systems are suitable for solving elastic solid transient problems. A small time-lapse must be set however,
and the number of elements to obtain the convergence of the model will depend on the accelerations involved in the
system.

e For the studied system, due to the low accelerations values and to the very small mass, the damping effect can be
neglected.

o The gelatin experiments validated the torsional effect of the GPTAD device.

The GPTAD is worthy of further investigation as a potential blood clot removal device.

The beginning of the movement of the clot in an aspiration thrombectomy has been studied, obtaining the suction
pressure and clot behavior for cylindrical and helical distal end geometries. It is evident that the influence of the distal
end is an important factor in the behavior of the clot. In future studies, we propose to undertake studies to optimize
the suction process and the influence of the distal end of the catheter
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