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Formation of a blood clot in the astronaut’s veins in space may have 

dangerous consequences. In the absence of gravity, body fluids shift 

from the legs to the upper body and the head. This shift affects the flow 

of blood through the vessels in the head. Removing the blood clot in 

the vessels in space may help astronauts’ health. Although using the 

medicine to remove the blood clot in the vein, it can be applied only 

for a very small size. When the blood clot is large, using the ultrasonic 

waves with the creation of small bubbles may be a useful method to 

remove the blood clots in the veins. The goal of the present paper is to 

gain an optimal intensity of ultrasound to achieve the required pressure 

field generated by the collapsing bubble in blood to deform blood clots. 

The collapse pressure within the bubble has been calculated using the 

Rayleigh–Plesset (RP) equation. Moreover, a coupling simulation of 

the flow and clot structure is performed using the full Navier-Stokes 

equations, which govern the blood domain, and linearized discrete 

equations for the clot medium to calculate the desired bubble 

collapsing pressure necessary to deform the clots, which has immense 

importance in medical applications. Simulation results are presented to 

show the effectiveness of the proposed method. 
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1. INTRODUCTION 

Blood clots that create in arteries feeding the 

heart and brain are the major cause of heart attacks 

and deep vein thrombosis, i.e., pelvic area, clots in the 

legs, and upper extremities [1]. The pieces of the clot 

may fracture and move to an artery in the lungs, 

resulting in an acute pulmonary embolism. As blood 

clots have a complex microscopic structure, 

additional analysis is needed. Among various blood 

clot components, optical microscopy has been found 

to be convenient for studying blood clot structure and 

interactions [2]. In this study, the blood clot is 

considered as a homogeneous continuous medium in 

a vessel connected to a pulmonary artery.  

Thrombolysis is the dissolution of a blood clot 

created in blood vessels using medication that is 

used in stroke and severe venous thromboembolism. 

Thrombolytic therapy is a treatment that breaks up 

dangerous blood clots in blood vessels, improves 

blood flow, and prevents tissue and organ damage. 

Thrombolysis may involve injecting a clot-busting 

drug through an intravenous line or a long catheter 

that delivers the drug straight to the location of the 

blockage. It may also involve using a long catheter 

with a mechanical device at the tip to remove or 

physically break up the clot [1]. Thrombolytic 

therapy, if the blood clot is determined to be life-

threatening, and if started as soon as possible, 

ideally within 1 to 2 hours of symptoms of heart 

attack, stroke, or pulmonary embolism, could be one 

of the choices [1,3-5]. Despite a long history of 

research into the diagnosis and prognosis of 

pulmonary embolism, the disease remains a cause of 

high mortality, with an untreated mortality rate of 

15% in normotensive patients and 15% in patients 

with cardiogenic shock, up to 58% [6]. 

Thrombolytic therapy is valuable in treating 

considerable pulmonary embolism [7] and 

acute/subacute arterial thrombosis [8]. 

Cavitation, the formation of bubbles in a liquid 

under an ultrasonic field, can be used as an efficient, 

non-invasive thrombolysis technique. However, 

bubble formation refers to both the formation of new 

bubbles and the expansion of existing microbubbles 

[9]. As cavitation bubbles grow and collapse, they 

produce various physical effects such as microjets, 

shear forces, shock waves, etc [10]. The physical 

effects of ultrasound can be applied to a variety of 

subjects, including physics, chemistry, food 

technology, and engineering [11,12]. Moreover, 

ultrasound is useful in surgical, therapeutic, and 

diagnostic medical applications [13,14]. Cavitation 

has an important role in various medical 

applications [13]. Researches on the collapse of 

cavitation bubbles are widely documented in the 

literature. Cavitation bubbles can be explained by 

the oscillatory dynamics, the very high temperature 

and pressure that occur at the moment of collapse. 

When a cavitation bubble collapses, it creates 

thousands of atmospheres of pressure within the 

bubble for just a few microseconds [15]. These 

characteristic parameters can be determined both 

experimentally and theoretically for a single bubble 

[16-20]. Study efforts have focused on using 

cavitation as an efficient, non-invasive thrombolysis 

technique[21-22].  Most of the previous research was 

based on experimental results, and the minimum 

pressure required to break down a blood clot has not 

yet been theoretically determined. 

The acoustic pressure and mechanical index 

have been modeled in [23] to calculate the optimal 

intensities and distances from the transducer in 

cylindrical coordinates and validate the results 

experimentally. Authors in [24] have numerically 

performed the coupling of blood and clot simulation 

according to the different initial pressures generated 

by bubble collapse to find the minimum pressure 

required to pass the yield stress and consequently 

clot deformation. Also, the RP equation has been 

used to obtain the bubble radius and calculate the 

collapse pressure within the bubble. Finally, the 

ultrasound frequency has been appropriately 

selected to achieve the desired collapse pressure. 

This paper is an improved and extended version 

of [24]. The dimensions of blood vessels and blood 

clots have been chosen in a way that is close to 

reality, and the work of their practical 

implementation is also underway. Also, according to 

[25], the appropriate frequency was selected, and 

based on that, the optimal distance from the 

transducer was determined based on [23]. Finally, 

the appropriate intensity level needed for 

detachment of the clot has been calculated and 

applied through cavitation using an ultrasound 

signal. When finding the minimum required 

intensity and pressure consequently, blood flow is 

first simulated in the vein using Ansys/Fluent 

software. Then, the effects of a pressure pulse on the 

clot caused by a bubble collapse are investigated 

using structural and dynamical analysis. Finally, the 

maximum amount of stress obtained on the clot is 
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compared with the clot yield stress to find the 

minimum amount of pressure required. To study the 

effects of a pressure pulse, the proposed models 

simulated a selected physical domain of a clot in a 

vein using a 3D CFD simulation.  

This method provides proper treatment planning 

in vitro and in vivo by estimating the cavitation 

phenomenon and its effect on the clot. 

2. CAVITATION BUBBLE DYNAMICS 

The use of control algorithms for stability 

analysis and control of a single spherical bubble was 

presented for the first time in [26]. In this section, 

we analyzed bubble dynamics using simulations. 

Assuming the initial formation of a bubble, the 

motion of a single bubble in liquid bulk due to an 

applied acoustic has been investigated. The RP 

equation, which is a second-order, nonlinear 

ordinary differential equation, has been considered 

to describe single spherical bubble dynamics [27]. 
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In the above equation, 𝑅 is the bubble radius, 𝜌, 

𝜎, 𝜇, and γ are liquid density, liquid surface tension, 

liquid viscosity, and the ratio of specific heats, 

respectively. 𝑃0 is atmospheric pressure and 𝑃𝑣 is 

vapor pressure. 𝑃(𝑡) represents the additional external 

pressure applied at the bubble wall. This is modeled as 

a spatially homogeneous standing sound wave, i.e., 

𝑃(𝑡) = −𝑃𝑎 cos(𝜔𝑡), where 𝑃𝑎 is ambient pressure, 

and 𝜔 is a fixed frequency. Since the intensity of the 

ultrasound can be adjusted in vitro, we use the 

following equation to calculate the pressure. 

𝑰𝟎 =
𝑷𝒂

𝟐

𝟐𝝆𝒗𝒎

,   𝑰 = 𝑰𝟎𝒆𝝁́𝒙   (2) 

In which 𝐼0 is the ultrasound intensity, 𝑣𝑚 is the 

velocity  of the sound wave, 𝜇́ is the absorption 

coefficient, 𝑥 is the distance from the transducer, and 𝐼 

is the ultrasound intensity at distance 𝑥. Also, 𝑅0 is the 

radius of the unforced bubble, and dots over a term 

denote derivatives with respect to time, 𝑡.  

3. PRESSURE DUE TO BUBBLE COLLAPSE 

In the rarefaction cycle of the acoustic wave, the 

bubble radius reaches its maximum value and 

collapses violently. As a result of the collapse of the 

bubbles, substantial amounts of pressure and heat 

are generated in the liquid bulk around the bubble 

instantaneously. As the collapse time is on the order 

of microseconds, the heat cannot escape from the 

bubble, and the bubble’s collapse can be considered 

adiabatic. Bubble pressure is an important feature of 

a cavitation bubble. Assuming adiabatic 

compression, the collapse pressure inside the bubble 

can be calculated with Eq. (3) [17]: 

𝑷𝒄𝒐𝒍𝒍𝒂𝒑𝒔𝒆 =
𝑹𝟎

𝟑𝑷𝟎

𝟒
𝟒

𝟑𝑹𝟑(𝒕)
 (3) 

The nonlinear model Eq. (1) is simulated using 

the parameters given in Table I, which are common 

values for studying a bubble collapse in blood [28]. 

The driving frequency  𝑓 and the distance from the 

transducer are considered the same as the optimal 

values obtained from [23], which means 1 MHz and 

2.5 cm, respectively. We considered four different 

values for the intensity of the ultrasound, from 0.5 

to 2 𝑤𝑎𝑡𝑡
𝑐𝑚2⁄ . The curve of the bubble radius with 

time for the bubble collapsing in blood is shown in 

Fig. 1a and Fig. 1b. shows the pressure at the bubble 

wall as a function of time under different ultrasound 

intensities.  

When the bubble collapses, the potential energy 

of the enlarged cavity is converted to kinetic energy in 

the blood. The difference between the pressure outside 

and inside the bubble is the driving force. During the 

collapse phase, the bubble is compressed until the 

pressure inside the bubble is sufficient to balance the 

forces of contraction. At the collapse point, the 

collapse is completely arrested; therefore, the bubble 

begins to rebound. Due to the very rapid change in 

momentum of the bubble surface, when it reaches its 

minimum size, extremely high pressure is created, 

which can lead to deformation of the blood clots. 

Table 1. Constant parameters of RP [1]. 

Parameter Value Unit 

𝜌 1060 𝑘𝑔
𝑚3⁄  

𝜎 0.056 𝑁
𝑚⁄  

𝜇 3 ∗ 10−3 𝑃𝑎. 𝑠 

𝑝𝜈 4.24 × 103 𝑃𝑎 

𝑝0 101325 𝑃𝑎 

𝑓 1 𝑀. 𝐻𝑧. 

𝑅0 2.5 𝜇𝑚 

𝑣𝑚 1540 𝑚
𝑠⁄  
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Fig. 1. (A): The curve of the bubble radius with time for bubble 

collapsing in blood, (B): The pressure at the bubble wall as a 

function of time; the driving ultrasound frequency is 1 MHz 

with intensity of 0.5, 1, 1.5, and 2 𝑊/𝑐𝑚2. 

As you can see, the driving ultrasound intensity 

affects the motion of the bubble wall and 

consequently the collapse pressure. The collapse 

pressure for different ultrasound intensity values is 

shown in Table 2. As seen, the collapse pressure 

increases with increasing I. The comparison 

between our numerical results and the experimental 

results presented in [20] shows that the pressure 

predicted by Eq. (2) can accurately model the 

experimentally measured pressure. The necessary 

pressure to deform blood clots can be achieved by 

accurately choosing an ultrasound Intensity. In the 

ensuing sections, the minimum pressure required for 

breaking down a blood clot is calculated. 

Table 2. 𝑃𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒 ,  for various Intensities. 

Intensity (W/cm^2) Collapse Pressure (MPa) 

0.5 0.29 

1 0.46 

1.5 0.58 

2 0.75 

4. MINIMUM REQUIRED PRESSURE FOR 

CLOT DETACHMENT 

In this section, the goal is to find the minimum 

required pressure to detach a clot in a vein. For this 

purpose, a coupling simulation of flow and clot 

structure is performed. The paper is related to the 

vessels that are connected to the pulmonary veins, 

and the clot dimensions are considered due to the 

vessel dimensions. As shown in Fig. 2, a clot 

measuring 2 mm in diameter and 20 mm in length is 

considered in a vein 3 mm in diameter and 60 mm in 

length. The clot is located 20 mm from the inlet. 

Using these parameters, the blood and clot are 

simultaneously simulated as a flow and a solid, 

repectively. As the flow conditions, in this case, we 

assume that the blood is a non-Newtonian and 

viscoelastic material, so it exhibits both viscous and 

elastic characteristics when undergoing deformation. 

The inflow pressure of the vein inlet is specified 

to calculate the amount of pressure on the clot at 

various times. Since the clot is considered a solid 

with a fixed constraint on the vein wall, the blood 

inlet pressure causes deformations and stresses in 

the clot. Thus, blood pressure variations on the clot 

determine the amount of equivalent stress and total 

deformation. 

The inlet pressure is considered the normal 

blood pressure, which dramatically increases nearly 

instantaneously due to the bubble collapsing. Rather 

than simulating the collapsing bubble, the pressure 

jump resulting from the collapse is considered as the 

blood inlet pressure. The blood and clot properties 

are summarized in Tables 3 and 4. 

 

Fig. 2. Problem definition. 

Table 3. Blood properties [2]. 

Dynamic viscosity Temperature Density 

3e-3 pa.s 310.925 k 1060 kg/m^3 

Table 4. Clot properties [2]. 

Young’s module Poisson’s ratio Density 

1.9e6 pa 0.49 5.9e3 kg/m^3 

Since blood and clots are considered, 

respectively, as a flow and a solid, the problem 

formulation includes two types of governing 

equations: fluid and structure.  
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4.1 Flow Governing Equations 

The full Navier-Stokes equations govern the 

flow of a non-Newtonian fluid. The model for clot 

fragmentation presented here could be further 

improved by including more advanced fluid-

structure interaction combined with biochemical 

reactions governing dissolution kinetics [29,30]. 

Although the blood flow in the veins with normal 

blood pressure is laminar, in thrombolysis, we 

have a high-amplitude pressure pulse, which 

raises the velocity and may convert the flow from 

laminar to turbulent. Consequently, to cover the 

physics of a pressure pulse, the blood flow is 

considered to be turbulent. In the present work, 

the k-𝜖 model, one of the most common 

turbulence models, is used to numerically 

simulate a complex flow field due to its balance 

of accuracy, robustness, and computational 

efficiency. This turbulence model has been 

extensively tested and validated across a wide 

range of turbulent flows (e.g., boundary layers 

and internal flows). The turbulent kinetic energy 

equation in the k-𝜖 method, accurately models the 

mixing flow near the wall and the wall function 

use the turbulent kinetic energy (k) to calculate 

accurate shear stress at the wall. Thus, the k-𝜖 

model is suitable for the problem with a complex 

mixing layer near the wall. The compressible 

RANS equations can be derived by time 

averaging of the Navier-Stokes equations: 

(4) 

 

 

 

(5) 

 

 

 

 

 

 

(6) 
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𝜕𝑥𝑖

) − 𝜌𝑢𝑖
“𝑢𝑗

“̅̅ ̅̅ ̅̅ ]] 

where 𝑢𝑖 and 𝑢𝑗 are the flow velocity 

components in the x and y directions, 𝜌 is density, 𝑝 

is pressure, 𝜇 is viscosity, 𝐻 is enthalpy, and T is 

temperature. The Reynolds stress expression, ρũiũj
̅̅ ̅̅ ̅, 

is modeled using the eddy viscosity, 𝜇𝑡. In the k-𝜖 

turbulent model, the eddy viscosity, is given by 

𝜇𝑡 = 𝐶𝜇𝜌
𝑘2

𝜖
 , where the turbulence kinetic energy 

(k) and the specific rate of dissipation (𝜖) are 

calculated from two extra transport equations [31]. 

This allows a two-equation model to account for 

history effects like convection and diffusion of 

turbulent energy. Details of the numerical method 

applied in the present work are available in [32,33]. 

4.2 FSI Governing Equation 

The linearized discrete equations of a 

structure/solid medium at time t can be expressed as 

follows: 

[M]{Ü} + [C]{U} + [K]{U} = {F} (7) 

where M(u), C(u), and K(u) are the mass, dissipation 

matrix, and stiffness matrix, respectively, the vector 

of incremental nodal point displacements is u, and 

the vector of external forces is F(u), which are 

applied through the flow. In this paper, the FSI 

equation is solved using a finite element approach, 

where a finite element is chosen for each specific 

problem. The FEM converts a PDE into a system of 

equations in matrix form. The matrix contribution of 

each element is calculated and assembled into a 

global system of equations. In contrast to linear 

problems, where the solver solves for the 

displacements and reactions in one step, nonlinear 

problems need several iterations to solve for the 

same. The displacement of each node of the 

structure is calculated from the governing equation. 

Using that, the strain vector {𝜀} can be computed 

from the nodal displacement vector, {𝑈} [34]. 

{𝜀} = [𝐵]{𝑈} (8) 

where [𝐵] is the strain-displacement matrix based on 

the element-shaped function. Finally, the stress 

vector, {𝜎}, is obtained using the strains vector: 

{𝜎} = [𝐷]{𝜀𝑒𝑙} (9) 

where [𝐷] is the elastic stiffness matrix, and the 

elastic strain vector, {𝜀𝑒𝑙}, is calculated from the 

total strain vector, {𝜀} and the thermal strain vector, 

{𝜀𝑡ℎ}: 

{𝜀𝑒𝑙} = {𝜀} − {𝜀𝑡ℎ} (10) 

The von Mises or equivalent stress 𝜎𝑒 is 

computed from the principal stress components 
(𝜎1, 𝜎2, 𝜎3): 

https://www.cfd-online.com/Wiki/Turbulence_modeling
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𝜎𝑒 = (
1

2
[(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2

+ (𝜎3 − 𝜎1)2])
1

2 

(11) 

4.3 Numerical method 

The commercial CFD solver Fluent 15.0 was 

used to perform the simulations, based on the finite 

volume approach to solving the governing equations 

with a segregated solver. The second-order upwind 

scheme was used for the discretization of the 

convection terms: energy, turbulent kinetic energy, 

and turbulent dissipation energy. This scheme 

ensures, in general and especially for tetrahedral and 

polyhedral mesh flow domains, satisfactory 

accuracy, stability, and convergence. The SIMPLE 

algorithm was used to resolve coupling between the 

velocity and pressure fields. In the present study, 

coupled FSI simulation is adopted. Different meshes 

are generated for the fluid field and the solid field. 

The case simulation is running until a convergence 

criterion is reached, i.e., the change in the deflection 

from iteration to iteration is less than a certain value 

(10-5). The under-relaxation factors are also 

considered to be 0.3 and 0.7 for pressure and 

momentum, respectively. 

4.4 Boundary Conditions 

In the transient structural analysis, the interior 

of the clot is considered a fixed support, and the 

effect of structural damping is included in the 

structural model. The computational fluid model is 

created with the side boundaries flush with the ends 

of the circular vein. The pressure at the inlet is set 

according to the blood pressure. At the outlet, a 

pressure-outlet condition is used. A constant inlet 

temperature of 37 oC is imposed on the vein inlet. 

No slip conditions are applied on the surfaces of the 

vein wall. The single-phase unsteady approach for 

fluids is adopted in this numerical study.  

The pressure pulse caused by the bubble 

collapse is a time-dependent sine function, which is 

used for the inlet pressure: 

𝑃 = 2666 + 𝑃𝑜 sin (
2𝜋

𝑇
𝑡) (12) 

where T is the period of time for the pressure pulse, 

which is calculated from the simulation of 

ultrasound bubble formation and collapse, and the 

flow direction in the inlet boundary is normal to the 

inlet surface. Unlike systemic blood pressure, which 

represents the force of the blood moving through the 

blood vessels in the body, pulmonary blood pressure 

reflects the pressure the heart exerts to pump blood 

from the heart through the arteries of the lungs. In 

other words, it focuses on the pressure of the blood 

flow in the lungs. Normal pulmonary artery pressure 

is 8-20 mm Hg at rest. If the pressure in the 

pulmonary artery is greater than 25 mm Hg at rest or 

30 mm Hg during physical activity, it is abnormally 

high and is called pulmonary hypertension. In this 

paper, we consider 20 mmHg or 2666 Pa for blood 

pressure because the investigated artery is connected 

to a pulmonary vein. 

P0 represents the amplitude of the pressure pulse, 

which is varied by bubble size and collapse. The 

sample inlet pressure function as an inlet boundary 

condition is shown in Fig. 3 for an amplitude of P0=1 

MPa and a period time of T=5×10-7s. This pressure 

pulse is applied according to the calculation of the 

bubble collapse in the previous section. In this section, 

the pressure is the total pressure of the vein, including 

the blood pressure and the pressure pulse caused by the 

bubble collapse. 

 

Fig. 3. Inlet pressure pulse (total pressure of the vein, including 

the blood pressure and the pressure pulse caused by the bubble 

collapse). 

4.5 Mesh Treatment 

In order to have an exact numerical simulation 

that covers the relevant features, good-quality mesh 

generation is necessary. The tetrahedral elements are 

used for meshing the entire field. A fine mesh for 

regions near the wall is needed to have acceptable 

results. In the present solution, the total number of 

tetrahedral mesh elements used in all simulations is 

13351 for flow. The boundary layer mesh is used near 

the wall, and grid independence is performed for the 

pressure drop in the vein as an important parameter in 

such phenomena. For capturing the ultrasound 
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physics and frequency of 1 MHz, the CFL=10^ -8 has 

been considered in all numerical solutions. 

 A sample of mesh, which is used in the 

simulations, is presented in Fig. 3. 

 

Fig. 4. Mesh generated in the vein for numerical simulation. 

5. RESULTS AND DISCUSSIONS 

The goal is to control and apply a pressure field 

generated by the collapsing bubble in blood using 

ultrasound to fracture blood clots. Firstly, the 

Rayleigh–Plesset equation has been used to obtain a 

realistic estimate of the bubble radius and calculate 

the collapse pressure within the bubble. Ultrasound 

intensity has been selected as the control parameter 

to achieve the desired pressure from the bubble 

collapse. To find the minimum required pressure for 

clot fracture, the coupled blood and clot simulation 

has been calculated numerically according to the 

different initial pressures generated by the bubble 

collapse. In this solution, the collapse pressure 

amplitude is considered to be 1 MPa with a 

frequency of 5×10-7.  There is a clear correlation 

between clot stress and pressure pulse. Once the 

maximum pressure has been reached in the flow 

inlet, the amount of stress in the clot and its 

deformation will begin to change. There is no 

uniform distribution of pressure around the clot. 

There are two reasons for this: first of all, blood 

flows one way (upstream to downstream), which 

causes higher pressure at clot surfaces that are facing 

the flow direction. Accordingly, the opposite blood 

surface faces lower pressure. Secondly, this paper 

assumes the bubble is collapsing near one side of the 

clot. As a result, it exerts unsymmetrical pressure on 

the clot surface. This causes the clot to be removed 

by creating higher pressure on one side. 

As part of thrombolysis, we need a pulse of 

pressure from the bubble collapse in order to fracture 

the clot. For simulating the behavior of the clot, 

different pressure values are applied to the clot surface 

due to different bubble collapses. Each input pressure 

is converted into equivalent stress on the clot surface. 

According to reference [2], the Range of the 

deformation behavior of the specimens changes, 

meaning the yield stress in this case is between 4000 

and 6000 Pa, which we consider equal to 4500 Pa, as 

shown in Fig. 9. Yield stress is the amount of stress 

that a material needs to be deformed. Comparison of 

the stress on the clot with the yield stress of the clot 

shows a minimum pressure pulse of 0.2 MPa needed 

for the deformation of the clot, which is the purpose 

of this paper. Now we can use Table 2 to get the 

optimal value for ultrasound intensity, which is equal 

to 1 
𝑊

𝑐𝑚2. 

The clot without any applied pressure is shown 

in Fig. 5. In Fig. 6 and Fig. 7, the clot deformation 

in mm with the max pressure pulse equal to 0.6 MPa 

and 0.2 MPa is shown, respectively. The main goal 

of the fluid analysis presented in this paper is to 

evaluate ability of the proposed approach for 

numerical analysis of the blood clot deformation 

using the ultrasound bubble control. The results 

indicate that we need a minimum pressure pulse of 

0.2 MPa to deform the clot. It may not be enough for 

clot removal and may just deform it. In Fig. 8, the 

equivalent stress in MPa with the maximum 

pressure pulse=0.2 MPa is shown. It is noted that 

this research is the first step for clot removal using 

the bubble collapse, and completed studies will be 

presented in the future. 

It should be mentioned that the compared yield 

stress is similar for all amounts of stress.  As listed 

in Table 2, the minimum pressure required for 

deforming the blood clot can be reached by exerting 

an ultrasound with an intensity of 2 
𝑊

𝑐𝑚2. 

In Fig. 9, the aim of showing the different pressure 

pulses, including a pressure pulse of 0.6 MPa, is to 

investigate a large range of pressure pulses for 

comparing them with the yield stress. In fact, we want 

to show that with different amounts of pressure, in 

which way the clot will behave. In this way, we will 

have more precise investigations to prove the results. 

 

Fig. 5. Clot without pressure. 

 
Fig. 6. Clot deformation(mm) with the max pressure pulse=0.6 

MPa. 
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Fig. 7. Clot deformation(mm) with the max pressure pulse=0.2 

MPa. 

 

Fig. 8. Equivalent stress (Mpa) with the max pressure pulse=0.2 

MPa. 

 
Fig. 9. Comparison of the equivalent stress on the clot in 

different pressure pulses with the amount of yield stress=4500 

Pa. 

6. CONCLUSIONS 

A clot fracture requires a minimum pressure 

pulse from a bubble collapse during the 

thrombolysis process. The purpose of this paper is 

to discuss the solution of the RP equation, which 

determines the pressure resulting from the collapse 

of a single spherical bubble in blood. As a result of 

the numerical solution, the pressure created by 

bubble collapse varies with the driving ultrasound 

intensity. In this way, choosing an ultrasound 

intensity accurately for the intended pressure results 

in deforming the blood clot. According to the 

different initial pressures generated by bubble 

collapse, coupling blood and clot simulation has 

been numerically performed to find the minimum 

pressure required for clot deformation. To simulate 

different bubble collapses and clot behaviors, 

different pressures were applied to the clot surface. 

The equivalent stress and total deformation of the 

clot surface have been calculated for each input 

pressure. A comparison of the stress on the clot with 

the yield stress of the clot indicates that 0.6 MPa is 

the minimum pressure pulse required to pass the 

yield stress and have a deformation in the clot. This 

minimum pressure can be achieved by exerting an 

ultrasound with an intensity of 2 𝑊/(𝑐𝑚2). The 

simulations confirmed the numerical results 

obtained. In the continuation of this research, the 

practical implementation of the proposed method 

with the obtained parameters is suggested. 
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