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formation under shock wave mechanism
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Fig. 4 Diagram of human blood vessels
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Table 1 Physical parameters of the blood

Physical property Value
Density /(kg+m *) 1050-1060
Specific heat /(J-kg 'K ") 3770
Thermal conductivity /(W+m 'K ") 0.52
Temperature /C 38+0.3
pH 7.35-7.45
Viscosity Non-Newtonian fluid
Relative viscosity 4-5
Blood diastolic pressure /mmHg 90-139
Blood systolic pressure /mmHg 60-89

F2 MR R AR S5
Table 2 Non-Newtonian fluid parameters of the blood

Non-Newtonian parameter Value
Consistency index 0.644
Power-law index 0.392
Minimum viscosity limit 0.0022
Maximum viscosity limit 0.022
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Fig. 5 Distribution of detonation wave pressure flow field at different time. (a) 5 ns; (b) 10 ns; (¢) 20 ns
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detonation wave propagation
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Table 3 Physical parameters of the two blood environments

. . Thermal Vascular Velocity
. Density /  Specific heat / . Pressure / . L
Blood environment (keem ) (J-kg K ) conductivity / Pa diameter / of flow / Viscosity
J J (Wem K™ mm (cm-s™")
Arteriae lower extremis 1050 3770 0.52 18.7 5 30 Non-Newtonian fluid
Venae lower extremis 1050 3770 0.52 10 10 10 Non-Newtonian fluid
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Fig. 8 Simplified model of arterial vessel containing thrombus
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Fig. 11  Thrust curves under different laser energies
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Abstract

Objective Optical fiber is an efficient propagation carrier of laser energy. A short-pulse laser can be focused on the end of a fiber to
realize the directional propagation of energy along the carrier path. Therefore, the efficient and high-energy transmission of laser
energy can be realized by inducing a plasma detonation wave with an underwater fiber laser. The integration of underwater fiber laser
propulsion technology with various scientific and technological advancements holds significant promise in fields such as green ship
manufacturing, submarine stealth propulsion, detonation engine performance, and supercavitation weapon systems. In the medical
field, vascular embolism and thrombotic disease caused by endovascular thrombus flaking are still intractable diseases. Traditional
thrombectomy and interventional hemolysis can cause harmful complications. For example, a thrombectomy can easily cause large-
scale bleeding and the embolization of blood vessels. In view of the prominent problems with traditional thrombus removal, the
technique of underwater fiber laser propulsion has been applied to the targeted removal of blood vessel thrombi. Based on fiber
conduction, a short-pulse laser-induced plasma detonation wave propulsion scheme is proposed as part of the technical research on the
noninvasive comprehensive treatment of thrombi. To explore the propagation characteristics of laser-induced plasma detonation
waves, the feasibility of the fixed-point and directional noninvasive removal of thrombi using fiber laser-induced plasma detonation

waves 1s verified by combining experiments and simulations.

Methods This study analyzed the mechanism of underwater fiber laser-induced plasma shock wave propulsion. It modeled a
thrombus in a human blood vessel, creating two environments for underwater fiber-optic laser propulsion. The study employed
numerical simulations to observe the propagation process of plasma shockwaves generated by laser energy. First, the model,
propagation mechanism, and absorption mechanism of laser plasma detonation waves were determined. Second, using a numerical
simulation method for the energy source term and plasma equation of state, the thrombus propulsion in two blood environments was
numerically simulated, and the pressure cloud image and thrust curve of the detonation waves acting on the thrombus were obtained.
Then, we analyzed the factors influencing the thrombus progression. These influence factors were determined to be the amount of
laser energy and the size and shape of the thrombus, and a corresponding numerical simulation was carried out to obtain the thrust
curve conforming to certain rules. Finally, based on the characteristics of the thrombus, experiments that used an underwater fiber

laser to push a single microsphere and microsphere cluster were carried out to verify the feasibility of thrombus removal.

Results and Discussions The numerical simulation results show that the pressure variation of a plasma detonation wave with
9 mJ of laser energy decreases rapidly with distance and time, and the detonation wave pressure exceeds 10° Pa within 100 um from
the center (Fig. 6). The peak thrust force of a detonation wave on the thrombus first increases and then decreases. In arterial and
venous blood environments, the peak thrust forces produced with 20 pJ of laser energy on 2 mm thrombi can reach 1.2 and 1.0 N,
respectively (Fig. 10), which can be used for thrombus clearance. The peak thrust on the thrombus is affected by the laser energy and
the size and shape of the thrombus. As the laser energy increases from 5 to 25 pJ, the peak thrust on the thrombus increases
continuously (Fig. 11). As the size of the thrombus increases from 1 to 3 mm, the peak thrust on the thrombus gradually increases,
and the shape of the thrombus also has a significant impact on the peak thrust. A 3 mm square thrombus shows a larger peak thrust
than a 3 mm spherical thrombus (Fig. 12). The experimental results show that a laser with an energy of 25 pJ can be used to propel a
microsphere particle with a diameter of 50 pm, which has an obvious movement of approximately 300 pm in 4 ms (Fig. 15). A laser
with an energy of 36 pJ can be used to break up microsphere clusters of 50 pm microsphere particles into discrete particles that can
then be removed (Fig. 16).

Conclusions With the goal of treating human vascular embolism, this paper discusses the construction of two different human
vascular models and numerical simulations of human blood environments. The research shows that when using laser propulsion, the
peak thrust on a human thrombus can exceed 1.0 N, and the thrust attenuation is a rapid process. The whole process will cause no
harm to human blood vessels, and a human thrombus can be cleared by laser plasma detonation wave propulsion. At the same time,
experimental data on how underwater fiber laser plasma detonation waves push microspheres and clusters are collected, and the
experimental results are extended to the vascular environment to verify the feasibility of using a fiber laser to move a thrombus.
Therefore, fiber laser plasma detonation waves can be used to push and clear a micro-thrombus and break up the thrombus clusters
formed by the agglomeration of micro-thrombi.

Key words lasers; fiber; plasma detonation wave; laser propulsion; blood vessel thrombosis; targeted clearance

0307204-12



	2　水下激光等离子体爆轰波推进机理分析
	2.1　C-J爆轰模型
	2.2　激光等离子体爆轰波模型
	2.3　激光等离子体爆轰波传播机制
	2.4　等离子体激光吸收机制

	3　血管中激光等离子体爆轰波数值模拟及推进模型构建
	3.1　等离子体爆轰波血栓定点清除方法
	3.2　血液环境的构建及血管模型简化
	3.3　激光等离子体爆轰波观察与数值模拟
	3.4　激光等离子体爆轰波推进人体血栓物理模型
	3.5　激光爆轰波数值模拟边界条件分析

	4　激光等离子体爆轰波推进过程及影响因素分析
	4.1　激光等离子体爆轰波推进过程分析
	4.2　激光能量大小对推进过程的影响
	4.3　血栓大小和形状对推进过程的影响

	5　水下光纤激光等离子体推进微球和打散团簇实验
	5.1　水下光纤激光推进实验条件与输入参数确定
	5.2　水下光纤激光推进实验设计
	5.3　水下光纤激光推进微球实验
	5.4　水下光纤激光打散团簇粒子实验


