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Abstract 

 

The trapping and manipulation of bubbles have been studied by several researchers from 

a distinct points of view due to the potential applications in numerous fields. The most 

common techniques to achieve the trapping and manipulation lie in thermal, optics, and 

acoustics phenomena. However, these techniques require a complex experimental setup and 

exhibit a lack of spatial accuracy. Moreover, the techniques are incapable to trap and 

manipulate bubbles bigger than 50 μm in diameter. 

In this thesis, we show both theoretical and experimental results concerning the 3D 

quasi-steady-state trapping and manipulation mechanism of ethanol vapor microbubbles up 

to 300 μm of diameter immersed in pure ethanol via optothermal effects employing low 

optical power, i.e., the laser radiation is absorbed by both a thin film and light bulk absorption 

in liquids. Thus, heating the liquid up to its boiling point and beyond, inducing a temperature 

gradient in the liquid. Drag, buoyancy, optical, and Marangoni forces are the main forces 

present due to both optothermal and hydrodynamics effects. 

The controlled generation of the ethanol vapor microbubbles lies on photothermally 

mechanism produced by the light absorption from silver nanoparticles, previously 

photodeposited on the core of one distal end of an optical fiber. The other distal end of the 

optical fiber is coupled to laser radiation, either CW laser or pulsed laser, at low power or 

low energy, respectively. 

The 3D trapping and manipulation of the photothermally-induced ethanol vapor 

microbubbles, immersed in a glass cell filled with pure ethanol, occurred by employing the 

same optical fiber configuration. Both the trapping and the manipulation of vapor 

microbubbles are driven by switching on and off the laser radiation, i.e., spatially switching 

the origin of the optothermal effects. Moreover, the vapor microbubbles can be trapped and 

manipulated within an optical fiber array (we explored an experimental setup composed of 

three fibers coupled to a three CW laser) emitting at different wavelengths at low power.  

The heart of the optothermal 3D trapping and manipulation of vapor microbubbles lies 

in the Marangoni effect. It is triggered by a temperature gradient induced by either light bulk 

absorption or heating of a substrate like silver nanoparticles absorption (AgNPs, previously 

photodeposited on the core of the optical fiber). The temperature gradient modules the 

surface tension of the bubble wall and creates longitudinal and transversal forces just like 

optical forces, effectively creating a 3D potential well. By numerical simulation, we obtain 

expressions for the temperature profiles and present analytical expressions for the Marangoni 

force. The balance of the optothermal forces drives successfully the 3D steady-state trapping 

and manipulation of the vapor microbubbles up to 150 µm of radius.  
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Resumen 

 

El confinamiento y manipulación de burbujas ha sido estudiada por varios investigadores 

desde distintos puntos de vista debido a las posibles aplicaciones en numerosos campos. Las 

técnicas más comunes para lograr el confinamiento y la manipulación radican en los 

fenómenos térmicos, ópticos y acústicos. Sin embargo, estas técnicas requieren una 

configuración experimental compleja y muestran una falta de precisión espacial. Además, las 

técnicas son incapaces de confinar y manipular burbujas de más de 50 μm de diámetro. 

En esta tesis, mostramos resultados tanto teóricos como experimentales sobre el 

mecanismo de confinamiento y manipulación 3D en estado-casi-estacionario de 

microburbujas de vapor de etanol de hasta 300 μm de diámetro sumergidas en etanol puro a 

través de efectos optotérmicos que emplean baja potencia óptica, es decir, la radiación láser 

es absorbida tanto por una película delgada como por una absorción ligera a granel en 

líquidos. Por tanto, calentar el líquido hasta su punto de ebullición y más allá, induce un 

gradiente de temperatura en el líquido. Las fuerzas de arrastre, flotabilidad, ópticas y de 

Marangoni son las principales fuerzas presentes debido a los efectos optotérmicos e 

hidrodinámicos.  

La generación controlada de microburbujas de vapor de etanol se basa en un mecanismo 

optotérmico producido por la absorción de luz de nanopartículas de plata, previamente 

fotodepositadas en el núcleo de un extremo distal de una fibra óptica. El otro extremo distal 

de la fibra óptica está acoplado a la radiación láser, ya sea láser CW o láser pulsado, a baja 

potencia o baja energía, respectivamente. 

El atrapamiento y manipulación 3D de las microburbujas de vapor de etanol inducidas 

optotérmicamente, sumergidas en una celda de vidrio llena de etanol puro, se produjo 

empleando la misma configuración de fibra óptica. Tanto el confinamiento como la 

manipulación de las microburbujas de vapor son impulsados por el encendido y apagado de 

la radiación láser, es decir, cambiando espacialmente el origen de los efectos optotérmicos. 

Además, las microburbujas de vapor se pueden atrapar y manipular dentro de un arreglo de 

fibras ópticas (exploramos una configuración experimental compuesta por tres fibras) 

acopladas a tres láseres de onda continua CW que emiten en diferentes longitudes de onda a 

baja potencia. 

El corazón del atrapamiento y manipulación optotérmica en 3D de microburbujas de 

vapor radica en el efecto Marangoni. Este efecto se desencadena por un gradiente de 

temperatura inducido por la absorción de la radiación láser, tanto por una absorción ligera a 

granel en líquidos como por una película delgada (nanopartículas de plata, AgNP, 

previamente fotodepositadas en el núcleo de las fibra óptica). El gradiente de temperatura 

modula la tensión superficial de la pared de la burbuja y crea fuerzas longitudinales y 

transversales al igual que las fuerzas ópticas, creando efectivamente un pozo de potencial 

3D. Mediante simulación numérica, obtenemos expresiones para los perfiles de temperatura 
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y presentamos expresiones analíticas para la fuerza de Marangoni. El equilibrio de las fuerzas 

optotérmicas impulsa con éxito la captura y manipulación 3D en estado estacionario de las 

microburbujas de vapor de hasta 150 µm de radio.  
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5x microscope objective (MO). ........................................................................... 88 
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COMSOL simulations (λ = 1,550 nm & 15 mW of optical power). The scale bar 
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Fig.  7.4 Marangoni force over a bubble of R = 50 µm induced by light bulk absorption of 

ethanol (blue) and by light absorption from AgNPs photodeposited on the core of 
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Fig.  7.5  (a) Convective currents velocity profile due to the light absorption at the AgNPs 

film (λ = 445 nm with 10 mW of optical power) extracted from COMSOL 

simulations. (b) Convective currents velocity profile due to the light bulk 

absorption of ethanol (λ = 1,550 nm with 15 mW of optical power) extracted from 

COMSOL simulations. (c) Transversal drag force along the z-axis due to light 

absorption from AgNPs for a bubble of R = 50 µm. (d) Longitudinal drag force 

gradient along the z-axis due to light bulk absorption of ethanol for a bubble of R 

= 50 µm. ............................................................................................................... 93 

Fig.  7.6 Optothermal forces on a microbubble of R = 100 µm. (a) Transversal components 

of the gradient forces Fd  (red triangles) and FM (blue squares). (b) Longitudinal 

component of FM (blue squares), Fd (red triangles), and Fb (red dots). Since FM 
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end of the optical fiber. ........................................................................................ 94 
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Chapter 1. Introduction 
 

It is hard to figure out that a bubble, a tiny and common object, could involve an immense 

amount of processes behind its generation. Bubbles, are ubiquitous to our daily life, they can 

be found while we bath, dish, drink our coffee cup, or in boiling water. Bubbles, either of air 

or vapor, offer us a vast spectrum of applications in several fields such as medical 

diagnostic1–3, drug delivery4,5, lithography6, industry, among others. However, these 

applications could not be achieved without exerting spatial control over the bubbles. 

The words: “trapping and manipulation” could seem ordinary and common because we 

can trap and manipulate objects by ourselves, i.e., with our hands or external tools, 

nevertheless, our trapping and manipulation capabilities dimmish as we move towards the 

micro and nanoworld. This world is the one that has given us exciting information concerning 

our environment and has opened new avenues about life knowledge. It is not possible to talk 

about trapping and manipulation without mentioning the Nobel laureate Arthur Ashkin7,8. 

To be fair we cannot conceive our current understanding of life´s   due to his invention, i.e., 

the optical tweezers. Even though optical tweezers have extended their landscape of 

contactless trapping and manipulation, it remains complex to trap and sort particles with 

refractive index np smaller than the surrounding medium nm, i.e., np/nm < 1, such as 

microbubbles9. 

Besides to optical means, several authors has been proposed different techniques for 

achieving the manipulation of bubbles based on thermal10–12 and acoustic13–15 means. 

Nevertheless, these methods are useful for small bubbles (R < 30 μm) and lack of spatially 

accuracy. In addition, the bubbles cannot be successfully trap due to both hydrodynamics 

effects and the continuous growing of the bubble that provoke instability in the trap. i.e., the 

steady-state trapping of the bubble is not possible. 

In this chapter, the history of both trapping and manipulation of bubbles will be briefly 

described. In addition, a classification of the mechanism of microbubbles generation and their 

manipulation will be discussed. Then, the optothermal technique based on both light 

absorption and hydrodynamics phenomena is presented as an efficient and prominent method 

to achieved quasi-steady-state 3D trapping and manipulation of vapor microbubbles 

employing low optical power. Finally, several applications of microbubbles currently 

available are going to be presented. 

 

History and development of the generation, trapping, and manipulation of 

microbubbles 
 

The field of micro and nanomanipulation has been cemented by the wonderful and 

pioneering work of A. Ashkin for trapping and manipulate dielectric particles with his optical 



Chapter 1 Introduction 

 

  

JULIO AURELIO SARABIA ALONSO 20 

 

tweezers7,8,16. Through the years, optical tweezers have evolved and showed their capabilities 

to deal with a biological matter like DNA17,18, cells17; microorganisms like worms19, 

bacterias20, metallic particles21, among others. The vast spectrum of optical tweezers 

applications seems to be unlimited, however, the trapping of particles with refractive index 

np smaller than the surrounding medium nm, i.e., np/nm < 1, such as microbubbles9 remains a 

challenge. This is due to the repelling optical gradient force that pushes the microbubble out 

of the high-intensity region of the laser beam22. 

Acoustics mechanism (acoustic tweezers) have been proposed to trap an manipulated 

particles/bubbles since early 1900´s. This mechanism lies in the principle that a 

particle/bubble immersed into an acoustic field experiencing an acoustic radiation via 

absorption and reflection, i.e., based on the momentum transfer of acoustic field and acoustic 

radiation force. Nevertheless, the trapping scale in the radiative acoustic field domain is 

severely limited by the Rayleigh diffraction limit of the classic wave23, i.e., not efficient in 

nano-scale particle sizes24. Besides, heating problems during a long term process25. 

In addition, electric fields have been proven to be capable to trap and manipulate particles 

and bubbles. Electrophoresis, requires a uniform electric field to push charged particles 

towards opposite charge26. On the other hand, dielectrophoresis  involves a non-uniform 

electric field over a neutral particles to induce they displacement. The particle motion 

depends on relative polarizability of the particle with respect to the fluid. Both electrical 

mechanism are highly affected by the fluid viscosity, permeability, particle conductivity, and 

particle size. Moreover, electrophoresis is limited to charged particles and exhibits slow 

displacement of the particles27. Dielectrophoresis is contra-indicated for bio applications due 

to of high electric field gradients and its forces decreases with particles size28,29. 

Besides the mechanism above mentioned, thermocapillary, also known as Marangoni 

force, have been proven to be a useful and efficient mechanism not only to trap but also 

manipulate vapor bubbles, even at large scale. The first experimental study concerning 

thermocapillary was developed by James Thompson in 185530. In this study, he observed the 

displacement of a spheric microbubble immersed in a solution, he attributed the bubble´s 

displacement to the difference in the surface tension between the liquid and the bubble. Ten 

years later, in 1865, the Italian physicist Carlo Marangoni established in his Ph.D. dissertation 

that the surface tension between two fluids can be used to induce a force for the displacement 

of the fluids31. This gave the name to the phenomenon, the Marangoni effect. A few decades 

later, in 1911, J. Hadamard32 and Rybczynski33 derived an axial symmetry solution for flow 

surrounding a spherical bubble. This solution, called the Hadamard-Rybczynski equation, is 

based on the Navier-Stokes equation coupled to the buoyancy effect and drag force34,35. Later, 

in 1939, Allen V. Hershey36 determined the dependence of the surface tension of a pure liquid 

as a function of the temperature, i.e., in most cases, the surface tension of the pure liquids 

decreases as their temperature increases. Nine years later, in 1948, A. I. Fedosov introduced 

a mathematical description of the thermocapillary effect in his Ph.D. dissertation37. However, 

it was in 1959 that the first experimental about the microbubble displacement within a 

measured temperature gradient was demonstrated by Young et al.34. In their model, spherical 
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air bubbles were introduced into a solution based on an organic liquid n-hexadecane and 

silicone oils, the temperature gradient (electrically induced) was vertically applied to induced 

the microbubble displacement. Through the years, several experimental and theoretical 

works have been carried out to prove the thermocapillary capabilities for 2D trapping and 

manipulate bubbles; R. L. Thompson et al.38 in 1980, Wozniak et al.39 in 1988, Subramanian 

et al.40 in 1989, K. Takahashi et al.41 in 1999, A. Miniewicz et al.42,43 in 2016.  

From this brief historical review, we could say that the Marangoni effect, also known as 

the thermocapillary effect, has shown to be a wonderful tool to overcome the challenge faced 

by several trapping approaches where small bubbles (< 5 μm) have been 3D trapped such as 

optical44, acoustics, and thermal means. Thermocapillary effects have emerged as an efficient 

and straightforward tool to accomplish non-invasive trapping and 3D manipulation of 

microbubbles up to 130 µm of radius. Moreover, the thermocapillary effect can induce larger 

and large-range forces than optical ones while maintaining the accuracy of spatial control of 

microbubbles42,45–47.  

 

Mechanism of generation of microbubbles 
 

At present, the generation of vapor or gas microbubbles within a liquid can be achieved 

by methods that mainly involve acoustic, chemical, hydrodynamic, thermal, and optical 

methods. In this section, we are going to discuss the different mechanisms to create 

microbubbles, i.e., classified into five types depending on the physical mechanism of 

creation. 

 

Acoustic 
 

The sound wave, a mechanical vibration that travels longitudinally into the medium, has 

cycles of expansive (crest) and compression (troughs). The expansive cycle also called 

rarefaction, takes place at the negative amplitude of the sound wave whereas the compression 

cycle does so at the positive amplitude. According to classical nucleation theory (CNT) the 

vapor-gas phase in a liquid can be nucleated when the liquid pressure drops below its vapor-

gas phase pressure, i.e., when any liquid is irradiated by a sound wave at high intensity (~ 16 

kHz to 100 MHz), bubbles cavitation may occur. Once the bubble is generated, the acoustic 

field modulates the bubble radius, i.e., the cavitation bubbles are not stationary. The 

expansion and contraction of the bubble radius is driven by the rarefaction and compression 

cycle48, respectively. It may induce the violent collapse of the bubble where a flash of light 

can be observed, as is illustrated in Fig. 1.1.  
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Fig.  1.1 Bubble generation driven by an acoustic field, usually induced by a piezoelectric transducer attach to a 

resonator cavity.  

The sound waves can be classified according to the frequencies f as follows: 

a. Infrasound:  f < 20 kHz. 

 

b. Audible: 20 Hz < f < 20 kHz. 

 

c. Ultrasound:  f  > 20 kHz.  

 

It is essential to mention that acoustic generation of bubbles is a complicated task to 

carry out, because it involves a complex multidisciplinary problem. Furthermore, the bubbles 

acoustically generated rise up “from nowhere”, i.e., acoustic methods are unable to generate 

bubbles with spatial accuracy. 

 

Electrolysis 
 

It is a chemical process where the water is separated into its components (hydrogen and 

oxygen) by applying an electric current. The electric current passed through the water by 

electrodes (cathode and anode) to induce a chemical change where the water either gains or 

loses an electron, called reduction or oxidation, respectively. The water surrounding the 

cathode gets supersaturated with hydrogen and thus the formation and release of hydrogen at 

the cathode surface at several nucleation spots, therefore hydrogen bubbles (HBs) are 

generated. The HBs grows until it detaches from the cathode´s surface. In the same way, the 

oxygen bubbles (OBs) are produced but at the surface of the anode49,50, as is depicted in Fig. 

1.2. 
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Fig.  1.2 Generation of bubbles by electrolysis49,50. 

 

Hydrodynamic 
 

It is based on the assumption that any liquid contains either vapor or gas bubbles, these 

bubbles play as nucleation points, according to the CNT. The fast-moving of a liquid, a 

mechanical vibration, may induce the liquid pressure locally fall below the vapor pressure at 

which liquid-vapor phase transition takes place, similar to the acoustic mechanism13,51.  

Another way to produce bubbles by the hydrodynamic mechanism consists in the well-

known Venturi effect, i.e., a liquid passing through a constricted area (a pipe) may generate 

that liquid pressure decay below the vapor pressure, generating a bubble13,51.  

 

 

Fig.  1.3 (a) Example of hydrodynamic cavitation produced on a propeller (b) The violent collapse of the bubbles produce 

structural damage on the turbine impellers. Images taken from Ref 52.  

Figure 1.3 shows structural damage to turbine impellers induced by hydrodynamic 

cavitation. 
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Thermal 
 

Heat applied to a liquid (either by radiation, diffusion, or conduction) will give more 

kinetic energy to the liquid molecules and they will move faster and faster leading to the 

liquid expansion. Liquid molecules require extra kinetic energy to overcome the attraction 

forces between them. As the liquid heats up, more liquid molecules have enough kinetic 

energy to escape from the liquid. The most energetic liquid molecules at the surface will 

escape from the liquid surface as a vapor as it is heated. Eventually, even liquid molecules in 

the middle of the liquid form bubble composed of gas53.  This is the so called boiling process. 

It is important to mention that the gas molecules are the same as they were in the liquid, only 

now they have more energy. At normal atmospheric pressure, all material have a specific 

temperature at which boiling process occurs. According to Incropera et. al.54, depending on 

the presence of bulk fluid motion, boiling process may be classified as: 

 

Fig.  1.4 Classification of boiling on the basis of the presence of bulk fluid motion54. 

 

a. Pool boiling: the liquid is quiescent and any motion of the fluid is due to natural 

convection currents and the motion of the bubbles under the influence of buoyancy. 
 

b. Forced convection boiling: the liquid is in constant movement, by either external. 
Therefore, flow boiling is always accompanied by other convection effects. 

 

Based on the bulk liquid temperature, both pool boiling and forced convection boiling 

may be subclassified as: 

a. Subcooled boiling: the saturation temperature is above the temperature of the liquid, 

so the bubbles are generated at the surface but they may condensate in the liquid. 

 

b. Saturated boiling: the saturation temperature is slightly below the temperature of the 

liquid, the bubbles are generated at the surface and then are expelled through the 

liquid by the buoyancy force up to reach the liquid surface. 
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Fig.  1.5 Classification of boiling on the basis of the presence of bulk liquid temperature54. 
 

 

Optical 
 

It is based on the principle of light absorption. The electromagnetic waves, coming from 

the light source are absorbed by the matter and then converted into thermal energy that is 

transferred to the surrounding liquid, i.e., the liquid molecules received extra kinetic energy 

to overcome the attraction forces between them, so liquid molecules have enough kinetic 

energy to escape from the liquid into gas. According to the absorption medium, the light 

absorption mechanism may be classified as follows: 

a. Bulk absorption: the laser beam impinges on a highly absorbent liquid at the 

wavelength used, the energy from the laser is strongly absorbed by the liquid and 

transferred to the medium. 

 

b. Particles/thin-film absorption: the laser beam is irradiated on either a colloidal 

solution or a metal film and transfer to the fluid. 

If the thermal energy, converted from the laser radiation, is high enough to reach the liquid 

boiling point, the nucleation process will occur and bubbles will be generated.  

Bubbles generation induced by optical technics can be achieved using pulsed lasers or CW 

lasers, however, the mechanism behind the bubbles optically-generated differs depending on 

the laser source employed: optical breakdown and laser-induced thermal, for pulsed laser and 

CW laser, respectively. The details concerning both mechanisms will be presented in Chapter 

2. 
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Mechanisms for trapping and manipulation of microbubbles 
 

Through the years, several mechanisms and approaches have been proposed and 

developed to carry out the trapping and manipulation of microbubbles, independently of the 

bubble generation mechanism. In this section, we are going to discuss the main mechanism 

of both trapping and manipulation of vapor or gas microbubbles, i.e., classified into seven 

types depending on the physical mechanism of creation. 

 

Acoustic 
 

This method employs acoustic waves at high-frequency rates, i.e., f > 20 kHz up to 10 

GHz. Typically, acoustic methods use a piezoelectric element placed inside the liquid to 

induce acoustic waves14. When a fluid containing bubbles or particles is irradiated by an 

acoustic field, the suspended particles suffer steady hydrodynamics forces (time-averaged) 

which make them drift, attack, or repel one another15. Acoustic forces are analog to optical 

radiation pressure exerted by an laser beam, i.e., acoustic radiation implies an instantaneous 

pressure gradient in the liquid. However, in general acoustic radiation forces are larger than 

the optical ones. 

 Acoustic radiation forces, also known as Bjerknes forces in honor of C. A. Bjerknes and 

V. F. K. Bjerknes are classified as follows55–57:  

a. Primary Bjerknes force 𝐹𝐵𝑗
: this force is related to the bubble attraction or repelling. 

A bubble immersed into a liquid under the influence of an acoustic field will suffer 

oscillation in its volume, i.e., the bubble will expand and contract. Depending on the 

acoustic pressure gradient, these bubbles oscillations may couple to the acoustic field 

to drive the bubble migration, i.e., the acoustic pressure gradient must be different 

from zero. The bubbles with a radius lower than the acoustic field resonator will travel 

above the acoustic pressure gradient whereas the bubbles with a radius larger than the 

acoustic pressure gradient will travel below the acoustic pressure gradient. The 

primary Bjerknes force is given by: 

 𝐹𝐵𝑗
= 𝑓𝐵𝑗

𝑟, 

 

𝑓𝐵𝑗
= −

4

3
𝜋⟨𝑅3(𝑡) 𝑃𝑎𝑐(𝑟, 𝑡)⟩, 

(1.1) 

 

 

(1.2) 

 

where r is the radial coordinate, 𝑅(𝑡) is the variation of the radius of the bubble as a 

function of the time, 𝑃𝑎𝑐 = 𝐴(𝑟)𝑒𝑥𝑝(−1𝜔𝑡) is the pressure of the acoustic excitation 

with amplitude 𝐴(𝑟), 𝜔 is the angular frequency, and 〈… 〉 represents the temporal 

average of one oscillation cycle. According to the value of 𝑓𝐵𝑗
, the bubble will be 
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either attract or repel, i.e., 𝑓𝐵𝑗
< 0 the Bjerknes force is negative and the bubbles will 

be attracted to the acoustic trap, therefore, if 𝑓𝐵𝑗
> 0 the Bjerknes force is positive, 

pushing the bubble away from the acoustic trap15,58. 

 

b. Secondary Bjerknes force 𝐹𝐵𝑗2
: it is related to the force of attraction or repelling 

between two bubbles under an acoustic field. The secondary Bjerknes force is given 

by: 

 𝑓𝐵𝑗2
= −

𝜌

4𝜋
 〈𝑉1𝑉2〉 

𝑥2 − 𝑥1

|𝑥2 − 𝑥1|
, (1.3) 

 

where 𝜌 is the density of the medium containing the bubbles, 𝑉1 and  𝑉2 represent the 

volume of the bubble, 𝑥1 and 𝑥2 represent the spatial position of the bubbles. The 

bubbles will be attracted if their radius is less than the resonance one. On the other 

hand, if the radius of the bubbles is different from each other, the bubbles will 

repel15,58,59.  

 

Electric 
 

Several electric techniques are proposed for both trapping and manipulation of 

microbubbles, techniques that employ an electric field over the bubbles to induce an 

unbalance on the electrostatic forces of the bubbles up-to techniques for inducing an electric 

field over the materials for tunning their permeability. The main electric methods are 

presented as follows: 

a. Dielectrophoresis: it is based on the application of non-uniform electric fields over a 

colloidal solution of dielectric particles or microbubbles into a liquid for inducing an 

unbalance on the electrostatic forces of the particles/bubbles60,61. The unbalance of 

the electrostatic forces drives the dielectric particle/microbubble migration. For most 

dielectrophoresis cases, the applied electric field in an alternating current signal, 

produced by a frequency generator (usually sinusoidal frequencies > 100 kHz at 

magnitudes below 20 V peak-to-peak) 61. 

 

According to the dielectric particle/microbubble polarization, dielectrophoresis can 

be classified as positive and negative, i.e., the particle/microbubble is attracted or 

repelled, respectively. Positive dielectrophoresis occurs when the particle is more 

polarized to the liquid that contains it, while negative dielectrophoresis occurs when 

the particle/microbubble is less polarized to the liquid that contains it61.  

 

b. Electrowetting on dielectric EWOD: it is based on the tunning of the permeability of 

hydrophobic materials by applying an electric field62. The change in the permeability 

induces that a bubble/droplet placed on the hydrophobic material tends to elongate at 
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one end, so the opposite end suffers a pressure gradient that drives the bubble/droplet 

displacement over the hydrophobic material. Figure 1.6 shows the micro-

objects/particles manipulation driven by the microbubbles displacement induced by 

EWOD, i.e., micro-objects/particles are pushes and pulled by the microbubbles 

displacement63. 

 

 

Fig.  1.6 Schematic of a bubble-based micro-object manipulator with three bubble operations: creation, transportation and 

elimination. (a) and (b) A bubble created from the top platinum electrodes by electrolysis can push a micro-object while 

being transported by EWOD. (c) and (d) If the bubble is not needed, it can be eliminated in the elimination site by a Pt-

catalyzed electrochemical reaction. Note that the elimination Pt electrode is covered with a thin porous Teflon layer. Figure 

taken from Ref 63. 

 

 

Thermal 
 

It is based on the decrement of the liquid surface tension as a function of the temperature. 

According to Eötvös´ Law64, the liquid surface tension 𝜎 decreases as the inverse of 

temperature T, 𝜎 = 1
𝑇⁄ . So a temperature gradient 𝛁𝑻, generated by any mechanism, will 

produce a surface tension gradient 𝛁𝝈. A bubble immersed into a 𝛁𝝈 will suffer tangential 

stress on its wall driving the bubble displacement towards the lower surface tension34,35,37,41, 

i.e., the bubble will be attracted towards the source of thermal gradient. Moreover, the bubble 

displacement occurs in opposite direction to the convective currents, in other words, the 

bubble is “swimming” against the liquid displacement. The phenomenon behind the bubble 

displacement by the 𝛁𝑻 is called as the Marangoni effect 𝑭𝑴, also known as thermocapillary 

effect.  

This effect induces a force over the bubble given by35,57: 
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 𝑭𝑴 = −2𝜋𝑅2𝛁𝑻𝑑𝜎
𝑑𝑇⁄ , (1.4) 

 

where R is the bubble radius and 𝑑𝜎
𝑑𝑇⁄  is the temperature derivative of liquid surface 

tension. 

Figure 1.7(a) shows a micro heater array fabricated on an N-type, single-side polished

〈100 oriented silicon wafer (4 inches in diameter and 500 μm in thickness). Figure 1.7(b) 

shows the horizontal microbubble displacement between micro heaters separated 23 μm. The 

thermal gradient is produced by a pulsed heating power of 103 mW65. 

 

 

Fig.  1.7 Microbubble displacement induced by thermal gradients. (a) A photo taken during the fabrication process is shown 

in figure 2, where there are 63 heaters (7×9 array) on a single device chip. The dimensions of each 

heater are 8 × 23 μm2 and the distances between heaters are 93 μm (in the horizontal direction) and 134 μm (in the vertical 

direction). To connect the heaters with the electrical circuits on a PCB (printed circuit board), a 0.4 μm thick Al film was 

coated and patterned to form the final metal leads. (b) Single thermal bubble departure and return driving by a pulsed 

heating power of 103 mW. Images taken from reference 65. 

 

Electrocapillary 
 

It is based on the application of an electric current over an electrolytic solution by 

electrodes66. The electric current induces an increment in the temperature of the electrolytic 

solution67,68, i.e., a temperature gradient 𝛁𝑻. This 𝛁𝑻 induces the Marangoni force34,35,41 over 

the bubble. 
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Fig. 1.8 Oscillating hydrogen bubbles by electrocapillary. (a) Scheme of the slightly deformed spherical bubble, sitting on 

the Pt electrode, and the carpet of microbubbles beneath, with their relevant geometric parameters. (b) Electric current I 

(solid line) and aspect ratio H* of the bubbles versus time in 1 mol dm−3 H2SO4 at −5 V. Figure taken from reference66. 

 

 

Hydrodynamic 
 

Hydrodynamic mechanisms trapping lies in the use of hydrodynamic forces induces in 

low viscous aqueous solution within microfluidics devices. Typically, the microfluidics 

devices must have an obstruction or cavity for inducing a stagnation point flow. The fluid 

flow generated, which is a function of the geometry of the microfluidic device, drives the 

particles/bubbles to the confinement point69,70.  

 

Fig.  1.9  Polystyrene microspheres (10 μm) trapped in steady streaming eddies generated by different geometries. All 

trapping was performed at very low particle densities, so we show an “×” to indicate symmetric, but unfilled, trapping 

locations. Image i displayed no stable trapping sites for the range of conditions used here. The arrow denotes fluid 

oscillation direction. Figure taken from reference 70. 
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Chemical 
 

Chemical mechanisms are based on lowering the surface tension of the liquid by adding 

tensoactives, also called surfactants that means surface-active agents. Surfactants, usually 

organic compounds, are amphiphilic, i.e., formed by both a hydrophobic (water-hating) tail 

and a hydrophilic (water-loving) head. When there is enough amount of surfactant molecules 

in the liquid, individual surfactants molecules will aggregate to form a micelle. The 

hydrophobic tails form the core of the micelle, i.e., the tails are oriented inwards, whereas 

the hydrophilic heads are in contact with the surrounding liquid. The point at which micelles 

are formed is called critical micelle concentration. Because of the amphiphilic nature, 

surfactants molecules are absorbed in the gas-liquid or oil-liquid, and liquid-solid interface. 

The cohesive forces between the liquid molecules are so strong that the surface tension of 

the liquid is high. However, as the surfactants molecules are absorbed the surface tension of 

the liquid tends to decrease, i.e., the surfactants break the cohesive forces. Therefore, the 

intermolecular forces between the surfactants and the liquid molecules are much lower than 

two liquid molecules, driving the decrease of the liquid surface tension71,72. 

 

Magnetic 
 

It is based on the application of a magnetic field over an electrolytic solution. The force 

induced by the magnetic field produces the movement of the electrolytic solution. So, bubbles 

inside the electrolytic solution will be dragged by the liquid movement73,74. Figure 1.10 

shows the displacement of oxygen bubbles into an electrolytic solution73. 

 

Fig.  1.10 Locomotion of oxygen bubbles in the upright elongated cell. (a) Oxygen bubbles movement perpendicular to the 

anode surface during oxygen evolution reaction without magnetic field. (b) Oxygen bubbles away from the magnet when 

the magnet N-pole perpendicular to the electrode. (c) Oxygen bubbles movement parallel to the anode surface during oxygen 

evolution reaction when the magnet S-pole faced with the anode. Figure taken from reference 73. 

https://www.biolinscientific.com/blog/what-is-critical-micelle-concentration
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Optics 
 

Optics mechanism is based on optical tweezers. Contrary to the dielectric or metallic 

particles, even biological matter, the refractive index of vapor bubbles is smaller than their 

surrounding medium (the refractive index of vapor or gas is < 1), so the light pushed the 

bubbles out of the high-intensity region of the laser beam. Nevertheless, several optics 

approaches have been proposed to trap and manipulate microbubbles such as using Laguerre-

Gauss beams44, also known as Bottle beams75, by fast scanning Gaussian-based optical 

tweezers76 that play a role as bottle beams and using ultrashort laser pulses at a high repetition 

rate. Despite these remarkable efforts, the optics mechanism is still limited to trap 

microbubbles with radii < 10 µm. 

Figure 1.11 shows the optical trapping of microbubbles of 3.6 μm of radius (suspended in 

water) in inverted optical tweezers employing a fast-scanning Gaussian beam, i.e., a scanning 

ring-shaped trap. 

 

Fig.  1.11 Demonstration of three-dimensional optical trapping of a microbubble in the inverted scanning optical tweezers 

(a) Direction of forces on a microbubble in the inverted optical tweezers. (b) Experimental set-up for optical trapping of 

microbubbles. (c-f) Demonstration of microbubbles manipulation by optical trapping in the inverted scanning optical 

tweezers. Figure taken from reference77. 

 

Optothermal effects 
 

Optothermal effects can be described as the set of thermodynamics and optics forces. The 

laser radiation incident on absorbing liquids (bulk absorption) or in metallic thin-

film/suspended metallic particles immersed in water is absorbed by nonradioactive process, 

heat them up. In heated liquids, the density decreases setting up convective currents. 

Specifically, in liquids, we may decompose the optothermal effects into its three main 

components: 
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a. Thermal: the thermal part plays a key role in optothermal effects because of triggers 

the phenomenon of thermophoresis (either positive or negative) and the Marangoni 

force. 

 

b. Hydrodynamic: it produces convective currents that can exert a drag force over 

suspended particles on the liquid, besides, the upward buoyancy force is present. 

 

c. Optics: it induces both the gradient and scattering force. i.e., optical tweezers. 

Recently, optothermal effects generated in liquids have been proposed for both trapping 

and non-contact manipulation. Several experimental and theoretical works have extended the 

landscape of the optothermal effects applications. Particularity, our Biophotonics Research 

Group has proved the trapping and non-contact manipulation of microparticles at low CW-

power78, also the stacking of up to four polystyrene particles with one single focused beam 

at 3.5 mW of CW laser79, besides, we have demonstrated the self-assembly of dielectric 

particles driven by optothermal effects without any surfactant80. 

 

 

Fig.  1.12 Trapping and manipulation of microparticles by optothermal effects. (a) Optical set up. A 1W, 532 nm laser is 

focused onto a 1μm a-Si:H film. (b) Experimental image of the ring projected on the sample. (c) Schematic of the model. 

The z = 0 plane is placed at the glass-water interface and the beam waist is placed at a distance z0 = - 95 μm. (d) 

Temperature profile and (e) convective currents field obtained from COMSOL Multiphysics simulations. Figure taken from 

reference78. 

 

 

Application of the microbubbles 
 

At the present, bubbles play a key role in many fields such as thermodynamics for heat 

transfer53,81; microfluidics for flow control82, micromotors due to an oscillated bubble83, 

boosting/driving fluids84,85; trapping and manipulation for trap and transport of organic 

matter (DNA)86,87, and lithography6, among others. In addition, we can be in touch with 
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bubbles through biomedical devices like a needle-free injector for drug delivery4,5, in 

lithotripsy88,89, recently for liposuction,  and ultrasonic imaging1,3. 

 

Thesis structure 
 

This thesis work explores the performance of the optothermal effects induced by laser 

radiation as a 3D trapping and manipulation mechanism for low index refractive particles, 

i.e., vapor bubbles, mainly focused on the Marangoni force. Each chapter can be outlined as 

follows: 

 

Chapter 2 
 

In this chapter, a brief description of the phase changes in liquids, nucleation theory, and 

the generation of vapor microbubbles is presented. In addition, we are going to discuss about 

the superheated liquids and thermodynamics parameters under which the superheated state 

is present.  Then, the dynamics involved in the vapor bubble trapping and its manipulation is 

presented. Finally, the dynamics of spherical bubble collapse are presented. 

 

Chapter 3 
 

In this chapter, we are going to discuss about the dynamics behind the trapping and 

manipulation of vapor microbubbles, i.e., optothermal effects are decomposed in their main 

components for understanding the role of each one and how they are interconnected. A brief 

description of the forces involved (surface tension, cohesive forces, Stokes law, buoyancy 

force, optical forces, Marangoni force, and inertia force) is presented. After that, we are going 

to discuss the performance of the optical forces over vapor microbubbles.  

 

Chapter 4 
 

In this chapter, we present the generation and manipulation of microbubbles by means 

of temperature gradients induced by low power laser radiation. A laser beam (λ = 1064 nm) 

is divided into two equal parts and coupled to two multimode optical fibers. The opposite 

ends of each fiber are aligned and separated a distance D within an ethanol solution. 

Previously, silver nanoparticles were photo deposited on the optical fibers ends. Light 

absorption at the nanoparticles produces a thermal gradient capable of generating a 

microbubble at the optical fibers end in non-absorbent liquids. The theoretical and 
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experimental studies carried out showed that by switching the thermal gradients, it is possible 

to generate forces in opposite directions, causing the migration of microbubbles from one 

fiber optic tip to another. Marangoni force induced by surface tension gradients in the bubble 

wall is the driving force behind the manipulation of microbubbles. We estimated a maximum 

Marangoni force of 400 nN for a microbubble with a radius of 110 μm. 

 

Chapter 5 
 

The most common approach to optically generate and manipulate bubbles in liquids 

involves temperature gradients induced by CW lasers. In this thesis, we present a method to 

accomplish both the generation of microbubbles and their 3D manipulation in ethanol 

through optothermal forces. These forces are triggered by light absorption from a nanosecond 

pulsed laser (λ = 532 nm) at silver nanoparticles photodeposited at the distal end of a 

multimode optical fiber. Light absorbed from each laser pulse quickly heats up the silver-

ethanol interface beyond the ethanol critical-point (∼ 243 °C) before the heat diffuses through 

the liquid. Therefore, the liquid achieves a metastable state and owing to spontaneous 

nucleation converted to a vapor bubble attached to the optical fiber. The bubble grows with 

semi-spherical shape producing a counterjet in the final stage of the collapse. This jet reaches 

the hot nanoparticles vaporizing almost immediately and ejecting a microbubble. This 

microbubble-generation mechanism takes place with every laser pulse (10 kHz repetition 

rate) leading to the generation of a microbubbles stream. The microbubbles’ velocities 

decrease as they move away from the optical fiber and eventually coalesce forming a larger 

bubble. The larger bubble is attracted to the optical fiber by the Marangoni force once it 

reaches a critical size while being continuously fed with each bubble of the microbubbles 

stream. The balance of the optothermal forces owing to the laser-pulse drives the 3D 

manipulation of the main bubble. A complete characterization of the trapping conditions is 

provided in this chapter. 

 

Chapter 6 
 

In this chapter, we present an experimental and theoretical study on the 3D trapping and 

manipulation of microbubbles by means low power laser-induced temperature gradients 

induced in ethanol by bulk light absorption (λ = 1550 nm). Two optical fibers were used: One 

for bubble generation (OFG) and the other for both trapping and manipulation (OFT). Light 

from a Q-switched pulsed laser (λ = 532 nm and pulse width τp = 5 ns) propagates in fiber 

OFG and gets absorbed at silver nanoparticles (AgNPs), previously photodeposited, at the 

distal end of a fiber optic core, generating the microbubbles. In the fiber OFT, light of low 

power CW laser was used to trap and manipulate the bubbles by thermocapillary induced by 

light bulk absorption in ethanol. The microbubble generated on OFG migrates toward the 

fiber OFT. The equilibrium between the buoyancy force Fb, drag force Fd and the Marangoni 
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force (also known as thermocapillary force) FM gives rise to a 3D stably trapping and 

manipulation of the microbubble for the best time to our best knowledge. 
 

 

Chapter 7 
 

In this chapter, we show 3D steady-state trapping and manipulation of vapor bubbles in 

liquids employing a low power continuous-wave laser using the Marangoni effect. Light 

absorption from photodeposited silver nanoparticles on the distal end of a multi-mode optical 

fiber is used to produce bubbles of different diameters. The thermal effects produced by either 

the nanoparticles on the fiber tip or the light bulk absorption modulate the surface tension of 

the bubble wall and creates both longitudinal and transversal forces just like optical forces, 

effectively creating a 3D potential well. Using numerical simulations, we obtain expressions 

for the temperature profiles and present analytical expressions for the Marangoni force. In 

addition, using an array of three fibers with photodeposited nanoparticles is used to 

demonstrate the transfer of bubbles from one fiber to another by sequentially switching on 

and off the lasers. 
 

 

Chapter 8 
 

In this chapter, we present both the general conclusion and the futures avenues of this 

research. 

 

Chapter 9 
 

Finally, we present the academic production development throughout the P.h.D, i.e., list 

of publications and proceedings. 

  



Chapter 2 Phase changes and nucleation 

 

  

JULIO AURELIO SARABIA ALONSO 37 

 

Chapter 2. Phase changes and nucleation 
 

In this section, we will to discuss about the thermodynamics phases changes that lead to 

bubble generation and the temperatures at which they occurs under continuous radiation and 

pulsed radiation. Besides, we will emphasize the differences between continuous and pulsed 

radiation. Finally, we are going to examine the dynamics of spherical bubble collapse near a 

solid wall.   

 

Phase changes in liquids 
 

According to Oxtoby90, we can define nucleation as the first-order phase transition. In this 

change of phase, the molecules of the liquid have enough kinetic energy to surpass 

intermolecular forces. Particularly, the phase change from liquid to vapor is called boiling 

and occurs when the temperature is increased over the saturated liquid/vapor temperature54. 

In addition to boiling, cavitation is another mechanism to induce phase change from liquid 

to vapor91. Cavitation, can be achieved by either isothermal conditions by reducing the 

pressure below the vapor pressure or isobaric conditions by increasing the temperature up to 

the spinodal limit91–93. 

 

Fig.  2.1 Phase diagram of water (pressure P versus Temperature T). The yellow dot represents the ambient pressure at 

room temperature, whereas the arrows indicate the paths to induce either boiling or cavitation91,92. 

 

Figure 2.1 shows the phase diagram of water pressure P versus temperature T).  The triple 

point, indicated by the blue dot and marked by the letter A, represents the point at which the 

solid, liquid, and vapor phases coexist (T = 0.01 °C and P = 611.65 Pa).  As we can infer, at 

this point one can obtain ice, liquid, and vapor of water by making small and random changes 

in pressure and temperature. The line AC, called binodal, represents the separation limit 

between liquid and vapor phases, i.e., is the saturated liquid/vapor line. The vapor spinodal 
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line represents the threshold at which metastable vapor can be subcooled. On the other hand, 

the liquid spinodal line indicates the threshold at which metastable liquid can be superheated. 

Point D represents the equilibrium point at which both the vapor pressure and specific volume 

for saturated liquid correspond to the spinodal temperature (T = 305 °C and P = 9.2 MPa). It 

is at this point that the cavitation process begins91–93. 

As it was pointed out above, there are two mechanisms to induce phase change from 

liquid to vapor; boiling and cavitation. Even though both mechanisms seem to be similar for 

bubbles generation, they emerge from a different thermodynamic paths. The former 

nucleation mechanism, boiling, lies on the increment of the liquid temperature up to the 

saturated vapor/liquid temperature, whereas cavitation is triggered by the falls below the 

vapor pressure92. Moreover, boiling is a process much slower than cavitation.  

The nucleation process can be divided into two categories, homogeneous and 

heterogeneous nucleation90. In the former, the inherent thermal fluctuations present in the 

liquid can produce microscopic voids, i.e., temporary voids formed the nucleation spots 

required for the generation of macroscopic bubbles93,94. In the latter one, heterogeneous 

nucleation, the nucleation spots are impurities or little voids on the container´s wall. 

Therefore, heterogeneous nucleation is more common than homogenous one because it is 

hard to avoid impurities on the liquid or voids in the walls of the liquid cell93,94. 

Commonly there are imperfections in the container or impurities present in the liquid 

that act as nucleation points around which a bubble can begin to form. Nevertheless, under 

specific conditions: a perfectly smooth container and liquid without stirring, it is possible to 

superheat the liquid above its boiling point. This superheated liquid may undergo an 

explosive phase transition and occurs near the spinodal temperature (305 °C for water)10,93,94, 

i.e., producing a fast-expanding bubble.   

 

Nucleation theory 
 

Nucleation theory addresses the generation of bubbles in thermodynamics equilibrium 

within a liquid (see Fig. 2.2). The interior pressure of the bubbles can be related to the 

pressure of the surrounding liquid by surface tension. Surface tension plays a major role in 

the bubbles generation because it represents the macroscopic manifestation of the 

intermolecular forces that tend to hold the molecules together and prevent the creation of 

large holes/voids.  
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Fig.  2.2 Spherical vapor bubble of radius R in an equilibrium within a liquid. 𝑝∞ represents the pressure of the 

surrounding liquid, 𝑝𝑣 is the vapor pressure, and 𝑝𝑔 is the partial pressure of the gas within the bubble.   

The pressure, p, exerted over the bubble of radius R, will be related to the interior 

pressure in the bubble, pB, by:  

 
𝑝𝐵 =

2𝑆

𝑅
, (2.1) 

 

where S is the surface tension. If the temperature, T, is uniform and the bubble contain 

only vapor, the bubble interior pressure will be the saturated vapor pressure psat(T). 

Nevertheless, in order to produce equilibrium conditions, the exterior liquid pressure p = psat 

-2S/R will have to be less than psat. Subsequently, if the exterior liquid pressure is maintained 

at a constant value just slightly less than psat – 2S/R, the bubble will grow, thus R will increase, 

the excess pressure causing growth will increase, and rupture will take place57. It follows that 

if the maximum size of the vacancy present is Rc (termed the critical radius or cluster radius), 

then the tensile strength of the liquid, ∆𝑝𝑐, will be given by: 

 
∆𝑝𝑐 =

2𝑆

𝑅𝑐
. (2.2) 

 

On the other hand, considering a superheated liquid at a constant pressure, p, at a 

temperature, T, above the boiling temperature, Tb, or, equivalently, at a constant temperature, 

T, at a pressure below the saturation pressure, psat(T), the minimum work required to induce 

a vapor bubble of radius Rc within the liquid is given by:   

 
𝑊𝑐 = 4𝜋𝑅𝑐

2𝑆 −
4

3
𝜋𝑅𝑐

3∆𝑃𝑐, (2.3) 

 

where 𝑊𝑐 indicates the energy that must be deposited in order to form the critical size 

bubble. As we noted, 𝑊𝑐 expressions consist of two terms, the former means both the energy 

that must be deposited and stored in the bubble surface. The latter represents the liquid 

amount that was displaced outward to create the bubble, therefore, this implies work done on 

or by the system. 



Chapter 2 Phase changes and nucleation 

 

  

JULIO AURELIO SARABIA ALONSO 40 

 

The difference of the pressure involved in this energy increment is the difference 

between the inner pressure and the outer pressure of the bubble. Thus, the work done by the 

system is the volume of the bubbles times the pressure difference, ∆𝑃𝑐. So, the critical 

deposited energy required becomes: 

 
𝑊𝑐 = 4𝜋𝑅𝑐

2𝑆 =
16

3

𝜋𝑆3

∆𝑝𝑐
2
. (2.4) 

 

Most of the homogenous nucleation theory relate 𝑊𝑐 to the typical kinetic energy of the 

molecules, called 𝑘𝑇 (where 𝑘 is the Boltzmann´s constant) and the relationship is expressed 

in terms of the Gibbs number, 𝐺𝑏, given by: 

 
𝐺𝑏 =

𝑊𝑐

𝑘𝑇
. (2.5) 

 

Nucleation theory offer us information about the nucleation of critical bubbles under 

ideal conditions, i.e., steady-state nucleation. However, several expressions have been 

proposed for the precise form of the relationship between the nucleation rate, 𝐽, and the Gibbs 

number. Nucleation rate represents the number of nucleation events appearing in a unit 

volume per unit time, it is given by: 

 
𝐽 = 𝑁 (

2𝑆

𝜋𝑚
)
2

𝑒𝑥𝑝 [−
16𝜋

3

𝑆3

ΔP𝑐
2𝑘𝑇

], (2.6) 

 

 𝐽 = 𝐽0𝑒𝑥𝑝[−𝐺𝑏], (2.7) 

 

where 𝑁 represents the number density of the liquid (molecules/m3), and m indicates the 

mass of the molecule, and 𝐽0 is a proportionally factor. Therefore, nucleation rates is 

proportional to 𝑒𝑥𝑝[−𝐺𝑏]; it will be likely when 𝐸𝑐 becomes comparable to the thermal 

fluctuations. Even though the nucleation theory predicts the superheat limit of liquids, does 

not provide any information concerning the intensity of evaporation at the limit. Deeply 

studies have shown that the cavitation probability reaches ½ when: 

 𝑊𝑐

𝑘𝑇
= 𝑙𝑛 (

Γ0𝑉𝜏

𝑙𝑛2
), (2.8) 

 

where 𝛤0 represents a kinetic prefactor that can be estimated by the  thermal frequency 

𝑘𝑇
ℎ⁄  times the density of independent nucleation sites 1

𝑅𝑐
3⁄ , 𝑉 and 𝜏 indicates the volume 

and duration of the experiment, respectively. Specifically, water is a strongly cohesive liquid 

due to hydrogen bonding between its molecules. It drives to the water surface tension S to be 

unusually high, allowing a high degree of metastability, at least theoretically.  
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Superheated liquid 
 

As we pointed out in previous sections, liquids can be heated beyond its boiling points 

and beyond, this condition is known as superheated of liquid. 

 

Laser heating 
 

Shortly after the invention of the laser, light-induced cavitation was demonstrated which 

is a powerful tool that has gained relevance with the advancement of technology95,96. Light-

induced cavitation plasma formation, generally indicated by a visible flash or spark in the 

medium is based on the process of liquid breakdown97. However, the mechanism that triggers 

liquid breakdown depends on the features of the radiation source employed, i.e., laser pulse 

duration, pulse intensity, wavelength, polarization, among others. Focusing on laser pulse 

duration; an ultrashort-pulsed laser (100 fs < τ < 1 ns) induces what is known as the optical 

breakdown, whereas a continuum laser or even short-pulsed laser (τ > 1 ns) generates the 

process called laser-induced thermal breakdown98. 

The optical breakdown is a nonlinear absorption process that ionizes the incident media, 

usually in nominally transparent liquids, leading to plasma formation. This process demands 

high energy densities to reach the liquid breakdown threshold Ith
97. Plasma formation takes 

place in distilled water at irradiances Ith > 1010 W/cm2 97. There are two mechanisms of optical 

breakdown: avalanche ionization AI, also known as cascade ionization CI, and multiphoton 

ionization MPI99. Both ionization mechanisms must exceed the critical density of ionized 

electrons, ρcr, during the laser pulse100. On one hand, AI requires a few seed electrons, also 

known as free electrons or lucky electrons. These  seed electrons, which are already present 

in the focal volume before the arrival of the laser pulse, are accelerated by the laser electric 

field. The increased kinetic energy of the electrons is transferred to the atoms/molecules 

through collision and realizing more electrons. These seed electrons can be produced either 

by the MPI process itself or by the heating of linearly absorbing impurities present in the 

liquid. Besides, the impurities heating can decrease the optical breakdown threshold. On the 

other hand, MPI does not require these seed electrons, however, MPI does both require a 

pure liquid and demands higher energies. The MPI rate is proportional to Ik, where k is the 

number of photons needed to achieve the ionization potential (∆̅), i.e, the photons required 

to cross the bandgap. The AI mechanism rate is proportional to the incident irradiance. Due 

to the MPI mechanism rate is highly depends on irradiance; the MPI process becomes more 

relevant as the duration of the laser pulse decreases101. Therefore, the interplay between AI 

and MPI has been elucidated as the cornerstone for optical breakdown. 

On the other hand, the laser-induced thermal breakdown is a linear absorption process 

that induces thermal effects by either CW or long-pulsed laser, also called 

thermocavitation102,103. This process entered the cavitation world through the pioneering 

work of Rastopov and Sukhodolsky earlier 1990102,104. The laser radiation is focused on 
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absorbing liquids. The absorbed light quickly heats the liquid up beyond its thermodynamic 

critical temperature TC (spinodal limit) at a time from µs to ms, i.e., TC water ~ 647 K105. As 

the liquid temperature reaches its spinodal limit, the liquid enters into a metastable state. 

Therefore, the superheated liquid turns unstable to random density fluctuations and the liquid 

undergoes an explosive phase transition to vapor. A fast-expanding vapor bubble is 

generated, whose radius goes from the sub-millimeter range up to 5 millimeters106. However, 

as Padilla et al.105 and Ramirez-San-Juan et al.106 reported, the shockwave amplitude of 

thermocavitationally-induced bubbles is, at least, 3 orders of magnitude smaller than the 

shockwave produce by the optical breakdown. In fact, thermocavitation process exhibits an 

input energy conversion of around 20 % into mechanical energy105, contrary to the optical 

breakdown, where close to 10 – 30 % of the input energy is lost107. Nevertheless, 

thermocavitation can be induced at an irradiance threshold around Ith ≈ 103 W/cm2, i.e., at 

least 7 orders of magnitude less than optical breakdown44,105. Moreover, this Ith can be 

lowered by matching/tunning the wavelength used with the liquid absorption coefficient, i.e., 

maximizing the input energy absorption.  

Besides, one remarkable feature concerning thermocavitation is the fact that the bubble 

induced with the lowest optical power generates the largest radius, therefore, the highest 

pressure shock waves106. It is supported by the fact that usually the thermal diffusion time τdif 

for absorbing liquids is less than the cavitation time τcav, i.e., τdif  <<  τcav. So, more liquid is 

ready to be evaporated because the heat generated can be transferred to a larger volume, 

consequently, larger bubbles are generated. Moreover, thermocavitation exhibits the 

advantage of inexpensive energy sources. 

 

Boiling crisis 
 

Boiling crisis is described by a very large rate of heat transfer from the heating interface 

to the fluid bulk. If the heating energy is increased, the temperature of the heating interface 

boosts with the heat flux. If the heat flux from the heating source achieves a threshold value, 

the vapor bubbles generated suddenly will turns into vapor films. This films will cover the 

heating surfaces, playing as a insulate mechanism, so the bulk fluid will be isolate from the 

heating source108,109. 

 Figure 2.3, taken from Cengel110, shows different boiling regimes in pool boiling for 

water. 
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Fig.  2.3  Different boiling regimes in pool boiling for water. (a) Natural convection boiling. (b) Nucleate boiling. (c) 
Transition boiling. (d) Film boiling, also called boiling crisis110. 

 

Dynamics of spherical bubbles 
 

In this section, we are going to discuss the dynamic of spherical bubbles focusing on 

their collapse: spherical and non-spherical collapse.  

 

Bubble collapse 
 

Once the nucleation theory was mentioned, it is time to focus on the bubble dynamics, 

i.e., bubble growth and its collapse. In addition, we are discussing the differences between 

the symmetric and asymmetric bubble collapse, i.e., when the bubble is far away from an 

interface/wall and when the bubble is near or attached to a wall/solid boundary. 
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Rayleigh-Plesset equation  
 

The simple case, asymmetric spherical bubble, is useful to derive the Rayleigh-Plesset 

equation that governs the spherical bubble dynamic in a liquid infinite body. This equation 

is going to be derived under the following assumption (the simplest conditions): 

a. The bubble is present in an infinite incompressible liquid that is either Newtonian or 

inviscid. 

 

b. The bubble remains spherical at all times. 

 

c. The liquid density surrounding the bubble is greater than the gas density of the bubble. 

 

d. The gravitational force will not take into account. 

 

e. The gas content is constant. 

 

These assumptions are taken only as a first approximation, in real life both the exchange 

of energy and the mass transfer between the bubble and its surrounding liquid are present. 

Here, we will determine the functions of velocity 𝑢(𝑟, 𝑡) and the pressure 𝑝(𝑟, 𝑡) in the liquid 

domain 𝑟 ≥ 𝑅(𝑡). The equation of the mass conservation for an incompressible liquid is 

given by93: 

 
𝑢(𝑟, 𝑡) = 𝑅̇

𝑅2

𝑟2
. (2.9) 

 

The viscous term of the Navier-Stokes equation is zero just in this simple and particular 

case. Therefore, for both a vicious and non-viscous liquid, the equation of momentum is 

given by: 

 𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑟
= −

1

𝜌

𝜕𝑝

𝜕𝑟
, (2.10) 

 

Taking equation 2.9 into account, one can infer: 

 
𝑅̈

𝑅2

𝑟2
+ 2𝑅̇2 [

𝑅

𝑟2
−

𝑅4

𝑟5
] = −

1

𝜌

𝜕𝑝

𝜕𝑟
. (2.11) 

 

Integrating for r and contemplating the pressure conditions at infinity, 𝑝∞(𝑡), one 

obtains: 
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𝑅̈

𝑅2

𝑟
+ 2𝑅̇2 [

𝑅

𝑟
−

𝑅4

4𝑟4
] =

𝑝(𝑟, 𝑡) − 𝑝∞(𝑡)

𝜌
. (2.12) 

 

Equation 2.12 is equivalent to the Bernoulli equation for a variable unsteady flow of 

non-viscous liquid. At the bubble wall, i.e., 𝑟 = 𝑅, Eq. 2.12 turns into: 

 𝑝(𝑅, 𝑡) − 𝑝∞(𝑡)

𝜌
= 𝑅𝑅̈ +

3

2
𝑅̇2. (2.13) 

 

Considering that the pressure of the bubble interface is given by: 

 
𝑝(𝑟, 𝑡) = 𝑝𝑏 + 𝑝𝑖 (

𝑅0

𝑅
)
3𝛾

−
2𝑆

2𝑅
+ 2𝜇

𝜕𝑢

𝜕𝑟
|𝑟=𝑅 , (2.14) 

 

where 𝑝𝑖 is the initial pressure, 𝛾 represents the ratio of heat gas capacities, 𝜇 is the 

kinematic viscosity. Considering 
𝜕𝑢

𝜕𝑟
|𝑟=𝑅 = −

2𝑅̇

𝑅
, Eq. 2.13 turns into the following equation: 

 
𝜌 [𝑅𝑅̈ +

3

2
𝑅̇2] = 𝑝𝑏 + 𝑝∞(𝑡) + 𝑝𝑖 (

𝑅0

𝑅
)
3𝛾

−
2𝑆

𝑅
− 4𝜇

𝑅̇

𝑅
 (2.15) 

 

This expression, called the Rayleigh-Plesset equation, lets us estimate both the temporal 

evolution of a bubble of radius R and the pressure field surrounding the bubble when the law 

𝑝(𝑡) is given, i.e., liquid pressure.  

Considering the ideal case, a bubble containing just vapor without condensable gases, a 

non-viscous liquid (𝜇 = 0) and neglecting the surface tension (𝑆 = 0), Eq. 2.15 becomes: 

 

𝑅̇ = −√
2

3
[
𝑝∞ − 𝑝𝑏

𝜌
] [

𝑅0
3

𝑅0
− 1] .

̇

 (2.16) 

 

This expression determines the bubble interface velocity, (𝑅̇), at the bubble collapse. As 

we can infer, bubble collapse requires an external pressure greater than the bubble inside 

pressure, i.e., 𝑝∞ > 𝑝𝑏. The interface velocity is negative (𝑅̇ < 0) and the initial radius is 

greater than the bubble radius, i.e., 𝑅0 > 𝑅 at any moment. 

 The bubble collapse time, also known as the Rayleigh time is given by: 

 

𝜏𝑐 ≈ 0.915√
𝜌

𝑝∞ − 𝑝𝑏
𝑅0, (2.17) 
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where 𝑅0 is the maximum radius before the collapse and 𝑝𝑣 is the vapor pressure (bubble 

pressure). 

 

Bubble collapse near a solid wall 
 

The presence of a solid wall at the spherical bubble collapse disrupts the symmetric 

collapse, i.e., the solid wall near the bubble will induce an asymmetric bubble collapse. 

Besides, the presence of a solid wall near the bubble can induce changes in the bubble 

morphology, i.e., bubble not completely spherical. In the last decades, the dynamics of a 

bubble near or attached to a solid surface (or interface) have been studied by both high-speed 

photography and acoustic means. It is well known that the asymmetric bubble collapse will 

produce a counter jet explained by the non-spherical bubble collapse theory developed by 

Rattray in his Ph.D. thesis111–113. Before the collapse, the semi-spherical bubble takes a 

toroidal shape due to the formation of a counter jet directed towards the wall/interface. This 

counter jet is capable to penetrates the bubble, hitting the wall/interface. In the case of heated 

walls/substrates, the counter jet is immediately vaporized after hit the substrate, producing a 

secondary bubble. 

 

 

Fig.  2.4 Non-spherical bubble collapse at 𝛾 = 1. Figure taken from reference
112. 

 

The bubble life time, 𝜏𝑟, near a solid wall is given by: 

 

 𝜏𝑟 ≈ 𝜏𝑐 (1 + 0.205𝛾) (2.18) 

  

where 𝛾 = 𝐻
𝑅0

⁄  is the standoff parameter, H represents the distance between the wall 

and the center of the bubble , and 𝜏𝑐 is the collapse time for a spherical bubble (see Eq. 2.17). 
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 Figure 2.4 shows a numerical simulation concerning collapse of a bubble near a solid 

wall/interface developed by Plesset and Chapman112, i.e., non-spherical bubble collapse. As 

the bubble collapse progresses, the penetration velocity of the counter jet is greater, as we 

can notice in the inset of Fig. 2.4 Once the counter jet is formed, the speed of its tip remains 

fairly constant112. 
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Chapter 3. Dynamics of the trapping and 3D manipulation of 

microbubbles 
 

In this section, we will to discuss the environment of conditions and forces that are 

present in both trapping and manipulation of vapor microbubbles i.e., optothermal effects. A 

brief description of the forces involved is presented. After that, we will to discuss the 

performance of the optical forces over vapor microbubbles. 

 

Surface tension 
 

We can define the surface tension as a property of the liquid surfaces that allows them 

to resist external forces over them. Surface tension force is a vector that exhibits a tangential 

direction to the free surface of the liquid and is driven by cohesive forces. Moreover, surface 

tension is driven by the inhomogeneous force over each liquid molecule at the liquid 

interface. At this liquid interface, the net force is directed towards the interior of the liquid, 

simulating an elastic film, as is shown in Fig. 3.1. 

 

 

Fig.  3.1 Sketch of the cohesive forces between liquid molecules. 

 

Cohesive forces 
 

Cohesion is the intermolecular attractive force acting among adjacent molecules of the 

same substance; allowing matter to be together. The physical properties of melting point, 

boiling point, vapor pressure, evaporation, density, viscosity, surface tension, and solubility 

are dependent on the cohesive force. 

Cohesive forces are divided into: 
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a. Coulomb force: It emerges from the electrostatic force that holds the ions together, 

i.e., opposite charges attract each other. Coulomb force is the strongest intermolecular 

force.   

 

b. Hydrogen bond: It is the attractive force between the hydrogen atom attached to an 

electronegative one (usually nitrogen, oxygen, and fluorine) of one molecule and an 

electronegative of a different molecule.  

 

c. Dipole force: Polar covalent molecules are something described as “dipoles”, 

meaning that the molecules have two poles. 

 

d. Dipole-dipole interactions: When a polar molecule encounters another polar 

molecule, the positive end of the molecule is attracted to the negative end of the other 

polar molecule. 

 

e. Ion-dipole interaction: It emerges from the interaction between an ion and a polar 

molecule. 

 

The term Van der Waals forces emerge as the result of the sum of the cohesive forces. 

So Van der Waals forces is an attractive force. On the other hand, electrostatic force, also 

known as Coulomb force, can be both attractive or repulsive force. Generally, electrostatic 

force is a repulsive force and operates closer to the particle than the Van der Waals force, as 

is illustrated in Fig. 3.2. 

 

 

Fig.  3.2 Operation range of intermolecular forces. Repulsive forces are the ones that operate closest to the particle. 

 

Stokes law 
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A body, immersed in a fluid in movement, will be exposed to forces induced by the 

action of the fluid itself, i.e., the body will be dragged by the fluid. This drag force, also 

known as Stokes law,  𝐹𝑑, is exerted by the fluid in opposite direction to the force exerted by 

the body in movement. Drag force is given by11,114: 

 𝑭𝒅 = −6𝜋𝜇𝑅𝒖, (3.1) 

 

where μ represents the dynamic viscosity of fluid and 𝒖 is the velocity of the body 

(particle, bubble). The negative sign indicates that the displacement velocity of the body is 

contrary to the convective currents. 

 

Buoyancy force 
 

A body immersed in a fluid is subjected to the gravitational pull that is given by the 

principle of Archimedes11: 

 
𝑭𝒃 =

4

3
𝜇𝑅3𝒈(𝜌𝑙 − 𝜌𝑣), (3.2) 

 

where 𝒈 represents the gravitational acceleration, 𝜌𝑙 and 𝜌𝑣 are the density of the liquid 

and the vapor of the fluid, respectively.   

 

Optical forces 
 

Light pressure was initially suggested by Johannes Kepler in his explanation of comets' 

tails. However, light pressure was correctly explained by the theory of electromagnetism of 

James Clerk Maxwell115. It was up to Arthur Ashkin7 that light pressure was successfully 

demonstrated by experimentally showing dielectric particle levitation (trapping) by slightly 

focusing a Gaussian laser beam (TEM 00). A. Ashkin reported that the dielectric particles, 

semitransparent to the wavelength used, were attracted to the beam center and accelerated in 

the direction of the beam propagation axis. A. Ashkin explained the behavior of these 

particles by employing rays optics to describe the particles´ interaction with the incident 

light22, as is depicted in Fig. 3.3.  
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Fig.  3.3 Optical forces on a dielectric particle. Figure taken from reference7. 

Considering a dielectric particle with refractive index nH immersed in water, with 

refractive index nL = 1.33, such as 𝑛𝐻 > 𝑛𝐿, and taking two light rays. The ray (a), is closest 

to the beam center, i.e., the most intense ray, while the ray (b), is the farthest ray to the beam 

center. These rays enter and exit the dielectric particle, this particle-light interaction induces 

changes in the pathway of the light, i.e., reflection and refraction. As a result, inner (𝐹𝑅
𝐼 ) and 

outer reflection force (𝐹𝑅
𝑂) takes place. In addition, inner (𝐹𝐷

𝐼 ) and outer (𝐹𝐷
𝐼 ) deflection forces 

are present. The axial components of these forces, for both rays, are canceled, so the result 

net force points in +z direction, inducing particle movement. A Ashkin, motivated by the 

discovery of particle movement driven by light pressure, Ashkin delved into the optical 

manipulation by means of two opposing identical laser beams, i.e., particle trapping by a 

stable optical potential well, called optical tweezers. 

Optical tweezers are a wonderful tool for both trapping and manipulate particles. It is 

usual to theoretically split the optical forces as: 

 𝑭 = 𝑭𝒈 + 𝑭𝒔, (3.3) 

 

where 𝑭𝒈 is the conservative force, called gradient force and 𝑭𝒔 is the non-

conservative force that involves the scattering and absorption force. 

 

Gradient force 
 

Gradient force, 𝐹𝑔, according to electric dipole approximation is proportional to the 

intensity of the laser beam employed, and is given by116:  
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𝑭𝒈 =

1

2
𝛼′(𝜔)∇𝑬2, (3.4) 

 

where α(𝜔) = 𝛼′(𝜔) + 𝛼′′(𝜔) is the particle complex polarizability. Gradient force  is 

linearly dependent on the real component of the polarizability, 𝛼′(𝜔). 

 

 

Fig.  3.4 Gradient force on a particle whose size is comparable with the wavelength used and refractive index np > nm. 

On the other hand, when the diameter of the particle is comparable to the wavelength 

used and the refractive index of the particle (np) is greater than the refractive index of the 

medium (nm), i.e., np > nm, gradient force can be described using ray optics, as is depicted in 

Fig. 3.4. The vectorial analysis shows the momentum changes of the rays (a) and (b), Δ𝑃𝑎 

and Δ𝑃𝑏, respectively, due to the light reflection. From this vectorial analysis, one can notice 

that the resultant gradient force, 𝑭𝒈, points to the laser beam center, i.e., attracting the 

dielectric particle to the region of greater laser beam intensity16. 

 

Scattering force 
 

Scattering force, 𝐹𝑠, according to electric dipole approximation is given by116:  

 𝑭𝒔 =
𝑛

𝑐
𝑰(𝑟)𝐶𝑠𝑐𝑎𝑡, (3.5) 

 

where 𝑛 is the refractive index of the host medium, 𝑐 represents the speed of light, 𝑰(𝑟) 

is the beam intensity, and 𝐶𝑠𝑐𝑎𝑡 represents the scattering cross-section, and may be 

determined by Mie or Rayleigh theory depending on the particle´s size116. 
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Fig.  3.5 Scattering force on a particle whose size is comparable with the wavelength used and np > nm. 

 

Similar to gradient force under the ray optics regime, scattering force is depicted in Fig. 

3.5. The vectorial analysis shows the momentum changes of the rays (a) and (b), Δ𝑃𝑎 and 

Δ𝑃𝑏, respectively, due to the light reflection. From this vectorial analysis, one can notice that 

the resultant scattering force, 𝑭𝒔, points out the laser beam region, i.e., pushing the dielectric 

particle out of the laser beam direction (z-axis)16. 

Absorption force 
 

Absorption force, 𝐹𝑎𝑏𝑠, according to electric dipole approximation is given by116:  

 𝑭𝒂𝒃𝒔 =
𝑛

𝑐
𝑰(𝑟)𝐶𝑎𝑏𝑠, (3.6) 

 

where 𝐶𝑎𝑏𝑠 represents the absorption cross-section, and may be determined by Mie or 

Rayleigh theory depending on the particle´s size. 

 

Optical forces on a vapor bubble 
 

Contrary to dielectric particles, bubbles composed of vapor usually exhibit a lower 

refractive index than the medium, i.e., nB < nm. This change in the refractive index 

relationship induces that the bubble is not going to be attracted towards the region of greater 

laser beam intensity16,117, i.e., the vapor bubble is pushed out of the laser beam, as is depicted 

in Fig. 3.6. 
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Fig.  3.6 Gradient force on a vapor bubble, nB < nm. 

 

Marangoni force 
 

The Marangoni force, also known as thermocapillary force, lies in the dependency of the 

surface tension force on temperature, i.e., an increment in the liquid temperature will provoke 

a decrease in the surface tension force of the liquid (Eötvos´ law)64. A bubble, immersed in 

an infinite liquid and under the action of a temperature gradient, will experience a tangential 

stress on its wall driven by the surface tension variations46,91. The bubble will move towards 

the heat source while the liquid flows to the colder regions, as is depicted in Fig. 3.7. 

 

Marangoni force is given by35,42: 

 
𝑭𝑴 = −2𝜋𝑅2𝛁𝑻

𝑑𝜎

𝑑𝑇
, (3.7) 

 

where 𝛁𝑻 indicates the temperature gradient and 𝜎 is the surface tension of the host 

liquid. 
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Fig.  3.7 Marangoni force over a vapor microbubble. 

Inertia force 
 

Inertia force, 𝑭𝒊, also called added mass, lies on the Newton´s second law, i.e., it states 

that the acceleration of an object is dependent on the net force acting upon the object/particle 

and the mass of the object/particle118. 

Specifically for bubbles immersed in liquids, the inertia force of the fluid surrounding 

an accelerating bubble is characterized by an added mass, and is given by118–120: 

 
𝑭𝒊 = 𝑚𝒂 =

4

3
𝜋𝑅3𝜌𝑙𝐶𝑏

𝑑𝒖

𝑑𝑡
, (3.8) 

 

where 𝐶𝑏 = 1 2⁄  is the bubble-shape coefficient119. 
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Chapter 4. Trapping and 2D manipulation of microbubbles by 

low power CW laser 
 

The manipulation of gas and vapor microbubbles inside aqueous solutions has attracted 

attention because of their applications in the industry as actuators, micro-valves41,121, 

manipulation of micro-objects122,123, development of micro-motors83,124, ink printers125, 

lithography6, among others. The main mechanism used for the manipulation of microbubbles 

are based on thermal12,42,62, optical44,126, and acoustic phenomena14,127. Thermal techniques 

based on decrement of surface tension, also called thermocapillary, produce a tangential 

stress at the vapor-liquid interface called Marangoni force41,42 . Optical techniques are based 

in transfer of linear momentum, need a special beam profile produced by beam shaping; while 

acoustic techniques based on Bjerknes forces employ ultrasonic waves generated by 

piezoelectric micro-materials127. The study of thermal gradients for the generation and 

migration of microbubbles has been proposed using Joule heating in electrical devices67. X. 

Qu et al.65 investigated the dynamics of microbubbles using a horizontal array of electric 

micro-heaters fabricated using standard micromachining technique. The voltage applied to 

the array is modulated by a signal generator and amplified for the generation of a thermal 

gradient. The results showed that the microbubbles can be periodically displaced by the 

Marangoni force between two heaters separated ~23 μm. By using a laser focused on 50 μm 

thick cell filled with an absorbing solution, manipulation of microbubbles was also possible 

without the need of complex microfabrication techniques for the generation of thermal 

gradients47. In this report, the bubbles were already present in the solution with diameters of 

0.2-1.2 mm (in fact the bubbles adapted a cylindrical shape) and were attracted towards areas 

of higher radiation intensity. Recently, Angelsky et al.128reported the generation and 

manipulation of microbubbles based on Marangoni force using a nanocolloidal solution and 

a CW laser at 980 nm and 2 W of power. Light absorption by the nanoparticles dispersed in 

water generated a thermal gradient of ∼2x105 K m−1 resulting in an array of microbubbles 

with radii up to 130 μm at the beam spot. The array of microbubbles could be manipulated 

in 2D by displacement of the laser beam. 

 

In this chapter, we report the photothermal generation of vapor microbubbles in ethanol 

due to the radiation absorption from the immobilized silver nanoparticles at the core of an 

optical fiber. Once the microbubble is created it can be manipulated in 2D and 3D using a 

low power CW laser at 1064 nm. 
 

 

Experimental description 
 

In our experimental arrangement, silver nanoparticles (AgNPs) were immobilized on the 

two multimode optical fibers ends (50/125) using the photodeposition technique129–131. A 

colloidal suspension was made by mixing 0.3 mg of Sigma-Aldrich silver nanopowder 

(particle size <100 nm) in 2 ml of ethanol, which was mixed in a 4.5 ml capacity polystyrene 

cuvette. The mixture was homogenized using an ultrasonic bath for 5 minutes. The 

photodeposition was performed using a IPG Photonics continuous wave laser (CW) model 
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YLR-5-1064-LP that emits at 1064 nm with a maximum power of 5 mW. The laser beam 

was divided by a 50/50 infrared beam splitter and each beam coupled to the optical fiber 

terminals using two 10x microscope objectives as shown in Fig. 4.1. 
 

 
Fig.  4.1 Experimental setup for photodeposition AgNPs at the core of the optical fibers. 

 

The photodeposition of the AgNPs on the core of the fibers was carried out by 

submerging each tip of the optical fiber inside a cuvette filled with a colloidal suspension of 

alcohol and AgNPs. The rate of photodeposition was monitored using a power meter to 

achieve an output power of 23 mW (input power 120 mW) corresponding to 7.0 dB 

attenuation. 

 

Visualization of the generation and manipulation of microbubbles was performed using 

a 50x microscope objective with NA = 0.26 and a Phantom high-speed video camera model 

v7.3 operating at 6600 fps (~151 μs between frames) and illuminated with 12V/20W halogen 

lamp. The tips of the optical fibers with the photodeposited AgNPs were introduced vertically 

and horizontally into a cuvette filled with ethanol as shown in Fig. 4.2(a) and 4.2(b), 

respectively. 
 

 

Fig.  4.2 Experimental setup for the generation and manipulation of microbubbles. (a) Optical fibers vertically opposed. 

(b) Optical fibers horizontally opposed. 
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The generation of a microbubble on the fiber tip was carried out by allowing the passage 

of beam B(A) while beam A(B) is obstructed. The AgNPs deposited at the core of the fiber 

were heated up by light absorption and then heat is transferred to the surrounding liquid. 

Depending on the incident power a bubble may be created. Once the bubble is created, beam 

B(A) is obstructed and beam A(B) is allowed to pass. Thus, the bubble stops growing but 

maintains its size on the time scale of the experiments. The bubble is affected by the 

temperature gradient on the opposite fiber tip and is attracted towards it. It should be 

mentioned that the power used to produce the temperature gradient opposite to the bubble is 

slightly below (5% less) of that needed for the generation of microbubbles. 
 

Experimental results 
 

Figure 4.3 shows typical snapshots of the microbubble evolution on the tip of the optical 

fiber considering the experimental setup showed in Fig. 2(a) and laser power of 16 mW. The 

bubble's radius grows over time due to the continuous ethanol vaporization reaching a radius 

of 63 μm in 50 ms. The rate of expansion obviously depends on the beam power, however, 

it should not increase over certain value because cavitation may be produced. The violent 

collapse of the cavitation bubble may detach the AgNPs until eventually no bubble could be 

created. 
 

 
Fig.  4.3 Sequence of formation (a) and growth of a microbubble (b-d) adhered to the tip of an optical fiber. Bright areas 

represent scatter light picked up by the camera. 

 

Once the bubble has achieved its desired size, laser beam B(A) is obstructed and beam 

A(B) is allowed to pass, heating up the other fiber tip. The image sequence shown in Fig. 4.4 

corresponds to vertical ( +z direction) displacement of the microbubble between the two tips 

separated by ~480 μm and where only the beam on the upper fiber is on. It can be observed 

that the microbubble (115 μm radius) covers the distance in 3.5 ms with a maximum velocity 

of 238 mm/s while maintaining its spherical shape. It is important to mention that the velocity 

of the microbubble is not constant and it increases when it approaches the heat source. 
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Fig.  4.4 Snap shots of a travelling microbubble in the + z direction between two opposed optical fibers. The bubble is 

generated in the lower fiber and attracted towards the upper fiber. 

In order to assess the effect of convective currents and buoyancy on the bubble 

displacement, the bubble was created on the upper fiber and displaced downwards as shown 

in Fig. 4.5. The temperature gradient was  generated at the lower tip inducing the 

manipulation of the microbubble in the -z direction. It can be observed that the microbubble 

(115 μm radius) covers the distance in 5.3 ms with a maximum velocity of 154 mm/s. Note 

that the downwards velocity is slower than the upwards. 
 

 

Fig.  4.5  Snap shots of a travelling microbubble in the -z direction between two opposed optical fibers. The bubble is 

generated in the upper fiber and attracted towards the lower fiber. 

Figure 4.6(a) shows a frame of Visualization 4.1 of the periodical manipulation in 2D of 

a microbubble between two horizontally placed fibers separated by ~1 mm as shown in Fig. 

4.2(b). It is important to note that in this configuration the buoyancy, gravity and drag force 

do not exist as the height cell is approximately equal to the microbubble size. Furthermore, 

it can be seen that by switching the position of the temperature gradient it was possible to 

carry out the horizontal manipulation of a 300 μm radius microbubble (on y-axis). It is also 

possible to manipulate microbubbles when the ends of the fibers are off-axis, as shown in 

Fig. 6(b) Visualization 4.2. In the Fig. 4.6(b) it can be observed that the two fiber tips are 

spaced 485 μm apart and misaligned 33° with respect to normal. The temperature gradient 

was generated at the upper tip, producing the upwards displacement (+z) of the 90 μm radius 

microbubble. Figure 4.6(c) shows a frame of Visualization 4.3 of the manipulation of a 
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microbubble with a radius of 80 μm between two vertically opposed optical fibers, spaced 

apart 560 μm and misaligned 43° with respect to normal. This time the temperature gradient 

was generated in the lower fiber, displacing the microbubble in the -z direction, as shown in 

Visualization 4.3. Both Visualization 4.2 and Visualization 4.3 were record at 6,688 fps for 

21 ms. 
 

 

Fig.  4.6 Manipulation of a microbubble between two horizontally opposed optical fibers (a) due to the switching of the 

temperature gradients (see Visualization 1). Manipulation of a microbubble in the + z and -z direction between two 

vertically opposed and off-axis optical fibers (a) 33 ° (see Visualization 2) and (b) 43 ° (see Visualization 3) respectively. 

 

Discussion 
 

The results show that microbubbles can be generated by heating due to light absorption 

by the AgNPs deposited at the fiber end submerged in ethano132–134. Here we show the 

calculations of the temperature spatial distribution produced by light absorption by the 

deposited nanoparticles. The steady-state solution for the temperature increase due to a single 

nanoparticle of radio R in an homogeneous media is given by ΔT(r) = δabsI/(4πκr) for r > R, 

where I is the light intensity illuminating the AgNP, δabs is the absorption cross-section of the 

AgNP, and κ is the thermal conductivity of the surrounding medium135. For a single 

nanoparticle, the temperature beyond its diameter decays as 1/r, but for a collection of 

nonuniform (both in diameter and spatial distribution) or even for uniform closely packed 

nanoparticles, these temperature decays may be completely different. Thus, calculation and 

measurements of the temperature profile are difficult to perform given the small dimensions 

of the volume and time scales involved. However, we can numerically estimate the spatial 

temperature distribution making reasonable assumptions. First, we simulate the deposited 

layer as uniform sized nanoparticles having homogenous spatial distribution, so we can 

assume a uniform temperature distribution and then solve the heat diffusion equation in 

steady-state coupled to the Navier-Stokes equations using COMSOL Multiphysics. The 

configuration is quite simple: 50 μm diameter fiber optic is inserted in ethanol and the fiber 

core-ethanol interface is set to a fixed temperature as shown in Fig. 4.7. The 2D spatial 

temperature distribution is shown in Fig. 4.7(a) and it is possible to observe that this 

distribution has spherical symmetry while Fig. 4.7(b) shows the temperature profile along a 

particular direction r. The continuous line represents the fit to an exponential decay function. 

Therefore, the temperature function in the radial direction is given by: 
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 𝑇(𝑟) = 𝑇0 + ∆𝑇𝑒𝑥𝑝 (−
𝑟

𝑟𝐷
), (4.1) 

 

where T0 is the ambient temperature, ΔT represents the temperature difference between 

the fiber core-alcohol interface and ambient temperature, and rD ≈ 534 μm represents the heat 

diffusion length. Although the fitting is not perfect, it can be taken as a good approximation. 

The achieved temperature depends on the beam power. In order to produce nucleation in 

ethanol (temperature for vaporization ∼78 °C) and therefore bubble formation, a threshold 

power of 16 mW is needed. In fact, Fig. 4.3(a) shows the bubble formation obtained with the 

threshold power. Around time t = 1.5 ms the bubble is clearly noticeable.  

 

Fig.  4.7 (a) Configuration used to calculate the temperature spatial distribution using COMSOL. The fiber is placed into 

the cell containing ethanol. (b) Temperature profile from the fiber to the bottom of the cell which in this case r coincides 

with the z axis. 

 

 

 

Fig.  4.8 Microbubble radius as function of time. 

 

Figure 4.8 shows the bubble radius dependence on time. The curve fitting was obtained 

using the equation 𝑅(𝑡) = 𝑅𝑚𝑎𝑥 (1 − 𝑒𝑥𝑝(−𝑡
𝜏0

⁄ )) where the maximum bubble radius for 

this particular power is Rmax = 66 μm and formation time τ0 is 15 ms. For this reason, it is 

difficult to obtain bubbles of the same size (< 60 μm) unless a precise control on the opening 
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time is achieved; however, in our case the control is manual. Previous studies have shown 

that it is possible to generate microbubbles with low-power continuous-wave lasers in a 

relative short time128,136,137. 
 

A microbubble located in the vicinity of the temperature gradient as seen Fig. 4.7(a) will 

experience the so called Marangoni force FM which moves the bubble towards the hot 

region91,138,139. This force arises by the temperature dependent surface tension differential 

along the bubble’s surface. Due to a tangential stress on the surface tension of the 

microbubble, the liquid will flow from the lower surface tension (higher temperature) region 

to the higher surface tension (lower temperature) region as seen Fig. 4.9. The Marangoni 

force FM is given by91: 

 

 
𝑭𝑴 = −2𝜋𝑅2𝛁𝑻

𝑑𝜎

𝑑𝑇
, (4.2) 

 

where R is the radius of the microbubble, 𝛁𝑻 is the temperature gradient in the direction 

of the radiation source and dσ/dT is the temperature derivative of liquid (ethanol) surface 

tension σ (−0.1x10− Nm−K−) which is practically constant from room temperature up to 70 

°C11. In addition to the Marangoni force, the microbubble immersed in a liquid also 

experiences the 𝑭𝒃 buoyancy, gravity 𝑭𝑮, and drag forces 𝑭𝒅 11,114,140. Radiation pressure is 

negligible given the low power of the beam and the large divergence angle of the light leaving 

the optical fiber, in addition, light scattering by the nanoparticles contributes to decrease the 

radiation pressure on the bubble surface129. So the buoyancy, gravity and drag forces are 

given by: 
 

 
𝑭𝒃 =

4

3
𝜇𝑅3𝒈(𝜌𝑙 − 𝜌𝑣), (4.3) 

 

 
𝑭𝑮 =

4

3
𝜇𝜌𝑙𝒈𝑅3, (4.4) 

 

 𝑭𝒅 = −6𝜋𝜇𝑅𝒖, (4.5) 

 

where g is the gravitational acceleration, u is the velocity of the microbubble, μ = 

1.071x10−3 

Pa·s is the dynamic viscosity of ethanol, ρl = 789 kg/m3 and ρb = 3.4 kg/m3 are the density 

of liquid and the vapor of ethanol, respectively. So, the total force 𝑭𝑻 acting on the 

microbubble traveling between two opposed optically optical fibers is: 

 
 𝑭𝑻 = 𝑭𝒃 + 𝑭𝑮 + 𝑭𝒅 + 𝑭𝑴, (4.6) 
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The direction of the forces involved in the displacement of a microbubble due to the 

presence of a temperature gradient generated at the top tip of the optical fiber is shown in 

Fig. 4.9. The buoyancy force 𝑭𝒃 always points upwards while the gravity force 𝑭𝑮 always 

acts downwards. Since the vapor density is two orders of magnitude smaller than the density 

of liquid, gravity forces will not be considered. The Marangoni force always is directed to 

the heat source and its direction can be reversed, as one can observe in Fig. 4.9. 
 

 

Fig.  4.9 (a) Displacement of a microbubble in the + z direction, (b) displacement of a microbubble towards –z direction 

and (c) displacement of microbubble when the optical fibers are off-axis. 

 

Figure 4.10 shows the Marangoni force and the total force as a function of the distance 

r between the microbubble and the heat source considering the optical fibers are placed as in 

Fig. 4.9(b). In the graph, it can be observed that 𝑭𝑴 increases when the microbubble 

approaches the heat source and reaches a magnitude of 400 nN for a 110 μm radius 

microbubble. Once the bubble reaches the heat source (optical fiber tip) comes to a complete 

stop. The magnitude of the buoyancy force is 43 nN for a 110 μm radius microbubble. Note 

that when r is larger than 798 μm, the net force changes sign since buoyancy and drag force 

overcomes the Marangoni force. The maximum magnitude of Marangoni force for a 110 μm 

particle radio is one order of magnitude larger than both drag and buoyancy force and is five 

orders larger than typical gradient optical forces in optical tweezers141. 

 

The total velocity u of a microbubble immersed in a liquid and under the presence of a 

temperature gradient is given by: 

 

 𝒖 = 𝒖𝑴 + 𝒖𝑻, (4.7) 

 

where uT is the bubble terminal velocity114 and uM is the Marangoni velocity, given by11: 

 
𝒖𝑻 =

2𝒈𝑅2

9𝜇
(𝜌𝑏 − 𝜌𝑙), (4.8) 
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𝒖𝑴 = −

𝑑𝝈

𝑑𝑇

𝑅

2𝜇
∆𝑇. (4.9) 

 

Using Eq. (4.1), Eq. (4.9) becomes: 

 
𝑼𝑴 =

𝑑𝝈

𝑑𝑇

𝑅

2𝜇𝑟𝐷
∆𝑇 (−

𝑟

𝑟𝐷
). (4.10) 

 

 

Fig.  4.10 Marangoni force on a microbubble (with radius R = 110 μm, heat source is placed at r = 0) as a function of the 

distance (r) between heat source and the microbubble when the heat source is placed at the lower fiber. 

 

The Marangoni velocity acts in the same direction as the temperature gradient while the 

terminal velocity always is directed along the +z direction. For such reason, one should 

expect a difference in the velocities of the bubble when it moves downwards or upwards as 

shown in Fig. 4.11. The results show that for a microbubble of 115 m radius, the net 

maximal velocity moving upwards along the z direction reaches 238 mm/s, while the 

maximal velocity downwards reaches only 155 mm/s. According to Eq. (4.10), as the bubble 

approaches the heat source its velocity increases exponentially, which agrees well with 

experimental measurements shown in Fig. 4.11(a). 

 

Combining the upwards and downwards velocity bubble we can obtain that uT = (u+- u-

)/2 and uM  = (u+ + u-)/2, where the super indices indicate the direction of the travelling 

bubble.  Calculating the terminal velocity using Eq. (4.8) one obtain uT = 19.65 mm/s while 

from experimental data shown in Fig. 4.11(b), the terminal velocity is ~20 mm/s, which 

agrees quite well with the theoretical predictions. 
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Fig.  4.11 Microbubble displacement velocity as a function of the distance between the heat source and the microbubble. 

(a) Dots correspond to experimental data and continuous line corresponds to fittings. (b) Triangles correspond to  

Marangoni and terminal´s velocities as a result to combining experimental results and continuous lines correspond to 

fitting of uM and uT. 

 

Conclusions 
 

It was shown that the generation and 2D manipulation of microbubbles in a non-

absorbent liquid can be carried out through by Marangoni forces activated by light absorption 

at photodeposited metal NPs on the tip of an optical fiber. Thus, gradient temperature 

modulates the surface tension of the bubble wall producing a force directed towards the heat 

source. The temperature gradient allowed the manipulation of microbubbles even when the 

optical fibers are laterally displaced. Numerical simulations indicate that the temperature 

gradient is described by an exponential function. Thus, an expression for the Marangoni 

velocity was obtained. We find that the bubble velocity can be decomposed in two 

components: constant velocity (terminal velocity) and an accelerated one (Marangoni). 

Comparison with experiment and theory shows good agreement. The manipulation of a 

microbubble in 2D depends on the gradient temperature, microbubble size and the separation 

distance between the optical fiber tips, whilst the buoyancy force also is present. The use of 

optical fibers provides precise spatial control to generate localized temperature gradients; 

allowing to generate and manipulate microbubbles in areas of difficult access, increasing its 

accessibility due to the low equipment requirement for its implementation. The generation 

and manipulation of microbubbles can be used to generate rotary motion in micromotors, 

directing and controlling flows, transporting particles in MEMS (micro-electro-mechanical-

system), among others. 
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Chapter 5. Trapping and 3D manipulation of microbubbles by 

pulsed laser 
 

Bubbles are a key role in fields such as thermodynamics142,143, microfluidics144–146, 

biomedical4,88, hydraulics83,121 but is also relevant in applications such as valves86,124, 

motors83,147, needle-free injectors4, optical trapping and sorting6,86,148,149 among others. These 

applications require extreme spatial control of bubbles position to accomplish their purposes; 

however, this is quite difficult to achieve because many dynamic processes are involved. A 

great deal of both experimental and theoretical works have been carried out to fully 

understand the dynamics of the bubbles allowing their 2D manipulation based on acoustic, 

thermal, and optical phenomena11,42,46,128,150. The combination of these last two, also called 

optothermal effect, has shown to have several advantages at the microscale regime132,136. On 

the other hand, optical phenomena provide both noncontact and noninvasive approaches of 

bubbles manipulation while thermal phenomena can provide forces many orders of 

magnitude larger than optical ones9,42,46. So, optothermal phenomena offers the best of the 

two worlds.  

Optical generation of microbubbles in liquids is typically achieved by laser radiation 

with either CW42,46,128,150 or pulsed lasers151–153. The former one needs an absorbent medium 

to convert the incident light into heat132–134, whereas the latter one occurs in highly 

transparent media through means of multiphoton absorption leading to optical breakdown154–

156. Optical manipulation of microbubbles is not an easy task since the refractive index of 

vapor is smaller than the surrounding liquid; however, “bottle” beams, i.e., donuts-shape 

beams with a dark center allows manipulation of low refractive index particles141,157,158. 

Optical trapping of large bubbles cannot be achieved with optical means; however, recently 

it was reported an optothermal method150 for the generation and 2D manipulation of 

microbubbles by Marangoni force11,42,46,128,150. 

 

In this chapter, we present both experimental and theoretical results of 3D manipulation 

of microbubbles generated by light-absorption from a nanosecond pulsed laser at silver 

nanoparticles (AgNPs) photodeposited onto the core of a multimode optical fiber. Each laser-

pulse generates a small bubble by the explosive phase transition, which later ejects 

microbubbles into the liquid, forming a microbubbles-stream that moves away from the tip 

of the optical fiber until they coalesce, forming a large microbubble. This bubble is eventually 

attracted to the optical fiber by the Marangoni force while it is continuously hit and fed by 

the microbubbles-stream. The balance of the involved forces drives the 3D manipulation of 

the large bubble. 
 

Experimental description 
 

In our experimental setup, a nanosecond laser pulse (Spectra Physics Q-Switch at 532 

nm, τp=5 ns & 10 kHz repetition rate) is coupled to a multimode optical fiber (50 m core 

diameter) by a 10x microscope objective (MO). At the distal end of the optical fiber, AgNPs 

(Sigma-Aldrich, particle size < 100 nm) were photodeposited following the procedure 
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reported in129,130 until 3.5 dB of attenuation was achieved. After that, the fiber end with the 

photodeposited nanoparticles was submerged vertically (z-axis) in a glass cuvette containing 

pure ethanol. For visualization of the bubble dynamics, a 50x microscope objective 

(Mitutoyo, NA = 0.26) is coupled to a high-speed camera Phantom v7.3. A halogen lamp, as 

depicted in Fig. 5.1, supplies the illumination. 
 

 

Fig.  5.1 (a) Experimental setup for the generation and 3D manipulation of microbubbles. A pulsed laser is coupled to the 

multimode optical fiber using a microscope objective (MO). Bubbles dynamics are viewed with a fast Phantom camera.  

(b) Image of the distal end of the multimode optical fiber obtained with a SEM after 3.5 dB of attenuation was achieved. 

(c) Closer view of the optical fiber core showed on (b). 

It is important to clarify that no bubbles are produced when no nanoparticles are 

photodeposited at the energy levels reported in this work. So, the driving mechanism of 

microbubble generation is thermal effects produced by light absorption by the nanoparticles. 

 

Experimental results 
 

Figure 5.2(a) shows snapshots of the bubble growth dynamics using 2.1 µJ per pulse 

laser energy. With each laser pulse, a bubble is detached from the fiber end forming a long 

column of bubbles with an increasing diameter (and decreasing velocity) as they move away. 

A similar phenomenon was reported by Ohl et al.53,81 but, they employed a CW laser source 

or Joule heating. Besides, they do not report the formation of a larger bubble or its trapping 

and manipulation. As the bubbles speed decreases, they catch up and eventually coalesce 

forming a larger bubble, called hereafter, as the main-bubble (125 µm of radius after t ~1.6 

s). According to our experimental results, it was noticed that the main-bubble approaches the 

fiber end (heat source) as it grows. In fact, it can be trapped and manipulated in 3D as shown 

in Visualization 5.1. Figure 5.2(b) shows the time dependence of the main-bubble radius 

measured from the video and the calculated one by adding the ejected small bubbles with an 

average radius of 5.5 µm. The growth rate of the main-bubble is faster at the beginning 

because the contribution of each small bubble to the volume of the main one is significant 

but eventually, its contribution becomes less significant for such reason the dynamics of the 

radius of the main-bubble is better described as with a double exponential function, 𝑟(𝑡) =

𝑟𝑚𝑎𝑥 [1 − 𝑟1𝑒𝑥𝑝 (−𝑡
𝑡1⁄ ) − 𝑟2𝑒𝑥𝑝 (−𝑡

𝑡2⁄ )], where rmax is the maximum bubble radius, r1, 
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r2, t1, and t2 are radius and time constant fast and slow contribution to the bubble growth, 

respectively (see Fig. 2 for its values). The disagreement between both curves is because the 

coalescent bubble radius is larger at the beginning of the video but as the main-bubble is 

attracted towards the fiber the coalescent bubbles become smaller, i.e., the radii of the 

coalescent bubbles are spatially and temporarily varying, however, our approaches gives a 

good estimate of the final main-bubble radius. It is important to notice that for >13 000 

bubbles, its radius does not change appreciably, and thus quasi-stable trapping and 

manipulation can be achieved. 
 

 

 
Fig.  5.2 Growth of the main-bubble as a function of time. (a) Snapshots of the temporal evolution of the main-bubble 

radius recorded at 6,600 fps. (b) Blue dots correspond to the measured from the video main-bubble radius. The continuous 

blue line is fit to a double exponential function. The lower horizontal axis represents the number of coalesced bubbles and 

the upper one the corresponding elapsed time. The red solid line indicates the calculated radius of the main-bubble as a 

function of microbubbles generated at 2.1 µJ per pulse-energy at a repetition rate of 10 kHz. 

 

 

Fig.  5.3(a) Profile of the bubble’s velocity as a function of the laser energy, extracted from recorded images at 43,000 

fps. Continuous lines are fit to an exponential function. (b) Snapshot of the tracers and bubbles when a 2.6 µJ of laser 

energy was used. White circles and white squares indicate the tracer and bubble displacement, respectively. Both the 

bubble and the tracer start from the same position at t = 50 µs, however, the bubble moves faster as time goes on. 

 



Chapter 5 Trapping and 3D manipulation of microbubbles by pulsed laser 

 

  

JULIO AURELIO SARABIA ALONSO 69 

 

Figure 5.3(a) shows the velocity U of the ejected bubbles from the tip of the optical fiber 

along the light propagation (z-axis) at different laser pulse’s energy. The bubbles´ velocity 

was extracted from the recorded video at 43,000 fps using the Phantom control camera 

software. The frame rate provides information of the temporal dynamics while the spatial 

information was obtained from the diameter (125 µm) of the optical fiber. In all cases, the 

velocity of the ejected bubbles is faster around the fiber end and then decreases exponentially 

with the distance. As the laser energy increases, the velocity also increases. For pulse energy 

< 2 J no bubbles were formed and for pulse energy > 4.2 µJ, two bubbles were expelled but 

with lower velocity, as it is shown in the inset of Fig. 5.3(a). The thermal gradient produced 

by the nanoparticles at the fiber end also produces convective currents. In order to measure 

the velocity of the convective currents, silica microparticles (3 µm) were added as tracers to 

the solution and by video-analysis, its velocity (velocitymax ~0.5 m/s) was determined (broken 

line). The microparticles tracers stops around 300 µm and then they are dragged out of the 

field of view by the convective currents. Figure 5.3(b) is a closed-up around the fiber end 

where a microparticle (enclosed by a circle) is tracked along with a bubble (enclosed by a 

square). Notice that the bubble velocity is always faster than the tracer one and travel longer 

along the propagation distance. This distance is determined by the laser pulse energy. 

Figure 5.4(a) shows snapshots of the bubbles temporal evolution generated with 3.1 µJ 

per pulse energy, i.e., single bubble generation regime. With each laser pulse, a semi-

spherical shape bubble is created that rapidly grows up to its maximal radius Rmax while 

remains attached to the fiber, this is the typical behavior of thermocavitation bubbles105,106. 

After that, the bubble collapses taking a mushroom-shape form and a small bubble is expelled 

from the fiber end. However, if the pulse energy is increased beyond 4.2 µJ, as shown in Fig. 

5.4(b), the bubble is larger, and its collapse is more complex since two or even three bubbles 

are created, and a smaller bubble always remains on the fiber. Detailed time evolution of the 

bubble dynamics was not possible with our fast camera, so only snapshots were captured. 

 

 

Fig.  5.4  (a) Snapshot of the optothermal generation of microbubbles: (i) maximum bubble size, (ii) bubble collapse, (iii) 

bubble ejection, (iv-vi) bubble moves away from the optical fiber. (b) 4.2 µJ of laser-pulse energy. (i) Maximum cavitation 

bubble. (ii-iv) Temporal evolution of the remaining bubble. (v) Bright spots represent scatter laser-light due to AgNPs 

picked up by the video-camera. (vi) Bubble ejection due to the counterjet. The frame rate in all cases was 43,000 fps 
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Discussion 
 

As pointed out above, no bubbles were produced in the absence of nanoparticles at the 

fiber end, so the driving mechanism of bubble generation is of thermal origins due to the light 

absorption by the nanoparticles. Heat is transfer to ethanol from the irradiated zone due to 

diffusion. The diffusion time is given by159 τdiff =d2/4Dt, where d is the thickness of the 

absorbing medium and Dt is the thermal diffusivity (171.92x10-6 m2/s for silver160 and 

85.19x10-9 m2/s for ethanol161). For silver nanoparticles and a thickness of d =100 nm, τdiff  ~ 

15 ps, which means that within the pulse the films radiate efficiently but ethanol is a bad 

radiator, so its temperature will increase. It is crucial to determine the temperature increase 

at the AgNPs-ethanol interface; however, it is quite difficult to perform a direct measure 

because to our best knowledge, there is no thermal sensor capable of operating at the times 

scales involved (τp <10 ns) in a small heated volume. However, let us take some reasonable 

assumptions to numerically (COMSOL Multiphysics) estimate both the temperature-induced 

and its spatial distribution. First, the incident laser pulse has a Gaussian profile and the 

photodeposited film is assumed to be a homogenous thin-film of constant thickness. The 

generated heat per unit volume is calculated as Q = αI, where α is the absorption coefficient 

(7.2086x106 m-1 for silver 161 and 6.8x10-2 m-1 for ethanol162) and I is the optical intensity of 

the Gaussian beam defined as 𝐼 = (2𝐸 𝜋𝜏𝑝𝑤0
2⁄ ) exp(𝛼𝐴𝑔𝑑) exp(−2𝑟2 𝑤0

2⁄ ) exp(− 𝑡2 𝜏𝑝
2⁄ ) 

where E is the pulse energy, 𝜏𝑝 is the pulse duration and 𝑤0 is the optical fiber core radius. 

The ethanol´s absorption coefficient is very small in comparison to the silver one; therefore, 

the silver film is the only heat source. Figure 5.5 shows the temperature profile induced by a 

single laser pulse at the AgNPs-ethanol interface at different laser pulse’s energy. The energy 

pulses correspond to the ones used on the experiment. In all cases, the temperature rises 

quickly beyond the ethanol boiling point 163 Tb = 78.24 °C without boiling and reaching the 

thermodynamic critical temperature of ethanol 163 Tc = 243°C, i.e., the temperature of the film 

is so hot that a vapor film is created between film and the liquid limiting further increase on 

vaporization. Beyond this metastable state, ethanol undergoes an explosive phase transition 

to vapor, producing a fast-expanding bubble (not included in our simulation). Once the vapor 

phase is achieved no further heating of the ethanol is possible due to the well-known boiling 

crisis94. On the other hand, once the laser pulse is off, the temperature slowly decreases 

𝑇(𝑡) = 𝑇0 + ∆𝑇𝑒𝑥𝑝(−𝑡/𝜏0) where T0 is the ambient temperature, ΔT is the maximum 

temperature reached by the pulse and τ0 is characteristic time (~ 55 ns). When the next pulse 

arrives, 100 µs later, time the film has reached a steady-state temperature, and the whole 

process repeat again. Thus, with each laser pulse a bubble is produced, and a train of bubbles 

are expelled from the fiber end. It is important to mention that no phase transition was 

included in our simulation, so the actual liquid temperature could not be determined. 
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Fig.  5.5 Temperature profile at the AgNPs-ethanol interface obtained by solving the heat diffusion equation coupled to 

the Navier-Stokes equations using COMSOL Multiphysics. The phase explosion is more likely to occur around Tc ~243 °C 

(continuous red line). The temperature increase at the interface is a linear function of the laser energy. Color solid lines 

represent the temporal profile of the temperature at the AgNPs-ethanol interface due to light absorption. The blue broken 

line represents the temporal profile of one laser pulse. The pink double-dot line represents the pure ethanol boiling 

temperature Tb ~ 78 °C. 

The generation of the column of bubbles just described here was also recently reported 

using CW lasers and electrical microheaters53,81. In their studies, they heat (optically or 

electrically) a homogenous metallic thin-film and observed rising bubbles at a very high 

repetition rate ~100 kHz. Upon heating, the liquid in contact with the metallic film is 

explosively evaporated and after some transient regime, a stable bubble generation is 

observed. It is well known that a cavitation bubble collapsing near a solid substrate will 

produce a counterjet explained by the non-spherical collapse theory developed by Rattray111–

113. Before the collapse, the semi-spherical bubble takes toroidal shape due to the formation 

of a counterjet directed towards the substrate. In the case of heated substrates, the counterjet 

hits the film and is immediately vaporized producing a secondary bubble while the vapor 

film keeps attached to the fiber end and this process repeats with each laser pulse. However, 

in Ref. 47,144 they neither observe the coalescence nor the trapping of bubbles (probably 

they occurred outside the field of view), given the smaller bubbles (R ~ 2 µm) and the velocity 

at which the bubbles are expelled. 

 

In our experiments, we could not observe details of the bubble dynamics because of the 

limited temporal resolution of our camera. The bubble lifetime 𝜏𝑟 in close proximity to a 

substrate113,153,164  is given by111: 

 

 𝜏𝑟 ≈ 𝜏𝑐(1 + 0.205𝛾), (5.1) 

 

where  = H/Rmax is standoff parameter, H is the distance between the wall, the center of 

the bubble, Rmax is the maximal semi-spherical radius and 𝜏𝑐 is the collapse time for a 

spherical bubble, also called the Rayleigh collapse time91, given by: 
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 𝜏𝑐 ≈ 0.915√
𝜌𝑙

𝑃∞ − 𝑃𝑣
𝑅𝑚𝑎𝑥, (5.2) 

 

where ρl = 789 kg/m3 is liquid ethanol density163, P∞ = 101.33 kPa and Pv = 7.87 kPa are 

the pressure in the liquid165 away from the bubble (P∞ = Patm) and the vapor pressure of 

ethanol91, respectively. According to Eq. (5.1), the non-spherical collapse time for the 

bubbles reported here is τr ~ 6 µs, which is smaller than the temporal resolution of our video-

camera, τframe ~ 23 µs. This explains why we cannot record both the counterjet and the bubble 

collapse dynamics. 

 

As shown in Fig. 5.3(a), the bubbles are expelled from the optical fiber reached velocities 

of up to 2.5 m/s, much larger compared to those reported in Ref. 47,144, and decrease as they 

move away from the AgNPs-ethanol interface and eventually they coalesce at a certain 

distance along the propagation axis producing a larger bubble, which is eventually trapped 

when it reaches a critical size. An estimate of the critical size is not an easy task, but we can 

estimate the quasi-steady-state trapping by analyzing the forces involved in its trapping. Two 

of them are of thermal origin produced by light absorption on the nanoparticles: the 

Marangoni force and drag force due to convective currents. There are two additional forces: 

one due to the momentum’s transfer to the main-bubble by the continuous coalescence of 

bubbles and buoyancy force. A bubble immerse into a temperature gradient, as the one 

produced by the nanoparticles on the fiber end, will suffer a tangential stress on its wall owing 

to the temperature dependence of the surface tension; the bubble will move towards the heat 

source while the liquid flows to the colder regions, this is called Marangoni force 𝐹𝑀
⃗⃗⃗⃗  ⃗  or 

thermocapillary force11,42,150, which is given by: 

 
𝑭𝑴 = −2𝜋𝑅2𝛁𝑻

𝑑𝜎

𝑑𝑇
, (5.3) 

 

where R is the microbubble radius, 𝛁𝑻 is the temperature gradient in the propagation 

axis and 𝑑𝜎 𝑑𝑇⁄  is the derivative of the surface tension of ethanol with respect to temperature 

σ (-0.1x10-3 Nm-1K-1). The drag force129 due to the convective currents can be written as 𝐹𝑑
⃗⃗⃗⃗ =

6𝜋𝜇𝑅𝑈. The column of bubbles moves in opposite direction to the main-bubble, as it shows 

in Fig. 5.2(a). So, the main-bubble suffers an impact from the bubbles-stream, called inertia 

force118–120 𝑭𝒊 = 𝑚𝒂 = 4
3⁄  𝜋𝑅3𝜌𝑙𝐶𝑏

𝑑𝒖
𝑑𝑡⁄ , where 𝐶𝑏 = 1 2⁄  is the bubble-shape coefficient119. 

In addition, once the bubble is created the buoyancy and gravity force appear. These forces 

are given by11 𝑭𝒃 = 4

3
 𝜋𝜌𝑙𝒈𝑅3 and 𝑭𝑮 = 4

3
𝜌𝑣𝒈𝑅3, respectively, where g is the gravitational 

acceleration, u is the microbubble velocity, µ = 1.17x10-3 Pa·s is the dynamic ethanol 

viscosity163, ρv = 1.43 kg/m3 is the vapor ethanol density163. However, since the liquid density 

is two orders of magnitude greater than the vapor density, gravity force will be neglected. On 

the other hand, since the vapor refractive index (~ 1) is smaller than the liquid one, the bubble 

will be pushed away from the beam. Actually, given the large size of the beam and optical 

power, the gradient optical force 129 in this case is five orders smaller than both the drag and 
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buoyancy force9,141. The radiation pressure is also negligible small since only the beam 

leaving the fiber rapidly diffracts 129, so all optical forces are negligibly small and will not be 

taken into account in the following analysis. In addition, since Marangoni force scale ~ R2, it 

means that only the large bubble will be under the effect of this force, for example, a bubble 

of R = 5 µm near the fiber end will experience 𝑭𝑴~ 20 nN while large bubbles of R > 100 

µm will experience a force  > 400 times larger. Small bubbles cannot be attracted towards 

the fiber end since the drag force for small bubbles is larger. For example, using the velocity 

data for small bubbles (Fig. 5.3(a)) moving away from the fiber we calculated drag force 𝑭𝒅 

~ 190 nN, i.e., the drag force is almost 20 times larger than the Marangoni force for the small 

bubbles. On the other hand, a bubble of R = 125 µm close to the fiber end will feel 𝑭𝑴 ~ 15 

µN and 𝑭𝒅 ~ 0.190 µN; therefore, the bubble will be attracted to the fiber end. Hence, the 

total force 𝑭𝑻 acting over the main-bubble moving in the propagation axis ±z used in this 

study is:  

 𝑭𝑻 = 𝑭𝒃 ± 𝑭𝑴 ∓ 𝑭𝒅 ∓ 𝑭𝒊, (5.4) 

 

Where the ± sign indicates the direction of light propagation along ±z, as sketched in 

Fig. 5.6(a). 

 

Figure 5.6(b) shows the total force over a main-bubble of R = 131 µm versus the distance 

along the z-axis. When the total force is equal to zero, the bubble will stop, so, 𝑭𝑴 + 𝑭𝒃 =
𝑭𝒅 + 𝑭𝒊. Thus, the main-bubble will reach a theoretical quasi-steady-state at zcrit = - 439.7 

µm, as it is shown in Fig. 5.6(b) inset. Notice that the dominant force near to the fiber is the 

Marangoni one but the other forces become important, as the main bubble is farther away. If 

the laser is continuously on, the bubble will continue growing until it touches the fiber and 

eventually leaves the fiber due to buoyancy force. 

 
 

 
Fig.  5.6 (a) Free-body diagram of the forces involved in the main-bubble manipulation. (b) Total force over a main-

bubble of R = 131 µm illuminated with pulses of 3.7 µJ of energy as a function of the propagation axis. 

Figure 5.7(a) shows snapshots of a main-bubble of radius R = 131 µm approaching the 

optical fiber illuminated with pulses of 3.7 µJ of energy. The complete temporal evolution of 
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the main-bubble radius is not shown because it occurred out of the field of view, nevertheless, 

one can observe the main-bubble displacement in +z direction while the bubbles-streams 

move along the -z direction; quasi-steady-state trapping of the main-bubble trapped occurs at 

zexp = -437.8 µm. However, this position is continuously changing since the main-bubble is 

continuously growing, as it is shown in Fig. 5.7(b). In this figure, the theoretical-quasi-

steady-state is obtained from the total force around the equilibrium position. Although, the 

rate of change of the bubble is not negligible ~ 30 µm/s, as it is shown in Fig. 5.2(b).  

The quasi-steady trapping can be maintained from microseconds to milliseconds, as it is 

shown in Visualization 5.1. In fact, for the case of Fig. 5.7(b) a change in the bubble ratio of 

3 m (occurs in 100 ms) it means a change of ~30 m in the trapping distance or just above 

5% variations. The bubble can be trapped around 20 seconds (as it is shown in Visualization 

5.1), but it continuously approaches the fiber and eventually leaves the trap since the 

buoyancy force dominates over all others forces. Nevertheless, these results give us the 

confidence to predict the trapping distance as a function of pulse-energy and to achieve quasi-

steady-state 3D trapping. 

 

Fig.  5.7 . Spatial displacement of the main-bubble Visualization 5.2. (a) The main-bubble moves in +z direction whereas 

the bubble stream does it in -z direction. (b) Total force over a main-bubble around the quasi-steady-state trapping 

distance for particles of different radii. Total force over a bubble of 129.5 µm of radius (red triangles), 131 µm of radius 

(blue dots) and 132.5 µm of radius (green squares) obtaining quasi-steady-state trapping at -430.2 µm, -439.7 µm and -

451.4µm, respectively. 

 

Conclusions 
 

In summary, it was shown both theoretically and experimentally the quasi-steady-state 3D 

manipulation of vapor bubbles using a nanosecond pulsed laser. Light absorption at silver 

nanoparticles (AgNPs) photodeposited onto the core of a multimode optical fiber heats the liquid 

beyond its boiling point. Each laser-pulse generates a small bubble (attached to the fiber end) by the 

explosive phase transition, which later ejects microbubbles into the liquid, forming a microbubbles-

stream that moves away from the tip of the optical fiber until they coalesce, forming a large 
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microbubble. We have shown that those bubbles coalesce at certain distance z, generating a large 

bubble that grows with each coalescence. This bubble is eventually attracted to the optical fiber by 

the Marangoni force while it is continuously hit and fed by the microbubbles-stream. The balance of 

the involved forces drives the 3D manipulation of the large bubble. To our best knowledge, this is the 

first time that both quasi-stable 3D trapping and manipulation of large bubbles are reported. 

  



Chapter 6 Trapping and 3D manipulation of microbubbles by CW laser at low power 

 

  

JULIO AURELIO SARABIA ALONSO 76 

 

Chapter 6. Trapping and 3D manipulation of microbubbles by 

CW laser at low power 
 

Trapping and manipulation of microbubbles have become a very useful tool in various 

applications such as manipulation of micro-objects122,123,fabrication of micro-valves41,121, 

photolithography6, among others. There are different techniques for generating, trapping, and 

manipulating microbubbles in liquids using thermal12,42,62, acoustic14,127, and optical 

effects7,44,126. Thermal effects have been considered as an unwanted side effect on optical 

trapping; however, forces of thermal origin are orders of magnitude greater than optical ones, 

thus offering plenty of opportunities for the manipulation of micro-objects122,123. In fact, 

generation and 2D trapping of microbubbles using light induced temperature gradient using 

absorbent thin films deposited on one of the substrates has been demonstrated for several 

authors6,166,167. Later, absorption in the bulk and from nano/microparticles suspended on the 

liquid were used to achieve thermal trapping and manipulation12,46,168. More recently, 

Benerjee et al.45, reported the trapping and 2D manipulation of bubbles due themal bluming 

and Marangoni effect triggered by light absorption of a focused CW laser on colloidal 

particles suspended in isopropanol. However, they require rather large optical powers >100 

mW; besides, they did neither show steady-state trapping nor stably manipulation. Recently, 

our research group has demonstrated both the generation and quasi-steady-state trapping and 

manipulation of single microbubbles in optical fibers using the Marangoni effect150,169.  

In this chapter, we report the 3D trapping and manipulation of a microbubble through 

temperature gradients generated by light absorption. Two optical fibers were used: One for 

bubble generation (OFG) and the other for trapping and manipulation (OFT). In the fiber OFG, 

light from a Q-switched pulsed laser propagates and gets absorbed at silver nanoparticles, 

previously photodeposited at the distal end of the fiber optic core, generating the 

microbubbles. In the second fiber OFT, the light from a low power CW laser is used to trap 

and manipulate the bubbles by Marangoni force induced by light absorption in ethanol. The 

generated microbubble on fiber OFG migrates toward the fiber OFT. The equilibrium trapping 

position around the fiber OFT is determined by the balance between the buoyancy force (𝑭𝒃), 

drag force (𝑭𝒅), and the Marangoni force , also known as thermocapillary force (𝑭𝑴). To our 

best knowledge, this is the first time that 3D stable trapping and manipulation of the 

microbubble in liquids is reported.  

 

Experimental description 
 

A beam from a pulsed second harmonic laser (λ = 532 nm, τp 5 ns, Spectra-Physics Q-

switching Model Explorer 532–200-E) is coupled into a multimode optical fiber (OFG, 

50/125 μm), using an aspherical lens with a focal distance of 4.5 mm as shown in Fig. 6.1. 

Previously, AgNPs were immobilized using the photodeposition technique at the distal end 

of the fiber OFG
129,133,170. The optical power loss caused by AgNPs absorption was 
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approximately 2 dB. When light impinges on the AgNPs, they are heated up well beyond the 

ethanol’s boiling temperature leading to the creation of thermocavitation bubbles169. A 

second laser, continuous wave (CW) laser (λ = 1,550 nm, Thorlabs model SFL1550S, and 

current controller model CDL1015) with single-mode optical fiber output (OFT, 9/125 μm) 

was used for trapping and manipulation of the microbubbles generated at fiber OFG. No 

nanoparticles were photodeposited on fiber OFT; thermal effects were generated by light 

absorption in the bulk ethanol (ethanol absorption coefficient at λ = 1,550 nm is α ∼ 5.63 cm
−1 or ∼166 μm penetration length163). The fibers OFG and OFT were placed in different 

configurations inside a 3 ml plastic cuvette.  

 

The visualization of the generation, trapping, and manipulation was done through a 5x 

microscope objective (Newport M-5X), a white LED, and a Motic3 camera (3 Mpx 

resolution) connected to a CPU. 

 

 

Fig.  6.1 Experimental set up for generation and trapping of microbubbles. The microbubbles are generated at fiber OFG 

using a pulsed laser (λ = 532 nm, τp = 5 ns) and trapped at fiber OFT using a CW low power laser (λ = 1550 nm, Power 

1–15 mW). 

 

Experimental results 
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Fig.  6.2 Generation and 3D trapping of a microbubble for different fiber OFT positions: facing downwards (A), 

horizontally 2D, and upwards (G). Bubble release from the fiber OFG: (B), (E), and (H). Bubble trapping (C), (F), and  

(I). See Visualizations 6.1, 6.2, and 6.3 for more details. 

 

 

 

Figure 6.2 shows the generation and trapping of a microbubble for different fiber OFT 

positions (fiber end facing downwards, horizontally, and upwards). The AgNPs strongly 

absorb light from the laser at 532 nm increasing its temperature. By heat transfer, the 

surrounding liquid is heated up well beyond its boiling temperature and eventually, 

evaporates explosively creating a microbubble that is expelled from the fiber end169. The 

longer the pulsed laser is on, the larger the bubble’s diameter169 . In particular, the radius 
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reached by the microbubble was approximately R ∼ 42 μm for all the cases shown in Figure 

6.2. The microbubble ascends through the fluid due to buoyancy, and in minor scale by 

convective currents, as shown in Figures 6.2(B,E,H). When the bubble leaves the fiber OFG, 

the CW laser (λ = 1,550 nm) is turned on heating up the liquid along its propagation path 

generating a temperature gradient attracting the microbubble toward it. This region is located 

along the propagation axis of the fiber OFT, when the forces (Marangoni, drag, and 

buoyancy) are in equilibrium (see Figures 6.2 (C,F,I)) then the microbubble becomes trapped. 

The separation distance d between the fiber end OFT and the center of the microbubble when 

the fiber OFT was facing downwards, horizontally, and upwards was: ∼75, ∼100, and ∼350 

μm, respectively. 
 

The 3D manipulation of a microbubble when the fiber end OFT was facing downwards, 

horizontally, and upwards can be seen in Visualizations 6.1, 6.2, and 6.3, respectively. For 

each of the cases shown in visualizations, the radius of the microbubble was R ∼ 42 μm. Note 

that the bubble follows the fiber OFT displacements since the temperature gradient moves 

along with it. When the fiber OFT is pointing upwards the microbubble is trapped at a greater 

distance d. Trapping is possible for different microbubble radii, as shown in Fig. 6.3. 

 

 
Fig.  6.3 Trapping of microbubbles through a temperature gradient induced with a power of 2 mW for different radii R 

and its corresponding trapping distance d: (A) R ∼ 32 μm and d ∼ 71 μm, (B) R ∼ 42 and d ∼ 76 μm, (C) R ∼ 50 μm and 

d ∼ 74 μm, and (D) R ∼ 62 μm and d ∼ 78 μm. 

 

Microbubbles of radius R ≥ 130 μm get in contact with the fiber OFT, as one can see in 

Figures 6.4(A) and 6.4(B). For these large bubbles, trapping becomes unstable and 

manipulation is not possible. Thus, a good criterion for an upper limit of bubble manipulation 

is to choose those bubbles whose diameter is comparable with the OFT’s diameter. On the 

other hand, the lower limit of trapped bubbles size could not determine since bubbles with 

diameter ≤ 30 μm are very difficult to create as they growths very fast (≤ 100 ms) which 

comparable to the response time of our mechanical shutter. However, with the proper shutter, 

the laser could be turned on from μs to ms and, thus, obtaining smaller bubbles. 
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Fig.  6.4 Trapping of microbubbles with a power of 2 mW. Large bubbles touch the optical fiber OFT (A) R ∼ 130 μm, and 

(B) R ∼ 333 μm. For  microbubbles of radius R ≥ 130 μm trapping becomes unstable and manipulation is not possible. 
 

 

Polystyrene microparticles (diameter ∼ 1 μm) were dispersed in ethanol to be used as 

tracers to measure the velocity of the convective currents induced by light absorption with a 

power of 2 mW. Figure 6.5 shows the tracking of a cluster of microparticles due to the 

convective currents and the obtained velocity of these currents along the propagation axis. 

By video analysis, the velocity of the convective currents around of the optical fiber end (z 

=120 μm) was found to be ∼0.64 mm/s in the upward direction. For the largest used power 

in this work (15mW) and for the same region (z = 120 μm), the speed scales almost linearly 

∼7.7 mm/s. 
 

 
Fig.  6.5 (A–C) Snapshots show that particles move in opposite direction to the beam propagation at a laser power P = 2 

mW. White circles indicate the position of a cluster of several polystyrene microparticles. (D) Profile of the convective 

currents’ velocity as a function of propagation distance z measured from the fiber end. Blue dots correspond to the 

microparticles’ velocity whereas red squares correspond to the convective currents obtained from the COMSOL 

simulation. 

Discussion 
 

Experimental results show the trapping and manipulation of microbubbles, previously 

generated, using optically-induced temperature gradients caused by light absorption in 

ethanol163. Microbubbles are generated in ethanol by thermocavitation, i.e., the explosive 

phase transition from liquid to vapor around its critical-point (243°C)105 after light from a 

pulsed laser is absorbed at AgNPs deposited at the end of an optical fiber. One key 

characteristic of thermocavitation is that bubbles remain in contact with the interface (in this 

case fiber end with photodeposited AgNPs) at all times. Upon collapse, the bubble takes a 

toroidal shape due to a reentrant jet that eventually hits the hot surface and is instantaneously 
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evaporated105. This vapor microbubble is expelled from the fiber end with an exponentially 

decaying velocity as they move away from the fiber. The repetition rate of the laser is 10 

kHz, so every 100 μs, a microbubble is expelled from the fiber creating a column of bubbles 

moving away from the fiber. Since the bubble velocity is continually decreasing, they 

eventually catch up and coalesce creating a larger continuously growing bubble. Thus, 

microbubble size, from tens to hundreds of micrometers in diameter, can be precisely 

generated by controlling the on-time of the laser (or equivalently, the number of pulses)169. 

This continuously growing bubble can be temporally trapped by the same fiber OFG until it 

reaches a size such that buoyancy force overcomes the Marangoni force and the bubble leaves 

the trap. This temporarily trapping last only 55 s. In this work, this bubble is released by 

turning the pulsed laser off after the bubble reached a certain size and later trapped using 

another optical fiber with no nanoparticles deposited. This time, the trapping laser is a CW 

low power laser. The microbubble can be steadily trapped and manipulated for up to10 min. 

In order to achieve this goal, switch on/off synchronization between the lasers is necessary. 

 

In order to understand the trapping mechanism, we analyze the involved forces using 

COMSOL Multiphysics 5.2 simulations. Light from the CW laser (λ = 1550 nm) is 

exponentially attenuated (α ∼ 5.63 cm−1) inside the ethanol, generating a transversal and 

longitudinal temperature gradient. Without loss of generalization, we will assume that the 

trapping fiber is pointing downwards so the microbubble will move up toward the trapping 

fiber by buoyancy force 𝑭𝒃. When it is in close proximity to the temperature gradient, it will 

experience the Marangoni force 𝑭𝑴. Due to the temperature gradient, convective currents are 

also generated within the fluid creating an additional drag force 𝑭𝒅. When the microbubble 

is trapped, an equilibrium between the buoyancy 𝑭𝒃, drag 𝑭𝒅, and Marangoni 𝑭𝑴 forces is 

established. The direction of Marangoni’s force is always directed toward the heat source 

while the buoyancy force and drag force, always points upwards. The equilibrium position is 

located at a distance d, measured from the tip of the fiber OFT until the bubble geometrical 

center. Optical forces are not taken into account because their magnitudes are three orders of 

magnitude smaller than the buoyancy force and six orders of magnitude smaller than the 

Marangoni force 𝑭𝑴
150. 

 

When the light is incident upon the ethanol a portion of it is absorbed by the ethanol, 

producing a temperature gradient ∇T that heats the ethanol up according to the heat transfer 

equation (where a steady-state condition is assumed) is given by78: 

 

 

 
𝜌𝑐𝑝𝒖 ∙ 𝜵𝑻 = 𝜵 ∙ (Ƙ𝜵𝑻) + 𝑄, (6.1) 

 

where ρ is the ethanol density, Cp is the heat capacity, u is the fluid´s field velocity, k is 

the thermal conductivity, and Q = αI is the heat source per volume unit with α the absorption 

coefficient and I the optical intensity of the Gaussian beam. To model the fluid´s field 

velocity, both the heat transfer equation given by Eq. 6.1 and the Navier-Stokes equations 

for incompressible fluids, given by Eq. 6.2, and Eq. 6.3, are solved by finite element method 

(Comsol Multiphysics). 
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𝜌(𝒖 ∙ 𝛁)𝒖 = 𝜵 ∙ [−𝑝𝐻 + 𝜇(∇𝒖 + (∇𝒖)𝑇)] + 𝑭, (6.2) 

 

 

 
𝜌𝛁 ∙ 𝒖 = 0, (6.3) 

 

where H is the identity matrix, µ is the ethanol viscosity, and F is the volumetric force 

per volume unit defined as F = g(ρ - ρ0) where g is the gravitational acceleration, ρ is the 

ethanol density at temperature T, and ρ0 = 789 Kg/m3 is the ethanol density at room 

temperature. 

The simulation was carried out assuming a 2D configuration given the geometry of the 

problem, non-slip boundary condition, and initial room temperature in all boundaries. We 

use an inhomogeneous mesh been finer in the vicinity of the optical fiber (element size = 1.5 

μm) in order to reduce the computing time. We considered a Gaussian laser beam whose spot 

corresponds to the fiber core radius ω0 = 4.5 μm, the absorption coefficient of ethanol of α = 

5.63 cm−1, a cuvette with square geometry of width 1 mm, and height 5 mm. The origin of 

the coordinate system is set at the optical fiber end. The cuvette used in the experiments is 

much larger than the cuvette used in the simulation but the results (temperature and liquid’s 

velocity) do not change much (∼2%) respect to real cuvette. We prefer to keep the small 

container for the sake of computational time. 

Figure 6.6 shows the spatial temperature distribution induced by a 2 mW power laser. 

As expected, the temperature increases as it travels inside the liquid, reaches a peak, and 

eventually decreases exponentially according to Beer-Lambert law to room temperature for 

z ≥ 2 mm. Figure 6.6(B) shows the temperature distribution along the propagation distance 

for different optical powers showing the same general behavior. Note the abrupt rise of the 

temperature from room temperature until the peak one which occurs at a distance zHT ∼ 75.4 

μm independently of the laser power (but determined by the absorption coefficient). Note 

that the temperature increases linearly with the power from ∼3.4 K for 2 mW to ∼ 26.8 K 

for the highest power of 15 mW. Figure 6.6(C) show the transverse temperature profile at the 

highest temperature (i.e. zHT = 75.4 μm) with a spatial profile much wider than the Gaussian 

beam one as consequence of heat diffusion. Finally, Figure 6.6(D) shows the velocity of the 

convective currents generated within the ethanol with an optical power of 2 mW. The 

convective currents peak velocity is about 0.7 mm/s (around z ∼ 440 μm) in concordance 

with the measured velocity (see Figure 6.7). The associated drag force 𝑭𝒅 exerted on the 

bubble is given by: 

 

 𝑭𝒅 = −6𝜋𝜇𝑅𝒖, (6.4) 

 

where 𝜇 = 1.17 x 10−3𝑃𝑎 ∙ 𝑠 163. For an optical power of 2 mW, the peak drag force is 

~ 0.1 nN, i.e. an order of magnitude smaller than the buoyancy force. However, when the 

highest power is used (15 mW), the drag force is comparable to the buoyancy force and 

cannot longer be neglected.  
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Fig.  6.6 (A) Temperature distribution on ethanol due to light absorption for a power of 2 mW, (B) longitudinal 

temperature profile on the propagation axis z for several powers, (C) transverse temperature profile on zTH =75.4 μm, 

and (D) convective currents velocity produced by the temperature gradient with an optical power of 2 mW. 

 

As Fig. 6.7(A) shows, the longitudinal temperature gradient profile obtained from 

COMSOL Multiphysics is quite steep before ∼75.4 μm and after this point, the gradient is 

small but sufficiently large as to attract the bubble to the fiber. Note that all temperature 

gradients change sign at the same distance zHT ∼ 75.4 μm as shown in Fig. 6.7(B). The 

temperature gradient shows great similarity to the optical gradient present in optical traps. In 

fact, the transversal and longitudinal temperature gradient result in a Marangoni force that 

traps the bubble in three dimensions, just as in optical trapping. 
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Fig.  6.7 (A) Longitudinal gradient temperature profile along the propagation axis z and (B) transversal gradient 

temperature profile obtained at zHT ∼  5.4 μm, for 2, 5, 10, and 15 mW obtained through simulation in COMSOL 

Multiphysics. 

 

 

In the Marangoni force, a tangential stress on the bubble’s wall owing to the temperature 

dependence of the surface tension is exerted; the bubble will move toward the heat source 

while the liquid flows to the colder regions with a force given by11,150: 

 

 
𝑭𝑴 = −2𝜋𝑅2∇𝑇

𝑑𝜎

𝑑𝑇
, (6.5) 

 

where 
𝑑𝜎

𝑑𝑇
 is the temperature derivative of the surface tension of the liquid σ (-0.022 Nm-

1)171. The buoyancy force𝑭𝒃 which is given by: 

 

 
𝑭𝒃 =

4
3
𝜋𝜌0𝒈𝑅3

, (6.6) 

 

where 𝜌0 = 789𝐾𝑔/𝑚3 is the density of the liquid (ethanol)171. The total force 𝑭𝑻 

experienced by a trapped microbubble used in this study is: 

 𝑭𝑻 = ±𝑭𝑴 + 𝑭𝒃 ∓ 𝑭𝒅, (6.7) 

 

where the ± sign indicates if the fiber is pointing upwards or downwards, respectively. 

 

From Fig. 6.7(B) and Eq. 6.7 we know that the bubble will be trapped transversally 

around r = 0, so let’s analyze where the equilibrium position along z is located. Figure 6.8 

shows the longitudinal total force. As expected, the Marangoni force is predominantly close 

to the optical fiber end where the temperature gradient is larger. When the total force 𝑭𝑻 on 

the microbubble is equal to zero the microbubble will be trapped. The total longitudinal force 
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for an optical power of 2 mW and microbubbles radius of 32, 42, 50, and 62 μm is zero at z 

∼ 77, 73, 70.5, and 68 μm, respectively (see Figure 6.8) which are very close to those 

measured (71 –78 μm obtained from Fig. 6.3). As the power increases, the contribution of 

the drag force becomes comparable to the buoyance force and therefore the trapping distance 

decreases. One possible explanation for the disagreement between theory and experiment, 

rely on the fact that our simulation did not include the presence of the bubble. In addition, 

when the microbubble interacts with the beam laser there is an additional temperature profile 

that appears on the opposite (exit) surface of the microbubble that modifies the net 

temperature gradient. Since the Rayleigh distance for the trapping beam is ∼41 μm, as the 

beam diffracts, the additional thermal gradient is stronger for smaller than larger bubbles (as 

seen in Fig. 6.2). Nevertheless, this simple model explains reasonably well all the 

experiments reported. 
 

 

 
Fig.  6.8 Total longitudinal force using Eq. 6.7 for microbubble with radii ∼32, ∼42, ∼50, and ∼62 μm. The zero crossing 

displaces to the smaller distances z as the convective current increases as discussed in the main text. 

 

 

In our previous work, we reported quasi-steady-state trapping for milliseconds up to 55 

s before the bubble become so large that buoyancy dominates over all forces escaping the 

trap169. Here using CW low power laser, we can extend the trapping time depending on the 

power used. For example, if a microbubble is trapped with a power 1–2 mW, the rate of vapor 

condensation exceeds that of evaporation and therefore the bubble will shrink over time. For 

a power of 1mW, the microbubble decreases at a rate of ∼2.3 and ∼0.96 μm/s for 2 mW. 

However, if the microbubble is trapped with a power ∼3 mW, it increases its radius overtime 

at a rate of ∼0.53 μm/s. Therefore, by fine-tuning the optical power it is possible to maintain 

an approximately constant (∼>1 μm/min) size microbubble. For instance, in this work was 

possible to trap a microbubble of R ∼ 75 μm for an approximately 10 min with an optical 

power of approximately 2.7 mW. During this time, the microbubble increased in size by 10%. 

We believe the trapping time can be further extended if the laser beam is intensity-modulated, 

for example with a square pulse, in order to achieve a balance of the rates of evaporation and 

condensation. 
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Conclusions 
 

In summary, we show for the first time, stable 3D trapping and the manipulation of 

microbubbles in absorbing liquids using a low power CW laser (λ = 1,550 nm). Light 

absorption activates several phenomena (Marangoni effects, convective currents, and 

buoyancy), each one producing competing forces: the Marangoni 𝑭𝑴, drag force 𝑭𝒅, and the 

buoyancy 𝑭𝒃 forces. The large 3D thermal gradient produced by the low power laser but 

rather modest temperature increase provides the Marangoni force while the others affect the 

final trapping position along the propagation distance. A careful balance of vapor 

condensation and evaporation rate induced by the trapping laser produce stably trapping for 

up to 10 min using an optical power as low as 2.7 mW. The setup could further simplified if 

the bubbles are generated by Joule heating as it is commonly done in sonocavitation 

experiments. This work opens up applications for trapping and 3D manipulation of 

microbubbles using thermal effects in the same way as optical trapping does. We foresee 

interesting applications in fields such as microfluidics for flow control, nanoparticle trapping, 

photolithography, among others. 
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Chapter 7. 3D steady-state trapping and manipulation of 

microbubbles by the Marangoni force 
 

Since the Nobel laureate Arthur Ashkin introduced optical tweezers7, it triggered a 

research race for developing and improving a non-contact/non-invasive mechanisms to trap 

and manipulate not only dielectric 117 and metallic 21 particles, but also biological matter 17.  

Even though optical tweezers have extended their landscape of contactless trapping and 

manipulation, it remains a challenge to trap particles with refractive index np smaller than 

the surrounding medium nm, i.e., np/nm < 1, such as microbubbles 9. This is due to the 

repelling optical gradient force that pushes the microbubble out of the high-intensity region 

of the laser beam 16. However, this challenge has been faced by several trapping approaches 

where small bubbles have been 3D trapped using Laguerre-Gaussian beams 44, also called 

bottle beams, by fast scanning Gaussian-based optical tweezers that act as effective bottle 

beams77, and using ultrashort laser pulses at a high repetition rate 172. In addition, 2D trapping 

approaches using optical, convective, and thermocapillary have been also implemented but 

are limited to microbubbles/particles with radii < 10-20 µm75,173,174. 

 

Thermocapillary effects have emerged as an efficient and straightforward tool to 

accomplish non-invasive trapping and 3D manipulation of microbubbles up to 130 µm of 

radius169. Moreover, the thermocapillary effect can induce larger and long-range forces than 

the optical ones while maintaining the accuracy of spatial control of 

microbubbles42,46,47,150,169,175,17642,45–47,176. Thermophoresis177–179, which refers to the motion 

particles in response to a temperature gradient, has been used to manipulate molecules and 

even colloidal particles but to our best knowledge do not apply to bubbles. Optical forces 

magnitude typically lies in the range of fN to pN173 so trapping large microparticles without 

damage remains a challenge. In order to trap large objects, several approaches have been 

demonstrated such as opto-thermally induced forces, which are many orders of magnitude 

larger than optical ones87,166,180.  

 

In this chapter, we show both 3D steady-state trapping and manipulation of vapor 

bubbles in liquids using a low-power CW laser through the Marangoni effect. Using light 

absorption from photodeposited silver nanoparticles (AgNPs) on the distal end of an optical 

fiber or light bulk absorption, we created thermal sources that spatially modulate the surface 

tension of the bubble wall creating a longitudinal and transversal force just like optical forces, 

effectively creating a 3D potential well. Using numerical simulations, we obtain the 

expression for the temperature profiles and present an analytical expression for the 3D 

Marangoni force.  
 

Experimental description 
 

The microbubble was generated by evaporating the ethanol in contact with AgNPs 

previously photodeposited129 on one end of the multi-mode optical fiber (OF1) with an 

internal and external diameter of 105/125 µm, respectively. Light from a CW laser emitting 
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at 445 nm (BWTEK model BWF1 - 445 - 450) and propagating through the OF1 was used 

to heat up the AgNPs and evaporate the liquid. Two additional single-mode fibers (OF2 and 

OF3, 9/125 µm) with also previously photodeposited AgNPs were coupled to two CW lasers 

emitting 980 nm (Thorlabs model BL976 - SAG300, 5 mW) and 1,550 nm (Thorlabs model 

SFL-1550S, 4 mW). 

The distal ends of the three optical fibers were immersed in a glass cell filled with pure 

ethanol and separated ~ 800 μm from each other. To visualize the generation and 

manipulation of the bubble a 5x microscope objective was used and a Motic3 camera (3 Mpx 

resolution) connected to a computer. The illumination was provided by a white lamp, as 

depicted in Fig. 7.1. 

 

 

Fig. 7.1 Experimental setup for the generation and manipulation of microbubbles. Three CW lasers with optical fiber 
output: multi-mode optical fiber (MMOF) for 445 nm and single-mode optical fiber (SMOF) for 980 nm and 1550 nm. 
The distal ends of the three optic of the three optical fibers are horizontally placed into a glass cell filled with ethanol. 
Bubbles manipulation is viewed with a Motic3 camera coupled to a 5x microscope objective (MO). 

 

Experimental results 
 

Figure 7.2 shows snapshots extracted from Visualization 7.2 concerning of a vapor 

microbubble manipulation. The microbubble can be trapped and transferred from one fiber 

to the next by sequentially switching on and off the CW lasers. 
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Fig. 7.2 Trapping and manipulation of a microbubble of R = 100 µm by optothermal effects induced at a different 
wavelength with low optical powers. The microbubble is photothermally generated by the CW laser at 445 nm with 13 
mW (not shown). (a) Only the CW laser at 445 mW is turned on, inducing the microbubble trapping by the MMOF (OF1). 
The scale bar represents 200 µm. (b) The CW laser at 445 nm is turn off and only the CW laser at 980 nm is turned on, 
inducing the microbubble displacement towards the SMOF (OF2). (c) The CW laser at 980 nm is turn off and only the CW 
laser at 1550 nm is turned on, inducing the microbubble displacement towards the SMOF (OF3). (d) The three CW lasers 
are turn on, trapping the microbubble at the center of the optical fiber array (see Visualization 7.1). 

 

Discussion 
 

COMSOL Multiphysics software was used to simulate the light absorption at the AgNPs 

film previously photodeposited on the distal end of three different optical fibers using three 

different lasers (𝛼𝐴𝑔= 638.2 x103 cm-1, 846.3 x103 cm-1, 871.6 x103 cm-1 at λ = 445 nm, 980 

nm, and 1,550 nm, respectively181). Light absorption increases the temperature of the AgNPs 

and by heat diffusion, it heats up the surrounding liquid (ethanol) according to the heat 

transfer equation given by179:  

 

 
𝜌𝑐𝑝𝒖 ∙ 𝜵𝑻 = 𝜵 ∙ (Ƙ𝜵𝑻) + 𝑄, (7.1) 

 

were 𝜌 is the ethanol density, 𝑐𝑝 is the ethanol heat capacity, 𝒖 is the field velocity of 

the fluid, Ƙ is the thermal conductivity, and 𝑄 = 𝛼𝐼0 is the heat source per volume unit with 

𝛼 the absorption coefficient and 𝐼0 is the optical intensity of the Gaussian beam. Equation 

(7.1) assumed a steady-state condition. To model the field velocity of the fluid, i.e., 

convective currents, the Navier-Stokes equation for incompressible flow, Eqs. (7.2) and 

(7.3), were coupled to the heat transfer equation and solved by finite element method: 

 

 

 
𝜌(𝒖 ∙ 𝛁)𝒖 = 𝜵 ∙ [−𝑝𝐻 + 𝜇(∇𝒖 + (∇𝒖)𝑇)] + 𝑭, (7.2) 

 

 

 
𝜌𝛁 ∙ 𝒖 = 0, (7.3) 

 

where 𝑰 is the identity matrix, 𝜇 = 1.17 x 10-3 Pa·s169 is the ethanol viscosity, and 𝑭𝑏 =
−𝒈(𝜌(𝑇) − 𝜌) is the volumetric force per volume unit where 𝒈 is the gravitational 

acceleration, 𝜌(𝑇) represents the ethanol density as a function of the temperature,  and 𝜌 = 
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789 kg/m3 is the ethanol density at room temperature169 . The simulation was carried out 

assuming a 2D configuration given the problem symmetry. The glass cell possesses 

rectangular geometry (height 5 mm and width 2 mm). The coordinate system origin is set at 

the center of the distal end of the optical fiber, as shown in Fig. 7.1(a). Besides, initial room 

temperature (293.15 K) in all boundaries and non-slip boundary conditions were assumed. 

We model the laser radiation leaving the fiber as a Gaussian beam whose waist (𝜔0 =
52.5 𝜇𝑚) corresponds to the core radius of the multi-mode optical fiber (MMOF) with 15 

mW of optical power. Let’s consider first that no nanoparticles were photodeposited on the 

fiber tip and that infrared light (λ = 1,550nm) propagates along the fiber.  

 

In this case bulk absorption (α ∼ 5.63 cm−1) heats up the ethanol producing a spatially 

varying temperature distribution. From the COMSOL simulation (see Fig. 7.3(a)), a Gaussian 

function and a growth/exponential decay function were found to describe very well the 

transversal and longitudinal temperature distribution profile, respectively. The transversal 

temperature profile has the form: 

 

 

 𝑇𝑟(𝑟, 𝑧, 𝑃) = 𝑇0 + ∆𝑇𝑟(𝑧, 𝑃) exp [−
1

2
(

𝑟

𝑟0(𝑧, 𝑃)
)
2

], (7.4) 

 

where 𝑟 is the transversal radial coordinate, 𝑧 is the axial coordinate, ∆𝑇𝑟(𝑧, 𝑃) is the 

temperature difference between the maximum temperature and the offset temperature 𝑇0 

(which is approximately the room temperature for mW power levels) and depends on the 

optical power P and the distance z from the fiber tip, finally, 𝑟0(𝑧, 𝑃) is the characteristic 

distance at which the temperature decays to e-1 from its peak.  

 

On the other hand, the longitudinal temperature distribution has the form: 

 

 

 
𝑇𝑧(𝑧, 𝑃) = 𝑇0 + ∆𝑇𝑧1(𝑃) (1 − 𝑒𝑥𝑝 (−𝑧

𝑧1⁄ )) − ∆𝑇𝑧2(1 − 𝑒𝑥𝑝 (−𝑧
𝑧2⁄ ) ), (7.5) 

 

where ∆𝑇𝑧1,2(𝑃) represents the temperature difference between the maximum 

temperature and the offset temperature 𝑇0, and 𝑧1,2 are characteristics distances representing 

the increase and decrease of the temperature profile. 
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Fig.  7.3 (a) Temperature distribution in ethanol due to bulk absorption extracted from COMSOL simulations (λ = 1,550 
nm & 15 mW of optical power). The scale bar represents 200 µm. (b) 3D trapping and manipulation of a bubble of radius 
R = 50 µm, at λ = 1,550 nm and 15 mW. The scale bar represents 100 µm. See Visualization 7.2. (c) Transversal 
temperature distribution obtained at different positions along the z-axis. Continuous lines are fits to Gaussian functions 
Eq. (7.4). (d) Longitudinal temperature profile along the propagation axis z. The red line is fitted to Eq. (7.5). 

 

Figures 7.3(c) and 7.3(d) shows the transversal and longitudinal temperature distribution 

obtained from COMSOL and the fitting to the Eqs. (7.4) and (7.5). When absorption from 

the AgNPs is considered, similar expressions are obtained for the transversal temperature but 

for the longitudinal one, only the decaying exponential function is present. As can be seen, 

both equations reproduce pretty well the simulated results. The temperature distribution 

discussed above will affect the surface tension of any bubble in the vicinity of the fiber tip 

and thus, will be subject to the Marangoni force 𝑭𝑴. This force involves tangential stress on 

the bubble´s wall triggered by the surface tension gradient. The bubble will move towards 

the zone of the lowest surface tension, i.e., the highest temperature gradient spot. The 

Marangoni force is given by169: 

 
𝑭𝑴 = −2𝜋𝑅2𝛁𝑻

𝑑𝜎

𝑑𝑇
, (7.6) 

 

where 𝑑𝜎 𝑑𝑇⁄ = −0.1𝑥10−3 𝑁𝑚−1𝐾−1represents the temperature derivative of ethanol 

surface tension169,  R is the bubble radius, and 𝛁𝑇 is the temperature gradient. As Eqs. (7.4) 
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and (7.5) indicates, there is a radial and longitudinal temperature gradient and therefore a 

gradient and longitudinal Marangoni force on the bubble given by: 

 

 
𝑭𝑴𝒓

= 2𝜋𝑅2
𝑑𝜎

𝑑𝑇
 (

 ∆𝑇𝑡(𝑧, 𝑃)

𝑟0(𝑧, 𝑃)2
) 𝑟𝑒𝑥𝑝 [−

1

2
(

𝑟

𝑟0(𝑧, 𝑃)
)
2

], (7.6) 

 

 
𝑭𝑴𝒓

= 2𝜋𝑅2
𝑑𝜎

𝑑𝑇
{(

∆𝑇𝑧1

𝑧1
)  𝑒𝑥𝑝 (−𝑧

𝑧1⁄ ) − (
∆𝑇𝑧2

𝑧2
)  𝑒𝑥𝑝 (−𝑧

𝑧2⁄ )}, (7.7) 

 

therefore, 3D trapping of the bubble is expected as shown in Fig. 7.4(b). Figure 4.5(a) 

shows the transversal Marangoni force 𝑭𝑴𝒓
 from Eq. (7.7) taken at z = 80 μm, indicating a 

force profile similar to the optical transversal gradient force, i.e. bubble displacement along 

± r will produce a restoring force directed towards r = 0.  
 

 

Fig.  7.4 Marangoni force over a bubble of R = 50 µm induced by light bulk absorption of ethanol (blue) and by light 
absorption from AgNPs photodeposited on the core of an optical fiber (red). (a) Transversal Marangoni force measured 
at z = 80 m from the fiber tip. (b) Longitudinal Marangoni force. 

 

Note that the magnitude of both force components depend, among other factors, on the 

ratio of the temperature increase and the extend of the temperature distribution. Similarly, 

Fig. 7.4(b) shows the longitudinal Marangoni force. Note that for bulk absorption, the 

Marangoni force is negative i.e. the bubble is being repelled for z < 80 μm and attracted for 

z > 80 μ m so the bubble is steadily trapped z ~ 80 μm. On the other hand, for AgNPs 

deposited on the fiber tip the bubble will always be trapped on the fiber tip. For bulk 

absorption the distance where bubble will be trapped depends on the absorption coefficient, 

the larger the absorption coefficient the smaller the distance to the fiber tip. Note that the 

Marangoni force magnitude lies in the nN- μN range.  

 

The coupling between Eqs. (7.1), (7.2), and (7.3) leads to convective currents as shown 

in Fig. 7.5(a), which in turn, results in a drag force 𝑭𝒅 = 6𝜋𝜇𝑅𝒖(𝑟, 𝑧), where 𝜇 =
1.071𝑥10−3 𝑃𝑎 ∙ 𝑠 is the dynamic ethanol viscosity169 and where we emphasize the spatial 

dependence of the velocity field. It has been proposed that convective currents may exert an 



Chapter 7 3D steady-state trapping and manipulation of microbubbles by the Marangoni force 

 

  

JULIO AURELIO SARABIA ALONSO 93 

 

additional force that adds up the trapping force179. Similarly, we can decompose the drag 

force into two orthogonal components: transversal and longitudinal. The transversal force 

shows similar behavior to the transversal Marangoni force discussed above, so the bubble 

will be trapped preferably along the propagation distance. Figure 7.5(c) shows the 

longitudinal drag force along the z-axis due to light absorption from AgNPs for a bubble of 

R = 50 µm. Notice that although the fluid velocity magnitude is ~2mm/s, the drag force 

associated with it will produce a maximal force of ~2 nN directed towards the fiber. Figure 

7.5(d) shows the longitudinal drag force along the z-axis due to light bulk absorption for the 

same bubble. Since the longitudinal velocity is directed towards the fiber tip, the drag force 

will push the bubble towards it. 

 

 
Fig.  7.5  (a) Convective currents velocity profile due to the light absorption at the AgNPs film (λ = 445 nm with 10 mW 
of optical power) extracted from COMSOL simulations. (b) Convective currents velocity profile due to the light bulk 
absorption of ethanol (λ = 1,550 nm with 15 mW of optical power) extracted from COMSOL simulations. (c) Transversal 
drag force along the z-axis due to light absorption from AgNPs for a bubble of R = 50 µm. (d) Longitudinal drag force 
gradient along the z-axis due to light bulk absorption of ethanol for a bubble of R = 50 µm. 

 

It is well known that a bubble immersed into a liquid will face the buoyancy force 𝑭𝒃 =
4

3⁄ 𝜋𝜌
𝑙
𝒈𝑅3

 which always point against the gravity force, in particular for a microbubble of 

R = 100 µm the buoyancy force is 𝑭𝒃 = 32.4 𝑛𝑁. The buoyance force increases rapidly as 

the bubble radius grows and may eventually overcome the Marangoni force and leave the 

fiber. However, for the microbubbles generated in these experiments, the buoyancy force is 
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smaller than the Marangoni force. Additionally, optical forces may be present, however, 

since the beam is not strongly focused (9 µm for single-mode fiber and 105 µm for multi-

mode optical fibers), both gradient and the force associated with the radiation pressure lies 

in the range of pN which is much smaller than the Marangoni, drag, and buoyancy force. For 

such reasons, optical forces will not be taken into account in this analysis.  

Figure 7.6(a) shows the transversal force components at z = 100 µm of the optothermal 

forces (𝑭𝑴,𝑭𝒅) acting on a microbubble of R = 100 µm induced by light absorption at the 

AgNPs. As noted before, the transversal component of both the Marangoni and the drag force 

acts as an attractive force, endorsing bubble trapping. Besides, the maximal transversal 

Marangoni gradient force is ~250 times larger than the velocity–associated drag force. Figure 

7.6(b) shows the longitudinal components of the Marangoni, drag, and buoyancy force. 

Likewise, the longitudinal Marangoni force dominates over the other components near the 

fiber end but far from it, buoyancy force dominates. 

 

 

Fig.  7.6 Optothermal forces on a microbubble of R = 100 µm. (a) Transversal components of the gradient forces 𝐹𝑑  (red 
triangles) and 𝐹𝑀 (blue squares). (b) Longitudinal component of 𝐹𝑀 (blue squares),  𝐹𝑑 (red triangles), and 𝐹𝑏 (red dots). 
Since 𝐹𝑀 >> 𝐹𝑑 and 𝐹𝑏 , the microbubble is attracted to the optothermal source, i.e., the distal end of the optical fiber. 

 

Since the Marangoni force is much larger than the buoyancy force, a microbubble can in 

principle be trapped in a horizontal plane. In fact, we found that by placing 3 different optical 

fibers (one multi-mode for microbubble generation and two single-mode for trapping) in a 

horizontal plane, a microbubble can be trapped and transferred from one fiber to the next by 

sequentially switching on and off the CW lasers as shown in Fig. 7.2 and Visualization 7.1. 

The temperature reached at the interface is a function of both the laser power P and the silver 

absorption coefficient αAg at the wavelength employed, so the interface temperature can be 

raised beyond the boiling point of ethanol (~ 78 °C) 169. Note that the bubble is out of focus 

meaning that the buoyancy force moves the bubble out of the plane of the trapping fibers. 

The Marangoni force is so strong that one can see the bubble deformation when the laser is 

turned on. Moreover, since the absorption from the AgNPs is large in the visible and NIR, 

our experimental results show that there is not spectral selectivity in the trapping and 3D 
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manipulation of microbubbles by the Marangoni effect, i.e., the microbubble is trapped and 

manipulated by CW lasers emitting at different wavelengths with low optical powers. 

 

Conclusions 
 

In conclusion, we have demonstrated both theoretically and experimentally the 3D 

trapping and manipulation of photothermally induced microbubbles by the Marangoni force. 

As in optical tweezers, Marangoni and drag forces can be decomposed in transversal and 

longitudinal gradient force components. The maximal longitudinal gradient force is achieved 

on the surface of the fiber if nanoparticles are photodeposited. In the case of light bulk 

absorption in ethanol, the bubble is trapped at ~ 80 μm from the fiber tip (for λ = 1,550 nm 

and α ∼ 5.63 cm−1). Although drag (generated by convective currents) and buoyancy forces 

are present they are much smaller than the Marangoni one. Finally, we show that a bubble 

can be displaced from one fiber to another by sequential switching the light sources. 3D 

trapping of large bubbles opens the opportunity for more complex manipulation 

configurations. 
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Chapter 8. General conclusions and future work 
 

Conclusions 
 

In this work, we have demonstrate both theoretically and experimentally the potential of 

the optothermal effects (induced by both light bulk absorption and nanoparticles absorption) 

to carry out the quasi-steady-state 3D trapping and manipulation of vapor microbubbles. 

Optothermal effects are mainly driven by the Marangoni force, whose origin lies in thermal 

effects and is at least 4 orders of magnitude greater than optical forces. On the other hand, 

optical phenomena provide both noncontact and noninvasive approaches of bubbles 

manipulation while thermal phenomena can provide forces many orders of magnitude larger 

than optical ones. So optothermal phenomena offers the best of the two worlds. 

We have demonstrated the controlled generation of microbubbles by both laser-induced 

thermal breakdown, employing CW laser, and optical breakdown, using a nanosecond pulsed 

laser, at low power and low energy, respectively. On the other hand, by using a high-speed 

camera, we have shown both the temporal evolution of the microbubble growth and the 

microbubble coalescence. This microbubble coalescence leads to the generation of a bigger 

bubble, called main-bubble, which is steady-state 3D trapping. 

 

We have obtained the temperature distribution and convective currents profiles induced 

by both CW laser and pulsed laser by solving the Navier-Stokes equations together with the 

heat transfer equation using Comsol Multiphysics. By numerical simulation, we have 

presented the time evolution of the interface temperature (AgNPs-ethanol interface) as a 

function of the Gaussian pulse duration. Moreover, we have presented analytical expressions 

that allow us to describe the mechanism behind the 3D trapping and manipulation of vapor 

microbubbles, i.e., we decomposed optothermal forces into their longitudinal and transversal 

forces just like optical forces, effectively creating a 3D potential well. 

Besides, we have showed for the first time, stable 3D trapping and the manipulation of 

microbubbles in absorbing liquids employing low power CW laser (445 nm), i.e., a careful 

balance of vapor condensation and evaporation rate induced by the trapping laser produce 

stably trapping for up to 10 min using an optical power as low as 2.7 mW. 

 

In addition, since the absorption from the AgNPs is large in the visible and NIR, our 

experimental results show that there is no spectral selectivity in the trapping and 3D 

manipulation of microbubbles by the Marangoni effect, i.e., the microbubble is trapped and 

manipulated by CW lasers emitting at different wavelengths with low optical powers. 

 

In general conclusion, the Marangoni force is a topic of great interest to the field of both 

nano and micromanipulation. Moreover, the Marangoni force have emerged as an efficient 

and straightforward tool to accomplish non-invasive trapping and 3D manipulation of 

microbubbles up to 150 μm of radius, maintaining the accuracy of the spatial control of the 

microbubbles. 
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Future work 
 

The forthcoming work of this investigation can be divided in two parts: 

Now that the potential of the Marangoni force as both trapping and manipulation 

mechanism of microbubbles have been demonstrated, the next step consist of incorporate this 

mechanism for transporting matter, i.e., using the bubble surface as a transporting instrument. 

Once the controlled bubble generation by both laser pulse and CW laser have been 

presented, the next phase is integrate this bubble generation mechanism into the microfluidics 

filed. Bubble can be useful as a control flow in micro-valves, i.e., open-loop and closed-loop. 

Also, as a pumping system, i.e., boost the liquid by the bubble expansion.  
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