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Dynamics of Micro-Particles in Complex Environment 

Fengchang Yang 

ABSTRACT 

Micro-particles are ubiquitous in microsystems. The effective manipulation of micro-particles 

is often crucial for achieving the desired functionality of microsystems and requires a fundamental 

understanding of the particle dynamics. In this dissertation, the dynamics of two types of micro-

particles, Janus catalytic micromotors (JCMs) and magnetic clusters, in complex environment are 

studied using numerical simulations. 

The self-diffusiophoresis of JCMs in a confined environment is studied first. Overall, the 

translocation of a JCM through a short pore is slowed down by pore walls, although the slowdown 

is far weaker than the transport of particles through similar pores driven by other mechanisms. A 

JCM entering a pore with its axis not aligned with the pore axis can execute a self-alignment 

process and similar phenomenon is found for JCMs already inside the pore. Both hydrodynamic 

effect and “chemical effect”, i.e., the modification of the concentration of chemical species around 

JCMs by walls and other JCMs, play a key role in the observed dynamics of JCMs in confined and 

crowded environment.  

The dynamics of bubbles and JCMs in liquid films covering solid substrates are studied next. 

A simple criterion for the formation of bubbles on isolated JCMs is developed and validated. The 

anomalous bubble growth law (𝑟~𝑡0.7 ) is rationalieed by considering the relative motion of 

growing bubbles and their surrounding JCMs. The experimentally observed ultra-fast collapse of 

bubbles is attributed to the coalescence of the bubble with the liquid film-air interface. It is shown 

that the collective motion of JCMs toward a bubble growing on a solid substrate is caused by the 

evaporation-induced Marangoni flow near the bubble.  



 

 

The actuation of magnetic clusters using non-uniform alternating magnetic fields is studied 

next. It is discovered that the clusters’ clockwise, out-of-plane rotation is a synergistic effect of the 

magnetophoresis force, the externally imposed magnetic torque and the hydrodynamic interactions 

between the cluster and the substrate. Such a rotation enables the cluster to move as a surface 

walker and leads to unique dynamics, e.g., the cluster moves away from the magnetic source and 

its trajectory exhibits a periodic fluctuation with a frequency twice of the field frequency.  
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GENERAL AUDIENCE ABSTRACT 

Miniaturieation of mechanical systems has attracted great interests in the past several decades. 

Micro-particles are ubiquitous in microsystems. Achieving the target performance of these systems 

often hinges on the effective manipulation of micro-particles, which in turn requires a fundamental 

understanding of the dynamics of micro-particles in complex environments. In this dissertation, 

the dynamics of two types of micro-particles, Janus catalytic micromotors (JCMs) and magnetic 

clusters, in complex environment are studied using numerical simulations and scale analysis.  

Simulations revealed that the transport of JCMs through short pores with diameter comparable 

to their diameter is slowed down by the pore walls. In addition to purely hydrodynamic effects, 

the modification of the species concentration near JCMs by confining pore walls and neighboring 

JCMs also greatly affects the dynamics of JCMs in confined and crowded environments. Bubbles 

can greatly affect the dynamics of JCMs and anomalous bubble formation, growth, and collapse 

behavior have been reported. It is shown that the peculiar bubble behavior reported experimentally 

originates from the fast mass transport and interactions between bubbles with confining interfaces. 

The evaporation-induced Marangoni flow near a growing bubble is shown to lead to the collective 

movement of JCMs toward the bubble base. Simulations also help explain why non-uniform AC 

magnetic fields can drive magnetic clusters toward position with weaker magnetic fields.  
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 Introduction 

In the year 1959, Dr. Richard R. Feynman envisioned a new field at the Annual Meeting 

of the American Physical Society, which had not been taken seriously at that moment. In his 

famous talk “There’s plenty of room at the bottom”, he said:1 

“I would like to describe a field, in which little has been done, but in which an enormous 

amount can be done in principle. … What I want to talk about is the problem of manipulating and 

controlling things at small scale.” 

Since then, the miniaturieation of the components used in the construction of many working 

devices has been pursued for decades. Numerous efforts have been devoted to developing tools 

and methods for fabricating or assembling micro-/nano-scale components.2-10 As a result, over the 

past 50 years, the dimensions of electronic components on CPU/GPU have reduced from the 

millimeter to nanometer scale and the performance of computers have steadily improved following 

Moore’s law.11 Similar to electronic components, the miniaturieation of mechanical components 

has also brought many benefits as the dimensions of mechanical systems have been scaled down 

to microdomain.2, 12-14 Indeed, natural and fabricated small-scale objects are ubiquitous in 

biological and engineering applications. Figure 1-1 shows a few examples of small-scale objects 

and their critical dimensions.15 However, as systems are scaled down, many operations, which are 

often trivial at the macro-scale, becomes challenging. A prominent example is the manipulation of 

small objects. At the macro-scale, one can easily pick up and manipulate objects using macroscopic 

tools. These seemingly trivial operations often become difficult at small scales (μm-nm) because 

of unfavorable scaling laws for the forces commonly relied on at the macro-scale and the 

emergence of new forces at micro-scale.14, 16-17 Hence, there is a long-standing need to develop 
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effective methods for manipulating small objects. 

 

Figure 1-1. The sizes and shapes of some small-scale objects and materials.  Reproduced from Ref. 15 

with permission. 

During the last few decades, many different tools for manipulating small objects have been 

developed. For instance, the atomic force microscope (AFM) has been invented to both observe 

and manipulate micro-objects.18-20 As its name suggests, the atomic force microscope measures 

the atomic force between a sharp tip and the surface of a sample or objects. Figure 1-2 shows the 

schematic of the operating mechanism of an AFM. Initially, AFM is used to create an image of the 

microstructure of a sample surface.21-25 A topographic image of the sample can be produced by 

plotting the deflection of the cantilever spring versus position on the sample surface. The invention 

of the AFM not only enables scientists to observe objects at the micro-/nano-scale but also to 

manipulate objects at the micro-scale. For example, the AFM has been widely used in applications 

such as constructing biological structures7, 22, 26, moving nanoparticles27, and fabricating 

nanowires28. Overall, AFM-based systems are well suited to the “bottom-up” assembly of 
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microdevices due to their ability of the fine control over microstructures. In addition, besides 

serving as manipulator, AFMs can be employed as sensors in microsystems if needed, which gives 

them extra advantages.29 

 

Figure 1-2. Mechanism of an atomic force microscope (AFM). (a) Schematic of an atomic force microscope. 

(b) Schematic of the force transducer operation. The function of the transducer is to measure the force 

between an AFM probe tip and the sample surface. (a) and (b) are reproduced from www.nanoscience.com 

and Ref. 19 with permission, respectively. 

Another interesting tool developed in the past decades due to the inspiration of Dr. Feynman’s 

talk is the artificial molecular machine.30-31 An artificial molecular machine is an assembly of a set 

of molecular components that are designed to perform a machine-like movement (output) as the 

result of an appropriate external stimulation (input).32 Most molecular machines are constructed 

based on either topological entanglement (i.e., mechanical bonds) or isomerisable (unsaturated) 

bonds.33 By gaining energy from external stimulation34 (for instance, chemical fuels, UV light, 

etc.), a molecular machine can serve as a tool and create motion on length scales much larger than 

the machine itself. For example, a 1.25 µL diiodomethane droplet on an inclined substrate covered 

with molecular machines can be lifted up a short distance via the collective work of molecular 

machines.35 By changing the arrangement of these molecular machines, the shape and direction of 

motion of the droplet can be controlled. Another example is embedding molecular machines in a 

polymer ribbon to enable the curling of the ribbon when applying UV light.2 Both molecular 

http://www.nanoscience.com/
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machines and AFMs have inspired numerous researchers in micro/nanoscale research, and come 

of whom were honored by the 2016 and 1986 Nobel priees in chemistry and physics, respectively. 

In many micro/nano-systems related to biology, medicine, and lab-on-a-chip, micro-particles 

play an important role in the system’s functionality, and effective manipulation of their dynamics 

is essential.36-38 Typically, these micro-particles are submerged in liquid solutions, which makes 

their dynamics intricate and greatly complicates their manipulation. Great efforts have been 

devoted to developing reliable technologies for particle manipulation.39-42 Below some of the most 

popular micro-particle manipulation technologies as well as some recent developments are 

reviewed. 

1.1 Past Works on Micro-particle Manipulation 

Over the last several decades, many methods have been developed to manipulate, separate and 

trap micro-particles in liquids based on the different particle dynamics induced by an external 

electric field, magnetic field, acoustic wave and optical light, etc. These methods are briefly 

reviewed below. 

When electric fields are employed, the manipulation of micro-particles is typically achieved 

through electrophoresis (EP) or dielectrophoresis (DEP).43 Particle electrophoresis in micro-

system is the motion of a charged particle driven by an electric field as shown in Fig. 1-3a. It is a 

straightforward way to manipulate charged particles in microfluidic devices and is ubiquitous if 

electric fields are present.43-45 For particles with siees much larger than the thickness of the 

electrical double layer and a surface potential smaller than the thermal voltage (𝑘𝐵𝑇/𝑒 ≈ 25𝑚𝑉at 

room temperature), the electrophoresis velocity in an unbounded fluid can be described by the 

Smoluchowski equation: 
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 𝒖𝐸𝑃 =
𝜀ζ

𝜂
𝑬,  (1-1) 

where 𝜁 is the potential, 𝜀 the fluid permittivity, and 𝜂 the viscosity of the fluid, and E the electric 

field.  Commercial devices based on electrophoresis for separating/detecting proteins and DNA 

are commercially available.46 

 

Figure 1-3. (a) Behaviors of particles in a uniform electric field (electrophoresis). (b) Behaviors of particles 

in a non-uniform electric field (dielectrophoresis). Reproduced from Ref. 39 with permission. 

In contrast to electrophoresis, dielectrophoresis of a micro-particle requires a non-uniform 

electric field.47 The term dielectrophoresis refers to the Coulomb response of an electrically 

polarieed object in a non-uniform electric field, as shown in Fig. 1-3b. The advantages of the DEP 

manipulation of particles are two-fold. It does not require the particle to be charged, and it has a 

noneero time-averaged effect even in AC electric fields.39, 43 For a particle submerged in solution, 

the Coulomb force acting on it can be determined from the electric field and permittivity at its 

surface and is given by 

 𝑭𝐷𝐸𝑃 = ∫ [𝜀𝑬𝑬 −
1

2
𝜹(𝜀𝑬 ⋅ 𝑬)] ⋅ 𝒏 𝑑𝐴

𝑆
 (1-2) 

where 𝑆 is the surface of particle, 𝛿 the Kronecker delta tensor, 𝒏 the normal vector of the surface, 
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and 𝐴 the surface area. Because the DEP force is independent of the field internal to the particle, 

many analytical models have been developed to predict the force on a real particle by replacing it 

with a simpler structure that creates the same electric field at the surface.43 Since the DEP force 

mainly relies on the condition of the external non-uniform electric field, it can be conveniently 

controlled by changing the setting of the electric field. This feature and other advantages make it 

ideal for particle manipulation in microfluidic systems.39, 48-49 Consequently, in the past decades, 

DEP has been widely used for applications such as particle separation50-51, transport52, trapping53 

and sorting49. 

Though particle manipulation techniques based on electric fields have been extensively studied 

and successfully employed in many micro-systems. A major limitation of these techniques is the 

complexity of the device and the potential side effects in bio-applications. This is because complex 

wiring and cooling systems are needed to generate strong enough electric fields. The high voltages 

(tens to hundreds of volts is often needed) can also cause undesired chemical reactions such as 

water electrolysis that could change the chemical environment of the target particles.54-55 

Like electric fields, magnetic fields are also widely used for manipulating micro-particles. 

Compared to electric fields, magnetic fields often offer stronger manipulation forces and torques56, 

which make them appealing for some applications. The most representative method of using 

magnetic fields to manipulate micro-particles in solution is magnetophoresis.43 Theoretically, 

magnetophoresis is analogous to DEP. However, because of the enormous variety of magnetic 

materials and experimental tools for generating magnetic fields, the experimental realieations of 

magnetophoresis are vastly different from dielectrophoresis.  

The effectiveness of magnetophoresis is greatly affected by the magnetieation of particles in 

an magnetic field.57-58 Depending on the orbital and spin motions of the electrons, a material can 
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show different responses to magnetic fields. Classically, most magnetic materials can be classified 

into three groups: diamagnetic, paramagnetic, and ferromagnetic. Diamagnetic materials are 

composed of atoms which have no net magnetic moments, i.e., the electrons are all paired. When 

exposed to a magnetic field, a diamagnetic material produces a negative magnetieation; and, thus, 

its susceptibility is negative. Typically, the diamagnetic effects are weak enough to be neglected 

and do not contribute notably to magnetophoresis. Paramagnetic materials are materials with net 

magnetic moments, i.e., the electrons are unpaired. However, each individual magnetic moment 

does not interact with other moments, and the magnetieation of the material is eero when no 

external magnetic field is present. Once an external magnetic field is applied, the spins of the 

unpaired electrons align with the external magnetic field and result in a net positive magnetieation. 

In contrast, in ferromagnetic materials such as iron, nickel, and magnetite, the atomic moments in 

these materials show strong interactions and lead the magnetic dipoles to lock in an orientation 

aligned with the field. Hence, ferromagnetic materials exhibit large net magnetieation even in the 

absence of externally applied magnetic fields. 

When a particle made of magnetic materials is placed in a non-uniform magnetic field, 

magnetophoresis can happen due to the interaction of a particle under magnetieation and a 

magnetic field gradient. Magnetophoresis is analogous to the DEP of a particle. The induced dipole 

response of magnetic material is usually nonlinear.43 The magnetophoretic force acting on a 

particle 𝐹𝑚𝑎𝑔 is given by 

 𝑭𝑚𝑎𝑔 = (𝜇𝑚𝑎𝑔,𝑚𝑚𝑒𝑓𝑓,𝑚 ⋅ ∇)𝑯, (1-3) 

where 𝑯 is the external magnetic field, 𝜇𝑚𝑎𝑔,𝑚 is the magnetic permeability of the medium, and 

𝑚𝑒𝑓𝑓,𝑚  is the magnetieation induced by the field. If the magnetic field is assumed steady and 

particles that respond linearly to the external magnetic field, the average magnetophoretic force 
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acing on the particle is 

 𝑭𝑚𝑎𝑔 = 2𝜋𝜇𝑚𝑎𝑔,𝑚𝑅𝑝 (
𝜇𝑚𝑎𝑔,𝑝−𝜇𝑚𝑎𝑔,𝑚

𝜇𝑚𝑎𝑔,𝑝+2𝜇𝑚𝑎𝑔,𝑚
) ∇|𝑯|𝟐. (1-4) 

where 𝑅𝑝 is the particle radius, subscripts m and p denote the medium and particle, respectively. 

Magnetophoresis has been widely employed in biological applications such as drug, gene, and 

radionuclide delivery.59-60 Typically, depending on applied magnetic fields, magnetophoresis can 

be categorieed as static field manipulation (SFM) or dynamic field manipulation (DFM). SFM 

 

Figure 1-4. Magnetic particles are pumped through a buffer into the channel and separated by an external 

magnetic field. A non-uniform magnetic field is applied perpendicular to the direction of flow. Particles 

according to their size and magnetic susceptibility are separated from each other and from a nonmagnetic 

material. Reproduced from Ref. 58 with permission. 

utiliees the magnetic force on a magnetic particle generated by an H-field gradient. For instance, 

the tip of a magnetic force microscope (MFM)41, 61 or similar device can generate a static local 

non-uniform H-field to trap a magnetic object in a fluid. The object can be transported by moving 

the MFM tip and then released by turning off the H-field when it arrives at the target location. The 

other approach, which is suitable for “lab-on-a-chip” devices, is to generate a series of patterned 

H-field gradients by micro-scaled current conductors (eig-eag pattern or O-ring grids) with a 
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programmed sequence of current signals42, 62-63. The magnetic object can be transported from one 

field gradient to its neighbor by a sequence of trap-release steps. Figure 1-4 shows a micro-particle 

manipulation system developed based on magnetophoresis. 

Other than electric and magnetic fields, acoustic standing waves have been used to manipulate 

micro-particles as well. Such a method for particle manipulation is usually called acoustophoresis. 

The ultrasonic standing waves used in acoustophoresis are typically generated either by the use of 

two opposing sound sources or by a single ultrasonic transducer facing a sound reflector.64 The 

fundamental theory of acoustic standing wave forces has been extensively described by multiple 

groups.65-67 Normally, the force acting on a particle in a bulk acoustic wave (BAW) field is the  

 

Figure 1-5. Acoustic forces that act on a particle. 𝐹𝐴𝑥  is the axial component of the PRF, 𝐹𝑇𝑟  is the 

transverse component of the PRF, and 𝐹𝐵 is the interparticle force. 𝑇1 is the time that acoustic forces act on 

the particles and 𝑇2 is the time to steady state. Reproduced from Ref. 64 with permission. 

the product of both the primary and secondary radiation forces, where the primary radiation force 

(PRF) originates from the standing wave and secondary radiation forces (SRF) are due to sound 

waves scattered by the particles. Figure 1-5 shows the primary radiation force experienced by 

particles from acoustic waves. The axial component of PRF is stronger than the transverse PRF 
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and forces particles to designed positions. The strength of axial PRF can be calculated as 

 𝐹𝐴𝑥 = − (
𝜋𝑃0

2𝑉𝑝Β𝑚

2𝜆
) ⋅ 𝜙 ⋅ sin (2𝑘𝑥) (1-5) 

where 𝑃0  is the acoustic pressure amplitude, 𝜆  the wavelength, Β𝑚  the compressibility of 

surrounding mediums, 𝜙 the acoustic contrast factor, 𝑉𝑝 the volume of the particle, and 𝑘 the wave 

number. Recently, acoustophoresis based on so-called surface acoustic waves (SAW) has been 

studied as well.68 Using acoustophoresis (BAW and SAW), many particle or cell manipulation 

systems have been developed for purposes such as particle focusing and separation69, particle 

alignment70, and particle directing71. For example, Yasuda et al.72 utilieed ultrasound to gather red 

blood cells in a flow. Shi et al.73 developed ‘‘acoustic tweeeers’’ for particle alignment and 

patterning using standing surface acoustic waves. Franke et al.71 found the polyacrylamide 

particles can be directed into selected channels in water by acoustic waves. The disadvantage of 

acoustophoresis is the limitation of particle siee that can effectively be manipulated.74 For large 

objects, sedimentation often becomes a major problem. 

Optical forces, which originates from the exchange of momentum between incident photons 

and the irradiated object, have been used to manipulate micro/nano-particles as well.75 Unlike the 

methods introduced above, the optical manipulation of particles typically utiliees a laser beam 

instead of external fields, which makes the precise manipulation of particles feasible. In the 1970s, 

Ashkin and his team were the first ones who realieed the potential of using a moderately focused 

laser beam to control micro-objects.76 Using laser beams, they demonstrated the guiding of 

particles, the levitation of particles against gravity, particle trapping, etc.77-78 Since then, great 

efforts have been devoted to developing and improving optical particle manipulation techniques.79-

81 One of the most popular technologies developed is the optical tweeeers. This method uses a 
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focused Gaussian laser beam to trap dielectric particles and can manipulate objects of micrometer 

or sub-micrometer scale.82-83 Although it is possible to use optical tweeeers to perform cell 

separation and sorting, its great challenge is in vivo applications since most visible high energy 

laser beams cannot penetrate the skin without damaging it. 

1.2 Recent Development in Micro-particle Manipulation 

Even though previous studies have greatly improved the understanding of particle dynamics 

in many microsystems and advanced the capability of researchers in manipulating micro-particles, 

each existing method still has its limitations as mentioned in the last section. Specifically, when 

dealing with in vivo systems, past methods only demonstrated limited successes and encountered 

great difficulties such as particle damage (e.g., in dielectrophoresis of live cells), limited 

accessibility (e.g., in cell manipulation by optical tweeeers), and inefficiency (e.g., in cell 

manipulation by acoustic waves). To overcome these difficulties, new manipulation methods are 

continuously being developed. 

1.2.1 Active Particles 

Inspired by the sci-fi movie “Fantasy Voyage”, scientists tried to develop a so-called “artificial 

micro-swimmer”, which can perform self-propulsion at a micro-scale without direct forcing from 

outside input. Based on this idea, many different micro-swimmers were developed, which could 

be actuated by bacteria, chemical reactions, and phase-change.84-85 Among these micro-swimmers, 

active particles have attracted great interest from researchers recently. The key feature of the so-

called active particle is that it can absorb energies from a surrounding solution and perform self-

propulsion without the existence of an external field. Such a feature makes it an ideal candidate 
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for applications in which the usage of external fields is difficult. 

 

Figure 1-6. (a) A Janus catalytic micromotor half coated with platinum. (b) A schematic of the fabrication 

process of a Janus catalytic micromotor. Reproduced from Ref. 86 with permission. 

The most commonly used active particle is a Janus catalytic micromotor (JCM) due to its easy 

fabrication process. JCMs are micro/nanoscale particles that feature a heterogeneous catalytic 

coating on their surface, as shown in Fig. 1-6. By using the catalytic reactions on their surfaces to 

break down the reactants in surrounding fluids, JCMs can “swim” autonomously via various 

mechanisms. Since achieving autonomous movement of small particulates has long been sought 

in diverse fields including biology and medicine, the demonstration of autonomous JCMs about a 

decade ago87-88 has since triggered intensive studies of JCMs and their dynamics.89-90 While the 

practical application of JCMs remains limited at present, autonomous JCMs have already been 

used successfully to sense, detect, and deliver micro/nanoparticles of various siees and shapes.91-

93 With further development, JCMs can conceivably be used to execute more demanding tasks 

such as removing blood clots in capillaries and environmental remediation.94-95  

The intensive experimental and theoretical studies on JCMs have tremendously improved the 

fabrication, operation, and understanding of JCMs. Several mechanisms including self-

diffusiophoresis,96-97 self-electrophoresis,98 and bubble propulsion99-101 have been revealed to drive 

the movement of JCMs. Of these mechanisms, the self-diffusiophoresis and self-electrophoresis-
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driven dynamics of JCMs have received the most attention. The effects of JCM design,102-103 

operating conditions such as solution composition,104-105 geometrical confinement,106-107 and 

externally-imposed shear flows on the dynamics of JCMs have been explored in great detail.108 

For the applications of JCMs in drug delivery and microfluidics, geometrical confinement usually 

plays an important role on JCM dynamics. Because of the importance of boundaries, several 

studies recently have sought to understand the role of solid boundaries in determining JCM motion. 

Specifically, the self-diffusiophoresis of an active particle near a planar boundary has been 

explored via either experimental or theoretical methods.109-113 For example, Uspal et al. 

investigated the self-propulsion of a catalytic active particle near a wall by combining analytical 

analysis and numerical simulations.109 It was discovered that, depending on the choice of design 

parameters (catalytic coverage, surface mobility, etc.), the catalytic active particle shows different 

behaviors near a wall including reflection, steady sliding, and hovering. The authors suggest that 

the hydrodynamic effect of the wall is mainly responsible for the behaviors of the catalytically 

active particle. Ibrahim et al. captured the wall-induced distortion of solute concentration gradients, 

which caused wall-induced-diffusiophoresis of JCMs.110 Such wall-induced-diffusiophoresis 

promotes the translation of JCMs without affecting their rotation. Some of the simulation 

predictions have been observed experimentally such as by Kreuter et al., who observed sliding and 

reflection of JCMs near channel walls.111  In one most recent experimental study, boundaries are 

used to steer the motion of JCMs and eliminate the Brownian rotation of the JCMs.113 

While previous research on JCMs has greatly improved the understanding of their dynamics 

in free solutions and near planar boundaries,97, 109, 114-115  the dynamics of JCMs in more complex 

environments remains to be clarified. For drug delivery and microfluidic applications, JCMs often 

must operate under confined conditions, e.g., multiple JCMs may come close to each other and 
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translate through a short micropore. Furthermore, most existing studies on the dynamics of JCMs 

use the quasi-static method and assume the system is in an equilibrium state at every instant. 

However, since the Peclet number may not necessarily be small in complex environments, this 

assumption is not always valid. Therefore, understanding the dynamics of JCMs in confined 

geometries is essential for facilitating realistic applications of JCMs. 

Even though self-diffusiophoresis is very effective under certain circumstances, the movement 

of JCMs driven by these phoretic effects is typically slow, with a speed below a few tens of m/s. 

A possible way of achieving faster movement of JCMs is through bubble propulsion.101 

Specifically, when JCMs are submerged in a solution containing fuel molecules (e.g., H2O2), their 

catalyst surfaces break down fuels through catalytic reactions. If the products of this reaction are 

gaseous molecules, then bubbles can potentially form, grow, and collapse in the JCM system. 

Bubble propulsion-based JCMs can achieve speeds up to a few mm/s,100 which offers distinct 

advantages in applications where rapid movement is desired. In addition, the movement of bubble-

propelled JCMs is less affected by the properties of liquid solutions (in particular its ionic strength) 

compared to that of the JCMs driven by diffusiophoresis and self-electrophoresis. Because of these 

and other reasons, there is a growing interest in developing bubble propulsion-based JCMs. 

For bubble propulsion-based JCMs, the behavior of bubbles plays an essential role in their 

dynamics. First of all, whether or not bubbles exist in JCM systems dictates whether or not the 

JCM can be actuated by bubble propulsion.116 Secondly, the growth of the bubble, while it is 

attached to JCMs, can heavily influence the movement of JCMs. Indeed, if the bubble grows 

rapidly, the associated “growth force”, which originates from the inertia effects due to the 

displacement of fluids by the growing bubble, can dominate the movement of JCMs. Third, the 

collapse or burst of bubbles near a JCM can cause it to move at very high speed due to an 
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instantaneous local pressure depression. For example, it was observed that the burst of a bubble 

near a JCM leads to an instantaneous JCM speed of ~O(10 cm/s).86 In addition, the fluid flow 

induced by the collapse of a bubble can entrain the neighboring JCMs and potentially change the 

direction of their movement. 

While the important role of bubble behavior in determining the dynamics of JCMs is being 

recognieed, research on the bubble behavior in JCM systems is quite limited. Prior experiments 

showed that the bubbles in JCM systems often showed anomalous behaviors compared to those 

formed in boiling experiments or in solution supersaturated by dissolved, incondensable gas. 

Specifically, many observations on the formation, growth, and collapse of bubbles are not yet well 

understood.  

For bubble formation in JCM systems, a wide range of observations has been reported.86, 100-

101, 116-119 For isolated JCMs (i.e., when JCMs are far away from each other), bubbles are typically 

observed only if the radius of the JCM is large, e.g., larger than about 10𝜇𝑚.86, 95, 120 Recently, it 

was discovered that whether or not bubbles form on the JCM surface also depends on the  methods 

used to coat catalysts on the JCM’s surface. For example, using chemical deposition to coat Pt on 

the JCM surface tends to create rougher surfaces (hence a larger liquid-Pt contact area for H2O2 

decomposition), and, thus, bubbles can be observed even on isolated JCMs as small as 4 𝜇𝑚.116 

While visible bubbles usually do not form on small, isolated JCMs, recent studies show that, when 

a group of small JCMs forms a cluster, substrate-attached bubbles can be observed in the center of 

the cluster.101 Overall, the underlying mechanism of bubble formation in a JCM system is still not 

well understood and needs further study. 

Another aspect of bubble formation in JCM systems is that various growth laws have been 

reported. Some studies reveal that, for a bubble attached to an isolated, large JCM, its radius during 
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growth follows a power law of 𝑅~𝑡0.33, which is consistent with the well-known direct injection 

mechanism reported for bubble growth near thin-wire electrodes.86, 117, 121 However, it is also 

reported that when a bubble is formed near a group of JCMs, its growth exhibits different behaviors. 

It is found that bubble growth fed by a ring of JCMs follows a power law of 𝑅~𝑡0.7±0.2. This 

unusual growth law is different from that for bubbles attached to individual JCMs (~𝑡0.33) and 

bubbles immersed in supersaturated bulk solutions (~𝑡0.5).122-125 

Finally, some experiments show that the growth of the bubbles in JCM systems can be 

disrupted. In several recent studies, it was observed that when a bubble reaches some threshold 

siee, it disappears in a very short period of time (<1ms).101, 116 This rapid collapse of the bubble is 

too fast to be explained by the diffusional dissolution mechanism.126 While such a collapse process 

has been phenomenologically fitted to the Rayleigh-Plesset equation,86, 116 a mechanistic 

understanding of it is still lacking. 

1.2.2 Magnetically Steered Surface Walkers 

Another recently developed method for manipulating micro-particles in a liquid solution is that 

of magnetic surface walkers.56, 127-128 Unlike classical magnetophoresis, the motion of magnetic 

surface walkers is not directly caused by a magnetic field. Instead, the magnetic field is only used 

to steer the rotation of a micro-particle or a microstructure formed by magnetic particles. Such 

rotation, when coupled with hydrodynamic interactions between the particle and a nearby wall, 

can produce locomotion of the micro-particle and microstructure. For example, as shown in Fig. 

1-7, driven by a rotating magnetic field method, a chain of magnetic particles can “tumble” along 

a solid surface to achieve particle translation. In 2010, Sing et al.128 first demonstrated the 

locomotion of such a particle-assembled surface walker in a 30 He rotating magnetic field with a 
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velocity of ≈12 µm/s. Their numerical analysis showed that this locomotion is mainly a result of 

the hydrodynamic interaction between the rotating particle(s) and a nearby solid boundary. Later, 

studies found the non-slip surface of a rotating particle assembly and a nearby static wall generated 

 

Figure 1-7. (a) The geometry of the “surface walker”. (b) Comparison of the particle trajectories obtained 

from experiments and simulations at different frequencies of the magnetic field (top: 5 Hz, bottom: 7 Hz). 

Reproduced from Ref. 128 with permission.  

high shear in the solution layer between the assembly and wall, which created a propulsion force 

on the assembly.129-131  Similarly, Zhang et al. used a rotating nickel microwire instead of a particle 

assembly to actuate and manipulate microbeads.132 The 10 µm long rotating nickel microwire they 

used could achieve a speed of 26 µm/s at 36 He. Kim et al. fabricated a double-bead microswimmer 

that could be driven using a 100 He homogeneous rotating H-field.133 The double-bead 

microswimmer consisted of a 3 μm polystyrene micro-bead conjugated to a 150 nm magnetic 

nanoparticle via an avidin-biotin linker. It could rotate under a rotating H-field and the small 

magnetic bead would act as a propeller similar to the nanowire motor. In addition, based on the 

same mechanism, the so-called “magnetic carpet” is developed and used to transport cargos where 

particles within the assembly perform rotation individually instead of assembly-level rotation.134  

The magnetic surface walker shows great potential as a micro-particle manipulation method 

due to its programmable direction of motion and high speed. However, since it is a relatively new 
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technology, there are still some hurdles that need to be addressed before it can be used for 

applications in lab-on-a-chip or even in vivo. First, the transport speed of surface walker has a 

nonlinear dependence on the frequency of the applied rotating magnetic field, i.e., initially, the 

speed increases monotonically with the frequency and drops sharply above a critical frequency. 

One explanation of this nonlinear dependency is that, above the critical frequency, the assemblies 

can no longer maintain a phase lock with the rotating field due to the increasing viscous drag.56 

Such strong hydrodynamic viscous drag forces a phase lag135 or even a phase ejection136, which 

leads to the decrease of the transport speed of assemblies. Second, the confined geometries such 

as narrow channels tend to greatly affect the dynamics of the particle assemblies, which hinders 

using surface walkers in vivo. Other challenges also exist and need future study to solve them and 

improve the performance of surface walkers. 

Among these challenges, one practical problem is that when a rotating magnetic field is used 

to induce the rotating of particle assemblies, at least two sets of the magnetic generator are 

required.128, 132, 137 This requirement increases both the volume and the cost of the system, which 

further hinders the application of the surface walker for particle manipulation. In addition, the 

particle assemblies also have to be designed into a specific configuration to adapt to the rotating 

magnetic field. 

1.3 Open Questions and Scope of This Dissertation 

As introduced in the sections above, past studies have greatly improved the understanding of 

particle dynamics in different microsystems and helped advance technologies for micro-particle 

manipulation. However, practical micro-particle manipulation methods for in vivo and bio-related 

applications are still lacking at present due to the limited understanding of the dynamics of micro-



19 

 

particles in these complex systems. The overall objective of this dissertation is to advance the 

fundamental understanding of the dynamics of micro-particles in recently developed particle 

manipulation methods (specifically active particles and magnetically steered surface walkers) to 

facilitate their further development. This dissertation focuses on the dynamics of two types of 

micro-particles, i.e., systems featuring JCMs and magnetic particles. The main questions to be 

explored and answered for these systems are the following:  

(1) How is the dynamics of JCMs affected by confined geometries? For example, how do JCMs 

translate through a micropore? Can a JCM enter a pore if it is not perfectly aligned with the pore 

axis? How do JCMs disturbed by an external stimulus or thermal fluctuation behave inside a pore? 

When multiple JCMs enter a pore, how will they affect the dynamics of each other? 

(2) What are the physical mechanisms underlying the bubble behaviors observed in the JCM 

system, and how does the presence of bubbles affect the dynamics of the active particles? 

Specifically, what is the criterion for bubble formation in JCM systems? Why does the scaling law 

of bubble growth in JCM systems deviate from classical bubble growth laws? Why does a bubble 

disappear in an extremely short time scale in some experiments?  

(3) Is it possible to actuate a magnetic surface walker without using a rotating magnetic field? 

If yes, what is the underlying mechanism of such a method? How does the translation speed of the 

particle depending on its siee and shape and the characteristics of the external magnetic field (e.g., 

strength, frequency, and uniformity)?  

The rest of this dissertation is arranged as follows:  

In Chapter 2, the dynamics of JCMs under confined conditions are studied using numerical 

simulations. First, the mathematical model of self-diffusiophoresis of a JCM and its numerical 



20 

 

implementation are introduced and validated. Then, the translation of JCMs through narrow pores 

is systematically studied. Following that, the rotational dynamics of JCMs near a pore entrance 

and inside short pores are explored.   

In Chapter 3, a new collective phenomenon of JCMs induced by a growing bubble is reported 

and analyeed. It is suggested that this collective motion of the micromotors, too fast for the 

diffusiophoresis, can be caused by the entrainment of micromotors by the evaporation-induced 

Marangoni flow near the bubble. Both scale analysis and numerical simulations confirm that the 

direction and strength of such Marangoni flow are consistent with the fast, collective motion of 

micromotors observed experimentally.  

In Chapter 4, the peculiar behaviors of bubbles in a JCM system are studied by integrating 

analytical modeling and numerical simulations. The mechanisms of the formation of bubbles near 

an isolated JCM and near a cluster of JCMs are carefully examined. The unusual bubble growth 

and the ultra-fast collapse of bubbles in JCM systems are studied.  

In Chapter 5, a new method of using alternating magnetic fields to manipulate small magnetic 

objects in fluids is studied. Different from the manipulation methods introduced above, only a 

single solenoid, which generates a non-uniform magnetic field, is used to actuate magnetic clusters. 

These clusters perform translational motions near substrate surfaces and move away from the 

solenoid that is used to generate the H-field. A theoretical model that combines surface effects and 

the magnetophoresis force is developed to understand such motion. 

Finally, in Chapter 6, the key contributions of this dissertation are summarieed. 
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 Self-Diffusiophoresis of Janus Catalytic Micromotors in 

Confined Geometries* 

In this chapter, the dynamics of JCMs driven by self-diffusiophoresis in confined geometries 

are studied using numerical simulations. This chapter is organieed as follows. First, the standard 

model of self-diffusiophoresis of JCMs115 is introduced and its numerical implementation are 

explained and validated. After the numerical impementations are validated, the translation of a 

single JCM through narrow pores is systematically studied and its dynamics is analyeed. Following 

this, the crowding effect of JCMs on their translation through a narrow pore is investigated by 

placing two aligned JCMs at the entrance of a narrow pore. Finally, the rotational dynamics of 

circular JCMs near pore entrance and inside short pores are explored. The effect of confinement 

and crowding on the dynamics of JCMs is examined and its implication for the future applications 

and development of active particles are presented.  

2.1 Mathematical Model and Numerical Implementation 

2.1.1 Model for Self-Diffusiophoresis 

To focus on the dynamics of JCMs driven by self-diffusiophoresis, a spherical JCMs of radius 

𝑅𝐽𝐶𝑀 submerged in a solution (see Fig. 2-1) is considered. The JCMs are half-coated by catalysts 

that break down fuels in solution by chemical reaction. The reaction generates a concentration 

                                                           

* This chapter is adapted from the following paper (Ref. 138): 

F. Yang, S. Qian, Y. Zhao, and R. Qiao, “Self-Diffusiophoresis of Janus Catalytic Micromotors in Confined 

Geometries”, Langmuir, 2016, 32, 5580–5592.  

Permission for using this paper in this dissertation has been granted by the American Chemical Society. 
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gradient of the reaction product along the JCM’s surface. Such a concentration gradient induces 

an imbalance of interfacial forces near the JCM’s surface, thus driving the self-diffusiophoresis of 

JCM. In practice, platinum is often used as catalytic material. If hydrogen peroxide is used as fuels, 

the product of the catalytic reaction is oxygen. Other fuels,139-140 which leads to different reaction 

products, can also be used. Here, to reduce the numerical difficulty, the transport of fuel is 

neglected and the concentration of fuels is assumed not deviate from the initial concentration 

notably in the simulations. This treatment is valid when the Damköhler number 𝐷𝑎 is small. 𝐷𝑎 

is the ratio of the diffusion and reactive time scales, i.e., 𝐷𝑎 = 𝑠𝐿̅/𝐷𝑓𝐶𝑓, where 𝑠 is the rate at 

which fuels are consumed on the catalytic surface, 𝐿̅ is the characteristic length scale involved in 

the supply of fuel to the catalytic surface, and 𝐷𝑓  and 𝐶𝑓  are the diffusion coefficient and 

concentration of fuel molecules, respectively. This study focus in the regime of 𝐷𝑎<<1. Hence, 

  

Figure 2-1. A schematic of the JCM. Half of the JCM’s surface (Γ2, colored in red) is coated with catalyst 

while the other half of the JCM (Γ1, colored in blue) exhibits no catalytic reactivity. The large black arrow 

indicates the swimming direction of JCM due to self-diffusiophoresis when the product of the catalytic 

reaction interacts repulsively with the JCM.  
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the transport of the fuel does not need to be solved.  

To describe the above self-diffusiophoresis of JCMs, the general model established previously 

is adopted.141-143 Briefly, two sets of equations govern the reaction/transport of the reaction 

products and the movement of the fluids and the JCM. The concentration field of the reaction 

product (e.g. oxygen), c, is governed by the convection-diffusion equation 

 
𝜕𝑐

𝜕𝑡
+ 𝒖 ⋅ ∇𝑐 = ∇ ⋅ (𝐷∇𝑐) (2-1) 

where 𝐷 is the diffusion coefficient of the reaction product and 𝒖 is the fluid velocity. The neutral 

(non-catalytic) surface of the JCM (i.e., Γ1 in Fig. 2-1) is an impermeable wall, i.e.,  

 −𝐷∇𝑐(𝒙, 𝑡) ⋅ 𝒏 = 0    𝑜𝑛 Γ1 (2-2) 

where 𝒏 is the unit normal vector of the surface. The generation of reaction products is taken into 

account through the boundary condition imposed on the catalytic surface (i.e., Γ2 in Fig. 2-1) 

 −𝐷∇𝑐(𝒙, 𝑡) ⋅ 𝒏 = 𝛼    𝑜𝑛 Γ2  (2-3) 

where 𝛼 is the rate at which reaction products are generated on the catalytic surface.  

The fluids are modeled as incompressible and Newtonian. Since the Reynolds number is small, 

the inertia effect is negligible. Thus the flow field is governed by 

 𝛻 ⋅ 𝒖 = 0  (2-4) 

 𝜌
𝜕𝒖

𝜕𝑡
= −𝛻𝑝 + 𝜇𝛻2𝒖  (2-5) 

where 𝜌  and 𝜇  are the density and viscosity of the solution, and p is the pressure. The self-

diffusiophoresis of JCM induced by the concentration gradient of reaction product is captured by 

imposing a phoretic slip on its surface.115 This treatment is valid in the thin-interaction layer 
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limit,114 i.e., 𝜆/𝐿𝑐 ≪ 1, where 𝜆  is the range of the interactions between the reaction product 

molecules (RPMs) and the JCM. 𝐿𝑐 is the critical length scale in the diffusiophoresis process, e.g.,  

the radius of the JCM (when JCM is in bulk solution) or the distance between the JCM surface and 

the surface of other JCM or walls. Typically, 𝜆 is of molecular dimension while 𝐿𝑐 is hundreds of 

nanometers or larger. Hence 𝜆/𝐿𝑐 ≪1 holds in most situations. With the above treatment, the fluid 

velocity on the JCM’s surface is given by114 

 𝒖(𝒙, 𝑡) = 𝑼 + 𝝎 × (𝒙𝑠 − 𝒙0) + 𝒖𝑠   on Γ1 and Γ2  (2-6) 

 𝒖𝑠 = 𝑀(𝑰 − 𝒏𝒏) ⋅ ∇𝑐  (2-7) 

where 𝑼 and 𝝎 are the JCM’s translational and rotational speed, 𝒙𝑠 and 𝒙0 are the spatial position 

for JCM surface and center, respectively. 𝒖𝑠 is the phoretic slip velocity. 𝑰 and 𝑀 are the identity 

tensor and surface phoretic mobility. The mobility is given by96 

 𝑀 = 𝑘𝐵𝑇𝜆2/𝜇  (2-8) 

where 𝑘𝐵 is the Boltemann constant, T is the absolute temperature. For locally attractive/repulsive 

interactions between the reaction product and the JCM, the mobility 𝑀 is negative (positive).  

The translation and rotation of the JCM are governed by  

 𝑚𝐽𝐶𝑀
𝑑𝑼

𝑑𝑡
= 𝑭𝐻  (2-9) 

 𝐼𝐽𝐶𝑀
𝑑𝝎

𝑑𝑡
= TH  (2-10) 

where 𝑚𝐽𝐶𝑀 and 𝐼𝐽𝐶𝑀 are the mass and the moment of inertia of JCM, respectively. 𝑭𝐻 and TH are 

the force and torque exerted on the JCM by the fluids given by 

 𝑭𝐻 = ∫ 𝝈𝐻 ⋅ 𝒏 𝑑𝑆
Γ1 ⋃ Γ2

= ∫ (−𝑝𝑰 + 𝜇(∇𝒖 + (∇𝒖)𝑇)) ⋅ 𝒏𝑑𝑆
Γ1 ⋃ Γ2

  (2-11) 
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 TH = ∫ (𝒙𝒔 − 𝒙0) × (𝝈𝐻 ⋅ 𝒏 )𝑑𝑆
Γ1 ⋃ Γ2

  (2-12) 

where 𝝈𝐻 is the hydrodynamic stress tensor.  

For the transport of JCMs in confined pores, the initial and boundary conditions for the reaction 

product concentration and fluid velocity must also be specified. Since these conditions are specific 

to each system to be studied, they are presented separately in the following sections.   

2.1.2 Numerical Implementation and Validation  

To solve Equ. 2-(1-12) simultaneously and thus predict the self-diffusiophoresis of JCMs, the 

commercial finite element package COMSOL was used.144 The Arbitrary Lagrangian-Eulerian 

(ALE) method145 was utilieed to handle the movement of JCM and the evolution of reaction 

product concentration and flow fields, as has been done for simulation of electrophoresis of 

colloidal particles.146 The computational domains were discretieed using triangular elements, and 

the mesh was locally refined near the JCM surface and other solid boundaries (if present). During 

each simulation, multiple remeshing was typically performed to maintain the mesh quality. Mesh 

studies were also performed to ensure that the results are independent of the mesh siee.  

First, the translation of JCM in bulk hydrogen peroxide solutions is investigated, because this 

is a well-studied case, and compare the numerical solution to the analytical prediction by Howse 

et al.96 Specifically, a spherical JCM with a radius of 1m was placed in the middle of a hydrogen 

peroxide (H2O2) solutions measuring 100m in radius and 200m in height, so that the JCM is 

effectively in a free solution. Oxygen is produced on the catalytic surface of the JCM at a constant 

rate of 96 

 𝛼 = 𝛼2
[H2O2]𝑣

[H2O2]𝑣+𝛼2/𝛼1
  (2-13) 
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where 𝛼1=4.4×1011𝜇𝑚−2𝑠−1, 𝛼2=4.8×1010𝜇𝑚−2𝑠−1, and [H2O2]𝑣 is the volume fraction of the 

fuel (𝐻2𝑂2) in the liquid solution. the mobility M is taken as 1.011 × 10−36𝑚5/𝑠, consistent with 

previous reports.115 Initially, the fluids and the JCM are both stationary and the concentration of 

reaction product (oxygen) is eero everywhere. On the outer boundaries of the liquid solution, the 

eero stress condition was imposed for the fluid flow and the eero concentration condition was 

enforced for the reaction product. The self-diffusiophoresis of the JCM was simulated in the 

axisymmetric domain occupied by the liquid solution using the aforementioned model. During the 

simulation, the JCM reaches a steady velocity quickly (before it translates by 0.5 m). The steady 

translation velocity for this problem has been predicted analytically as96 

 𝑈𝑎 =
𝑀𝛼

4𝐷
  (2-14) 

 

Figure 2-2. Diffusiophoresis velocity of a single JCM in bulk hydrogen peroxide solution predicted by the 

analytical model (Equ. 2-14) and numerical simulations.  

Using the typical properties of O2 and H2O2 solution (𝐷𝑂2
=2×10-9 m2/s, 𝜌𝐻2𝑂2

=1.05×103 kg/m3, 

𝜇𝐻2𝑂2
=1.02×10-3 Pa⋅s), the steady translation velocity of a JCM in a free solution is computed. 
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Figure 2-2 shows that the translation velocity predicted by the simulation agrees with that predicted 

by Equ. 2-14 very well.  

Since how confinement affects the dynamics of JCMs will be studied in this work, this 

numerical implementation’s capability of capturing dynamics of particles under geometrical 

confinement is next verified. The passive diffusiophoresis of a non-catalytic sphere inside a 

cylindrical pore is simulated (see Fig. 2-3 inset). Specifically, a sphere with a radius of 𝑅𝑠  is 

positioned on the axis of a long, cylindrical pore with a radius of 𝑅𝑝 and a length of 𝐿𝑝. The no-

slip boundary condition is applied on the pore wall for the fluid velocity. If a concentration 

difference of a certain solute, Δ𝑐, exists at the pore’s two ends, the sphere migrates along the pore 

axis via diffusiophoresis at a speed of147 

 U𝑝 =
MΔc

Lp
[1 − 1.290 (

𝑅𝑠

𝑅𝑝
)

3

+ 1.896 (
𝑅𝑠

𝑅𝑝
)

5

− 1.028 (
𝑅𝑠

𝑅𝑝
)

6

+ 𝑂 ((
𝑅𝑠

𝑅𝑝
)

8

)]  (2-15) 

 

Figure 2-3. Passive diffusiophoresis velocity of a sphere in a long pore computed using simulations and 

using the analytical solution (Equ. 2-15). Inset is a schematic of the simulation model. 
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where M  is the diffusiophoresis mobility of the sphere. Physically, as the particle radius 𝑅𝑠 

approaches 𝑅𝑝, the velocity reduces due to the confinement effects. In the simulations, a sphere 

with 𝑅𝑠 = 1 m was placed in the middle of a cylindrical pore with 𝑅𝑝 = 2 to 20m. The length 

of the pore is 𝐿𝑝 =40𝑅𝑠 , the mobility M is 1.011 × 10−36 m5/s and Δ𝑐  is 1mol/m3. Figure 2-3 

compares the sphere’s normalieed translation velocity U∗ = U𝑝𝐿𝑝/𝑀Δ𝑐 in pores with various radii 

as predicted by the simulations and by Equ. 2-15. The good agreement between the computed 

translation velocity and the analytical solution verifies that the numerical methods and codes used 

here are accurate for simulation of diffusiophoresis of particles in confined geometries.  

2.2 Results and Discussion 

Using the mathematical model and numerical method introduced above, the self-

diffusiophoresis of JCMs under confined conditions was studied. Both the translational and 

rotational dynamics of JCMs were examined to understand how confinement affects the dynamics 

of JCMs. 

2.2.1 Translocation of a Single Spherical JCM Through a Short Pore 

Here, the effect of confinement on the self-diffusiophoresis of spherical JCMs along the axis 

of a short cylindrical pore is studied. The system consists of a spherical JCM (radius RJCM: 1 𝜇𝑚; 

catalytic surface facing downward) and a cylindrical pore (radius: 𝑅𝑝; length: 𝐿𝑝) connected to 

two large reservoirs (see Fig. 2-4). At t < 0, the center of the JCM is fixed at a distance of 𝑅𝐽𝐶𝑀 

from the pore’s entrance. Fluids inside the system are at rest and free of reaction product. Note 

that, since the diffusion length of the reaction product per unit time is far larger than the distance 

from the JCM to the confining walls, the flow and reaction product concentration fields near the 
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JCM positioned at pore entrance reach steady state at time scale much shorter than the time scale 

associated with their diffusiophoresis through the pore. Hence, the initial conditions barely affect 

the transport of JCM. At t = 0, the JCMs start moving by self-diffusiophoresis. The reservoir 

boundaries were treated as free of hydrodynamic stress and reaction products. The no-slip and no-

flux boundary conditions were enforced on the pore walls. In principle, there can exist phoretic 

slip on the pore wall due to the concentration gradient of the reaction products. Depending on the 

interactions between reaction product and pore wall and the local reaction product concentration 

gradient, such a phoretic slip can be in the same or opposite direction of the JCM’s diffusiophoresis. 

This can lead to very rich JCM transport behavior in the pore, similar to the situation when 

electrophoresis of particles in pores is affected by electroosmotic flows near walls.148 Here, in  

 

Figure 2-4. A schematic of a JCM translocating through a narrow pore. The JCM, with its catalytic surface 

facing the negative z-direction, is initially positioned at a distance of 𝑅𝐽𝐶𝑀 from the pore’s entrance. The 

large black arrow indicates the swimming direction of the JCM due to self-diffusiophoresis. The 𝑐𝑠 and 𝑐𝑛 

are the product concentration at the south and north poles of JCM, respectively. 
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Figure 2-5. Translocation of a JCM through cylindrical pores with different radii but same length (𝐿𝑝 =

20𝑅𝐽𝐶𝑀 ). (a) position of the JCM inside the pore at three time instants; (b-c) the evolution of JCM 

dimensionless velocity and JCM dimensionless traveling distance as the JCM “swims” through the pore. 

The plus signs in (b) mark the time instants at which the JCM exits the pore. A JCM completes its 

translocation through the pore when it reaches 𝑍∗=1, and the corresponding time instant is marked using 

by “x” in (c).  
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order to focus on the effect of confinement, these complications are neglected and that the 

diffusiophoretic slip on the pore wall are fully suppressed is assumed(e.g., by surface roughness 

or polymer coating).149-150 

To study effects of confinement on JCM translation, both 𝑅𝑝 and 𝐿𝑝 are varied systematically. 

To first examine the effect of 𝑅𝑝 , 𝛽𝑊 = 𝑅𝑝/𝑅𝐽𝐶𝑀  is gradually changed from 1.6 to 6, while 

keeping the pore length constant at 𝛽𝐿 = 𝐿𝑝/𝑅𝐽𝐶𝑀 = 20. Hereafter, all variables are presented in 

dimensionless form. Velocity of the JCM U* is scaled by the JCM’s velocity in unbounded free 

solution, 𝑈𝐽𝐶𝑀
∞  , and JCM traveling distance Z* is scaled by 𝐿𝑡 = 𝐿𝑝 + 𝑅𝐽𝐶𝑀 , i.e., the distance 

traveled by the JCM when it fully translocate the pore (see Fig. 2-4). With these choice of reference 

length and velocity, the dimensionless time is constructed as 𝜏 = 𝑡𝑈𝐽𝐶𝑀
∞ /𝐿𝑡 , where 𝐿𝑡/𝑈𝐽𝐶𝑀

∞  

represents the time for a JCM to travel 𝐿𝑡 in free solution. 

Figure 2-5a shows the translation velocity of the JCM through various pores as a function of 

time. In all cases, after self-diffusiophoresis is enabled (𝜏 = 0), the JCM quickly achieves a velocity 

close to its steady velocity in free solution (i.e., 𝑈∗ = 1). In a moderately narrow pore (𝛽𝑊 = 2), 

the evolution of the JCM’s velocity shows three distinct stages (see Fig. 2-5a and b): when the 

JCM starts to enter the pore, its velocity decreases, reaching a minimum at  < 0.25; as the JCM 

moves deeper inside the pore and toward the exit, its velocity increases, and reaches a maximum 

before exiting the pore; as the JCM reaches the exit (marked by plus signs in Fig. 2-5b), its velocity 

decreases rapidly toward its steady-state velocity in the free solution. To understand such a non-

monotonic evolution of the JCM velocity, note that the diffusiophoresis of JCM is governed by the 

phoretic slip on its surface, which in turn depends on the gradient of the RPM along its surface. 

Since the latter gradient depends on the difference of the RPM concentrations Δ𝑐𝑠𝑛 = 𝑐𝑠 − 𝑐𝑛 at 

the catalytic south pole 𝑐𝑠 and uncoated north pole 𝑐𝑛(cf. Fig. 2-4), this difference and its evolution 
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with time are examined in Fig. 2-6a and 6b. In all figures, Δ𝑐𝑠𝑛 is normalieed by the difference of 

the product concentrations at south and north poles of a JCM in free solutionΔ𝑐𝑠𝑛
∞ . The 𝑐𝑠 and 𝑐𝑛 

are normalieed by the product concentration at the north pole of a JCM in free solution 𝑐𝑛
∞. 

 

Figure 2-6. The reaction product concentration at the south and north poles of the JCM. The evolution of 

𝑐𝑠
∗ (solid line) and 𝑐𝑛

∗  (dashed line) (a), and the difference of reaction product concentration at the south and 

north poles of the JCM (b) as the JCM “swims” through the pore. 

Figure 2-6b shows that for 𝛽𝑊 = 2, when the JCM just enters the pore, Δ𝑐𝑠𝑛
∗ , decreases, which 

is consistent with the gradual decrease of U* observed in Fig. 2-5a. As the JCM moves into the 

pore, the concentrations of reaction product at both its south and north poles increases because the 

diffusion of the RPMs toward the reservoir is hindered by the pore walls, leading to a buildup of 
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RPMs on JCM surface (see Fig. 2-6a). However, 𝑐𝑠
∗ (solid line) increases slower than 𝑐𝑛

∗  (dashed 

line). This is because the transport of RPMs away from the south pole of JCM, which faces a large 

reservoir nearby, is more efficient than from the north pole, which faces the interior of a long pore 

(see Fig. 2-5a’s inset I). Consequently, Δ𝑐𝑠𝑛
∗  decreases as the JCM moves toward the pore interior 

(see Fig. 2-6b) and the self-diffusiophoresis of JCM weaken. In response, JCM slows down. 

However, as the JCM moves deeper into the pore (see Fig. 2-5a’s inset), Δ𝑐𝑠𝑛
∗  increases because 

the product molecules generated on the catalytic surface are confined more near the catalytic 

surface and transported less to the uncoated surface due to the confinement by pore walls. 

Consequently, the JCM speeds up as shown in Fig. 2-5b. Finally, when the JCM starts to move out 

of the pore (see Fig. 2-5a’s inset III), the concentration of reaction products near its south pole 

drops rapidly due to their efficient transport toward the large reservoir, leading to a rapid decrease  

 

Figure 2-7. Comparison of the average speed of sphere through pores driven by different mechanisms as a 

function of confinement 𝛽𝑊 = 𝑅𝑝/𝑅𝑠 (𝑅𝑝 and 𝑅𝑠 are the radius of the pore and sphere, respectively). For 

each transport mechanism, the average speed of the sphere inside a pore 𝑈𝑝 is scaled using the sphere’s 

speed in the free solution, 𝑈∞. Insets are the sketches of different particle transport mechanisms. 
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of Δ𝑐𝑠𝑛
∗  and the JCM velocity toward their values in free solutions.  

When the pore becomes narrower (𝛽𝑊 =1.6), effect of confinement on the transport of RPMs 

becomes stronger and Δ𝑐𝑠𝑛
∗   exhibits much larger variation as the JCM enters and leaves the pore 

(see Fig. 2-6b). These variations of Δ𝑐𝑠𝑛 modify the translation of JCM through the same physics 

discussed above, but the effects are more pronounced, e.g., the maximal speed of the JCM, which 

is achieved when the JCM is about to exit the pore, is 2.25 times of that in free solutions (see Fig. 

2-5b). On the other hand, as the pore becomes wider (𝛽𝑊 =6), the effect of confinement on JCM 

dynamics diminishes: the velocity of the JCM changes only slightly as the JCM passes through 

the pore and the JCM velocity and the translocation time are hardly affected by the presence of the 

pore walls (see Fig. 2-5b and c). 

Overall, the translocation of JCMs through the pore is slowed down rather modestly by the 

confinement. In fact, the slowdown of self-diffusiophoresis by confinement is weaker compared 

to that for the particle transport driven by other well-known mechanisms. Figure 2-7 compares the 

average speed of spheres traveling through narrow pores driven by self-diffusiophoresis, external 

body forces,151 and passive diffusiophoresis.44 In later two cases, the motion of the non-catalytic 

sphere is induced by an external body force and an externally imposed concentration gradient of 

certain solute (see the insets of Fig.2-7), respectively. For the self-diffusiophoresis of a sphere 

through a short pore, its average speed is defined as the mean velocity during its translocation 

through the pore. For transport by the latter two mechanisms, the pore is infinitely long and Stokes 

flow is assumed; for self-diffusiophoresis, the pore length is fixed at 20𝑅𝐽𝐶𝑀. Observing that, for 

𝛽𝑊= 2, the velocity of a sphere driven by external force is 82% smaller than that in free solutions. 

Such a significant slowdown is caused by the enhanced hydrodynamic drag in narrow pores.151 

For the passive diffusiophoresis in the same pore, its speed decreases less significantly, by 11%. 
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This is because, for a given externally imposed concentration gradient of solutes (usually imposed 

at distance away from the sphere), the solute concentration gradient near the sphere is greatly 

enhanced when it is confined inside a pore. This enhances the phoretic driving force and 

counteracts the enhanced hydrodynamic drag caused by confinement.45 For self-diffusiophoresis  

 

Figure 2-8. Translocation of a JCM through cylindrical pores with different lengths but the same radius 

(𝑅𝑝 = 2𝑅𝐽𝐶𝑀). The evolution of JCM dimensionless velocity (a), the 𝑐𝑠
∗ (solid line) and 𝑐𝑛

∗  (dashed line) 

(b), JCM dimensionless position (c), and the difference of reaction product concentration at the south and 

north poles of the JCM (d) as the JCM “swims” through the pore.  

of a JCM in the same pore (𝛽𝑊= 2), the slowdown by confinement is even weaker (~4%). This can 

be understood as follows. First, since the RPMs are generated on the JCM’s catalytic surface and 
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they must diffuse toward the two ends of the pore, their concentration near the JCM’s catalytic 

surface increases when the pore siee reduces. This tends to enhance the concentration gradient of 

reaction product on the JCM’s surface more greatly compared to the situation in passive 

diffusiophoresis. Second, for the translocation of JCM through a short pore by self-diffusiophoresis, 

the JCM travels faster than in free solution when it approaches the pore’s exit, which partially 

compensates the slowdown of JCM near the pore entrance (see Fig. 2-5b). Since this feature is 

absent for passive diffusiophoresis of a sphere in a long pore, the overall slowdown is weaker for 

self-diffusiophoresis. Figure 2-7 also shows that when a pore becomes very narrow (e.g., 𝛽𝑊=1.5), 

and the average speed of particle transport by self-diffusiophoresis becomes similar to that by 

passive diffusiophoresis. This is likely because, for very narrow pores, the pore entrance greatly 

slows down the JCM as it enters the pore (see Fig. 2-5b), hence the JCM takes longer time to 

translocate the pores. On the other hand, the passive diffusiophoresis of particle is measured inside 

infinitely long pores and, therefore, not affected by such an entrance effect. From the above 

discussions, it is clear that the self-diffusiophoresis of JCMs in confined geometries exhibits 

interesting new features compared to other forms of particle transport in similar geometries. 

Identifying and understanding these features are useful for improving the performance of micro-

systems in which self-diffusiophoresis is used for particle transport.  

Next, the effect of pore length 𝐿𝑝  on the JCM translocation through pores is examined by 

varying 𝛽𝐿 = 𝐿𝑝/𝑅𝐽𝐶𝑀 between 10 and 30, while fixing 𝛽𝑊 = 2. Figure 2-8a shows that, in all 

pores, the three stages of JCM translocation, during which the JCM velocity varies non-

monotonically, are still observed. In longer pores, the initial slowdown of JCM is more significant, 

consistent with the greater decrease of Δ𝑐𝑠𝑛
∗  in the longer pores during this stage (see Fig. 2-8d). 

The latter is mostly caused by the fact that, in longer pores, RPMs build up more easily near the 
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north pole of the JCM (see Fig. 2-8b), which faces the interior of the pore. In longer pores, the 

increase of the JCM speed once it is deep inside the pore is also more obvious. For example, the 

maximal velocity of JCM inside a pore increases by 15% when 𝛽𝐿 increases from 10 to 30. This 

is because, in longer pores, the build-up of the RPMs near the catalytic surface is more significant 

due to the less effective transport of these molecules from these pores to reservoir and the longer 

time the JCM spends inside these pores. Overall, Fig. 2-8c shows that, in moderately narrow pores 

(𝛽𝐿 = 2), the average speed of the JCM decreases only slightly as the pore becomes longer: as 𝛽𝐿 

increases from 10 to 30, the time for JCM to translocate through the pore increases by 8%, i.e., the 

average speed of the JCM inside the pore decreases by 8%. 

The above discussion revealed that the translocation of JCMs through pores is governed by the 

complex interplay between hydrodynamics in confinement and the transport of reaction products 

near the JCM and inside the pores. The weak dependence of the JCM’s average translocation speed 

on the pore siee and length is due to the rather strong cancellation effects of these processes. From 

an application perspective, the fact that a JCM’s average translocation speed is affected weakly by 

confinement of pore walls helps simplify its design for transport in pores because its velocity in 

free solutions can be used to estimate its translocation. It should, however, be cautioned that these 

results are obtained under the condition that the reaction rate is a constant, i.e., the effect of 

consumption of fuel on the reaction rate is assumed to be small. As discussed earlier, this 

assumption is reasonable when 𝐷𝑎 = 𝑠𝐿̅/𝐷𝑓𝐶𝑓 ≪ 1. Because the pore length is the most relevant 

length scale for fuel transport inside a pore, it follows that the above results on JCM dynamics in 

pores hold for pores with pore length smaller than 𝐷𝑓𝐶𝑓/𝑠. For much longer pores, the effects of 

fuel transport must be considered in analyeing the JCM dynamics.  
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2.2.2 Translocation of a Pair of Spherical JCMs through a Short Pore 

In practical applications and many recent experiments, many JCMs could co-exist in the 

system.92, 152-153 Because of the “crowding” of JCMs in these systems, the dynamics of individual 

JCMs can be affected greatly by the interactions between the JCMs. Here the translocation of a 

pair of JCMs through a cylindrical pore is considered to gain insights on how interactions between  

 

Figure 2-9. Translocation of a pair of JCMs through a short pore. (a-b) Evolution of the velocity (panel a) 

and the position (panel b) of each JCM as a function of time. The dashed line is the result of single JCM 

translocation through the same short pore from Fig. 2-5. A JCM completes its translocation through the 

pore when it reaches 𝑍∗=1. (c) Reaction product concentration field at 𝜏 = 0.9, when the front JCM is about 

to exit the pore (the JCMs are marked by the white circles). The black circles denote the initial positions of 

the JCMs. The arrows denote the slip velocity on the JCMs’ surface.  
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JCMs affect their transport in confinement. Specifically, two JCMs (𝑅𝐽𝐶𝑀= 1 𝜇𝑚) are positioned 

near the entrance of a short cylindrical pore (𝑅𝑝 = 2𝑅𝐽𝐶𝑀; 𝐿𝑝 = 20𝑅𝐽𝐶𝑀 ), with their axes aligned 

with the pore’s axis. The pore is open to large liquid solution reservoirs (length: 50𝑅𝐽𝐶𝑀; radius: 

50𝑅𝐽𝐶𝑀) at both ends. The distance between the center of the JCM closer to the pore and the pore 

entrance is 𝑅𝐽𝐶𝑀. The separation between the JCMs is 2𝑅𝐽𝐶𝑀 and the catalytic surfaces of both 

JCMs are facing downward (see Fig. 2-9a’s inset). The interactions between JCMs are relatively 

strong under these conditions, but it is verified in separate simulations that varying the distance 

between JCMs does not qualitatively change the results. The initial conditions and boundary 

conditions are similar to those in previous section, e.g., the JCMs are at rest for 𝜏 < 0 and allowed 

to move by self-diffusiophoresis at 𝜏 = 0.  

Figure 2-9a shows the evolution of the velocity of the two JCMs (hereafter, the JCM entering 

the pore first is termed the front JCM, while the other JCM is termed the back JCM) as they pass 

through the pore. The evolution of the velocity of both JCMs exhibit the same trend found during 

the translocation of single JCMs through the pore (dashed line in Fig. 2-9), i.e., as a JCM passes 

through the pore, the slowdown-speedup-slowdown cycle of its velocity is preserved qualitatively. 

There are, however, quantitative differences between the dynamics of the JCMs studied here and 

in Fig. 2-5a. Compared to the situation when a single JCM passes through the pore, for the front 

JCM, its initial slowdown terminates at an earlier time, its subsequent speedup is more significant 

(Fig. 2-9a), and its translocation time is ~12% shorter (Fig. 2-9b). For the back JCM, it slows down 

much more greatly as it enters the pore and becomes nearly stalled; while its speed does increase 

later and nearly reaches the maximal velocity of a single JCM passing through the same pore (Fig. 

2-9a), its net translocation time is 50% longer than that of a single JCM passing through the pore 

(Fig. 2-9b). Overall, the pairing of JCMs affects the translocation of the front and the back JCMs 
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very differently: it weakly accelerates the translocation of the front JCM, but greatly slows down 

the translocation of the back JCM. 

The different behavior of JCMs passing through a pore as pairs and as singlets and the different 

effects of JCM pairing on the translocation of the front and back JCMs originate mostly from the 

“chemical interactions” between a pair of JCMs translocating a pore.  The pairing of JCMs inside 

a narrow pore leads to a concentration field of the reaction product shown in Fig. 2-9c. Because of 

pairing, the concentration of RPM near the catalytic surface of the front JCM is enhanced greatly, 

which enhances the strength of diffusiophoresis of the front JCM (see the  phoretic slip velocity 

𝒖𝒔 indicated by the black arrows in Fig. 2-9c). Meanwhile the concentration of RPM near the non-

catalytic surface of the back JCM is elevated by the pairing of JCMs, which weakens the phoretic 

slip on the surface of the back JCM and thus slowing down its translocation. The “chemical 

interactions” between adjacent JCMs confined in narrow pores may be useful in designing 

complex system for particulate transport, e.g., they may be harnessed to accelerate or block the 

motion of a certain group of particles, hence useful for local control of system behaviors.  

2.2.3 Rotational Dynamics of Circular JCMs Near and in Short Pores 

In free solutions, self-diffusiophoresis drives a JCM to move in the direction defined by the 

vector pointing from the apex of its catalytic surface to the apex of its non-catalytic surface. For 

convenience, this vector can be identified as the “phoretic axis” of the JCM (identified as 𝒓𝑠𝑛 in 

Fig. 2-10).  In the above discussions, all spherical JCMs are positioned with their phoretic axes 

coinciding with the pore’s axis and thus they do not experience rotation. In practice, however, the 

phoretic axis of JCMs may not be fully aligned with the pore’s axis, e.g., due to thermal 

fluctuations or forces imposed by external magnetic fields.154 Therefore, it is important to 
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understand how JCMs’ orientation affects their transport into and through pores. Here, the 

transport of single JCMs in two scenarios in which their axes are not always fully aligned with the 

pore axis is studied. Since simulation of particle transport in confined space, in which a particle 

can approach the pore wall closely, is expensive, all simulations are performed in two dimensional 

spaces to explore the circular JCMs’ translation and rotational dynamics. Note that prior studies of 

the electrophoresis of charged particles in microchannel revealed that the rotation of particles 

driven by phoretic effects can be indeed captured quite well in two dimensional simulations.141-143  

 

Figure 2-10. Trajectories of JCMs with different initial inclination angles 𝜃0 near a pore’s entrance. The 

JCM’s center is initially positioned at z=0. For small 𝜃0, the JCM can rotate toward the pore interior and 

swim into the pore. For large 𝜃0, the JCM either collides with the pore wall or swim away from the pore. 

In this first scenario, a circular JCM is initially positioned at the entrance of a pore with its 

center on the pore’s axis and its phoretic axis forming an inclination angle 𝜃0 with the pore’s axis 

(identified as 𝒓𝑐 in Fig. 2-10). The JCM has a radius of 𝑅𝐽𝐶𝑀 = 1 𝜇𝑚 and the pore has a width of 

6𝑅𝐽𝐶𝑀 and a length of 50𝑅𝐽𝐶𝑀. Two large reservoirs are included at the pore’s two ends. The pore 
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walls are treated as no-slip and non-permeable surfaces. At 𝜏 =0, the entire system is free of RPM 

and both the fluids and the JCM have eero velocity. At 𝜏 > 0, the JCM is allowed to move by self-

diffusiophoresis.  

Figure 2-10 shows the trajectories of the JCMs with different initial inclination angles 𝜃0. The 

dynamics of the JCM greatly depends on 𝜃0 . For small 𝜃0  (e.g., 𝜃0 = 45o ), initially, the JCM 

mostly moves toward the right pore wall with little rotation. Once it is close to the pore’s right 

wall, the JCM rotates rapidly in the counter-clockwise direction and turns into the pore and its 

phoretic axis become aligned with the pore’s axis. For large 𝜃0  (e.g., 𝜃0 = 60o  and 90o) , the 

initial stage of JCM movement is similar to that for small 𝜃0. However, by the time the JCM is 

close to the right pore wall, the JCM rotates in the clockwise direction. This rotation causes the 

JCM’s phoretic axis to become less aligned with the pore’s axis, and the JCM either collides with 

the pore entrance (𝜃0=60 ̊) or swims toward the reservoir (𝜃0=90 ̊).  

To understand these observations, note that the rotation of a JCM is determined by the net 

torque acting on it, which in turn depends on the distribution of the viscous stress on its surface 

(see Eqn. 2-12). The viscous stress at any point on a JCM’s surface scales as 𝜎𝑠~𝜇𝑢𝑡/ℓ, where 𝑢𝑡 

is the local fluid velocity tangential to the JCM’s surface and ℓ is the length over which the fluid 

velocity decays to eero as one moves away from the JCM’s surface. For a JCM near pore walls, ℓ 

can be taken as the distance from the JCM surface to the nearest wall, 𝐿𝑠𝑤. Given that the velocity 

of fluids on the JCM surface is usually dominated by the phoretic slip velocity 𝑢𝑠, 𝜎𝑠~𝜇𝑢𝑠/𝐿𝑠𝑤 is 

obtained. The part of a JCM’s surface on which the phoretic slip velocity 𝑢𝑠 points in the counter-

clockwise (clockwise) direction with respect to its center experiences a local stress in the clockwise 

(counter-clockwise) direction, and is defined as Γ𝑐 (Γ𝑐𝑐) and labeled by green (yellow) curves in 

Fig. 2-11. Based on these analyses, the local viscous stress on JCM’s surface is likely controlled 
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by two effects: the chemical effect and the hydrodynamic effect. The chemical effect refers to the 

fact that the viscous stress depends on 𝑢𝑠 , which is determined by the tangential gradient of 

chemical species (in this case, the product of the catalytic reactions) on the JCM’s surface as shown 

by Eqn. 2-7. The chemical effect depends strongly on the transport of the reaction products, which 

is affected by the confinement by pore walls. The hydrodynamic effect refers to the fact that, for a 

given 𝑢𝑠, the local viscous stress depends on the fluid flow near the JCM’s surface, or roughly the 

distance from the JCM surface to the nearest pore wall as pointed out above. 

 

Figure 2-11. Distribution of the phoretic slip velocity us on the surface of JCMs when they approach the 

pore wall. Each JCM is originally placed at the pore entrance with an inclination angle 𝜃0 as shown in Fig. 

2-10. The surface on which 𝑢𝑠 points in the clockwise (counter-clockwise) direction with respect to the 

JCM center and the local viscous stress causes a counter-clockwise (clockwise) torque is defined as Γ𝑐𝑐 (Γ𝑐). 

In (a) and (c), 𝑢𝑠 is taken, hypothetically, to be that for JCM in the free solution to isolate the hydrodynamic 

effect on JCM rotation. In (b) and (d), the real 𝑢𝑠 determined in simulations is shown to help delineate the 

chemical effects on JCM rotation.     
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Both hydrodynamic and chemical effects contribute greatly to the dependence of a JCM’s 

rotation on its initial inclination angle 𝜃0 . For clarity, the pure hydrodynamic effect is first 

examined. To this end, the phoretic slip velocity 𝑢𝑠 (black arrows in Fig. 2-11) on the surface of a 

JCM is assumed to be identical to that when the JCM is located in unbounded free solution 

regardless its location and orientation in the system. When a JCM is placed at the entrance of the 

pore with 𝜃0 = 45 ̊, initially, the JCM swims toward the pore wall with little rotation. Once JCM is 

near pore wall (e.g., at 𝜏 = 0.34, see Fig. 2-11a), the viscous stress 𝜎𝑠 on the Γ𝑐𝑐 surface becomes 

larger than that on the Γ𝑐 surface:  while the slip velocity distribution on the Γ𝑐𝑐 and Γ𝑐 surface is 

the same, 𝐿𝑠𝑤 is smaller on the Γ𝑐𝑐 surface than on the Γ𝑐 because of the small inclination angle of 

the JCM. As a result, the net torque generated by the viscous stress on the Γ𝑐𝑐 surface is stronger 

than that on the Γ𝑐 surface, and the JCM rotates in the counter-clockwise. Next the role of chemical 

effects in the rotation of the JCM is examined. To this end, recall that confinement affects the 

transport of reaction product near the JCM and thus the 𝑢𝑠 distribution on JCM’s surface. In Fig. 

10b, the real 𝑢𝑠 (black arrows) on the JCM’s surface at 𝜏 = 0.34 is plotted. The area of the JCM’s 

surface (yellow) on which 𝑢𝑠  points to the clockwise direction is larger than the area of the JCM’s 

surface (green) on which 𝑢𝑠 point to the counter-clockwise direction, i.e., Γ𝑐𝑐 is larger than Γ𝑐. The 

larger area of Γ𝑐𝑐  than Γ𝑐  tends to increase the net torque exerted on the JCM in the counter-

clockwise direction, and thus the JCM rotates in the counter-clockwise direction and swims deeper 

into the pore.  

For the JCM with an initial inclination angle of 𝜃0= 60, again the pure hydrodynamic effects 

is considered. Figure 2-11c shows the sketch of the JCM at 𝜏 = 0.24, in which the slip velocity 𝑢𝑠 

on the JCM’s surface is taken as that for JCM in free solution. In this case, because of its large 𝜃0, 

most of the Γ𝑐𝑐 surface faces the reservoir instead of right pore wall and most of the Γ𝑐 surface 
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faces the pore interior, which are in sharp contrast with the situation for the JCM with 𝜃0=45 (see 

Fig. 2-11a). As a result, the 𝐿𝑠𝑤  for the majority of the Γ𝑐𝑐  surface is larger than that for the 

majority of the Γ𝑐 surface. Hence the viscous stress is stronger on the Γ𝑐 surface than on the Γ𝑐𝑐 

surface, and the resulting net torque drives the JCM to rotate in the clockwise direction. The 

chemical effect is examined by considering the real phoretic slip velocity 𝑢𝑠 on the JCM surface 

(see Fig. 2-11d). Compared to those shown in Fig. 10c, the area of the Γ𝑐 surface facing the pore 

interior/wall and the area of the Γ𝑐𝑐 surface facing the reservoir both increases. Consequently, the 

𝐿𝑠𝑤  on the Γ𝑐𝑐  surface increases, while the  𝐿𝑠𝑤  on the Γ𝑐  surface decreases. These changes 

enhance (reduce) the viscous stress on the Γ𝑐 (Γ𝑐𝑐) surface and increase the net torque acting on 

the JCM in the clockwise direction. Hence, the chemical effect further enhances the clockwise 

rotation of the JCM. 

 

Figure 2-12. The self-alignment behavior of JCM swimming inside a pore. The JCM was initially placed 

near the pore entrance with phoretic axis fully aligned with the pore axis. An external, clockwise torque 

was applied on the JCM during 𝜏=0.34-0.52 to rotate the JCM in the clockwise direction. (a-b) The 

trajectory (a) and the inclination angle (b) of the JCM as a function of time. (c) The distribution of the 

reaction product near the JCM at 𝜏=0.87. The black arrows denote the phoretic slip velocities on the JCM’s 

surface. 
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For 𝜃0 = 90, the mechanism of the rotational motion of JCM is similar to 𝜃0 = 60 ̊. The 

imbalance of stress distribution causes net, clockwise torque acting on the JCM and drives it to 

rotate in clockwise direction. However, because of the larger initial inclination angle, the JCM 

swims toward the reservoir instead of colliding with the pore wall. 

In this second scenario, the rotation of a JCM inside a pore when its phoretic axis becomes 

misaligned with the pore axis is studied. As shown in Fig. 2-12a, initially a JCM swims toward a 

pore entrance with its phoretic axis fully aligned with the pore axis. At 𝜏 = 0.34, when the JCM is 

inside the pore, an external torque is applied on the JCM for 1s, forcing it to rotate in the clockwise 

direction. At 𝜏 = 0.52, the inclination angle of the JCM reaches 40. The external torque is then 

removed and the JCM swims solely by self-diffusiophoresis. This problem mimics the situation in 

which the JCM become misaligned with the pore axis due to reasons such as thermal fluctuations. 

The siee of the JCM, the pore, and the reservoir are the same as those in the scenario 1.  

Figure 2-12 shows the trajectory of the JCM and its inclination angle as a function of time. The 

JCM exhibits a self-alignment behavior after the external torque was removed: (1) it moves away 

from the right pore wall and its inclination angle decreases, (2) eventually, the JCM becomes 

centered across the pore with its phoretic axis aligned with the pore axis. The first observation is 

similar to that observed when a JCM approaches an open, planar wall with its phoretic axis initially 

forming an angle less than 90.109-110 This self-alignment behavior is a result of the combined 

chemical and hydrodynamic effects. When the JCM deviates from the pore axis and approaches 

the right pore wall as shown in Fig. 2-12a, the distance between the JCM’s surface facing the right 

wall decreases, and hydrodynamics effects causes the viscous stress 𝜎𝑠~𝜇𝑢𝑠/𝐿𝑠𝑤 on this surface 

to increase. Meanwhile, the phoretic slip velocity on the JCM’s surface facing the right wall 

increases due to chemical effects, and thus enhances the viscous stress on this surface. The 



47 

 

increased viscous stress on the JCM’s surface facing the right wall leads to a net counter-clockwise 

torque acting on the JCM. Such a net torque drives the JCM to rotate in counter-clockwise direction 

so that its phoretic axis becomes more aligned with the pore axis. Moreover, when the JCM is 

close to wall and rotating, it generates a high concentration eone for the reaction product near the 

wall (see Fig. 2-12c). Such a high concentration eone triggers the horieontal diffusiophoresis of 

the JCM toward the pore center. Because of the rotation and horieontal movements, the JCM tends 

to swim away from the pore wall and thus exhibit the self-alignment behavior shown in Fig. 2-12a 

and b.  

2.3 Conclusions 

The translational and rotational dynamics of JCMs in confined geometries driven by self-

diffusiophoresis were studied using direct numerical simulations. The simulations revealed that 

JCMs can exhibit rich dynamic behavior under confined conditions. For the translocation of a 

single spherical JCM through a short cylindrical pore, while the JCM is slowed down by the pore 

on average, the speed of the JCM can exceed that in free solutions when the JCM approaches the 

pore exit. The overall slowdown of self-diffusiophoresis becomes more obvious when the pore 

siee reduces, but its dependence on the pore siee is much weaker than the transport of particles 

driven by external force or externally imposed concentration gradients. For the translocation of a 

pair of JCMs through a pore, when both of their catalytic surfaces are facing the bottom reservoir 

direction, the front JCM speedups but the back JCM slows down. For a circular JCM near a pore 

entrance and with its phoretic axis not aligned with the pore axis, the JCM can enter the pore and 

its phoretic axis becomes fully aligned with the pore axis if its initial inclination angle is small. 

Otherwise, the JCM either collides with the pore entrance or moves away into the reservoir. For a 
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JCM already inside a pore, self-diffusiophoresis can align the JCM’s phoretic axis with the pore 

axis and drive it toward the pore center for the parameters considered here.  

Analyses showed that these rich behaviors have both hydrodynamic and chemical origins. In 

particular, the modification of the chemical species concentrations surrounding a JCM by wall 

confinement and its neighboring JCMs, which is called “chemical effect”, plays a key role in 

determining the translation and rotation of the JCMs. In ordinary particulate transport problems, 

chemical species in the solution and their transport have little or no impact on the particulate 

transport. In the self-diffusiophoresis of JCMs, however, chemical effects become important 

because the gradient of chemical species on their surface impacts the phoretic slip velocity on the 

surface. These effects, while received relatively little attention so far, are especially significant 

when the confinement is severe or when JCMs approach each other. Given these situations are 

increasingly encountered in the applications of JCMs, these chemical effects should be taken into 

account in the design and operation of JCMs in these applications. 
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 Bubble-Induced Collective Motion of JCMs† 

In this Chapter, a new collective movement of Janus catalytic motors (JCMs) induced by 

bubble nucleation, growth, and collapse is studied. Experimentally, it has been observed that, when 

multiple JCMs are randomly crowded into a small region, bubbles start to form. When a single 

bubble is formed, it sets off the collective motion of its neighboring JCMs. During its growth, the 

bubble forces the participating JCMs to arrange around its base in a ring-like structure and draws 

them towards the center of the ring, until the bubble collapses. This process repeats until the fuel 

is exhausted. This process is very different from the previously reported collective/schooling 

behaviors and bubble propulsion of micromotors. Below the experimental setup involved in this 

collective movement of JCMs is briefly reviewed. Next a hypothesis for the newly discovered 

collective motion of JCMs is proposed. Finally, numerical simulations are performed to support 

the hypothesis and the validation of the hypothesis by controlled experiments are presented.  

3.1 Brief Summary of Experimental Observations 

A droplet of suspension loaded with JCMs was first deposited on clean Si and observed under 

the microscope. Another droplet of 10 – 20 % H2O2 solution was then added to the first droplet. 

For the high concentration (3 × 105 motors/ml) 5-m JCM suspended in the H2O2 solution, no 

bubbles are observed initially and the JCMs exhibit autonomous diffusiophoretic motion.117, 155  

                                                           

† This chapter is adapted from the following paper (Ref. 101): 

M. Manjare, F.C. Yang, R. Qiao, and Y.P. Zhao, “Marangoni Flow Induced Collective Motion of Catalytic 

Micromotors”, J. Phys. Chem. C 2015, 119, 28361-2836732, 5580–5592.  

Permission for using this paper here has been granted by the American Chemical Society. The experimental work 

reviewed briefly in this chapter was performed by Manjare, M. and Zhao, Y. P. of University of Georgia. 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=SQL3cOcAAAAJ&authuser=1&citation_for_view=SQL3cOcAAAAJ:u5HHmVD_uO8C
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=SQL3cOcAAAAJ&authuser=1&citation_for_view=SQL3cOcAAAAJ:u5HHmVD_uO8C
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Figure 3-1. Snapshots of JCMs as they get densely populated in a small region and the subsequent bubble 

and ring formations. The small black dots are the 5 m diameter JCMs. 

However, after a short period of time (~ 30–60 s), when JCMs drift randomly in the droplet, 

sometimes more than 2 or 3 JCMs come very close to each other. This type of “aggregation" is 

assumed to be random since it is observed to occur repeatedly at different locations in the liquid 

film. Once the JCMs come close to each other, a visible bubble starts to form in between JCMs. 

The bubble forces the adjacent JCMs to arrange at its base in a circle. As the bubble grows, it draws 

the JCMs in its vicinity towards the center of the circle. Once the bubble grows to a critical Rmax 

(typically between 50 – 75 μm), it collapses within a short period of time (<1 ms). However, the 

circular ring of JCMs is maintained and a new bubble starts to nucleate at the center of the ring 

and the above process repeats till the fuel is exhausted. The number of JCMs that can induce such 

a phenomenon is arbitrary. Figure 3-1 is a series of snapshots of a video taken during this process. 

It shows the process of initial swarming of JCMs, the bubble growth, and then the new bubble 

nucleation after previous one has collapsed. The new bubble also reaches approximately the same 

radius, Rmax, before it collapses and the cycle continues. It is important to note that the bubble is 

not attached to the surface of any JCMs and all the JCMs seem to collectively feed the bubble with 

O2 from their catalytic conversion of H2O2. As the time stamps indicate, the bubble growth-

collapse cycles can be very fast. In one second, as many as 20 to 30 cycles of bubble growth and  
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Figure 3-2. After the initial bubble collapse, the JCMs are locked in a ring. They all travel towards the 

center of the bubble as it grows. (a) The screenshot of an instant when new bubble starts to grow. The black 

lines highlight the trajectory of each motor. (b) The histogram of the decomposed displacements of JCMs 

in the radial and the tangential directions (for each JCM, the line pointing from the center of bubble to the 

center of the JCM is defined as the radial direction). 

collapse can be observed and the JCM’s speed during those cycles can reach a few hundred μm/s. 

However, slower cycles which take up to 1 s are also observed. The expected motion of JCMs due 

to diffusiophoresis, which is to travel in the opposite direction of the catalyst surface, is ceased and 

the micromotors are locked in these ring structures. Figure 3-2a shows the snapshot of a video 

sequence at a moment when the initial bubble of the cycle has just collapsed. Superimposed are 

the trajectories that each JCM motor follows after this image was taken. The red arrows denote the 

directions of the JCM motions. The JCMs all travel approximately toward a common point, which 

is the center of the bubble. This can be seen more clearly by examining the histograms of the 

displacement of each JCM. Specifically, for each JCM, it is defined the line pointing from the 

center of bubble to the center of the JCM as the radial direction. Then the JCM’s displacement 

during one bubble growth-burst cycle is decomposed into a radial and a tangential component. As 

shown in Fig. 3-2b, the histogram of these two displacement components demonstrates that the net 

(a) (b) 
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displacement of JCMs is towards the bubble center. The bubble itself is not necessarily fixed to a 

location on Si substrate and is sometimes observed to move in the horieontal plane, with the ring 

moving with it. For example, the bubbles move laterally with a translation speed varying from 20 

m/s to 60 m/s depending on the ring siee. 

 

Figure 3-3. Log-log plot of the bubble growth radius Rb as a function of time t for different groups 

(hydrophobic and hydrophilic) of motors. Each different symbol represents a new bubble cycle. The red 

dotted line represents the power law fitting Rb ~ tn with n = 0.7. 

The bubble growth in crowded JCM system followed a power law that deviates from the typical 

one observed in supersaturation-driven bubble growth. Figure 3-3 shows that the growth of bubble 

follows a power law,156 i.e. Rb ~ tn, with n = 0.7 ± 0.2, for all cases observed. Such a growth law 

differs significantly from that for bubbles attached to single JCMs, where n is typically ~ 0.33 due 

to the nearly constant feed of oxygen into bubble.117, 155. The growth law observed here also differs 

from the growth of bubbles in homogeneous fluids supersaturated with oxygen, where Rb ~ t0.5.  

Several interesting bubble behaviors are observed in this bubble-induced collective motion of 
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JCMs. As established in previous reports117, 155, no bubbles can be observed on individual 5 μm 

JCM beads. However, in this reported bubble-induced collective motion of JCMs, bubbles 

appeared when multiple JCMs came together. Finally, the collapse of the bubbles happens within 

1 ms, which is too fast to be explained by dissolving. The underlying mechanisms of bubble 

formation, growth and collapse are discussed in details in Chapter 4.  

3.2 Evaporation-Induced Collective Motion of JCMs 

3.2.1 Hypothesis and Scale Analysis 

In this section, the mechanism of the bubble-induced collective motion of JCMs is investigated 

through scale analysis and numerical simulations. Although the collective motion has been studied 

in detail in biological systems and many theoretical models exist on the prediction of their 

behaviors157, the same approach could not be used for the phenomenon observed. The collective 

motion of the JCMs is synchronieed with the bubble growth and collapse cycles. As noted before, 

the orientation of motors does not influence the motion. This implies that diffusiophoresis is not 

the dominant driving mechanism. The motion analysis of JCMs observed during bubble growth 

indicates that JCMs move toward the bubble’s base with a speed up to a few hundreds of 

micrometers per second. Such a collective movement of the JCMs is too fast to be caused by the 

self-diffusiophoresis mechanism.158-159 The collective movement of JCM can also be due to the 

entrainment by bubble growth-induced flows, but calculations indicated that entrainment due to 

such flow (~O(1 𝜇𝑚/𝑠)) is too weak to explain the fast movement of JCMs observed 

experimentally.  

Here, it is hypothesieed that the fast movement of JCMs toward bubble’s base is caused by the 
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Figure 3-4. A schematic of the evaporation induced Marangoni flow. Cooling via evaporation at the top 

surface of the liquid film creates a temperature gradient along bubble surface. Such a temperature gradient 

generates a Marangoni stress on bubble surface, which in turn induces a Marangoni flow in the vicinity of 

the bubble. 

evaporation-induced Marangoni flow near the bubble since the observing liquid drop is thin (~ 100 

m) on Si substrates. As shown in Fig. 3-4, the evaporation of water on the top surface of the liquid 

film induces a heat flux, 𝑞𝑒
′′, which causes the liquid at the bottom of the bubble to be warmer than 

that at the top of the bubble. Since the surface tension of water decreases as temperature increases, 

the surface tension of water is higher at top of the bubble than at the bottom of the bubble. This 

variation of the surface tension along the bubble surface drives a Marangoni flow160, which can 

entrain JCMs near the substrate toward the bubble’s base.  

To estimate whether the Marangoni flow postulated above can entrain JCMs with the speed 

observed experimentally, a scale analysis is performed next. Previous studies indicate that the 

evaporation rate at the surface of the droplet and thin liquid films is governed by the diffusion of 

water vapor from the liquid-air interface toward the surrounding atmosphere, and the air at liquid 

film surface is saturated by water 161. Therefore, for the thin liquid film containing the JCMs, the 
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average cooling rate qe¢¢  on its top surface due to evaporation is given by  

 ; and  


 1
*

2 w

f

eva C
R

S
Dm ,  (3-1) 

where Rf is the radius of the thin liquid film, hw is the latent heat of water, S = 4Rf is the shape 

factor for mass diffusion from a thin film of radius Rf toward a semi-infinite domain162, D here is 

the diffusion coefficient of water vapor in the air, 𝐶𝑤
∗  is the saturation concentration of water in air, 

and 𝜑 is the relative humidity of surrounding atmosphere. In the present experiments, the water 

film on the substrate has a radius of ~ 5 mm. Hence, the cooling flux is calculated as 

qe¢¢ = 200W /m2
  if the relative humidity of the surrounding environment is 50% and the 

thermophysical properties of water at room-temperature are used (k = 0.563 W/(m.K), D = 2.82 × 

10-5 m2/s, hw = 2260 kJ/kg). This cooling heat flux generates a temperature gradient along bubble 

surface, which in turn leads to a surface tension gradient (i.e. Marangoni stress) and flow along 

the bubble surface. The strength of the induced flow can be estimated by balancing the Marangoni 

stress with the viscous stress, i.e., 
𝑑𝜎

𝑑𝑇
∇𝑠𝑇~𝜇∇𝑛𝑢𝜏, where 𝑢𝜏 is the fluid velocity tangential to the 

bubble surface, 𝜎 is the surface tension, 𝜇is the viscosity of water, and ∇𝑠 (∇𝑛) is the gradient 

along the tangential (normal) direction of the bubble surface. Using the bubble radius as the 

characteristic length for the induced flow and assuming that the temperature gradient along the 

bubble surface ∇𝑠𝑇 is similar to the average temperature gradient of fluid temperature across the 

liquid film 
𝜕𝑇

𝜕𝑦

̅
, the fluid velocity at bubble surface is 𝑈~

𝛽

𝜇

𝜕𝑇

𝜕𝑦

̅
𝑅𝑏, where 𝑅𝑏 is the bubble radius. 

Since the heat transfer in the liquid film is dominated by conduction, 
𝜕𝑇

𝜕𝑦

̅
~

𝑞𝑒
′′

𝑘
 , where 𝑘  is the 

thermal conductivity of water. Therefore, the velocity scales as 𝑈~
𝛽

𝜇

𝑞𝑒
′′

𝑘
𝑅𝑏. Hence, for a 10𝜇𝑚-
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radius bubble in such a water film, the velocity of the Marangoni flow is ~ 100𝜇𝑚/𝑠 at the bubble 

surface if the relative humidity of the environment is 50% and the thermophysical properties of 

water at room-temperature are used (𝜇=0.001 Pa⋅s and 𝛽=𝑑𝜎/𝑑𝑇=-1.514×10-4𝑁/(𝑚 ⋅ 𝐾)).  The 

entrainment of JCMs by such a strong Marangoni flow can potentially lead to the fast transport of 

JCMs observed in experiments. 

3.2.2 Numerical Simulation of Marangoni Flow in the Vicinity of a Bubble 

To quantify the strength of the evaporation-induced Marangoni flow, such flow near a single 

bubble under the axisymmetric condition is simulated as sketched in Fig. 3-5. The bubble is treated 

as spherical, attached to the substrate with an approximately eero contact angle. Since the 

Marangoni flow mainly exists in the vicinity of the bubble, the length of the simulation domain, L, 

is set to be 300 μm (using a larger length only changes the result slightly). The thickness of the 

liquid film, H, is set as 100 μm, similar to that in the experiments. Since the dimension of 

simulation domain is much smaller than the liquid film, the top surface of the simulation domain 

can be treated as flat.163 The simulation system features a single bubble attached to a substrate 

covered by a thin liquid film. To simulate the fluid flow and heat transfer near the bubble, the 

temperature and flow fields are assumed to be at quasi-steady state during the growth of the bubble. 

This is a good approximation because both the Peclet and Reynolds numbers are small.164 

Specifically, in this case, using the bubble radius as the characteristic length scale (Rb ~ O(10 μm)), 

and the JCM velocity as the characteristic velocity scale (U ~ O(100 μm/s)), the Peclet number Pe 

~ O(10-2) and the Reynolds number Re ~ O(10-3) are obtained. Under the quasi-steady conditions, 

the temperature field observes the Laplace equation, and the flow field observes the Stokes 

equations. In the heat transfer model, eero heat flux is applied on the bubble surface. The 
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temperature of the substrate is set to Ts = 293.15 K. Generally, the cooling flux on the surface of a 

finite-sieed liquid film/droplet is non-uniform, which plays a key role in generating the Marangoni 

flow that spans the entire liquid film/droplet.165-167 However, in this study, this non-uniformity is 

neglected and the uniform cooling flux of qe¢¢  = 200 W/m2 computed above is implemented. Such 

a treatment is reasonable here for two reasons. First, because the water film has a much larger 

radius compared to the bubble and most bubbles are positioned away from the edge of the film, 

the cooling flux on the surface of the water film near these bubbles is rather uniform. Second, the 

non-uniformness of the cooling on the surface of the liquid film only weakly affects the Marangoni 

flow near the bubble, the focus of the present study. To capture the flow induced by the Marangoni 

stress and growth of the bubble, the bubble surface moves with a speed measured from experiments, 

and an extra Marangoni stress due to the temperature gradient is added to both bubble surface and 

the liquid film surface. The substrate is set as a no-slip and impermeable wall. The detailed 

mathematical models and implementation for the fluid and thermal transport problem is described 

below. 

 

Figure 3-5. System used to investigate the evaporation-induced Marangoni flows: a spherical bubble is 

anchored on a substrate, which is covered by a thin liquid film.  

 

water film 
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Figure 3-5 shows a detailed schematic of the simulation system, with each boundary labeled. 

Since the gas inside has a low viscosity and thermal conductivity comparing to the liquid, the flow 

and heat transfer inside the bubble is neglected. The thermal transport in the system is governed 

by164-165 

 ∇2𝑇 = 0, (3-2) 

with boundary condition given by 

 −𝒏 ⋅ (−𝑘∇𝑇)|Γ𝑏
  = 0    (adiabatic bubble wall), (3-3)  

 T|Γ𝑠
  = 293.15K     (fixed substrate temperature), (3-4)  

 −𝒏 ⋅ (−𝑘∇𝑇)|Γ𝑐
  = 0     (adiabatic wall at domain boundary Γ𝑐), (3-5)  

 −𝒏 ⋅ (−𝑘∇T)|Γ𝑓
= 𝑞𝑒

′′      (uniform cooling flux on film surface), (3-6) 

where T is the temperature, 𝒏 is the surface normal vector, and k is the thermal conductivity of the 

liquid film (taken as water). 𝑞𝑒
′′ is the cooling flux due to evaporation and is taken to be 200 𝑊/𝑚2 

as explained in the main text. The fluid flow is governed by the Stokes equations  

 ∇ ⋅ 𝒖 = 0, (3-7) 

 𝜇∇2𝒖 = ∇𝑝, (3-8) 

where 𝒖 and p are the velocity and pressure, respectively. 𝜇 is the viscosity of the water (taken as 

1 mPa·s). The boundary conditions for equations (6) and (7) are given by 

 𝒖|Γs
 = 0    (no-slip on substrate), (3-9) 

  𝜇(∇𝒖 + (∇𝒖)𝑇) ∙ 𝒏|Γ𝑐
= 0    (stress free domain boundary Γ𝑐), (3-10) 

 𝜇
𝜕𝒖

𝜕𝒏
|Γ𝑓

= 𝛽
𝜕𝑇

𝜕𝒔
|Γ𝑓

     (Marangoni stress on film’s top surface), (3-11) 
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where s is the tangential direction of a surface. The boundary conditions on bubble surface are 

more complicated and are determined as follows. In addition to the Marangoni stress on the top 

surface of the liquid film (Equ. 3-11), the fluid flow in the system is driven by two additional 

sources: the Marangoni stress on the bubble surface and the growth of the bubble, which displaces 

surrounding fluids. The former induces a velocity tangential to the bubble surface, 𝒖1
𝑏. The latter 

leads to a generally outward velocity 𝒖2
𝑏 on the bubble surface. Hence the boundary conditions on 

the bubble surface can be given by 

 𝒖|Γ𝑏
 = 𝒖1

b + 𝒖2
𝑏. (3-12) 

The velocity field corresponding to 𝒖1
𝑏 satisfies  

 𝜇
𝜕𝒖𝟏

𝒃

𝜕𝒏
|Γ𝑏

= 𝛽
𝜕T 

𝜕𝒔
|Γ𝑏 . (3-13) 

Experimentally, it was observed that the bubble typically grows to ~60 m in ~0.6s with its bottom 

barely lifting from the substrate. In line with these observations, velocity 𝒖2
𝑏 was constructed to 

satisfy two conditions simultaneously (1) the bubble radius grows at a speed of 100 m/s and (2) 

the bubble remains spherical and its south pore remains in touch with the substrate.  

Equations 3-(2-13) form a complete description of the temperature and velocity field within 

the system. At any time instant t, the bubble radius was determined using the constant growth 

speed assumed above. The quasi-static temperature field was then computed by solving Equ. 3-(2-

6). Next, the quasi-static velocity field was obtained by superimposing the velocity fields of two 

auxiliary problems, i.e., 𝒖 = 𝒖1 + 𝒖2. In the first auxiliary problem, the bubble surface has no 

outward velocity (i.e., bubble does not grow), and the bubble surface and the liquid film surface 

are subjected to the Marangoni stress. In the second auxiliary problem, the bubble surface moves 
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according to the 𝒖2
𝑏  constructed above, while the bubble surface and the liquid film surface 

experience no tangential stress. The velocity field 𝒖1 is governed by  

 ∇ ⋅ 𝒖1 = 0  (3-14) 

 𝜇∇2𝒖1 = ∇𝑝1  (3-15) 

 𝒖1|Γs
 = 0  (3-16) 

 𝜇(∇𝒖1 + (∇𝒖1)𝑇) ⋅ 𝒏|Γ𝑐
= 0  (3-17) 

 𝜇
𝜕𝒖𝟏

𝜕𝒏
|Γ𝑓

= 𝛽
𝜕𝑇

𝜕𝒔
|Γ𝑓

  (3-18) 

 𝒖1 ⋅ 𝒏|Γ𝑏
= 0  (3-19) 

 𝜇
𝜕𝒖𝟏

𝜕𝒏
|Γ𝑏

= 𝛽
𝜕T 

𝜕𝒔
|Γ𝑏     (3-20) 

The velocity field 𝒖2 is governed by 

 ∇ ⋅ 𝒖2 = 0 (3-21) 

 𝜇∇2𝒖2 = ∇𝑝2 (3-22) 

 𝒖2|Γs
 = 0 (3-23) 

  𝜇(∇𝒖2 + (∇𝒖2)𝑇) ⋅ 𝒏|Γ𝑐
= 0 (3-24) 

 𝜇
𝜕𝒖𝟏

𝜕𝒏
|Γ𝑓

= 0 (3-25) 

 𝒖2|Γ𝑏
= 𝒖2

𝑏 (3-26) 

It is straightforward to show that 𝒖 = 𝒖1 + 𝒖2 satisfies Equations 3-(7-13).  



61 

 

 

Figure 3-6. The mesh used in simulations in which the bubble radius is 20μm. 

The models described above were solved using a finite element package COMSOL. The 

computational domain is discretieed into a triangular mesh. A typical mesh used in simulations, 

which consisted of 22645 free triangle elements, is shown in Fig. 3-6. The temperature and velocity 

field were solved using COMSOL’s CFD and heat transfer modules. The simulations 

corresponding to time instants were performed at which the bubble radius was 10, 20 and 30 m.  

 

Figure 3-7. Marangoni flow in the vicinity of the bubble within a cooling liquid film. (a) The velocity field 

(blue vectors) and temperature contours (red lines) are calculated for a bubble radius of 30 μm. The 

thickness of the liquid film is 100 μm, and a uniform cooling flux of 200 W/m2 is applied on the liquid film 

surface. (b) Temperature profile across the liquid film at a radial position of 100 μm. 

Based on above setup, the thermal and fluid transport inside water were solved (i.e., outside of 

the bubble, see the shaded region in Fig. 3-5) and obtained the velocity and temperature fields near 

a bubble attached to the substrate during bubble growth. Figure 3-7 shows the velocity and 
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temperature fields at the moment when bubble radius Rb is 30 μm. It is observed that the cooling 

at the top surface of the liquid film induces a temperature gradient along bubble surface. This 

temperature gradient generates a strong Marangoni flow in the vicinity of the bubble. The 

magnitude of the Marangoni flow is on the order of O (100 μm/s), which is consistent with the 

observations above. Figure 3-7 shows that the Marangoni flow at positions near the substrate is 

directed toward the bubble base, which can potentially entrain JCMs toward the bubble. To more 

quantitatively examine the entrainment of JCMs by the Marangoni flow, the radial velocity of the 

Marangoni flow at a distance of 5 μm above the substrate is plotted (see Fig. 3-8), where the JCMs  

 

Figure 3-8. The radial velocity of the Marangoni flow in the vicinity of a bubble. Flow velocities are 

evaluated at a position of 5 μm above the substrate (dashed line in the inset). The thickness of the liquid 

film is 100 μm, and a uniform cooling flux of 200 W/m2 is applied to the film surface. The negative velocity 

corresponds to the flow toward the bubble base. 

are observed in the experiments. A positive/negative velocity means the flow is directed 

outward/toward bubble base. Figure 3-8 shows that, except in the immediate vicinity of bubble 

surface, the fluid moves toward bubble base. For example, for a bubble with a radius of 10 μm, 

fluids movement toward bubble base with a speed ~ O(10 μm/s) exists in the region ~ 2Rb from 
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the bubble surface. As the bubble grows larger, the flow that can entrain JCMs enhances; but its 

speed remains ~ O(10-100 μm/s), and the region within which JCMs are strongly entrained remains 

~ 2Rb. Note that there exists a region in the immediate vicinity of bubble surface, where the radial 

velocity is positive. This positive velocity corresponds to the deflection of the fluid flow by the 

bubble surface (Fig. 3-4). From Fig. 3-7 and 3-8, it is found that the direction and speed ~ O(10-

100 μm/s) of the evaporation-induced Marangoni flow predicted in the simulation help explain the 

fast, collective movement of JCMs toward the bubble base.  

As the Marangoni effects are induced by the evaporation of water at the top surface of the 

liquid film, whose intensity is controlled by the relative humidity of the surrounding air (see Equ. 

3-1), it is expected that the collective motion of JCMs to be suppressed if the relative humidity of 

the air is increased. Preliminary experiments were performed to confirm this claim by placing the 

entire liquid film loaded with micromotors inside a glass enclosure sealed by a glass slide. The 

bottom portion of the glass enclosure was filled with warm water to increase the humidity and 

prevent liquid evaporation. Under this condition, the collective bubbling effect disappeared, which 

supports the hypothesis that the Marangoni effects are responsible for the collective motion of 

JCMs observed in Fig. 3-1. Note that, if the motors were located at the air-liquid interface, the 

collective motion could have been explained by capillary forces.168-169 

3.3 Conclusions 

A new collective motion behavior of JCMs accompanied by periodic bubbling is analyeed in 

this Chapter. Experimentally, it was found that individual 5-μm JCMs submerged in solution 

cannot form bubble independently. However, at high JCM density, JCMs aggregate locally and 

collectively enable the nucleation and growth of bubbles. As the bubble grows, the JCMs exhibit 
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a collective, synchronieed motion. This motion is fast and its direction is towards the center of the 

bubble, regardless the orientation of catalytic surface on the JCMs. It is proposed that the motion 

of JCMs towards the bubble center is caused by the Marangoni flow effects. Scale analysis showed 

that the strength of this Marangoni flow is of the same order of magnitude as that observed 

experimentally. Furthermore, to quantitatively examine this hypothesis, a mathematical model is 

estabulished and implemented into COMSOL. Simulations show that the Marangoni effect can 

produce similar speeds observed in the experiments. The collective motion should also be observed 

for other catalytic particles. This is because the formation of the bubble and consequently the 

Marangoni flow near the bubble should exist as long as gas molecules are released from the surface 

of catalytic particles, regardless whether the particle is half- or fully-coated with catalysts. This 

result could be expected to garner interest for collective task management with fewer siee 

restrictions as far as bubble nucleation is concerned. 
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 Bubble Behaviors in JCM Systems‡ 

As mentioned in Chapter 1 and shown in Chapter 3, the underlying mechanisms behind the 

bubble behaviors (formation, growth, and collapse) observed in active particle system (particularly, 

JCM system) are still not well understood. Specifically, for bubble formation, what is the criterion 

of bubble formation in JCM systems? Why cannot a small JCM nucleate bubble independently? 

Why bubbles form as multiple small JCMs come close to each other? For bubble growth, why 

does the scaling law of the bubble growth in JCM systems deviate from the classical bubble growth 

laws? For bubble collapse, why does bubble disappear in extremely short time scale in some 

experiments? 

Most previous studies on the role of bubbles and their behaviors in active particle system relies 

on experimental observation, while theoretical analysis and numerical simulations of these 

problems are largely absent. Hence, in this Chapter, both theoretical analysis and numerical 

simulations are utilieed to investigate and answer these above questions regarding the formation, 

growth, and collapse of bubbles in an active particle system.  

4.1 Bubble Formation in JCM Systems 

Before trying to understand the formation of oxygen bubbles in JCM systems, the formation 

(i.e., nucleation) of a bubble in homogenous liquid solutions is first briefly reviewed. According 

                                                           

‡ This chapter is adapted from the following paper (Ref. 170): 

F.C. Yang, M. Manjare, Y.P. Zhao and R. Qiao, “On the peculiar bubble formation, growth, and collapse 

behaviors in catalytic micro-motor systems”, Microfluid. Nanofluid. 2017, 21, 6  

Permission for using this paper in this dissertation has been granted by Springer. The experimental work reviewed 

briefly in this chapter was performed by Manjare, M. and Zhao, Y. P. 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=SQL3cOcAAAAJ&authuser=1&citation_for_view=SQL3cOcAAAAJ:ufrVoPGSRksC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=SQL3cOcAAAAJ&authuser=1&citation_for_view=SQL3cOcAAAAJ:ufrVoPGSRksC
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to the classical nucleation theory, bubble formation is an activation process, i.e., for a bubble to 

grow to macro-scale, it must reach a critical radius 𝑅𝑐  by overcoming a nucleation energy 

barrier.125 Usually, such a process is facilitated by high levels of supersaturation.171-172 Here, 

starting by considering a spherical oxygen bubble of critical siee submerged in static hydrogen 

peroxide solution. If this bubble is in mechanical equilibrium with the solution (neither growing 

nor shrinking), the pressure difference between inside and outside of the bubble follows the Young-

Laplace equation 173, i.e., 

 𝑝𝑏 − 𝑝∞ =
2𝜎

𝑅𝑐
 (4-1) 

where 𝑅𝑐 is the critical radius of the bubble embryo (i.e., in equilibrium with solution), 𝜎 is the 

surface tension of the solution, 𝑝𝑏 is the pressure within the bubble, and 𝑝∞ is the pressure in bulk 

liquids. The energy barrier 174 for this critical bubble to form is  

 Δ𝐺ℎ𝑜𝑚𝑜 =
4𝜋𝜎𝑅𝑐

2

3
 (4-2) 

Assuming the bubble only consists of oxygen molecules, the oxygen concentration in the thin 

liquid layer in contact with the bubble is given by Henry’s law 122 

 𝑐𝑔,𝑙 = 𝜅𝐻 (𝑝∞ +
2𝜎

𝑅𝑐
) (4-3) 

where 𝜅𝐻 is the Henry’s constant of oxygen at the room temperature. If the oxygen concentration 

in bulk liquids is smaller than 𝑐𝑔,𝑙, the diffusion of oxygen molecules away from the bubble will 

drive its shrinkage. Therefore, 𝑐𝑔,𝑙 is the critical oxygen concentration in the bulk liquid for the 

formation of a critical bubble with a radius of 𝑅𝑐. In another word, to form a critical bubble embryo 

of radius 𝑅𝑐, the concentration in its surrounding solution must fulfil Equ. 4-3 and an energy barrier 

of Δ𝐺ℎ𝑜𝑚𝑜  must be overcome. It follows that, in bulk solutions, the critical radius of bubble 
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embryo and the energy barrier, when bubble nucleation occurs, increases (decreases) as the oxygen 

concentration in the solution decreases (increases). 

Equations 4-(1-3) are for the homogeneous nucleation of bubbles in a uniform concentration 

field. In JCM systems, bubbles are usually formed by heterogeneous nucleation on solid surfaces. 

Bubble formation on solid surfaces is facilitated by the existence of gas-filled cavities on the 

surfaces. However, the typical siee of JCMs used in the experiments is small and the coated surface 

is relatively smooth. Hence, the effect of pre-existing gas cavities on the formation of bubbles is 

neglected. The physics of heterogeneous nucleation of bubbles on a smooth surface exposed to a 

uniform concentration field is similar to that of the homogeneous nucleation except that the energy 

barrier is modified. The energy barrier for the heterogeneous nucleation of a bubble on a spherical 

solid object, Δ𝐺ℎ𝑒𝑡𝑒𝑟𝑜, is given by175 

 Δ𝐺ℎ𝑒𝑡𝑒𝑟𝑜 = Δ𝐺ℎ𝑜𝑚𝑜 ⋅ 𝑓(𝑚, 𝑥)  (4-4) 

where 𝑓(𝑚, 𝑥) is the shape factor  given by176 

 𝑓(𝑚, 𝑥) =
1

2
{1 + (

1−𝑚𝑥

𝑔
)

3

+ 𝑥3 [2 − 3 (
𝑥−𝑚

𝑔
) + (

𝑥−𝑚

𝑔
)

3

] + 3𝑚𝑥2 (
𝑥−𝑚

𝑔
− 1)}, (4-5) 

{
𝑔 = (1 + 𝑥2 − 2𝑚𝑥)

1
2

𝑚 = −cos𝜃
𝑥 = 𝑅𝑝/𝑅𝑐

 

where 𝜃 is the contact angle of the liquid solution on the solid surface and 𝑅𝑝 is the radius of the 

solid sphere. Note 𝑓 has a maximal value of 1, which means the energy barrier of heterogeneous 

nucleation is usually lower than homogeneous nucleation for the same bubble embryo. This is 

because, in heterogeneous nucleation, the wetted surface truncates part of the bubble embryo and 

thus reduces the energy barrier for the formation of gas-liquid interface. However, if the wetting 
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is excellent (i.e., the contact angle of water on the JCM’s surface is small), the truncation of bubble 

embryo by the solid surface will be small. In turn, the reduction of the energy barrier for nucleation 

is not significant. In JCM systems, for typical JCMs (1𝜇𝑚 < 𝑅𝑝 < 100𝜇𝑚) with a small contact 

angle (e.g., 𝜃 < 30∘), 𝑓 is larger than 0.985, which only has minor effect on the energy barrier. 

Hence, the nucleation of bubble on JCM surfaces depends rather weakly on the contact angle and 

JCM siee. Hereafter, without a loss of generality, the contact angle is taken to be eero and thus the 

shape factor is 1. 

 

Figure 4-1. Formation of a critical bubble embryo on a solid sphere whose surface produces oxygen by 

catalytic reactions. 

Using Equ. 4-(1-3) to understand the formation of bubbles in JCM systems, however, faces 

another issue. Specifically, since oxygen molecules are generated on the catalytic surface of a JCM, 

the oxygen concentration field near JCM is not uniform and decreases as one moves away from 

the surface (see Fig. 4-1). Inspired by previous studies of bubble nucleation in non-uniform 

temperature fields during boiling 177-178, it is suggested the following criterion for the formation of 

a critical bubble embryo in a non-uniform concentration field. As shown in Fig. 4-1, to form a 



69 

 

critical bubble embryo with a radius of 𝑅𝑐 , the oxygen concentration in the liquid solution in 

contact with any point on the bubble surface must be greater than that given by Equ. 4-3, i.e.,  

 𝑐|Γ ≥ 𝑐𝑔,𝑙, (4-6) 

where Γ denotes the surface of the bubble embryo. This criterion ensures that a critical bubble 

embryo does not shrink due to the diffusion of oxygen away from its surface. Using Equ. 4-6 

requires the oxygen concentration field near the solid sphere. In principle, this concentration field 

depends both on the siee and growth history of the bubble embryo, which will greatly complicate 

the analysis of bubble nucleation. Here, in spirit of the prior works on the bubble nucleation in 

non-uniform temperature fields 177-178, these effects are neglected and it is assumed that the 

concentration field near the solid sphere is not perturbed by the presence of a critical embryo, i.e., 

the critical embryo is a “phantom” bubble as far as the oxygen transport near the solid sphere 

surface is concerned. This simplification is partially consistent with the fact that the amount of 

oxygen for forming a critical bubble is small, and as it will see later, analysis based on this 

simplification produces results consistent with experimental observations. 

Before using Equ. 4-6 to study the bubble formation on JCMs, first a related but simpler 

problem is considered, i.e., bubble formation on a sphere fully coated with Pt and immersed in a 

stagnant solution. For this problem, one can predict analytically the minimal sphere siee for the 

formation of a bubble on it. If an oxygen flux of 𝑞̇ is imposed on the sphere’s surface and the bulk 

solution has an oxygen concentration of 𝑐∞, then solving the diffusion equation 162 for oxygen 

transport leads to  

 𝑐(𝑟) =
𝑞̇𝑅𝑝

2

𝐷𝑟
+ 𝑐∞, (4-7) 

where 𝐷 is the diffusion coefficient of oxygen in the solution, r is the radial distance from the 
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sphere’s center. For the critical bubble embryo shown in Fig. 4-1, using the criterion given by Equ. 

4-6, it is obtained that 

 
𝑞̇𝑅𝑝

2

𝐷𝜅𝐻(𝑅𝑝+2𝑅𝑐)
− 𝛽𝑝∞ =

2𝜎

𝑅𝑐
, (4-8) 

where 𝛽 = 1 − 𝑦𝑔,∞ and 𝑦𝑔,∞ is the molar fraction of oxygen in the atmosphere surrounding the 

liquid solution. For simplicity, assuming that 𝑦𝑔,∞=1, it can be simplified to 

 𝑅𝑐 =
𝑅𝑝

(𝑅𝑝/𝛼)
2

−2
, 𝛼2 =

2𝜎𝐷𝜅𝐻

𝑞̇
 (4-9) 

Equation 4-9 shows that the radius of critical bubble embryo increases as the sphere radius 𝑅𝑝 and 

the 𝑂2  flux 𝑞̇  on the sphere surface decreases. Since the energy barrier for the formation of a 

critical embryo decreases with the embryo radius (see Equ. 4-2), it follows that formation of critical 

bubble embryo becomes more difficult as the sphere becomes smaller or as the 𝑂2 flux on the 

sphere surface decreases, which is consistent with experimental observations.101 In addition, when 

the sphere radius 𝑅𝑝 decreases toward √2𝛼, the radius of critical bubble embryo diverges, i.e., no 

bubble can be nucleated on sphere with 𝑅𝑝<√2𝛼. Physically, when the siee of sphere is small, it 

is hard to maintain a high supersaturation of oxygen molecules near the sphere’s surface due to the 

efficient dissipation of the oxygen generated on its surface toward bulk solution, thus making 

bubble nucleation difficult.  

For the JCMs used in Chapter 3, the O2 flux on their catalytic surface was measured to be 

𝑞̇ =1.08 × 10-3mol/(m2 ⋅ s), when the H2O2 concentration was 10%. Using the thermophysical 

properties of oxygen and water at room temperature (𝜎 =0.072N⋅ m, 𝜅𝐻 =1.3× 10-3mol/(L⋅ atm), 

𝐷=2×10-9m2/s), the radius of the critical bubble embryo is calculated using Equ. 4-9, and results 
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are shown in Fig. 4-2. It is found that the siee of the critical bubble embryo diverges as the sphere’s 

radius 𝑅𝑝 reduces toward 2.8𝜇𝑚, suggesting that no bubble can be formed on such small particles. 

 

Figure 4-2. Radius of critical bubble embryo attached to uniformly coated spheres and half-coated JCMs 

immersed in bulk solutions.  

Two restrictive assumptions were made in the above analysis, i.e., the environment 

surrounding the liquid solution was assumed to contain oxygen only and there was an O2 flux on 

the entire surface of the JCM. To remove these restrictions, the O2 concentration field near 

spherical JCMs with only half of their surface coated by platinum is computed.  

Figure 4-3 shows a schematic of the simulation system, with each boundary labeled. The 

system consists of a JCM placing in static, free solution. Since bubble embryo tends to form in the 

region with the highest oxygen concentration, this study focuses on the concentration of oxygen 

along the pole of the catalytic surface (i.e., the dotted dash line in Fig. 4-2). Because of the small 

Peclet number, the 𝑂2 concentration field is governed by the Laplace equation 

 ∇2𝑐 = 0  (4-10) 

with boundary conditions given by 
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 𝑐 = 𝑐𝑔,𝑙
∞     𝑜𝑛 Γ1 (4-11)  

 −𝐷∇𝑐(𝒙, 𝑡) ⋅ 𝒏 = 0    𝑜𝑛 Γ2 (4-12) 

 −𝐷∇𝑐(𝒙, 𝑡) ⋅ 𝒏 = 𝑞̇    𝑜𝑛 Γ3  (4-13) 

where c here is the 𝑂2  concentration, 𝒏  is the surface normal vector, and 𝑐𝑔,𝑙
∞   is the oxygen 

concentration of bulk liquid solution, which is determined by the oxygen partial pressure of the 

environment in which the bulk solution is placed. The O2 flux on the catalytic surface of a JCM is 

the same as above. 𝑦𝑔,∞ is taken as 0.79 because the solution containing JCMs were exposed to air 

in the experiments.  

 

Figure 4-3. Setup used to simulate the O2 concentration field generated by an isolated JCM. A JCM is 

placed in a liquid solution (denoted by Ω). Γ1 denotes the boundary of the spherical liquid solution. Γ2 and 

Γ3 denote the neutral surface and catalytic surface of JCM, respectively. The domain of the liquid solution 

has a radius of 100 times of the JCM radius. 

The system described above were solved using a finite element package COMSOL.144 Taking 

advantage of the symmetry, the problem can be simplified to a 2D axisymmetric problem. The 

computational domain is discretieed into triangular meshes. A typical mesh used in the simulations 
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(see Fig. 4-4) consisted of 15130 free triangle elements. The concentration field was solved using 

COMSOL’s chemical transport modules and stationary solver.  

 

Figure 4-4. The mesh used for simulation of the system shown in Fig. 4-2. 

 The oxygen concentration profile obtained from above simulation is then used to calculate the 

radius of critical bubble embryo formed on the JCM surface. Because the highest O2 concentration 

appears at the pole of the JCM’s catalytic surface, it is assumed that the bubble embryo was 

attached to this pole and used Equ. 4-6 to find the radius of the critical bubble embryo. Figure 4-2 

shows that when the radius of JCM is smaller than 7.4 𝜇𝑚, no finite-sieed critical bubble embryo 

can be formed on the JCM’s surface. This cut-off radius of 7.4 𝜇𝑚 is similar to prior experimental 

observations that, when 𝑅𝑝 is smaller than 5𝜇𝑚, bubble rarely forms on individual JCMs 86. The 

smaller cut-off radius for bubble formation in the experimental systems is likely caused by the fact 

that, in experiments, many JCMs exist in the solution and the production of 𝑂2 from them elevates 

the 𝑂2 concentration in the bulk solution. Since such an elevation of the 𝑂2 concentration is not 

taken into account in the analysis, it is expected to overestimate the cut-off radius of JCMs for 

bubble formation. 
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Figure 4-5. The simulation domain and mesh used for computing the oxygen concentration near a cluster 

of four JCMs positioned above a substrate. 

The above results show that increasing JCM’s siee or the 𝑂2 production rate on its surface 

facilitates the bubble formation. Equation 4-7 suggests that increasing the 𝑂2 concentration in the 

bulk solution (i.e., 𝑐∞) has a similar effect. This is supported by the observation that bubble can 

form when several small JCMs form a cluster (see Fig. 3-1). To understand this semi-quantitatively, 

the 𝑂2 concentration field near a cluster of JCMs is examined by solving the diffusion equation 

for 𝑂2 transport. these JCMs are assumed to be located at 𝑅𝑝/2 above the solid substrate. This 

assumption is consistent with the experiments shown in Chapter 3 in which the JCMs were usually 

found at a short distance above the solid substrates. The cluster contained two and four JCMs with 

a radius of 2.5 𝜇𝑚. The distance of gaps (indicated by dashed lines in Fig. 4-6) between JCMs was 

2𝑅𝑝. The governing equations and boundary conditions for the oxygen concentration are the same 

as Equations 4-(10-13). In addition, a no-flux condition is applied on the substrate surface 

 −𝐷∇𝑐(𝒙, 𝑡) ⋅ 𝒏 = 0    on substrate surface (4-14) 

Since the system considered here involves a cluster of four JCMs and the substrate, a 2D 

asymmetrical model is no longer applicable. Here, taking advantage of symmetry, it only needs to 
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simulate one-quarter of the entire system. Figure 4-5 shows the rectangular simulation domain 

with two JCMs. The rectangular domain has a size of 60𝜇𝑚 ×60𝜇𝑚 and is divided into 1.7×107 

tetrahedral elements. For the system mentioned above, the concentration field was also solved 

using COMSOL’s chemical transport modules and stationary solver. 

 

Figure 4-6. The O2 concentration distribution near singlet JCMs and JCMs in small clusters. The JCMs 

(𝑅𝑝=2.5 m) are situated at 1.25m above the solid substrate and their catalytic surface faces the center of 

the cluster. The center-to-center distance between the opposing JCMs in a cluster is 10m. The O2 

production rate on the JCM’s catalytic surface is 1.08 × 10−3𝑚𝑜𝑙/(𝑚2 ⋅ 𝑠). The concentration profile is 

shown along the dashed lines shown in the inset. 𝑥=0 is defined as the center of the cluster or at the position 

2.5mm away from the pole of a singlet JCM. 

The simulation results indicated that the highest O2 concentration in the system occurs on the 

JCM’s catalytic surface. Figure 4-6 shows the O2 concentration profiles along the line passing 

through the JCM’s center and the pole of its catalytic surface, and two effects of the clustering of 

JCMs are evident. First, as illustrated in the Fig. 4-6, the highest 𝑂2 concentration on the surface 

of a JCMs within a cluster is higher and it increases as the number of JCMs forming the cluster 

increases, e.g., the maximal 𝑂2 concentration near a cluster of two (four) JCMs is 27% (182%) 
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higher than near an isolated JCM with the same siee. In fact, the maximal O2 concentration on the 

surface of a 2.5 m-radius JCMs within a four-JCMs cluster is higher than that on the surface of 

an isolated, 7 m-radius JCM, which can form bubbles on its own.86 Second, the O2 concentration 

also drops more slowly as moving away from the JCM surface. Together, these two effects enable 

the formation of critical bubble embryos on the surfaces of JCMs that are too small to generate 

bubbles by themselves, i.e., bubbles can be formed by a cluster of JCMs with radius smaller than 

the cut-off radius of isolated JCMs. 

Since the highest O2 concentration in a JCM system occurs on the JCM’s catalytic surface 

regardless whether it exists in isolation or in a cluster, the critical bubble embryos should appear 

preferably on the catalytic surfaces of JCMs and then grow. However, Fig. 3-2a shows that, for 

JCMs forming a cluster, the bubble appears mostly on the substrate rather than on the surface of 

any JCMs in the cluster. To understand this apparent paradox, note that these observations were 

made when the bubble growth-burst cycle has already repeated many times, and thus they do not 

necessarily show where bubbles are formed during the very first bubbling cycle. It is suggested 

that the apparent paradox is a result of the switching of bubbling site during the first bubbling 

cycle. Figure 4-7 shows a schematic for the steps involved in this process: (1) a critical bubble 

embryo initially forms on the catalytic surface of one JCM; (2) the critical bubble embryo grows 

to a large siee (Rb~50-100m) and touches the substrate; (3) the fully-grown bubble collapses and 

leaves small residual bubbles on the substrate and JCMs. Note that small residual bubbles are 

frequently reported for bubbles in boiling experiments179 and its existence in the JCM system is 

consistent with the image shown in the right panel of Figure 1c. The residual bubble left on the 

substrate should be much larger than the residual bubble left on the JCM’s surface due to the JCM’s 

small siee (Rp~2.5m). Because of the Ostwald ripening effects, the large residual bubble on the 
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substrate grows while the smaller residual bubble on the JCM surface shrinks 86. Consequently, in 

the subsequent bubble growth-burst cycles, the bubble is observed on the substrate rather than on 

the JCM’s surface. 

 

 

Figure 4-7. A schematic of the switching of bubbling site in the first bubbling cycle. A critical bubble 

embryo is formed on the JCM surface and grows to touch the substrate. Following the burst of the fully-

grown bubble, a residual bubble is left on the substrate, which serves as the bubbling site in subsequent 

bubble growth-burst cycles.  

4.2 Bubble Growth in JCM Systems 

Next, numerical simulations were used to understand the growth behavior of the bubbles 

shown in Fig. 3-2 and 3-4, i.e., when a bubble is fed by the oxygen released from several JCMs, 

the growth of its radius follows a scaling law of 𝑅𝑏~𝑡0.7±0.2. This growth law is deviate from the 

conventional supersaturation-driven bubble growth (~𝑡0.5). In the experiments, a single bubble is 

surrounded by a ring of N JCMs, and both the bubble and JCMs are immersed in a liquid film. In 

the simulation system (see Fig. 4-8), the bubble and liquid film are explicitly modeled while the 

ring of N JCMs was lumped into a torus structure. The inner surface of the torus structure (colored 

red in Fig. 4-8b), representing the catalytic surfaces of the JCMs, faces towards the bubble. A 

uniform outward flux of O2, 𝐽𝑂2
 is imposed on this inner surface of the torus structure (𝐽𝑂2

 is chosen 

so that the net O2 flux on the torus’ surface matches the net flux of O2 from the N JCMs). This 

treatment allows us to perform the simulations in a two-dimensional axisymmetric space while 
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still capturing the essential physics of the bubble growth.  

In the simulations, a bubble with an initial radius of  𝑅0 is placed on the substrate with a eero 

contact angle. At t<0s, the solution is at rest and in chemical equilibrium with the bubble, i.e. it 

has an O2 concentration given by equation (3). This setup mimics the fact that, after the 

disappearance of a large bubble from a site on the substrate, a small bubble is left at the same site. 

At t>0s, the O2 generation on the inner surface of the torus is enabled, and the torus radius 𝐿𝑝 

deceases at a constant speed of 𝑉𝑝. The latter is consistent with the results in Chapter 3. At t>0, the 

generation of O2 and the transport of O2 and fluids in the liquid film (i.e., the shaded region in 

Figure. 4-8a) are solved to predict the growth of bubble.  Assuming that, during its growth, a bubble 

stays spherical and its south pole is pinned to the substrate, which are consistent with experimental 

observations in Chapter 3. Similarly, an initial bubble radius of 𝑅0 = 10 𝜇𝑚  is used. The torus 

representing the ring of N JCMs is placed on the substrate and has an initial radius of 𝐿𝑝=40 𝜇𝑚. 

As the dimension of the simulation domain is much smaller than the liquid film used in 

experiments, the top surface of the simulated liquid film is treated as flat 163. The thickness of the 

liquid film, H, is 100 μm, similar to that in the experiments. the length of the simulation domain 

L, is set to 200 μm. Using a larger length only changes the result slightly. The detailed 

mathematical model and numerical implementation of the simulations are summarieed below. 

As mentioned above, to reduce the computational cost, the ring of JCMs around a bubble is 

lumped into a continuous torus structure, and it is assumed that the catalytic surfaces of JCMs all 

face the bubble center (see Fig. 4-8b). Taking advantage of the symmetry of this simplified system, 

the bubble growth in this system can be simulated in 2D axisymmetric space. Because of the small 

Reynolds number involved, the flow field observes the Stokes equations. The transport of oxygen 

molecules in the solution observes the convection-diffusion equation. Because the gas inside has 
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low viscosity and density compared to those of the liquid solution, the air flow inside the bubble 

is neglected. Since the focus of this simulation is on the bubble growth, the motion of the JCM is 

prescribed as the value measured from experiments instead of directly determining its motion by 

solving the underlying Marangoni flow. Specifically, each JCM moves at a constant speed of Vp 

during the growth of the bubble. 

 

Figure 4-8. Simulation of bubble growth due to remote feeding by a ring of JCMs. (a) Schematic of the 

simulation system; (b) A 3D sketch of the system. The N JCMs surrounding the bubble are lumped into a 

torus structure with its inner surface (marked in red) as catalytic surface and its outer surface (marked in 

blue) as the neutral surface.  

The simulation starts at the instant right after the burst of the previous bubble. To prevent the 

shrinkage of this bubble, the dissolved oxygen in the entire solution is assumed to be in equilibrium 

with the oxygen gas inside the residue bubble. Specifically, the initial 𝑂2  concentration in the 

liquid solution is set to the liquid saturation concentration computed from Equ. 4-3. All fluids in 

the system assumed to be at rest before the simulation starts. 

The mathematical model for the bubble growth driven by “remote feeding” by JCMs consist 

of two sets of equations governing the reaction/transport of the oxygen molecules and the 

dynamics of the fluids and the JCM. The oxygen concentration field, c, is governed by the 

convection-diffusion equation 
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𝜕𝑐

𝜕𝑡
+ 𝒖 ⋅ ∇𝑐 = ∇ ⋅ (𝐷∇𝑐) (4-15) 

The oxygen concentration on the bubble surface is set to the equilibrium value corresponding to 

the oxygen pressure inside the bubble.  

 𝑐|Γ1
= 𝜅𝐻 (𝑝∞ +

2𝜎

𝑅𝑏
)    (Saturation at bubble surface) (4-16) 

Since the dissipation of oxygen from the solution to the environment through the air-liquid 

interface is small, eero oxygen flux is applied on both the air-liquid interface and the substrate.  

 −𝐷∇𝑐(𝒙, 𝑡) ⋅ 𝒏|Γ4
= 0    (Air-liquid interface) (4-17) 

 −𝐷∇𝑐(𝒙, 𝑡) ⋅ 𝒏|Γ5
= 0    (Non-penetrable substrate) (4-18) 

 𝑐|Γ6
= 𝜅𝐻 (𝑝∞ +

2𝜎

𝑅0
)    (Bulk solution) (4-19) 

The no-flux and fixed oxygen flux are applied on the neutral and catalytic surface of the JCM, 

respectively.  

 −𝐷∇𝑐(𝒙, 𝑡) ⋅ 𝒏|Γ2
= 0     (Non-penetrable neutral surface of the JCM) (4-20 

 −𝐷∇𝑐(𝒙, 𝑡) ⋅ 𝒏|Γ3
= 𝐽𝑂2

    (Catalytic surface of JCM) (4-21 

The flux on inner surface of torus structure is computed using 

 𝐽𝑂2
=

𝑁𝑚̇𝑝

𝐴𝑡
𝑖 (𝑡)

  (4-22) 

where 𝑅𝑝 is the radius of the JCM, 𝑚̇𝑝 is the oxygen flux on the catalytic surface of each JCM, N 

is the total number of JCMs lumped as the torus structure, and 𝐴𝑡
𝑖 (𝑡) is area of the torus structure’s 

surface facing the bubble at time t. The fluids are modeled as incompressible and Newtonian. Since 

the Reynolds number is small, the inertia effect is negligible. Thus the flow field is governed by 
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 𝛻 ⋅ 𝒖 = 0 (4-23) 

 −𝛻𝑝 + 𝜇𝛻2𝒖 = 𝟎 (4-24) 

where 𝜌  and 𝜇  are the density and viscosity of the solution, respectively, p is the pressure. In 

simulations, an inward velocity of −𝑉𝑝  pointing to the bubble center is prescribed to the torus 

structure. A eero velocity is prescribed to the torus structure in the height (z-) direction. 𝑉𝑝 was 

varied within the range of JCM speed observed experimentally. The growth of the bubble is driven 

by the diffusion of oxygen molecules through its surface. Consistent with experimental 

observations, it is assumed that, during the growth of a bubble, the bubble remains spherical and 

its south pore is in touch with the substrate with a eero contact angle. With the above description, 

the boundary conditions are obtained: 

 𝒖|Γ2&Γ3
= 𝒖𝑝    (perscribed JCM motion) (4-25) 

 𝜇
𝜕𝒖

𝜕𝒏
|Γ4

= 0    (no tangential stress on bubble surface) (4-26) 

 𝒖|Γ5
= 0    (no-slip condition) (4-27) 

 𝜇(∇𝒖2 + (∇𝒖2)𝑇) ⋅ 𝒏|Γ6
= 0    (stress-free open boundary) (4-28) 

The increase of the bubble radius bubble growth is governed by 

 
𝑑𝑅𝑏

𝑑𝑡
=

1

4𝜋𝑅𝑏
2𝜌

𝑑𝑚

𝑑𝑡
= ∫

1

4𝜋𝑅𝑏
2𝜌Γ

1

𝑞̇𝑂2
𝑑𝑠 (4-29) 

where 𝑞̇𝑂2
 is inward mass flux at bubble surface, which is obtained from mass transfer equations. 
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Figure 4-9. A typical mesh used in simulations of the growth of a bubble fed by a ring of JCMs around it. 

Equations 4-(15-29) form the complete mathematical description of the bubble growth process. 

To solve these equations, the commercial finite element package COMSOL was used.144 The 

computational domain is discretieed into a triangular mesh. A typical mesh used in simulations, 

which consisted of 10520 free triangle elements, is shown in Fig. 4-9. The Arbitrary Lagrangian-

Eulerian (ALE) method145 was utilieed to handle the movement of JCM and the bubble-liquid 

interface. During each simulation, multiple remeshing was typically performed to maintain the 

mesh quality. Mesh studies were also performed to ensure that the results are independent of the 

mesh siee.   

Figure 4-10 shows the log-log plot of the bubble growth behavior predicted by the simulations. 

The number of JCMs surrounding the bubble and their radial velocity toward the bubble are varied 

within the range found experimentally.101 Specifically, the number of JCMs surrounding the bubble 

is taken into account implicitly by changing the O2 flux on the inner surface of the torus structure, 

see Equ. 4-22. The results show that bubble growth approximately follows a power law, 𝑅𝑏~𝑡𝜂, 

and the exponent 𝜂 is in the range between 0.69 to 0.8, which quite well with the experimental 
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Figure 4-10. Time evolution of the bubble radius (𝑅𝑏) predicted by simulations. (a) The effect of the number 

(N) of JCMs in the ring surrounding the bubble on the bubble growth (the inward velocity of the JCM ring 

𝑉𝑝 is fixed at 15 𝜇𝑚/𝑠). (b) The effect of the JCM inward velocity toward the bubble on its growth (the 

number of JCMs in the ring surrounding the bubble is fixed at N=20).   

value 𝜂=0.7±0.2 101. For 𝑉𝑝=15𝜇𝑚/𝑠, it is found that, as 𝑁 increases from 10 to 30, the bubble 

grows faster and 𝜂 of the fitted power law increases from 0.7 to 0.8 (Fig. 4-10a),. The same trend 

is observed for when 𝑉𝑝 increases from 0 to 30 𝜇𝑚/𝑠 while N is fixed at 20 (Fig. 4-10b). The 

dependence of the power law exponent on N and 𝑉𝑝 helps explain the scattering of the power law 

exponent observed experimentally because different bubbles usually have different N and 𝑉𝑝 

associated with them in the experiments. During the early stage (t < 0.2 s), the growth of the bubble 

is very slow and only gradually reaches the 𝑅𝑏~ 𝑡𝑛 (n ~ 0.7) scaling law.  The slow growth and 

gradual transition to the power law scaling are caused primarily by the surface tension effect. In 

our simulations, the initial background oxygen concentration (𝑐𝑂2,𝑙
0 ) is used to set the initial bubble 

radius according to Eqn. 4-1 and 4-3 and the oxygen concentration on the bubble surface (𝑐𝑂2,𝑏) is 

identical to 𝑐𝑂2,𝑙
0 . Therefore, the bubble does not grow till the oxygen generated by JCMs diffuses 

to the bubble surface. Even after the oxygen concentration near the bubble is elevated by such 
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diffusion, 𝑐𝑂2,𝑏 is still pinned to a high value by the surface tension effect: since the bubble is small, 

the capillary pressure due to surface tension dominates the oxygen pressure inside bubble, which 

in turn sets 𝑐𝑂2,𝑏 to a high value via Henry's law. Therefore, the mass flux of oxygen into the bubble 

is small and the bubble grows very slowly. As the bubble grows larger, the surface tension effect 

becomes weaker and the bubble growth eventually reaches the 𝑅𝑏 ~ 𝑡𝑛 (n ~ 0.7) scaling law. We 

note that the observed slow growth of bubble during the initial stage is similar to that observed for 

the growth of bubbles in uniformly superheated liquids,180-181 which has been investigated 

extensively in boiling research. In addition, the bubble grows to the maximum siee in ~1s, a time 

scale in general agreement with the experiments in Chapter 3 (see Fig. 3-3). 

The anomalous bubble growth with an exponent of 𝜂 > 0.5  is mostly a result of the 

cooperative action of supersaturation-induced growth and mutual motion between the JCMs and 

the growing bubble. The growth of bubble due to the diffusion of gas molecules from a liquid 

solution toward its surface leads to a growth law of 𝑅𝑏~𝑡0.5,123 and this mode of bubble growth is 

at work in the present system. While the bubble is initially in equilibrium with its surrounding 

solution, the production of oxygen in the solution by catalytic reactions leads to a supersaturation 

of oxygen. This causes the bubble to grow. In addition, as the bubble grows, the pressure in the 

bubble drops due to the reduction of the Laplace pressure. This leads to a reduction of the oxygen 

saturation concentration at the liquid-bubble interface, which in turn drives oxygen diffusion 

toward the bubble to feed its growth. Finally, as the bubble grows, the distance between the JCMs 

and the bubble surface reduces because of the expansion of the bubble and the inward movement 

of the JCMs. This relative motion facilitates the transport of oxygen into the bubble, and its effect 

can be observed in Fig. 4-10b: as 𝑉𝑝 increases from 0 to 30 𝜇𝑚/𝑠, the exponent 𝜂 increases  from 

0.69 to 0.82.  
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4.3 Bubble Collapse in JCM Systems 

Finally, the peculiar bubble collapse phenomena are studied: bubbles with a radius of 50-100 

𝜇𝑚 disappeared rapidly (<1ms) at the end of each bubbling circle. Besides this extremely short 

time scale for the bubble collapse, it was often found that, at same bubbling site, bubbles from 

difference circles approached similar maximum radius before collapsing. It is suggested that the 

liquid-air interface plays a fundamental role in the above peculiar behaviors. Specifically, while 

rarely highlighted, the dynamics of JCMs were often studied not in a bulk solution but in thin 

liquid films: in many experiments (for example, experiments in Chapter 3), liquid droplets 

containing H2O2 were first deposited onto hydrophilic substrates, and droplet loaded with JCMs 

was next deposited on the thin film of H2O2. Hence, this bubble collapse is likely caused by the 

coalescence of a bubble with the air-liquid interface. This hypothesis helps explain why the 

maximal bubble siee at a given bubbling site is usually same (as bubble tends to merge with the 

air above the air-liquid interface once its siee approaches the thickness of the liquid film near the 

bubbling site). Further, the rapid collapse of the bubble is consistent with the short time scale of 

the coalescence between the bubble and the air above the air-liquid interface. The coalescence 

between a bubble of radius Rb with a planar air-liquid interface is characterieed by the surface 

tension time scale182-185 

 𝑡𝑐 = √𝜌𝑙𝑅𝑏
3

𝜎
 (4-30) 

where 𝜌𝑙 is the density of liquid phase. For a bubble with a radius of 50𝜇𝑚 merging with the air-

water interface, 𝑡𝑐~O(50𝜇𝑠), which is in line with the rapid collapse of bubbles reported earlier.86 

To further validate this hypothesis, a simulation of micro-bubble merging with an air-liquid 

interface is performed to determine the time scale of this process. In the simulation system, a 
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bubble with 𝑅𝑏=50 𝜇𝑚 is placed at a distance of 0.1 𝜇𝑚 above a substrate covered by a liquid film 

with a thickness of 100 𝜇𝑚. At t=0, the north pole of the bubble coalesces with air-liquid interface, 

as shown in Fig. 4-11. The system is then set into motion by solving the Navier-Stokes equations 

to track the evolution of bubble surface driven by surface tension. The mathematical model and 

numerical implementation of this system are summarieed below. 

Figure 4-11 shows the simulation domain, with each domain and boundary labeled. For 

simplicity, the air/water is chosen as the gas/liquid phase in the system, because of their 

comparable physical properties to oxygen and hydrogen peroxide solution. Initially, the domain 

Ω1 is occupied by air, while the domain Ω2 is occupied by water. At t = 0s, the bubble merges with 

the atmosphere under the effect of surface tension. To track the air-liquid interface during the 

coalescence process, the coupled level set and volume-of-fluid method (CLSVOF) is employed 

for solving the two-phase flow.186 

 

Figure 4-11. The system used to investigate the coalescence of a bubble with an air-liquid interface. 

Assume both air and water are incompressible, the continuity and momentum equations for the 
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single-phase regions (i.e., either the gas or the liquid) are187 

 ∇ ⋅ 𝒖 = 0 (4-31) 

 𝜌(𝜙) (
𝜕𝒖

𝜕𝑡
+ ∇ ⋅ 𝒖𝒖) = −∇𝑝 + 𝜌(𝜙)𝒈 + ∇ ⋅ [𝜇(𝜙)(∇𝒖 + (∇𝒖)𝑇] − 𝑭𝑠𝑓 (4-32) 

where density 𝜌 and viscosity 𝜇 depends on the level-set function 𝜙, 

 𝜌(𝜙) = 𝜌𝑔[1 − 𝐻(𝜙)] + 𝜌𝑙𝐻(𝜙) (4-33) 

 𝜇(𝜙) = 𝜇𝑔[1 − 𝐻(𝜙)] + 𝜇𝑙𝐻(𝜙) (4-34) 

where 𝐻(𝜙) is the Heaviside function. The surface tension term 𝑭𝑠𝑓 is given as 

 𝑭𝑠𝑓 = 𝜎𝜅(𝜙)𝒏𝛿(𝜙) (4-35) 

where 𝜎  is the surface tension of water, 𝜅(𝜙)  is the curvature of the interface, 𝒏  is the normal 

vector, and 𝛿(𝜙) is the smoothed delta function. The interface is marked by the level set (LS) 

function, who is evolved using 

 
𝜕𝜙

𝜕𝑡
+ 𝒖 ⋅ ∇𝜙 = 0 (4-36) 

 𝜙(𝒓, 𝑡) {

< 0         𝑖𝑛 𝑡ℎ𝑒 𝑔𝑎𝑠 𝑟𝑒𝑔𝑖𝑜𝑛
= 0           𝑎𝑡 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
> 0    𝑖𝑛 𝑡ℎ𝑒 𝑙𝑖𝑞𝑢𝑖𝑑 𝑟𝑒𝑔𝑖𝑜𝑛

 (4-37) 

When discretieing the level-set advection equation, the volume-of-fluid function 𝛼  is also 

simultaneously solved using 

 
𝜕𝛼

𝜕𝑡
+ ∇ ⋅ (𝒖𝛼) = 0 (4-38) 

Taking advantage of the symmetry of the simulation system, the coalescence process is simulated 

in the 2D axisymmetric domain. The simulation domain has a dimension of 200𝜇𝑚 ×300𝜇𝑚. 
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Since focus of this study is on the behavior of bubble, the side walls Γ3 is treated as slip walls. 

Then the following boundary conditions are used to solve the two-phase flow 

 𝒖|Γ1
= 0    (on substrate) (4-39) 

 𝑃|Γ2
= 0    (far-field atmosphere) (4-40) 

 𝜇
𝜕𝒖

𝜕𝒏
|Γ3

= 0    (slip wall) (4-41) 

 

Figure 4-12. Coalescence of a bubble inside a liquid film with the air-liquid interface. Once the bubble’s 

north pole merges with the air above the liquid-air interface, the bubble collapses rapidly under the action 

of surface-tension-induced flows. 

At t<0s, the domain Ω1 is occupied by water, while the domain Ω2 is occupied by air. All fluids 

and interfaces are static. At t=0s, the north pole of the bubble is set to merge with the liquid-air 

interface and the fluid flow and evolution of the air-liquid interface are determined by solving Equ. 
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4-(31-41). The above model is solved by using the commercial finite volume package FLUENT.187 

The computational domain were discretieed using rectangular elements, and the mesh was locally 

refined near the air-liquid interface and the liquid-solid boundary. Mesh studies were performed to 

ensure that the results are independent of the mesh siee.  

Figure 4-12 shows the snapshots from the simulation for t = 0, 20, 40, and 100 𝜇𝑠, respectively. 

These snapshots show that a bubble with an initial radius of 50 𝜇𝑚 disappears within 100 𝜇𝑠 after 

it merges with the air-liquid interface, thus supporting the idea that the coalescence of a bubble 

with the air-liquid interface can lead to the rapid bubble collapse reported in prior experiments. 

4.4 Conclusions 

While bubbles often play an essential role in the operation of JCMs, their behaviors are not yet 

well understood. In this work, some of the behaviors related to the formation, growth, and collapse 

of bubbles in JCM systems reported in recent experiments are investigated. First, a criterion is 

derived for the formation of bubbles on JCM’s surface based on consideration of the mass transfer 

near the JCM and thermodynamics of bubble nucleation. Using this criterion, it is explained why 

bubbles are not observed on very small isolated JCM, why the formation of bubbles on the JCM 

surface depends on the catalytic activities of the JCM surface, and why bubble can form near a 

cluster of small JCMs. The numerical simulation of the growth of bubble fed by a ring of JCMs 

produced an anomalous growth law of 𝑅𝑏~𝑡𝜂 , where 𝜂  is larger than 0.5 and depends on the 

number of JCMs in the ring and the inward velocity of the JCM toward the bubble. This uncommon 

bubble growth behavior was caused by the combination of supersaturation environment and 

relative movement between growing bubble and the JCM. Finally, it is suggested that the rapid 

bubble collapse observed in recent experiments was due to the coalescence of the bubble with the 
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air-liquid interface. The hypothesis was supported by the agreement between the short time scale 

of such coalescence observed in experiments and in the simulations. 

The present study highlights the importance of the mass transport in regulating the bubble 

formation and hence the transition of JCM propulsion between self-diffusiophoresis to bubble-

propulsion. It shows that interesting new bubble behavior can emerge when multiple JCMs form 

a cluster and/or when bubbles interact with their environment (e.g., liquid-air interfaces). Since 

JCMs often do not operate in isolated and bulk solution environments, these behaviors warrant 

further study and should be taken into account when designing and using JCMs. While the 

dynamics of JCMs in these situations will be more complex than those in bulk/isolated conditions 

and thus more challenging to understand, they also provide exciting new opportunities to realiee 

new JCM functions. 
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 Particle Manipulation using AC Magnetic Fields§ 

In this Chapter, a novel method of using a non-uniform alternating magnetic field (nuAMF) to 

manipulate small magnetic objects in fluids is analyeed. Different from the conventional 

manipulation methods introduced in Chapter 1, the manipulation targets of this new method can 

be arbitrary anisotropic shaped magnetic clusters (MCs) that spontaneously formed by the 

aggregation of ferromagnetic Fe3O4 nanorods (NRs). These clusters perform translational motions 

near substrate surfaces and move away from the solenoid that is used to generate the H-field. This 

translation motion induced by nuAMF cannot simply be explained by the classical magnetic 

particle manipulation mechanisms. To understand such a translational motion, a theoretical model 

that combines surface effects and the magnetophoresis force is developed and tested through 

numerical simulations. Using this model, the dynamics of MCs during this magnetic manipulation 

process is analyeed and explained. 

5.1 Brief Summary of Experimental Observations 

Suspensions loaded with Fe3O4 NRs (0.1 mg ml-1) was first deposited into a rectangular glass 

capillary tube (height: 100 μm and width: 2 mm). Due to the relatively high concentration and 

ferromagnetic property of Fe3O4 NRs, they naturally form small MCs. During the experiment, a 

                                                           

§ This chapter is adapted from the following paper (Ref. 188): 

W. J. Huang, F.C. Yang, L. Zhu, R. Qiao, and Y.P. Zhao, “Manipulation of magnetic nanorod clusters in liquid by 

non-uniform alternating magnetic fields”, Soft Matter, 2017(13), 3750-3759.  

Permission for using this paper in this dissertation has been granted by the Royal Society of Chemistry. The 

experimental work reviewed briefly in this chapter was performed by Huang, W. J.,  Zhu, L. and Zhao, Y. P. of 

University of Georgia. 
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solenoid was placed at the left-hand side. The sample was placed L = 4.5 cm away from the front 

face of the solenoid and, according to the calibration curve, the maximal H-field generated at I0 = 

2 A was 4.2 mT and the field gradient was -0.13 mT mm-1. 

 

Figure 5-1. Trajectories of the MCs at two different field configurations: (a) a uniform alternating magnetic 

field; (b) a nuAMF generated by a single solenoid. 

One can observe that when the nuAMF is applied, the MC starts to flip out of the x-y plane 

while performing a translational motion toward the right side (away from the solenoid). The 

induced translational motion is mostly along the x-direction with a large x-component speed vx = 

77 μm s-1 and a small y-component speed vy = 8.8 μm s-1. Unlike a permanent magnet pulling a 

magnetic object, the MCs move away from the solenoid (see Fig. 5-1b), and the speed of the 

translation motion is closely related to the siee of the MC. The experimental results indicate that 

there are three necessary conditions for the translational motion to occur: (a) The MCs must locate 

near a substrate surface. Controlled experiment shows that, once the MCs is far away from the 
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substrate, this translational motion of MCs vanishes. (b) The H-field must be alternating and strong 

enough to induce a rotation; (c) The H-field must be non-uniform (see Fig. 5-1a).  

This nuAMF induced translational motion of MCs is affected by both the current input (𝐼0) and 

the frequency (𝑓𝐻) of the external field. A systematic experiment with different I0 for a fixed fH = 

10 He at the same location is performed to investigate how MCs move under different field 

conditions. Figure 5-2 shows the relationship between translational speed of MCs v and the current 

input 𝐼0. The results showed that, when I0 is low (I0 < 0.5 A), the MCs would not move but only 

vibrate. As I0 increases, all MCs start to move and the moving speed v increases monotonically 

with I0. When I0 reaches a relatively large value, v approaches a constant. 

 

Figure 5-2.  (a) The translational speed v of MCs and (b) a single Ni NR versus different I0 (fH = 10 Hz). 

Other than 𝐼0 , the effect of field frequency 𝑓𝐻  is investigated as well. By systematically 

increasing fH while keeping I0 = 2 A, the relationship between v and fH is obtained as shown in Fig. 

5-3. For different sieed MCs, the v verses fH relationship follows a similar trend: when fH increases 
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initially, v increases dramatically; then v reaches a maximum value when fH increases to a threshold 

value 𝑓𝐻
𝑚; when fH increases further, v gradually decreases, till it approaches to eero when fH ≥ 140 

He. 

 

Figure 5-3. (a) The plot of the translational moving speed v of different sized MCs and (b) a single Ni NR 

as a function of nuAMF frequency fH. Here I0 = 2 A. 

Moreover, FFT analysis of displacement of the MCs shows that the nuAMF-induced motion 

exhibits a fluctuation with a major frequency twice that of the field frequency fH. This double 

frequency feature of MC motion holds for a field frequency fH<80 He. The underlying mechanisms 

of these experimental observations are investigated in the following sections. 

5.2 Theoretical Analysis 

5.2.1 Theoretical Model 

According to classical hydrodynamic theory, if a MC is performing a rotational motion in a 

bulk solution, due to the small Reynolds number (Re < 0.01) and the symmetry of its rotation, its 
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rotation should not induce a translational motion.  However, if such a rotation occurs near a wall, 

the wall will break the rotational symmetry and could induce a translational motion of the MC.56, 

128 According to the experiments, the MCs are very close to the bottom substrate (within 10 µm 

distance). Hence, the substrate likely plays an important role in the MCs’ translational motion. 

Therefore, it is hypothesieed that such a translational motion is caused by the nuAMF-induced 

persistent out-of-plane rotation of the MC near a wall (see Fig. 5-4). 

 

Figure 5-4. The translational and rotational motion of a magnetic cluster (MC) driven by low-frequency 

nuAMF. (a) External alternating H-field as a function of time. (b) Force and torque analysis of a MC in an 

AC H-field. (c1-2) Pressure distribution on the MC surface at t = t1 and t3 moments. Initially, the magnetic 

moment of the MC aligns with the external 𝑯. By time instant t1, 𝑯 changes to the new orientation, which 

is opposite to its original orientation. The MC experiences a magnetophoresis force 𝑭𝑚𝑝 pointing toward 

the solenoid. This 𝑭𝑚𝑝 induces a weak hydrodynamic torque 𝑻𝑚𝑝 on the MC, which drives it to rotate in 

the clockwise direction (see c1). Once the MC deviates from its original orientation, it experiences a 

magnetic torque 𝑻𝑚𝑡  caused by 𝑯, which further drives its clockwise rotation. Consequently, the MC 

shows persistent rotation and moves away from the solenoid (t = t3 and c2) as a surface walker128 until it 

fully aligns with the external magnetic field 𝑯 (t = t4). 

A key observation from the experiments is that most of the MCs rotate in the same direction 

during their out-of-plane rotation. Typically, to induce persistent out-of-plane rotation of a 

magnetic cluster or chain in one direction, a rotating H-field is required. Non-rotating uniform 
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alternating H-fields generally cannot independently induce persistent rotation in any direction. 

This is because once the MC becomes aligned with the external field, the magnetic torque exerted 

on it vanishes and the cluster maintains its orientation. When the alternating H-field reverts its 

direction, the MC can rotate either forward or backward depending on the thermal noise. However, 

the alternating magnetic field (non-rotating) used in the experiments is not uniform and has a non-

eero gradient along its center axis. The symmetry of the rotation direction in an alternating H-field 

could be broken by the non-uniformity of the field and cause persistent out-of-plane rotation of 

the MCs. Such a persistent rotation can be induced jointly by the magnetic torque and the 

magnetophoresis force in a nuAMF. To simplify the problem, the MC is approximated as a rigid 

ellipsoid with a permanent magnetic moment 𝒎. Figure 5-4a shows the strength of the nuAMF 

used in the experiments during one period of AC input. When the MC is placed in an external H-

field, it experiences a magnetic torque, 

 𝑻mt = 𝜇0𝒎 × 𝑯,  (5-1) 

where 𝜇0 is the magnetic permeability of vacuum. Driven by this torque, the cluster will rotate till 

𝒎 is aligned with 𝑯.128, 137, 189 As mentioned before, once the cluster is fully aligned with 𝑯, 𝑻mt 

will become eero. At this very moment, the out-of-plane rotation is driven by the magnetophoresis 

force and the hydrodynamic interactions between the MC and substrate, as shown in Fig. 5-4b. 

The magnetophoresis force 𝑭mp can be expressed as43, 57 

 𝑭mp =
1

2
𝜇0𝜒m𝑉p∇|𝑯|2,  (5-2) 

where 𝜒𝑚 is the volume-averaged susceptibility. The direction of this magnetophoresis force is 

independent of the direction of the H-field and always points toward the solenoid as shown in Fig. 

5-4b. Because of the small H-fields applied in the experiments, this force is so small that the 
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associated magnetophoresis velocity is at least an order of magnitude smaller than the translational 

velocity caused by the rotation. However, it can introduce a torque to rotate the MC through the 

hydrodynamic interactions between the MC and the substrate. As shown in Fig. 5-4c1, when the 

cluster moves toward the solenoid, the pressure on the left side is higher than that on the right side. 

This unbalanced pressure induces a clockwise net torque 𝑻mp on the cluster, thus forcing it to 

rotate in the clockwise direction. Hence, for an aligned cluster, when the H-field changes direction, 

the subtle magnetophoresis force effectively steers the cluster to rotate in the clockwise direction 

and outweighs the effect of thermal noise. As a result, the cluster exhibits a persistent out-of-plane 

clockwise rotation.  

Once the cause of the MC’s persistent out-of-plane rotation is understood, their translational 

motion can be analyeed as shown in Fig. 5-4b. When t < 0 s, the cluster is fully aligned with the 

external H-field. By the moment of t = t1, the direction of the external nuAMF changes by 180°, 

but the magnetic torque 𝑻mt is close to eero. As explained above, steered by the magnetophoresis 

force 𝑭𝑚𝑝, the cluster slowly rotates in the clockwise direction. Once the cluster deviates from its 

original orientation (t = t2), 𝑻mt increases dramatically. This 𝑻𝑚𝑡 further drives the cluster to rotate 

in the clockwise direction, which tends to realign its 𝒎 with the external 𝐻. The hydrodynamic 

torque associated with this rotation (denoted by 𝑻mt
h ) balances 𝑻mt and the cluster is torque-free 

overall. During this realigning rotation (t = t3), the hydrodynamic interactions between cluster and 

substrate generate a force 𝑭𝑟 on the cluster due to the imbalance of the x-component of the pressure 

forces on the left and right portion of the MC’s surface (see Fig. 5-4c2). This 𝑭r drives the MC to 

move away from the solenoid. The cluster’s translational speed v is determined by the balance 

between the drag force 𝑭t  (induced by the translational motion of the MC), and the force 𝑭r 

because the cluster is force-free overall.  This translational motion of the cluster lasts until the 
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cluster becomes fully aligned with the external 𝑯 (t = t4).  

5.2.2 Numerical Simulations Setup 

To validate the above hypothesis, numerical simulations are used to investigate the actuation 

of an ellipsoidal magnetic rod by a nuAMF in two-dimensional space. The simulation system 

features an ellipsoidal magnetic rod placed inside a 150 µm-thick and 400 µm-wide liquid, and 

35µm above a solid substrate surface (see Fig. 5-5 for a schematic). For the low-frequency situation, 

a rigid elliptical magnetic rod with a major radius 𝑅𝑎 of 15 μm and a minor radius 𝑅b of 5 μm is 

placed 35 μm above the substrate. Initially, the 𝒎 of the rod is aligned with 𝑯, pointing in the 

positive x-direction, and the liquid around it is stationary. An external nuAMF is applied by a 

solenoid placed on the left-hand side with an input AC with the amplitude I0. The external magnetic 

field is generated by a solenoid with total coil number of 𝑛 = 550, coil radius 𝑅s = 3 cm, solenoid 

length 𝐿s = 15 cm. The axis of the solenoid is 35 µm above the solid substrate. The magnetic rod 

is initially placed on the axis of the solenoid and its distance from the right end of the solenoid is 

4.5 cm. The nuAMF generated by the solenoid along its axis is given by190 

 𝑯 =
𝜇r𝑛𝐼0sin (2𝜋𝑓H𝑡)

2
[

𝐿s/2−𝑥

√(𝑥−𝐿s/2)2+𝑅s
2

+
𝐿s/2+𝑥

√(𝑥+𝐿s/2)2+𝑅s
2
] ,  (5-3) 

where 𝜇𝑟 = 200 is the relative permeability of the solenoid’s iron core, is the input current. The 

magnetic torque and magnetophoresis force induced by the solenoid on the rod were computed 

using Equ. 5-1 and 5-2, respectively.  

The flow field 𝒖 in the system is governed by the Stokes equation since the Reynolds number 

is small in the system, 
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 ∇ ⋅ 𝐮 = 0, (5-4) 

 𝜂∇2𝐮 − ∇𝑝 = 0,  (5-5) 

where 𝜂 is the viscosity of water and 𝑝 is pressure. The air-liquid interface is treated as a slip wall, 

while the substrate is treated as a no-slip wall. The left and right boundaries of the system are set 

as stress-free open boundaries. As mentioned earlier, the rod exhibits both rotational and 

translational motions in a nuAMF. Applying the no-slip boundary condition on the rod’s surface, 

the fluid velocity on the rod’s surface is given by  

 𝒖(𝒙s, 𝑡) = 𝑣 + ω̅r × (𝒙s − 𝒙0), (5-6) 

where v and ω̅r are translational and rotational velocity, 𝒙0 is the geometrical center of the rod, 

and 𝒙𝑠 is the position of any point on the rod’s surface.  

At t < 0 s, the rod is fully aligned with external magnetic field and the fluids are stationary. At 

t = 0 s, the external magnetic field changes direction and the rod starts to rotate in the clockwise 

direction under the effect of magnetophoresis (see Fig. 5-4(b1)). This rotation with an angular 

velocity 𝜔̅r  is then driven primarily by the magnetic torque 𝑻mt , which is balanced by the 

hydrodynamic torque associated with this rotation 𝑻mt
h  

 𝑻mt
h = ∫ (𝒙s − 𝒙0) × (𝝈h ⋅ 𝒏)𝑑𝑆

Γ
= −𝑻mt, (5-7) 

where Γ represents the surface of the rod and 𝝈h is the hydrodynamic stress tensor. Hence, the 

rod is torque free overall. The rotation near a solid boundary (substrate) exerts a hydrodynamic 

force 𝑭r  on the rod. This force is balanced by a hydrodynamic drag 𝑭t  associated with the 

translational motion of the rod. Hence, the rod is force free overall, 

 𝑭tot = 𝑭r + 𝑭t = ∫ 𝝈h ⋅ 𝒏
Γ

𝑑𝑆 = 0. (5-8) 
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To solve Equ. 5-(1-8) simultaneously and predict the behavior of the magnetic rod, a 

commercial finite element package COMSOL was used.144 Both the torque and force free 

conditions are ensured by iterating the 𝜔̅ and 𝑣 at each time step until Equ. 5-7 and 5-8 are satisfied. 

Then the position of the magnetic rod and mesh are updated with velocities obtained using arbitrary 

Lagrangian-Eulerian (ALE) method.145, 191  

 

Figure 5-5. Simulation results of the motion of a magnetic cluster in one period of low-frequency nuAMF. 

(a) The external nuAMF. (b) The angle between the cluster’s magnetic moment and the horieontal plane. 

(c) The cluster’s displacement. (d) The cluster’s translational velocity.  

The computational domain was discretieed using triangular elements, and the mesh is locally 

refined near the magnetic rod surface to ensure computing accuracy of the torque and force. 
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Multiple remeshing processes were performed to maintain the mesh quality. Mesh studies had been 

done to ensure that the results were independent of the mesh siee.  

5.2.3 Simulation Results and Analysis 

Figure 5-5 shows the simulation results of cluster motion in one period of a nuAMF with 𝑓H = 

20 He and 𝐼0 = 2 A. In one AC period 𝜏 (0.05 s), the MC rotates 360° in a clockwise direction to 

realign itself with 𝑯. Figure 5-5b shows the orientation of the rod as a function of the rotation time 

(the orientation angle 𝜃 is defined in Fig. 5-5b). The rod shows two sharp angular changes in the 

clockwise direction near 𝑡 = 0.15 𝜏 and 0.65𝜏, each corresponding to a rotation of the rod by 180° 

to realign with the magnetic field 𝑯 . Note the duration of these rotations of the rod is short 

compared to the period of nuAMF 𝑯. Figure 5-5c shows the x-direction displacement S of the rod 

from its original position during one period of nuAMF. The increase/decrease of S means the rod 

moves away/toward the solenoid. It is interesting to note that S only changes when θ changes, i.e., 

the rod translates only when it rotates. During each clockwise rotation of the rod, the rod generally 

moves away from the solenoid (a sharp increase of S) due to the hydrodynamic interaction between 

the rod and the substrate. Such rotation-depended translation of the rod exhibits a fluctuation in S 

with a 2𝑓H frequency similar to the experimental observation.  

It is interesting to note that the rod moves toward the solenoid with a small back step (see the 

decrease of 𝑆 near 𝑡 = 0.15𝜏 and 0.65𝜏) at the beginning and end of each rotation process. Such a 

weak backward movement is caused by the imbalance of the pressure distribution on the rod’s 

surface. This 2𝑓H  translational movement of the rod also generates two spikes of translational 

velocity 𝑣 in one period 𝜏, as shown in Fig. 5-5d.  

Figure 5-6 shows the width W of the rod projected on the horieontal plane as predicted by the 
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simulation and measured experimentally. Both results from simulation and experiment show two 

sharp downward spikes in one period of nuAMF, each corresponding to one 180° out-of-plane 

rotation of the rod. In contrast, when the rod is aligned with 𝑯 its projected width remains close to 

the major diameter of the rod, similar to the observation from experiments (see Fig. 5-6b). 

 

Figure 5-6. Evolution of the width of a magnetic cluster projected onto the horizontal plane over several 

periods of AC magnetic field (fH = 5 Hz or  = 0.2 s). Inset (a) show the definition of the projected width 

of the cluster. Inset (b) is the representative experimental result compared with simulation data. The two 

downward spikes correspond to the rapid alignment of the cluster with the external magnetic field once it 

rotates away from the 0° or 180° orientation (see Fig. 5-5b). The projected width maintains its maximal 

value most of the time, indicating that the cluster is fully aligned with the low-frequency magnetic field 

studied here. 

The effects of current amplitude 𝐼0 and field frequency 𝑓H on the average translational speed v 

of the magnetic rod have also been studied. The simulation results of the translational speed v for 

different 𝐼0 show a similar trend as the experimental observation (see Fig. 5-2). Figure 5-7a shows 

that, when 𝐼0 is small (𝐼0  ≤ 0.5 A), the rod exhibits no translational motion. This is because 𝑯, 
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and hence 𝑭mp, generated by the current is too weak to ensure that the rod keeps rotating in the 

same direction when the direction of the magnetic field changes. Once 𝐼0 is large enough (𝐼0 > 

 

Figure 5-7. Effects of the amplitude of current 𝐼0  (a) and field frequency 𝑓𝐻  (b) of nuAMF on the 

translational velocity obtained from simulations.  

0.5A), the rod starts to exhibit a persistent out-of-plane rotation and translates away from the 

solenoid. As the 𝐼0 increases further, v deceases slightly due to the increase of 𝑭mp, which tends 

to drive the rod toward the solenoid. As shown in Fig. 5-7b, the translational speed v of the rod 

increases linearly in the low to intermediate frequency regime (0 He < 𝑓H < 60 He). Such a rapid 

raise of v is expected as higher 𝑓H means more out-of-plane rotations of a cluster in the same time 

period. When 𝑓𝐻 is too high, the translational motion of the cluster becomes weak, similar to the 

experimental observation (see Fig. 5-3). This can be understood as follows. In a nuAMF 𝑯 with a 

sufficiently high frequency (𝑓H ≥ 80 He), the period of the nuAMF 𝑯 is too short for the cluster 

to realign itself with the H-field. Specifically, before the cluster rotates 180° in a clockwise 

direction, it is forced to rotate back (counter-clockwise) toward its original orientation by the 

changing direction of 𝑯. Hence, the cluster can no longer persistently rotate in one direction and 
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its net translational motion is eliminated. 

5.3 Conclusions 

In summary, a novel method to manipulate magnetic clusters near a solid surface using a 

nuAMF is analyeed and the dynamics of magnetic clusters is studied. Experiments show that MCs 

will move away from the solenoid, which is different from the case of a magnetic particle pulling 

a permeant magnet. It is found that the MCs’ time-dependent displacements show periodic 

behaviors and the frequency of the fluctuation of the particle displacement is twice the frequency 

of the driving field. The moving speed of the MCs also depends on the strength and gradient of the 

driving H-field, the frequency of the driving H-field, and the siee of the MCs. A hydrodynamic 

model is developed to understand the underlying mechanisms of the MCs’ behaviors and the 

theoretical predictions match the experimental results quite well. It is found that this nuAMF 

induced the persistent out-of-plate rotation of MCs by the effects of magnetophoresis and magnetic 

torque. This out-of-plate rotation of MCs causes the translational motion through the 

hydrodynamic interactions between MCs and a nearby solid boundary. This directional 

manipulation method has advantages when compared to other manipulation methods. For example, 

it is easy and cheap to implement and requires much weaker H-field strength than traditional 

magnetic field manipulation methods. Such a simple particle manipulation method has a great 

potential in applications such as cell biology and microfluidics. 
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 Summary 

Micro-particles are ubiquitous in microsystems related to biology, medicine and microfluidics. 

The effective manipulation of micro-particles is crucial for achieving the desired functionality of 

microsystems and requires a fundamental understanding their dynamics in complex environment. 

In the past decades, many micro-particle manipulation methods have been developed basing on 

different particle dynamics induced by electric and magnetic fields, acoustic waves, and optical 

forces, etc. Nonetheless, few manipulation methods are suitable for in vivo applications. Hence, 

new methods are still being explored and developed at present. Among them, the active particles 

and magnetically steered surface walkers show great potentials in the practical manipulation of 

micro-particles. However, the underlying mechanisms of these new methods are still not well 

understood, and questions remain on the dynamics of the micro-particles in complex environment. 

To significantly improve the performance of these new technologies, these questions must be 

addressed. The overall objective of this dissertation is to advance the fundamental understanding 

of the dynamics of two types of micro-particles (specifically active particles and magnetically 

steered surface walkers) to facilitate their further development. For active particles, the self-

diffusiophoresis of Janus catalytic micromotors in confined geometries and the bubble behavior in 

active particle system are investigated. For magnetically steered surface walkers, a novel 

manipulation method is presented and the dynamics of magnetic particles during manipulation 

process is analyeed. 

In Chapter 2, the translational and rotational dynamics of JCMs in confined geometries driven 

by self-diffusiophoresis are studied using direct numerical simulations. The simulations reveal that 

JCMs can exhibit rich dynamic behavior under confined conditions. For the translocation of a 

single spherical JCM through a short cylindrical pore, while the JCM is slowed down by the pore 
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on average, the speed of the JCM can exceed that in free solutions when the JCM approaches the 

pore exit. The overall slowdown of self-diffusiophoresis becomes more obvious when the pore 

siee reduces, but its dependence on the pore siee is much weaker than the transport of particles 

driven by external force or externally imposed concentration gradients. For the translocation of a 

pair of JCMs through a pore, when both of their catalytic surfaces are facing the bottom reservoir 

direction, the front JCM speedups but the back JCM slows down. For a circular JCM near a pore 

entrance and with its phoretic axis not aligned with the pore axis, the JCM can enter the pore and 

its phoretic axis becomes fully aligned with the pore axis if its initial inclination angle is small. 

Otherwise, the JCM either collides with the pore entrance or moves away into the reservoir. For a 

JCM already inside a pore, self-diffusiophoresis can align the JCM’s phoretic axis with the pore 

axis and drive it toward the pore center for the parameters considered here. These rich behaviors 

have both hydrodynamic and chemical origins. In particular, the modification of the chemical 

species concentrations surrounding a JCM by wall confinement and its neighboring JCMs, which 

is called a “chemical effect” (diffusion of the products), plays a key role in determining the 

translation and rotation of the JCMs. These effects are especially significant when the confinement 

is severe or when JCMs approach each other and should be taken into account in the design and 

operation of JCMs in these applications.  

In Chapter 3, a new collective motion behavior of JCMs accompanied by periodic bubbling is 

analyeed. While an individual 5-μm diameter JCM submerged in solution cannot nucleate a bubble 

independently, it is found that at high JCM density, JCMs aggregate locally and collectively enable 

the nucleation and growth of bubbles. As the bubble grows, the JCMs exhibit a collective, 

synchronieed motion. This motion is fast and its direction is towards the center of the bubble, 

regardless of the orientation of the catalytic surface on the JCMs. With the help of scale analysis, 
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it is proposed that the motion of JCMs towards the bubble center is caused by the evaporation-

induced Marangoni flow effects. The numerical simulations show that the Marangoni effect can 

produce similar speeds of JCMs as observed in the experiments. Such an evaporation-induced 

Marangoni effect is further supported by experiments in which environmental humidity is tuned 

to quench the collective motion of JCMs. This result could be expected to garner interest for 

collective task management with fewer siee restrictions as far as bubble nucleation is concerned. 

In Chapter 4, some of the peculiar behaviors related to the formation, growth, and collapse of 

bubbles in JCM systems reported in recent experiments are investigated. A criterion is derived for 

the formation of bubbles on a JCM’s surface based on consideration of the mass transfer near the 

JCM and the thermodynamics of bubble nucleation. Using this criterion, it is shown that bubble 

formation is controlled by both JCM siee and the catalytic activity of the JCM’s surface. According 

to the simulation, a high concentration profile generated by a cluster of JCMs facilitates the 

formation of bubbles, even near small JCMs. The numerical simulation on the growth of a bubble 

fed by a ring of JCMs produces an anomalous growth law of 𝑅𝑏~𝑡𝜂 where 𝜂 is larger than 0.5 and 

depends on the number of JCMs in the ring and the inward velocity of the JCM toward the bubble. 

This unusual bubble growth behavior is caused by a combination of a supersaturation environment 

and the relative movement between the growing bubble and the JCM. It is suggested that the rapid 

bubble collapse observed in recent experiments is due to the coalescence of the bubble with the 

air-liquid interface. The hypothesis is supported by agreement between the short time scale of such 

coalescence observed in experiments and in the simulations. 

In Chapter 5, a novel method to manipulate magnetic clusters (MCs) near a solid surface using 

a nuAMF is analyeed and the dynamics of the magnetic clusters is studied. Experiments show that 

MCs move away from the solenoid, which is different from the case of a magnetic particle being 
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pulled by a permanent magnet. The speed of motion of the MCs also depends on the strength and 

gradient of the driving H-field, the frequency of the driving H-field, and the siee of the MCs. A 

hydrodynamic model is developed to understand the mechanisms of the MCs’ behaviors and the 

theoretical predictions match the experimental results quite well. It is found that the combination 

of magnetophoresis force and the magnetic torque cause the persistent rotation of the MCs. This 

rotational motion leads to translational motion due to the hydrodynamic interaction between the 

rotating MCs and a nearby substrate. Such a simple particle manipulation method has great 

potential for applications such as those in cell biology and microfluidics. 
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