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Abstract 
 

Self-assembly, trapping, and transport of microparticles can be pivotal in medicine, lab-on-a-

chip applications, and other fields; however, complex non-Newtonian fluids pose fundamental 

challenges for these processes. Here, we show that for two glass boundaries set amongst a 

viscous, shear-thinning gel and separated by a narrow slit (~20 µm), incident acoustic waves 

are concentrated at the interstice, and microbubbles in the surrounding gel exhibit consequent 

nucleation and other interesting behaviours. When the acoustic field is intermittently activated, 

microbubbles transform between spherical (off) and ellipsoidal (on) shapes; ellipsoidal 

microbubbles squeeze into the interstice and become trapped, while spherical ones are pushed 

out. Upon continuous activation, the ellipsoidal microbubbles execute propulsion driven by 

Faraday waves superimposed on volume modes developed at their surfaces. When in 

proximity, they self-assemble into a chain-like microtrain capable of trapping microparticles 

between its members. Upon deactivation, the microparticles are released, thus simulating a 

microcargo train. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 2 

Achieving controlled mobility of microparticles in a biologically-relevant complex fluid 

medium can create exciting new opportunities in the natural and life sciences and open up 

biotechniques and biomedical applications, particularly in targeted drug delivery and non-

invasive microsurgery. Microparticle transportability has been achieved, generally resorting to 

i) external-field gradients and ii) instituting nonreciprocal motion within a designed 

microstructure. The first demonstrated manipulation of dielectric microparticles, using optical 

tweezers, operated on a tightly-focused gradient of light1,2. Later, magnetic3, acoustic4–11, and 

electric12 field gradients were adopted. Acoustic-13–17, electric-18,19, magnetic-20–29, and light-30 

based approaches can also initiate propulsion by exploiting nonreciprocity within a 

microstructure or any appendages anchored to it. However, to date, most manipulation and 

propulsion of microparticles and microarchitectures has been executed in a simple Newtonian 

fluid, i.e., water. Although nature’s microswimmers such as bacteria31, spirochetes32,33, and 

spermatozoa34 can navigate effectively in complex fluids and gel-like media, their artificial 

counterparts find viscous fluids extremely challenging. Only a few synthetic microswimmers 

have achieved navigation through viscous fluids35, such as a magnetic “micro-scallop” that is 

propelled in non-Newtonian shear-thinning and shear-thickening liquids through reciprocal 

motion of its appendages36. Other magnetic designs have been studied for navigating 

through bodily fluids such as gelatin37–39 and the vitreous humour of the eye40. In addition, 

an acoustic vortex beam was recently developed to trap and manipulate microbubbles inside 

agarose gels that mimic biological tissues41. 

 

 Herein we report the discovery of various microbubble behaviours in an acoustic field 

when confined to shallow openings between two glass boundaries in a shear-thinning gel. We 

observed microbubble nucleation due to intensification of incident acoustic waves at the 

narrow slit; theoretical development of the pressure field across the glass boundaries supported 

this acoustic amplification. When the acoustic field was turned off, the microbubbles moved to 

the sides. Peculiarly, when dormant microbubbles located outside the opening were exposed to 

ultrasound, they squeezed through the shallow slit, transforming shape from spherical to 

discoidal just milliseconds prior, and consequently became trapped. Both single and multiple 

microbubbles were observed to execute controlled propulsion upon activation, the driving 

mechanism of which we believe stems from superposition of volume and high-amplitude 

surface modes developed at the microbubble skin. As individual microbubbles approached 

each other, they self-assembled into a train and travelled in unison at uniform velocity. 

Surprisingly, when we injected solid microparticles into the surrounding environment, they 

became trapped between members of the bubble microtrain. Finally, after the train arrived at a 

destination, the transducer was deactivated and the trapped microparticles released. Our system 

thus mimics a cargo train at microscale. As most human bodily fluids are shear-thinning, 

bubble dynamics in such media have implications for medical applications, particularly 

targeted drug delivery. We envision that acoustically-activated microbubbles can become an 

exciting platform for drug delivery, such as within the synovial fluid of human joints. 

 

Results 

Experimental setup. Our experimental design incorporates a piezo disc transducer mounted 

on a glass slide, as shown in the schematic in Fig. 1a (see also Fig. S1). The transducer is 
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driven by an electronic function generator to produce elastic Lamb waves on the glass slide. 

We trigger the transducer's thickness mode at excitation frequencies of 22.3−23 kHz and 

amplitudes of 20 VPP. We apply a viscous, shear-thinning gel to the glass slide at approximately 

5 mm from the transducer. A glass capillary with a circular cross-section is then placed on top 

of the gel and pressed down until bubbles begin to form and cavitate in the interstice (which 

occurs at a span of ~20 µm between the capillary and the glass), as depicted in Fig. 1b and c. 

The entire setup was placed on an inverted microscope connected to a highly sensitive, high-

speed camera to study the various behaviours of microbubbles (Fig. 1d) within the confines of 

the narrow aperture.  
 

 

Fig. 1 |Experimental setup and theoretical model. a. Schematic of the experimental setup. 

A piezo transducer is bonded on a glass slide and, when electrically activated, generates Lamb 

waves on the slide. A shear-thinning gel is applied 5 to 15 mm from the transducer. Finally, a 
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glass capillary having outer and inner diameters of 1.5 and 1. 3 mm, respectively, is positioned 

on top of the gel, crossing the slide. b. We investigated microbubble behaviours in the shallow 

region sandwiched between the glass slide and the capillary. c. Microbubbles transformed 

between spherical and discoidal shapes when the acoustic field was turned on (green arrow) or 

off (red arrow). d. An illustration of the various behaviors observed: self-assembly, propulsion, 

trapping, and transport in an acoustically intensified narrow slit. e. Theoretical calculation of 

the acoustic field generated between two closely spaced cylinders surrounded by a liquid. The 

radial vibration of the bigger cylinder generates an acoustic field, while the smaller cylinder 

scatters that field. Distribution of the normalized acoustic pressure magnitude in a plane 

transverse to the cylinders. The radius of the smaller cylinder is  mm, the radius of 

the larger cylinder  mm, the vibration frequency  kHz, the distance between the 

cylinders’ surfaces (gap width) 50 μm (this value was chosen in order to make the gap between 

the cylinders visible in the figure), the liquid density  kg/m3, and the speed of sound 

in the liquid  m/s. f. Variation of the normalized acoustic pressure magnitude along 

the dashed line depicted in Fig. 1e at three values of the gap width: 10 μm, 20 μm, 30 μm. g. 

Normalized force field experienced by a bubble with radius  μm. The distance between 

the surfaces of the cylinders is 20 μm. h. The normalized force component , given by Eq. 

(4), at three values of the radius of the bigger cylinder  for a bubble located on the dashed 

line depicted in Fig. 1e. 
 

Modeling of acoustic pressure across a narrow slit. A theoretical model across the narrow 

slit has been developed that explains the physical mechanism behind the experimental effects 

we observed (which are described in more detail below). The model approximates the physical 

situation under study as follows. It is assumed that there are two closely-spaced cylinders, of 

which the bigger cylinder, with radius , vibrates radially, generating an acoustic field in the 

surrounding liquid. Note that the glass slide used in our experiments is approximated as a 

cylinder whose radius tends to infinity. The smaller cylinder (the capillary), with radius , 

scatters the acoustic field generated by the bigger cylinder. The acoustic pressure  produced by 

the cylinders is calculated by , where  is the equilibrium liquid density and 

 is the potential of the liquid velocity, which obeys the Helmholtz equation42 

, where  is the wavenumber,  is the angular frequency, and c is the speed of sound 

in the liquid. The calculation gives  

 , (1) 

where  is the Hankel function of the first kind,  is the polar coordinates originated 

at the centre of the jth cylinder (j = 1,2), and the coefficients  are calculated by boundary 

conditions at the cylinders’ surfaces (see Supplementary Section 1.1). The developed 

theoretical model is valid for any separation distances between cylinders, which allows us to 

calculate the pressure field at narrow slits.  

 

Figure 1e shows the distribution of  in a plane transverse to the cylinders, 

suggesting an amplification of the acoustic field at the interstice. The plotted values are 
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normalized to the maximal pressure value, which occurs at 𝑧 = 0, i.e., the midpoint between 

the cylinders (Fig. 1f). Calculations revealed that, qualitatively, the behaviour of the acoustic 

pressure remains the same regardless of the cylinders’ radii and the distance between them.  

 

Microbubble formation and migration. We first studied the nucleation and cross-migration 

of microbubbles in a viscous gel through a narrow gap between a capillary and the glass slide. 

Based on our theoretical model, when an acoustic wave was triggered at a frequency of 23 kHz 

and voltage of 20 VPP, a pressure field formed and was intensified in the space between, which 

initiated the microbubble nucleation process. As a microbubble oscillates vigorously in this 

acoustic field, it grows rapidly until reaching the critical size at which it comes into contact 

with the bounding surfaces of the capillary and the glass slide. The microbubble then conforms 

to those surfaces, causing it to become discoidal in shape. The unbalanced acoustic pressure 

distribution within the gap, i.e. the high-pressure gradient along the +𝑧 and −𝑧-axis, further 

squeezes the microbubble along the 𝑧-axis, thus giving rise to an ellipsodal microbubble with 

its major axis oriented in the 𝑦-direction. When the acoustic field is turned off, the ellipsoidal 

microbubbles revert to spherical shape and are squeezed out of the interstice, usually within 

seconds, migrating to either side of the capillary in the direction of the 𝑧-axis (see also 

Supplementary Video 1). It is quite intriguing that when we subsequently re-activated the 

acoustic field, the microbubbles squeezed back into the slot and reverted to a discoidal shape 

in a matter of milliseconds.  

 

Knowing the acoustic field produced by the cylinders makes it possible to calculate the 

acoustic radiation force43 that acts on a gas bubble situated beside them (Supplementary 

Section 1.2). The force is defined by the following equation:  

 , (2) 

where  means the time average, R is the instantaneous bubble radius, which is calculated 

by the Rayleigh-Plesset equation44,45, and p is the acoustic pressure calculated by equation (1). 

The calculation shows that the radiation force has x and z components, which are given by 

 , (3) 

 , (4) 

and lies in the plane transverse to the cylinders. Here,  is the bubble’s equilibrium radius, 

Re means “the real part of”,  is the bubble’s resonance frequency,  is the damping constant 

of the bubble’s oscillation,  are the coordinates of the bubble’s centre, and the functions 

 and , which only depend on the acoustic field at the point , are defined 

by Supplementary Equations (1.40) and (1.41).  

 

Figures 1g and 1h illustrate predictions of equations (3) and (4), which were calculated 

with values corresponding to our experimental parameters:  mm, the distance 

34

3
b R pp= -F Ñ

0 0 2 2

0

( , )
2 Re

1

x

bx

G x z
F kR

i
pr

w w d
ì ü

= í ý
- +î þ

0 0 2 2

0

( , )
2 Re

1

z

bz

G x z
F kR

i
pr

w w d
ì ü

= í ý
- +î þ

0
R

0
w d

( , )x z

( , )
x
G x z ( , )

z
G x z ( , )x z

1
0.75R =



 6 

between the cylinders’ surfaces 20 μm, the vibration frequency  kHz,  kg/m3, 

 m/s, and the gas inside the bubble is air. Fig. 1g specifically shows the force field 

experienced by a bubble with radius  μm (  kHz, Eq. 1.31 in 

Supplementary Information) in the case where  mm, while Fig. 1h depicts the value of 

the force component  for various values of  assuming that the bubble is sited on the 

dashed line depicted in Fig. 1e. The force is normalized to the maximal value. It is readily seen 

that at , , while at , . This means that the radiation force causes the 

bubble to move to the plane , where ; that is, it moves to the space between the 

cylinders and settles there. So long as the acoustic field is on, the position of the bubble at  

is stable; if the bubble becomes displaced by random perturbations, the radiation force returns 

it to this position. It should be emphasized that Figs. 1e – 1h are strictly concerned with small 

bubbles, i.e., those with , since our experiments employed such bubbles. In the case 

depicted, .  

 

Discoidal microbubble propulsion. In 1932, Gaines46 first noticed a peculiar phenomenon: 

the erratic behaviour of gas-filled bubbles in a liquid after being irradiated with intense 

ultrasound46,47. This randomly directed, incredibly fast-moving behaviour, dubbed the 

"dancing bubble" phenomenon, is often difficult to observe, and despite extensive theoretical 

development, its controlled manipulation has remained difficult to achieve. 

 

 With application of an acoustic field, an ellipsoidal microbubble undergoes a volume 

mode oscillation with amplitude of ~10 μm that is superimposed with a Faraday wave at the 

air/liquid interface, as shown in Fig. 2a and b and Supplementary Videos 2 and 3. In the case 

of our narrowly-separated capillary and slide setup using a viscous shear-thinning fluid, this 

resulted in single and multiple microbubbles propelling along the gap in the 𝑦-direction, as 

depicted in the image sequences of Fig. 2c (see also Supplementary Video 4). These bubbles 

attained their terminal velocities within milliseconds and propelled at a remarkable speed of up 

to 0.6 mm/sec. The acoustic pressure distribution developed in the interstice, as modelled in 

Fig. 1f, thus mimics a rail, preventing any sideways deviation of the microbubbles. Initially, 

we expected that increasing the power applied to the system would cause the bubbles to propel 

faster; instead, we observed increased power to result in the ellipsoidal microbubbles becoming 

unstable, behaving erratically or merging with other bubbles.  

 

 While we are unable to predict whether microbubbles in this setup will migrate to the 

left or the right, as they exhibited propulsion in both directions under similar experimental 

conditions and at similar frequencies and amplitudes of the acoustic field, we are interested in 

the mechanisms responsible for their propulsion. The translation motion of the microbubbles 

along the gap suggests that the primary radiation force by the piezo transducer is unlikely to be 

the driving force. Depending on the resonance frequency of the microbubble, this radiation 

force will either attract or repel relative to the transducer in the direction of acoustic wave 

propagation, i.e., along the 𝑧-axis. However, we observed the ellipsoidal microbubbles to 

translate along the 𝑦-axis instead. Furthermore, the spherical microbubbles traversed towards 
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the capillary's centre when the acoustic field was activated, regardless of whether they started 

out above or below the capillary. Based on these observations, it is also unlikely that the 

primary Bjerknes force is responsible for propulsion. Next, we consider the possible effects 

arising from a standing wave field. When sound waves propagating along the glass slide impact 

the glass/air interface, their reflection can result in a standing wavefield in the 𝑧-direction. 

Given that the ellipsoidal microbubbles propel along the 𝑦-axis, this standing wavefield cannot 

be a source of propulsion. However, a standing acoustic wavefield can also be generated across 

the glass slide, i.e., along the 𝑦-axis with the velocity node in the centre. The dispersion 

equation derived by Doinikov et al48. predicts that, at 23 kHz and given a 20-μm narrow slit 

between the glass slide and capillary, such a standing wave should have a wavelength of 5.6 

cm. In view of the fact that the ellipsoidal microbubbles propel in both +𝑦 and −𝑦 directions, 

the classical Bjerknes force produced by this standing wave cannot be responsible for the 

propulsion. The Bjerknes force is directed toward a pressure antinode (velocity node), if the 

bubble is driven below resonance ( ) as in our case49,50. Note, these results are only valid 

if the bubble does not undergo strong shape modes. 

 

The acoustic field also excites an elastic wave (Lamb wave) inside the glass slide51, 

which propagates along the 𝑦-axis. This wave then gives rise to a standing wave in the fluid, 

which propagates through the intervening fluid layer between the slide and the capillary, with 

a velocity node developing beneath the centre of the capillary. Since the glass capillary acts as 

a reflector, the pressure magnitude of this wave across the narrow interstice can be sufficiently 

high48. When a bubble is confined between the slide and the capillary, this wave excites shape 

oscillation modes (capillary waves) on its surface. The bubble oscillation is inherently 

nonlinear. This nonlinearity is negligible in a weak driving field. However, in a strong field, 

this nonlinearity makes surface bubble modes interact with one another and give rise to an 

additional radiation force on the bubble, which counteracts the classical Bjerknes force (which 

is directed to the velocity node) and makes the bubble move away from the velocity node. 

0
w w<
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Fig. 2| Oscillation modes and propulsion of ellipsoidal microbubbles in ultrasound. a. 

Image sequences demonstrating the volume mode oscillation of an ellipsoid microbubble 

trapped inside the narrow slit. A large oscillation amplitude (ε)	of	~10	µm	was observed under 

the bright field microscope. b. A sequence of high-speed images taken at 40,000 frames per 

second illustrating the Faraday wave on the surface of an elongated microbubble. The capillary 

wave travels to the left, as indicated by the magenta dot on the crest of the wave. c. Image 

sequences illustrating the translational motion of a single ellipsoidal microbubble through 

hydrogel inside a narrow slit when exposed to ultrasound. 

 

Chain-like assembly of microbubbles. When exposed to ultrasound, microbubbles crawled 

in the 𝑧-direction and squeezed into the narrow slit, becoming ellipsoidal. The pressure gradient 

developed across the aperture caused them to accelerate, increasing cross-migration velocity 

(vz). The microbubbles subsequently propel themselves along the capillary, translating at 

different velocities (vy), but also tend to be drawn together by the secondary Bjerknes force. 

Specifically, when one microbubble approaches an adjacent microbubble, its velocity (vy) 

abruptly increases until the two collide and are required to settle into an equilibrium velocity. 

Ultimately, this leads the microbubbles to become arranged into a quasi-microtrain, each one 

mimicking a bogie and the overall length of the structure determined by the number of 

microbubbles, as illustrated in Fig. 3a and b and Supplementary Video 5. Among the inner 

members of the train, a strong repulsive force is manifested, causing a striking gap length of 

~10 µm between adjacent microbubbles; they do not coalesce. In addition, the inner 

microbubbles tend to deform from ellipsoidal into almost rectangular shapes and barely 

oscillate in the 𝑦-direction, whereas the leading and trailing microbubbles oscillate freely. 

Despite the apparent repulsion between adjacent microbubbles, a set of bubbles lock 

themselves together and travel in unison, as illustrated in Fig. 3c.  Occasionally, microbubbles 
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were observed to eject from the train. Usually, ejection occurred when an interjacent 

microbubble was significantly smaller than those on either side, as shown by the microbubble 

tracked with cyan pigment in Fig. 3b. 

 

 
Fig. 3| Self-assembly and propulsion of ellipsoidal microbubbles. a. Schematic and image 

sequence depicting the microbubbles crawling in the z-direction and squeezing into the 

narrow slit when exposed to ultrasound. These microbubbles then self-assemble into train-

like arrangements. b. Image series demonstrating propulsion of the bubble train, translating 

left-to-right in the narrow slit. c. Plot of the translational velocities (vy) of microbubbles 

moving along the narrow slit in the y-direction. 
 

Trapping and transport mechanism. Next, we investigated the trapping and transport 

behaviour of the microbubble train in an acoustic field. We mixed 10-µm polystyrene 

microbeads with a shear-thinning gel, then sandwiched the resulting solution between the glass 

slide and capillary. Upon applying an acoustic field, a bubble microtrain was produced. The 

oscillations of the bubbles subjected the microbeads in the surrounding environment to 

radiation forces, causing them to be attracted towards the bubbles. As the microparticles 

approached, they came in contact with the top or bottom surfaces of the microbubbles, then 

slid left or right along the crosswise centreline until reaching the bubble’s equator. The particles 

then migrated forward or back and became trapped between bubbles, as depicted in Fig. 4a 

(see also Supplementary Video 6). Moreover, we observed that solid microparticles do not 

tend to transverse the interstice; rather, they begin to migrate only in the presence of ellipsoidal 
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microbubbles, approaching the bubble with a velocity that scales inversely to distance, as 

shown in Fig. S2. Minimum microbubble oscillations (𝜀~2	µm) were observed at these 

regions. No microparticles were observed to be trapped at the top/bottom regions or on the 

outermost bubbles of the train, which can be attributed to those regions and microbubbles 

undergoing the largest oscillations, i.e. 𝜀~10	µm. 
 

 This behaviour allows for a very reliable trapping mechanism. In addition, the length 

of the bubble train, i.e., the number of microbubbles, determines the number of microbeads 

that can be trapped. All told, this represents an exciting novel strategy for transport of 

microparticles or drugs in extremely viscous liquids or gels.  
 

 

Fig. 4 | Trapping and transport mechanism. The schematic and image sequences 

demonstrate a. bubble train propulsion and simultaneous trapping of solid particles at the 

center point between adjacent microbubbles. b. the transport and release of microparticles at 

2.5 seconds when the acoustic field is deactivated. Microbubbles emerge from a narrow slit 

leaving solid particles behind. c. A solid microparticle bounded by two oscillating bubbles in 

an acoustic field. d. Force field experienced by the microparticle was calculated using the 

following parameters. The equilibrium bubble radii are  μm. The distance 

between the bubbles’ surfaces is 15 μm. The bubbles oscillate at 23 kHz. The particle, with 

radius  μm, is made of polystyrene, whose density and sound speed are  

kg/m3 and m/s. The sound speed in the liquid is  m/s. The liquid density is 

 kg/m3. e. Acoustic streamlines created by oscillation of a pair of discoidal 

microbubbles illustrates the repulsion between them. 
 

 Herein we demonstrate the trapping and transport behaviour of the bubble train. The 

image sequence of Fig. 4b illustrates the progression of a bubble train and trapped polystyrene 

microparticles along a predefined path down the long axis of a capillary. When the bubble train 
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had travelled 345 µm, which took 2.3 seconds, we turned the acoustic field off. The discoidal-

shaped microbubbles ceased oscillating, lacked sufficient energy to remain on the centreline, 

and so immediately transformed into spherical microbubbles and gradually squeezed out from 

underneath the capillary. Given the viscous fluid environment, the polystyrene microparticles 

naturally remained behind at the centreline, and so were separated from the microbubbles (see 

also Supplementary Video 7). 

 

To explain why solid microparticles are attracted to the space between bubbles, we have 

calculated the acoustic radiation force that acts on a solid microparticle in the acoustic field 

generated by two interacting bubbles undergoing axisymmetric oscillation (Supplementary 

Section 2). To obtain the force, the acoustic field generated by the bubbles is first calculated 

and then Gor’kov’s formula for the force is used52. As a result, the following equations for the 

force components are found:  

, (5) 

. (6) 

Here  is directed along the centreline of the bubbles (Fig. 4c),  is perpendicular to the 

centreline, , ,  is the particle radius,  is 

the particle density,  is the speed of sound in the particle,  are the coordinates of the 

particle centre, and the functions  and , which only depend on the acoustic field at the 

point , are defined by Supplementary Equations (2.35) – (2.38).  

 

 Figure 4d shows the normalized force field of two adjacent microbubbles, which was 

calculated by equations (5) and (6). The calculation was performed at the following parameters. 

The equilibrium bubble radii are  μm. The distance between the bubbles’ 

surfaces is 15 μm. The bubbles undergo radial oscillations with a frequency of 23 kHz. The 

particle, with radius  μm, is assumed to be made of polystyrene, whose density and 

sound speed are  kg/m3 and m/s. The sound speed in the liquid is  

m/s and the liquid density is  kg/m3. The acoustic streamlines created by oscillation 

of a pair of discoidal microbubbles illustrates the repulsion between them, as illustrated in Fig. 

4e (see also Supplementary Video 8). Figure 4d shows that, if the particle gets into the space 

between the bubbles, the radiation force makes it settle at the midpoint between the bubbles.  

 

 It should be noted that in our experiments, we deal with discoidal bubbles. However, 

there is at present no theory that would allow one to calculate the radiation force produced by 

such bubbles; the problem is too mathematically complex. Therefore, we have to use theoretical 

results obtained for spherical bubbles. This approach should be considered an approximation 

that makes it possible to understand, at least qualitatively, the physical mechanism of the 

observed effect.  
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Discussion 

This article demonstrates the concentration of acoustic waves in a narrow slit and subsequent 

trapping of microbubbles. We further develop a theoretical model of the pressure field at the 

interstice. Because the experimental configuration is quite similar to the environment found in 

joints, the discovered strategy may provide an exciting platform for drug delivery to the 

synovium of joints, Fig. 5. We expect our study to launch an alternate strategy for micro- and 

nanoparticle trapping. The observed amplification of sound waves can be applied in slit-like 

micro- and nanoarchitectures to capture micro- and nanoparticles. We further demonstrate 

controlled propulsion of an ellipsoidal microbubble, driven by Faraday waves superimposed 

on its volume mode oscillations. Importantly, while these initial findings are exciting, further 

research is needed to determine what controls the direction of propulsion. Future work will 

examine how ellipsoidal microbubbles propel when confined within a slit set in an arbitrary 

geometry. We also exhibit a new and unique mechanism of trapping microparticles at 

centerpoints between microbubbles. Future studies will investigate the trapping of particles of 

different sizes and materials, including glass, metal, and polystyrene. An additional observation 

of this study is that continuous activation leads the microbubbles to self-assemble into chain-

like arrangements that propel in unison. Our findings of self-assembly, trapping, and transport 

of microparticles in shear-thinning fluid, behaviours ultimately mimicking a cargo train, are of 

particular interest due to most human bodily fluids being shear-thinning. Studies of bubble 

dynamics in such a medium might have applications in medicine, especially as a new approach 

to targeted drug delivery.  

 

 
 

Fig. 5 | A concept for the delivery of drugs to the synovial fluid located within joints. 
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Materials and Methods 

Experimental Setup. A piezo transducer is bonded on a glass slide and, when electrically 

activated, generates Lamb waves on the slide. A viscous gel (K-Y Lubricating Jelly Sterile) is 

applied to the glass slide. Finally, a glass capillary having an outer diameter of 1.5 mm is 

positioned on top of the gel ~5 mm from the transducer, crossing the slide. The whole setup 

was positioned on an inverted microscope (ZEISS Axiovert 200M) and experiment results were 

captured using a high-sensitivity and high-speed camera. The piezoelectric transducer is 

connected to a function generator capable of creating waves with a peak-to-peak voltage of 20 

V (Tektronix AFG3011C), and is used to generate a square wave with 20 VPP and frequencies 

between 22.3 and 23 kHz.  

 

High-speed Image Acquisition. High-speed images of the bubble oscillations were taken at a 

framerate of 40420 fps with an acoustic excitation frequency of 22.3 kHz. Since the bubble 

oscillation must align with the oscillation of the acoustic field, the period of the oscillation of 

the bubble should be 45 μs. The 40420 fps yields a frame length of 25 μs. Consequently, every 

1.8 frames of the video are composed of one oscillation cycle of the bubble, and every 9 frames 

are composed of 5 cycles. These 9 frames were taken from 5 separate cycles at varying stages 

of the oscillation. By rearranging the frames chronologically according to the cycle 

progression, we are able to show 1 oscillation cycle of a bubble in 9 frames, as if it were taken 

at 202,100 frames per second. 
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