
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Lab on a Chip

www.rsc.org/loc

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Lab on a Chip RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2014 Lab Chip, 2014, 00, 1-8 | 1 

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Micro Propulsion by Acoustic Bubble for Navigating 

Microfluidic Spaces   

Jian Feng
a
, Junqi Yuan

b
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This paper describes an underwater micro propulsion principle where a gaseous bubble 

trapped in a suspended microchannel and oscillated by an external acoustic excitation 

generates a propelling force. The propelling swimmer is designed and microfabricated out of 

parylene in micro scale (equivalent diameter of the cylindrical bubble is around 60 µm) 

using microphotolithography. The propelling mechanism is studied and verified by 

computational fluid dynamics (CFD) simulations as well as experiments. The acoustically 

excited and thus periodically oscillating bubble generates alternating flows of intake and 

discharge through an opening of the microchannel. As the Reynolds number of oscillating 

flow increases, the difference between intake and discharge flows becomes significant 

enough to generate a net flow (microstreaming flow) and a propulsion force against the 

channel. As the size of device is reduced, however, the Reynolds number is also reduced. To 

maintain the Reynolds number in a certain range and thus generate a strong propulsion force 

in the fabricated device, the oscillation amplitude of bubble is maximized (resonated) and 

the oscillation frequency is set high (over 10 kHz). Propelling motions by a single bubble as 

well as an array of bubbles are achieved in microscale. In addition, the micro swimmer 

demonstrates payload carrying. This propulsion mechanism may be applied to 

microswimmers that navigate microfluidic environments and possibly narrow passages in 

human bodies to perform bio sensing, drug delivery, imaging, and microsurgery. 

 

Introduction  

There have been a large number of research attempts to develop 

mircoswimmers to navigate passages in microfluidic devices 

and even narrow spaces inside human bodies to perform drug 

delivery, micro surgery, bio sensing, imaging, etc 1-4. A variety 

of physical principles have been adopted to generate propulsion 

forces for the microswimmers. For example, artificial micro 

flagella based on bacteria propulsion were built that could 

produce corkscrew motions in six degrees of freedom under an 

external magnetic field 5-7. Dreyfus et al. developed a similar 

artificial flagellum but based on flexible oar motions 8 that were 

also generated by an external magnetic field. The above 

magnetic actuations usually need a bulky, complex external 

system with linear and rotational traversing mechanisms to 

generate strong magnetic fields7. Thrusts by natural 

microorganisms 9, 10 were also harnessed for microswimmers, 

although they mainly suffer from difficulties in commanding 

and controlling. In addition, a large number of research 

activities were focused on propulsion by chemical reactions 

(especially catalytic reactions) 11-17. Some of them 

demonstrated attaching, carrying and releasing of cargos. 

However, propulsion based on chemical/biological reactions 

has issues in continuous supplying of chemical/biological fuels 

and their compatibility with microfluidic or in vivo 

environments13, 14. Currently, it is of paramount importance to 

develop micro propulsion that has a simple structure, is 

wirelessly powered and controlled, and efficiently works in the 

general microfluidic as well as in vivo fluids.  

The common in macroscale yet interesting propulsion in 

microscale is to exhaust high-speed fluid through a nozzle. One 

of the well-known early attempts is the putt-putt boat 

propulsion, which was powered by a simple heat engine along 

with a boiler and one or two steam exhaust tubes that converted 

water into steam periodically 18. Recently, Dijkink et al. 19 built 

an acoustic bubble propulsion device using the conventional 

macroscale fabrication method, which is called ‘acoustic 

scallop’. A gaseous bubble in the device periodically oscillates 

under acoustic excitation. The device is 750 µm in diameter and 

2-4 mm in length. The bubble oscillation generates a quasi-

steady streaming flow that eventually produces propulsion 

forces on the device. This device could swim at maximum 1.35 

mm/s uni-directionally. Besides acoustic excitation, AC-

electrowetting 20 and thermal excitations 21 were made to 

oscillate bubbles. The obvious excellence of acoustic excitation 

is to transmit power (acoustic field) wirelessly using a simple 

external acoustic actuator, which has motivated to widen its 

Page 1 of 9 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



Lab on a Chip ARTICLE 

This journal is © The Royal Society of Chemistry 2014 Lab Chip, 2014, 00, 1-8 | 2 

application to many microfluidic components22 such as 

pumps23, 24, mixers22, 23, manipulators25-28, etc.  

Although the above acoustic scallop is impressive and 

interesting, any smaller device would be more useful and 

applicable for many microfluidic dimensions or in vivo 

biological and medical propulsion applications. In order to 

navigate typical microfluidic devices and narrow passages (e.g., 

arterioles and venules) in the body, the bubble diameter should 

be reduced down to at most tens µm or even smaller. The 

critical dimension to navigate narrow and serpentine passages is 

the diameter of cylindrical bubble. Here, one may question 

whether or not the acoustic bubble propulsion is still effective 

for even smaller swimmers (bubbles) where the viscous effect 

is more dominant and thus the streaming flow might be 

possibly vanished.  

In this paper, we study this question numerically and 

experimentally by using computational fluid dynamics (CFD) 

simulations and examining microfabricated devices. We use the 

microfabrication (micro photolithographic) technology to make 

microswimmers whose equivalent diameter of bubble 

(microchannel) is as small as 60 µm. As opposed to the 

conventional fabrication, the micro fabrication method lends 

itself to high flexibility and easiness for precise control of the 

dimensions, shape and arrangement of single bubble as well as 

multiple bubbles in microscale. The backbone of the device is 

two parylene layers such that the device is flexible, transparent, 

and biocompatible. By tuning the frequency of the external 

acoustic field to the resonance of the entire setup including the 

bubble, the bubble can strongly oscillate and generate a 

propulsion force. The maximum velocity of this device could 

reach over 40 mm/s (about 80 body lengths per second). In 

addition, the device demonstrates payload carrying. All these 

operations are made wirelessly by a single external 

piezoelectric actuator, not requiring any complex spatial 

modulation of the acoustic field. The preliminary data of this 

work have been previously reported in the conference 29. 

Working Principle and CFD (Computational Fluid 

Dynamics) Analysis 

The working principle of the present device is based on the 

acoustic scallop. A gaseous bubble is trapped in a microchannel 

with one end section open (Fig. 1). When an acoustic field 

(pressure fluctuation) is applied to the bubble, the bubble 

meniscus at the opening of the microchannel periodically 

oscillates back and forth because the gas bubble is 

compressible. This oscillation creates periodical intake and 

discharge flows near the opening. One may expect that the 

entire flow field in the intake may be identical to that in the 

discharge except its direction is opposite. In this paper this case 

is called ‘symmetric’ flow. However, it is not necessarily true 

when the Reynolds number (�� � ���/�) becomes high. Here, �  is the flow speed, �  is the density of the fluid, �  is the 

characteristic dimension (commonly bubble diameter) and � is 

the dynamic viscosity of the fluid. Note that �� represents the 

ratio of inertia to viscous forces. If the flow fields are not 

simply symmetric, the mean velocity field that is time-averaged 

over the period is not zero, which is called microstreaming 

flow. In this case, the magnitudes of total momentum flux and 

stresses on the device surface during the intake process would 

not be equal to those during the discharge process. Note that 

regardless of ��, the total mass flux through the channel during 

the intake process must be equal to that during the discharge 

process unless there is mass accumulation or loss inside of the 

channel.  Consequently, the difference in the momentum flux 

and stresses generates a propelling force acting on the device.  

 The difference in the momentum flux and stresses may be 

initiated and amplified by localized mechanisms (for example, 

the boundary layer separation that occurs in the viscous flow 
19). Jenkins 30 showed that even for the inviscid flow the 

asymmetric fluid patterns still exist. This asymmetric flow 

originates from the nonlinear (inertia) term in the Navier-Stokes 

equations, which is �	V��� ∙ ��V���  where V���  is the flow velocity 

vector and � is the del operator. This may be easily explained 

by replacing V��� with �V��� in the Navier-Stokes equation. Due to 

the nonlinear (product) term, the replaced Navier-Stokes 

equation is not identical with the original Navier-Stokes 

equation. This means that suppose V��� is a solution of the Navier-

Stokes equation, �V��� may not be necessarily a solution of the 

Navier-Stokes equation. As far as this nonlinear term comes 

into play, the flow fields around the channel cannot be simply 

reversed but would be different between intake and discharge. 

That is, the asymmetric flow patterns should occur and leads to 

generation of the propulsion force.  

As the propulsion device becomes small, so do the 

Reynolds number and thus the effect of the nonlinear (inertia) 

term. In this case, the flow patterns during the intake and 

discharge processes become more symmetric, and thus the 

propulsion force becomes weaker. Eventually, when �� � 0, 

the flow would be perfectly symmetric 31 and the propulsion 

force would be zero since the effect of the nonlinear (inertia) 
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term is vanished. Therefore, ��  is a critical parameter to 

determine whether or not this propulsion works efficiently. 

Here, one may question how small �� can be reduced yet 

generating a substantial propulsion force. During oscillation, 

the velocity is time-varying. Using the peak velocity 	� 2���� 
where �  is the oscillation frequency and �  is the oscillation 

amplitude, the Reynolds number can be re-defined for the 

oscillatory flow, 

 

�� � 2��	2����� ,							1� 
 

where � is the radius of the microchannel. Although the device 

becomes small (i.e., � becomes small), it is possible to retain 

the Reynolds number to be a certain range - where propulsion is 

still effective - by increasing the frequency �  and/or the 

amplitude a. 

To investigate the effect of ��  on propulsion, 2-D CFD 

simulations were carried out for simplified flow conditions 

using the commercial CFD package of ANSYS Fluent


. The 

right half of physical domain is chosen for a computational 

domain, as shown in Fig. 2. Since the flow is assumed 

symmetric between the left and right halves of the full physical 

domain, only the flow in the right half is simulated using a 

symmetric condition along the centerline. A one-end open 

channel - which holds a bubble - is centered between two walls. 

The width, length and wall thickness of the microchannel are 2� , 16�  and 	0.04� , respectively. The depth of the 

computational domain is set to be the unit length. The boundary 

conditions are that the upper and lower outlets of the domain 

are set to be ‘outflow’ and the no slip condition is applied to the 

solid walls. For the sake of simplicity, the bubble is not 

included in the simulation. Instead, the uniform velocity 

profiles are assigned at 3� on the inside from the edge of the 

opening (annotated as “inlet” in Fig. 2). Although the 

oscillatory flow in the device is transient, two steady-state cases 

of (i) intake and (ii) discharge with a constant flow rate through 

the microchannel are computed and compared for various ��. 

This substantially simplifies computation process yet allows us 

to understand the asymmetric behavior between intake and 

discharge. The number of the computational grids is about 

180,000.   

 Fig. 3 shows streamlines for �� � 0.38 and �� � 380. The 

flow rates for intake and discharge cases are set equal. The 

stream function value has an equal increment between the 

adjacent streamlines. As shown in Figs. 3 (a) and (b) for �� � 0.38, the streamlines for both intake and discharge spread 

in a wide angle over the computational domain. Their 

distributions and patterns are almost the same for both cases. 

The difference is that the flow directions are opposite. That is, 

the flow is symmetric between intake and discharge. The 

magnitude difference in momentum and all the forces acting on 

the channel between the two cases would be nearly zero. That 

is, the net (propulsion) force would be almost zero if these two 

flows are alternated. On the contrary, when �� � 380 , the 

difference between intake and discharge is clearly distinct as 

shown in Figs. 3 (c) and (d). For discharge, the streamlines 

starting from the opening of the microchannel extend straightly 
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in the axial direction of the channel. For intake, however, the 

streamlines that are almost evenly distributed in all direction 

are converged into the channel. The flow is even drawn from 

the backside of the channel opening. As a result, the propulsion 

force of the device should become substantial if the discharge 

and intake flows would be periodically alternated. 

 

The force acting on the channel (propulsion force) is 

calculated based on these 2-D numerical results at several �� 

numbers. A control volume for this calculation is defined 

identical to the outline (solid line) of the microchannel and its 

opening in Fig. 2. The pressure, viscous stresses and 

momentum flux are integrated and calculated over the entire 

control surfaces. The sum of these integrations of intake and 

discharge cases would indicate the propulsion force generated 

when the intake and discharge flows alternate. Fig. 4 (a) shows 

that the propulsion force monotonically increases as �� 

increases. This is consistent with the streamline patterns in Fig. 

3 that the flow at large �� becomes more asymmetric between 

intake and discharge. Fig. 4 (b) shows the same data but the 

propulsion force is normalized by the momentum flux (�����/2 ) through the channel inlet, where �  is the cross-

sectional area of the channel opening and   is the propulsion 

force. Over the entire range of simulated ��, the normalized 

propulsion force stays nearly constant and could be curve-fitted 

from Fig. 4(b) as, 

  ≅ 0.8���� 	� 0.8��	����.						2� 
 

Here, the standard deviation for the coefficient 0.8 is 0.29. This 

simplest curve-fit makes it much easier to directly see the 

effects of the associated parameters, although it slightly 

compromises the accuracy compared to higher-order curve-

fittings. Equation (2) reveals that the propulsion force is 

proportional to the momentum flux through the channel 

opening: the oscillating velocity at the channel opening is a key 

factor to generate strong propulsion in given channel 

dimensions. Note that the magnitude of the oscillating velocity 

is the product of oscillating frequency and amplitude. That is, 

maintaining the oscillating frequency high and maximizing the 

oscillating amplitude is crucially important to generate 

substantially strong propulsion forces. 

For given device dimensions, the oscillating amplitude is 

maximized when the bubble oscillation is resonated. The 

spring-mass model 19 predicted an expression on the resonant 

frequency 	�"�:  
 

�" � 12�# $%"�&"&' 	,									3� 
 

where %" is the pressure of the undisturbed bubble, � the water 

density, &"  the length of water column between the bubble 

interface and the channel outlet, &'  the length of the bubble, 

and 1 ( $ ( ) where ) is the ratio of specific heats of gas in 

the bubble. Here $ is determined to be 1.2 for the present case 

based on Chen and Prosperetti 32. Note that equation (3) has no 

correction for the end effect 29. It was shown that equation (3) is 

in good agreement with the experiments 19. In the present study, 

however, it turns out that predicting the resonance frequency is 

not easy, highly influenced by experimental set-up including 

the materials, dimensions and configuration of testing water 

tank. Therefore, we decide to directly measure the acoustic 

(oscillating) behavior of the entire system set-up and bubble.  

Device Fabrication and Experimental Set-up 

Testing devices are microfabricated using micro 

photolithography. In selecting the device material, the 

following requirements need to be taken into account. First, the 

channel surface has to be hydrophobic in order to hold a bubble 

inside the channel. In this case, the bubble can be automatically 

and easily trapped by simply submerging the channel into 

water. The bubble dimensions are defined by the channel 

dimensions. Second, the material should be transparent such 

that the bubble motion is observable during oscillation. In 

addition, it allows us to visualize the flow around the bubble 

interface by tracking seeded microparticles. Third, the density 
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of the material should be neither too high nor too low such that 

the overall density including the bubble is close to the water 

density. This ensures that the device would not float or sink and 

that the friction force with the water tank surface would be 

minimized. Fourth, the material has to be biocompatible 33. 

Last, it is preferable that the material is flexible. This would 

facilitate navigation of serpentine passages. Parylene meets the 

above requirements. In addition, since parylene is deposited by 

the chemical vapor deposition (CVD) process, the deposition is 

highly conformal with accurate thickness control. 

The detailed microfabrication flow is shown in Fig. 5(a). It 

begins with the parylene coating process. A 7-µm thick 

parylene layer is coated on a silicon wafer by the CVD process, 

which serves as the bottom wall of the microchannel. The 

thickness of the microchannel should be carefully chosen. If it 

is too thick, the device becomes heavy enough to sink, contact 

the bottom wall of testing chamber, and increase friction with 

the wall. On the contrary, if the thickness is too small, the 

strength of the microchannel is reduced, which allows the 

channel itself to expand and shrink when the bubble is 

oscillated by the applied acoustic field. This would eventually 

reduce the oscillation amplitude of the bubble at the channel 

opening and thus propulsion force. It turns out that the 7-µm 

thickness is suitable for not confronting the above issues. The 

next step is to deposit a 45-µm photoresist (AZP 4620) layer on 

the parylene layer. This layer is patterned for a sacrificial layer 

to define the microchannel. Then, another 7-µm parylene layer 

is deposited on the sacrificial layer to form the upper wall and 

sidewalls of the microchannels. Next, an aluminium layer is 

coated and patterned by wet etching using a masking of the 

second 2-µm photoresist layer (AZP 4210). The aluminium 

layer can be simultaneously etched by an alkaline-based 

photoresist developer when the second photoresist layer is 

developed. This aluminium layer is used for masking when one 

end of the microchannel is opened and the device is diced by 

the reactive ion etching (RIE) process. After the RIE process, 

all aluminium residues are removed by the alkaline-based 

photoresist developer. Finally, the sacrificial photoresist layer is 

completely removed by an acetone solution and the channel is 

released from the substrate. The front and top views of the 

fabricated microchannel are shown in Fig. 5 (b). When the 

device is diced by RIE, a sufficient margin is deliberately given 

such that the channel has a flap around it. This is only for the 

purpose of easy handling in device testing. Whenever needed, 

the flap can be easily removed by changing the mask design. 

The dimensions of the channel (bubble) are determined based 

on the CFD analysis and equation (3) such that the bubble 

resonates at high frequency to maintain Re ~ 380 and generate 

substantial propulsion forces. All the microchannels fabricated 

have the same height of 45 µm and width of 80 µm. The 

equivalent diameter of the present micro channel is 60 µm. 

 For acoustic actuation, a focused transducer may be used, 

whose acoustic output does not highly rely on the acoustic 

properties of the surrounding system. However, as the 

swimming device moves, the focused transducer may require a 

complex control system to trace the swimming device and to 

steer the acoustic output. To simplify the overall system setup, 

the acoustic field is generated by a non-focused disk-type 

piezoelectric actuator (27 mm in diameter and resonated at 4.6 

+/-0.5 kHz) glued to the sidewall of the water tank. The input 

signal is generated by a function generator and amplified by an 

amplifier. The signal to the actuator is monitored by an 

oscilloscope. The testing water tank is in the size of 11 × 11 × 5 

cm3 made of acrylic plates (3 mm thick). The experimental 

images are obtained by an inverted microscope connected to a 

high-speed camera (Phantom V7.3, Vision Research, Inc.). All 

images are bottom views through the acrylic bottom plate in the 

tank. A Laser Doppler Vibrometer (LDV, Micro System 

Analyzer Model MSA-400, Polytec, Inc.) is used to measure 

the oscillating velocity of the tank bottom plate at the position 

over which the device is tested. A miniature reference 

hydrophone (TC 4013, Teledyne RESON) is used to measure 

the amplitude of acoustic field generated by the piezoelectric 

actuator. The hydrophone is held vertically and its tip is kept 1 

mm away from the water tank bottom. The acoustic pressures 

are measured at the center and four corners of the water tank 

and averaged.  

Experimental Results 

A device with 530 µm long micro channels is examined in the 

testing tank of 3 cm water level. When the device is submerged 

into water, an air bubble is automatically trapped inside of each 

microchannel. The bubble length is about 470 µm. The 

 

Page 5 of 9 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



Lab on a Chip ARTICLE 

This journal is © The Royal Society of Chemistry 2014 Lab Chip, 2014, 00, 1-8 | 6 

remaining section (about 60 µm) of the channel is filled with 

water. The acoustic field is applied sweeping its frequency from 

1 kHz to 14 kHz with an equal increment of 0.1 kHz. Equation 

(3) predicts the resonance frequency for the present bubble 

configuration to be 10.5 kHz while it is experimentally 

measured that the bubble oscillation is maximum at 11.2 kHz. 

The reason for discrepancy is discussed later in this section.  

 To see whether the streaming flow is generated near the 

opening of the channel, flow visualization is first performed by 

seeding 2-µm-diameter microparticle tracers in water. The 

device with an array of multiple microchannels is anchored to 

the bottom of the tank (Fig. 6, see the supplementary video clip 

1, 3x slower). When the piezoelectric actuator is turned on, the 

bubble meniscus is oscillated back and forth periodically. Due 

to the motion of meniscus, the microparticles are also moving 

in the oscillating fluid. From high-speed camera images, it is 

found that oscillations of the microparticles and meniscus are 

exactly synchronized with the driving frequency, which 

confirms that the acoustic energy is the source for the fluid 

motion. 

When the bubble expands, the meniscus profile becomes 

convex out in the opening and the water in the channel is 

discharged. The discharge flow is pointed mainly in the axial 

direction of the channel. When the bubble shrinks, the meniscus 

is concaved into the microchannel so that water is drawn into 

the channel from all directions, as traced by the seeded 

particles. As a result, the particles along the channel axis have 

larger displacements in the expanding process than in the 

shrinking process while the particles near the rim of the channel 

opening is in the opposite case. As a result, the particles along 

the axis are expelled from the opening and the particles far off 

the axis are attracted to the opening during oscillation cycles. 

The arrows in Fig. 6 are added to describe the straight outgoing 

flow along the axis and two vortices on the sides of the channel 

opening. As time goes by, the generated flow sweeps the 

particles and creates a particle-empty region. The size of the 

empty region increases as the input voltage to the piezoelectric 

actuator increases (Figs. 6 (a-c)).  

To see if this time-averaged (microstreaming) flow is strong 

enough to propel the device, a single bubble device is placed on 

the tank bottom after removing the anchor. If the generated 

propelling force is larger than the resistance caused by fluid 

drag and friction from the tank bottom, the device should be 

able to be propelled. Fig. 7 (a) shows two snapshots of 

successful propulsion (also see the supplementary video clip 2, 

60x slower). The device is propelled to the bottom-left corner. 

Here, a question is whether this propulsion is really generated 

by the streaming flow or other mechanisms. Apparently, there 

are other possible mechanisms for this propulsion: for example, 

(1) acoustic streaming between the interfaces of tank walls and 

water 34; and (2) asymmetric friction between the device and 

tank walls. In order to verify the truly responsible mechanism, 

the device is placed on a suspended glass plate in water that 

maintains a 2-mm gap above the tank bottom wall. Then, the 

direction of propulsion is checked for four initial orientations 

(0º, 90º, 180º, and 270º). For all the four initial orientations, the 

device is tested with the same input signal (11.2 kHz and 220 *++). Regardless of the initial orientation, the device is always 

propelled opposite to the opening side when the acoustic signal 

is applied. This means the streaming flow through the opening 

generates a pushing force since neither the acoustic streaming 

nor the asymmetric friction is closely correlated to where the 

opening is. As a result, it is concluded these two mechanisms 

are excluded from the responsible propulsion mechanism.  

The device (5.4 mm × 780 µm) with a channel array is also 

tested which has 10 microchannels parallel to each other and 

whose channel openings face in the same direction, as shown in 

Fig. 7 (b) (see the supplementary video clip 3, 16x slower). The 

input voltage is always fixed at 170 *++ . When the driving 

frequency is also set at 11.2 kHz, the device shows best 

performance in propulsion. Fig. 7 (b) shows sequential 

snapshots of the motion at the speed of 3.87 mm/s. The 

propulsion direction is changed slightly due mainly to non-

uniform friction between the device and the bottom of the 

testing tank. This array type device can be attached to any 

curved surface to propel large objects. 

The rotation of the device could also be achieved by 

embedding bubbles on the turbo blades, as shown in Fig. 7 (c) 

(see supplementary video clip 4, 1.1x faster). There are six 820-

µm channels on three turbo blades: two on each blade. The 

radius of the turbo device is 1750 µm and the device is 

anchored at the center by an optical fiber at the bottom of the 

testing tank. The channels are curved to fit in the blades. The 

signal is reduced to be 3.8 kHz (480 *++) due to the increased 

bubble length. The blades rotate continuously in the clockwise 

direction at 75 rpm. This rotational motion can be utilized and 

applied to drive micropumps, microvalves, micromixers, etc. 

Carrying a payload is also examined. A testing load is made 

of a thin plastic film that is bent and glued to the two ends of 

the arrayed device as shown in Fig. 7 (d) (see supplementary 

video clip 5, 60x slower for translation and 25x slower for 

rotation). Because of the increased mass and surface area, 

friction from the tank bottom and drag are increased. It is 

difficult to get the similar propulsion using the previous voltage 

as Figs. 7 (a) and (b) (170 *++): A higher voltage of 190 *++ is 

used. When the bubbles oscillate at 11.2 kHz, the device with 

the load is pushed away and rotated. 

The effects of the input voltage and frequency on the 

propulsion speed are examined, as shown in Fig. 8. At 11.2 
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kHz, the propulsion speed increases as the voltage increases 

(Fig. 8 (a)). It is obvious that higher input voltages generate 

stronger acoustic fields. The acoustic pressure amplitudes 

measured by the miniature reference hydrophone are 3.16, 3.56 

and 4.05 kPa for 170 190 and 210 *++ , respectively. The 

maximum velocity is even over 45 mm/s, about 50 body 

lengths per second. If the flap were removed, the velocity 

would be higher due to reduced friction and drag. The 

propulsion force F is estimated to be ~ 0.8 µN by equation (2) 

When the input voltage is higher than 200 *++ , the bubble 

oscillates so violently that the bubble trapped in the channel is 

broken into smaller bubbles. This results in reduction in the 

bubble size in the channel. Furthermore, the lifetime of the 

bubble would be much shorter and there would be a significant 

change in the resonant frequency.   

Fig. 8 (b) shows the effect of the input frequency between 9 

kHz and 12 kHz revealing a clear peak. For this frequency test, 

the voltage is fixed at 170 *++. The maximum propulsion speed 

occurs at 11.2 kHz, which is about 7.5 mm/s. When the driving 

frequency is even slightly shifted, the propulsion speed 

decreases rapidly. In many cases, the motions are uncertain 

(stick-and-slip motions) due mainly to friction with the wall of 

the tank. It is possible to turn on and turn off this propulsion by 

simply changing the frequency of acoustic input. In addition, if 

multiple bubbles with different resonances are built on the same 

chip, changing the input frequency allows us to activate only 

selected bubbles. This can be used for 2-D propelling and 

steering 35.  

In both single bubble device and arrayed device, the 

maximum oscillation and propulsion speed occur at 11.2 kHz, 

which is slightly different from the frequency (10.5 kHz) 

predicted by equation (3). This difference can be explained by 

the effect of resonance behavior of the tank-water system. The 

oscillation spectrum of the tank bottom wall is measured by the 

LDV from 1 to 12 kHz with an interval of 1 kHz for three 

different water depths: 1 cm, 2 cm and 3 cm. The result 

indicates (not shown here) that the oscillating of water tank 

bottom has its own resonances and is strongly affected by the 

water depth. This is attributed to change in mass of the whole 

system when changing the water depth. When the water depth 

is 3 cm, which is set for all the experiments, there are two 

distinct peaks. The first peak occurs at 6 kHz and the second 

one does at 11 kHz. Since the acoustic waves oscillating the 

bubble are transferred mainly by bending waves in the tank 

walls, this spectrum will be very similar to the actual acoustic 

input to the bubble. That is the reason why the bubble 

oscillations are very strong at 6 and 11 kHz when the water 

level is set at 3 cm. In particular, the bubble oscillation is 

maximum at 11 kHz. Why does the maximum of bubble 

oscillation occur at 11 kHz, not 6 kHz? The answer is that the 

resonance frequency of the bubble (10.5 kHz, calculated by 

equation (3)) is very close to 11 kHz but far from 6 kHz. In 

order to predict the spectrum behavior of bubble oscillation 

(propulsion), all combined effects of the surrounding system 

need to be taken into account. In particular, the water level 

effect would be interesting for the future research. In addition, 

the loss (damping) mechanism 19, 32 in oscillation is also 

important to relate the acoustic pressure input to the oscillation 

amplitude, which has not been studied here. 
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It was observed that the bubble size was reduced after 

oscillation (~20% after 1-hour oscillation). The main reasons for 

reduction are that the strong oscillation enhances the fluid mixing 

and thus gas dissolution and occasionally segregates the mother 

bubble into much smaller daughter bubbles. As a result, the 

resonance frequency was observed to shift.  

Conclusions 

This paper describes a micro propulsion method in water where 

a cylindrical gaseous bubble trapped in a microchannel and 

oscillated by an external acoustic excitation generates a 

microstreaming flow and a propelling force. Due to 

compressibility of the bubble, the bubble oscillates in the 

presence of an external acoustic field and periodically generates 

intake/discharge flows through the opening of the 

microchannel. 2-D computational fluid dynamics (CFD) 

simulations show that the difference between the intake and 

discharge flows increases and eventually generates a net flow 

(microstreaming flow), as the Reynolds number increases. This 

net flow in turn creates a propelling force against the 

microchannel device. Based on the simulations, a microchannel 

with one end section open is designed and fabricated from 

parylene using microphotolithography. The equivalent diameter 

of the microchannel is 60 µm, which is small enough to 

navigate narrow passages in microfluidic and in vivo 

environments. Upon submerging the channel in water, an air 

bubble is automatically trapped in the channel due to 

hydrophobic channel surfaces.  

Although the device is in micro scale, the Reynolds number 

of the oscillatory flow can be maintained high enough to 

generate a net flow and thus strong propelling force. This is 

achieved by maximizing bubble oscillation and setting the 

frequency high (over 10 kHz). The frequency of the acoustic 

input is tuned to resonate the bubble. It turns out that for the 

best performance the frequency should match not only the 

resonance frequency of the system (including the water tank 

and water) but also the resonance frequency of the bubble itself, 

as evidenced by the oscillation spectrum of the testing setup 

measured by the LDV. When the frequency is well tuned, the 

generated force by a single bubble is strong enough to propel 

the device as fast as up to 45 mm/s, about 50 body lengths per 

second. In addition, it is shown that an array of bubbles can be 

simultaneously oscillated to propel a large device. When 

bubbles are embedded on the blades of micro turbo device, they 

generate a torque and rotate the device. In addition, the 

propelling device demonstrates payload carrying. Flow 

visualizations performed by tracing seeded microparticles 

confirm the microstreaming flow is generated by bubble 

oscillations, which is responsible for propulsion. Potential 

applications of this device may be mainly microswimmers that 

navigate microfluidic spaces as well as narrow passages inside 

human body to perform various missions such as bio sensing, 

drug delivery, and microsurgery. 
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