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We demonstrate how a micro-rotor self-aligns on top of a micro-bubble and 

rotates at a frequency up to 700 rpm, because of the steady fluid flow produced by 

acoustic oscillations of the micro-bubble.  The rotation frequency is controlled over 

a wide range by modifying the frequency of the acoustic excitation. We also show 

that a wide range of geometries can be used for the rotor. Finally, the possibility to 

use this novel concept to build a very simple micro-motor is discussed.  

In the past decade, significant research efforts have been focused on developing 

MEMS-based micro-engines or micro-motors. A first approach is to miniaturize an 

existing macroscopic concept. For instance, a miniature Wankel engine [1] and micro 

gas turbines have been designed [2, 3] with MEMS-based manufacturing. These 

prototypes are outstanding because of their complexity and high power density, on the 

order of 100MW/m3. However, this miniaturization approach involves inherent 

difficulties, because the ratio of surface to volume forces is proportional to the inverse 

of the characteristic size of the object to manufacture. As a result, friction, wear and 

geometric tolerance issues that are manageable at large scales become annoying at the 
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microscale.  A second approach is to take advantage of the different ratio of forces in 

the microscale world. Designs of great simplicity can be produced this way, as 

exemplified by the bubble-jet printing technology [4]. It must be stated that design 

simplicity can also be associated with complex thermo-fluid phenomena [5], because of 

the strong coupling of transport phenomena, and the very small time and space scales 

involved.   

The micro-rotor presented here uses the small, linear oscillations of a bubble in a 

standing pressure wave, as follows. When a free-floating bubble is excited by 

ultrasound, it oscillates according to the Rayleigh-Plesset equation [6]. The surrounding 

liquid participates to these oscillations with a symmetrical, radial motion. In the case 

where the oscillating bubble is attached to a wall, the motion of the surrounding liquid is 

not radially-symmetrical anymore and the bubble-liquid interface exhibits a coupling of 

radial and translational motion, through respectively expansion (or contraction) and 

translation perpendicular to the wall. As a consequence, a donut-shaped vortex appears 

in the immediate vicinity of the bubble, a phenomenon called microstreaming, recently 

investigated theoretically [7] and exploited in biological applications to control the 

deformation and rupture of vesicles [8]. In this article, we describe how the 

microstreaming flow created by a bubble can be used to power a micro-rotor.   

The experimental setup consists of a glass cuvette (43.75 mm× 20 mm×10 mm), 

with a piezoelectric ceramic transducer glued at its bottom. The piezoelectric transducer 

allows controlling a standing pressure wave in the deionized water contained in the 

cuvette. A resistance microheater (Heraeus, Germany) is placed in the cuvette to 

generate isolated microbubbles by gas desorption from the gently heated liquid. A 
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progressive scan camera coupled to a Mitutoyo 70XL microscope zoom is used with a 

Light Emitting Diode to observe the bubble deformation in the standing pressure wave, 

with temporal and spatial resolutions on the respective order of one µs and one µm.  

A reasonable correlation for the natural resonance frequency f of air bubbles in 

water at 1 atmosphere [6] is  

smfa /3=⋅              (1) 

The resonance frequency of bubbles with 15 to 25 µm radius a is therefore in the 

120-200 kHz range, close to the main natural frequency (180 kHz) of the glass cuvette 

[6, 9]. In our experiments, the oscillation amplitude is typically εa, ε≤0.1. The 

associated microstreaming induced in the fluid around the bubble can be characterized 

by its streaming Reynolds number [10]: 
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where ω is the angular frequency of the bubble oscillations and ν ≈ 1.0 ×10-6 m2/s is the 

kinematic viscosity of the water. For a 15 µm radius bubble experiencing linear 

oscillations, Re ≈ 0.04, which indicates that the flow can be simulated as a Stokes flow, 

according to an approach briefly sketched in [8, 11], that we develop hereafter in more 

details.  The motion of an oscillating bubble attached to a wall is combination of radial 

oscillations and translational oscillations of the bubble boundary: this produces a first 

order, high-frequency, oscillatory flow, as well as a second-order steady drifting flow. 

This latter flow, called acoustic streaming, has been expressed by Longuet-Higgins [7] 
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for a bubble in bulk liquid as a viscous stream function involving a finite number of 

Stokes singularities: 

( ) θψψ 24
01 sin)/(//2 raraar ++−=        (3) 

In the above equation, r is the distance to the bubble center, θ is the angle with the axis 

of translation, and )sin(
4

3
2

0 φωεψ ∆= a , where ∆Ф is the phase shift between the radial 

and translational oscillations of the bubble. The velocities are easily derived from the 

stream function [7, 12]. In the presence of a wall a system of mirror singularities needs 

to be added to equation (3). The image of the Stokeslet (first term in the parenthesis of 

eq. 3), is [13], 

( ) )coscos(2sin/4/2 3
0

2
02 RRRRaaR θθψθψψ +−−++=    (4) 

where R is the distance to the center of the image bubble and θR is the angle between R 

and the axis of translation. We approximate the potential for the image singularity of the 

dipole, the second term in the parenthesis of equation (3),  as a dipole centered at the 

image bubble,  

( ) RRa θψψ 2
03 sin/−=          (5) 

Similarly, we approximate the image of the last term in equation (3) by 

( ) RRa θψψ 24
04 sin/−=         (6) 

The sum of the stream functions described in equations (3) to (6) provides a valid 

stream function for the problem of the acoustic streaming of a bubble close to a 

stationary wall. This solution respects the no-slip, no-penetration boundary condition 

along the entire wall, except in a tiny cylindrical zone of approx. 100 µm radius and 5 
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µm height under the bubble: this is due to the neglecting of higher-order terms in Eqs. 

(5) and (6) and does not affect the accuracy of the solution in the far-field or near the 

rotor. The streamlines of the simulated flow field around a bubble are shown in Figure 

1a: the flow assumes the form of a donut-shaped vortex with main symmetry axis 

perpendicular to the surface where the bubble sits. To indicate the spatial extension of 

the ‘useful’ streaming, the zone where the velocity magnitude is between 1mm/s and 

0.1mm/s is shaded.  Note the excellent agreement of our simulation with Fig. 2 of 

Marmottant and Hilgenfeldt [8], who followed a similar approach. Figure 1b indicates 

the velocities of four small debris (~1 µm) of larger polymer microspheres: the 

velocities have been estimated from recorded video frames of debris displacement δl  

during a time δt, with respective typical values of 50 µm and 0.1 s. The root-sum-square 

uncertainty on the velocity magnitude is estimated assuming that the debris follow the 

flow perfectly,  and assuming conservative uncertainties ∆L of 5 pixel (6.4 µm) for the 

displacement, and ∆t of 16 ms for the time (half the period between frames): 
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Despite the relatively large uncertainty of 16 to 40%, the proposed velocity 

measurement allows the verification that the experimental and simulated flow structure 

agree qualitatively and in an order of magnitude sense: this is clearly shown by the 

agreement between parts a and b in Figure 1. It must be stated that the sign of the phase 

shift ∆Ф in equation (3) controls the general direction of the flow. In a large majority of 

measurements performed, the general direction was the one shown in Figure 1. 

However, a few cases have shown a flow exhibiting the same structure but a reverse 

direction, and our future research will assess the parameters controlling the flow 

direction, especially ∆Ф and its relation to the wetting angle. 
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 The effect of introducing a micro-rotor in this vortical flow structure can be 

described in three successive steps, occurring within approximately 1 second: (1) the 

rotor moves towards the bubble (e.g. along the streamline determined by v3 in Figure 1), 

(2) the rotor self-centres on top of the bubble, and (3) the rotor rotates around the 

symmetry axis of the bubble (perpendicular to the wall). This last step is shown in 

Figure 2, which is a frame extracted from a movie2. It is probable that the rotor self-

centres because of the symmetrical flow structure, and that the interaction between the 

symmetrical flow pattern and the slightly asymmetrical rotor is responsible for the 

rotation of the rotor. It must be stated that this rotor wheel has been accidentally 

produced in our laboratory by crushing polymer microspheres in order to perform the 

velocity measurement presented above. The rotation frequency is easy to measure 

because the rotor is slightly asymmetrical, and reaches 5Hz in that particular case. 

We were also able to reproduce the three steps presented above with rotors of  

very different shapes, as shown in Figure 3.  The very different shapes that have been 

used indicate that there is plenty of room to improve the rotor shape. This concerns not 

only the maximum torque, but also the stability of the rotor on the bubble. We were also 

able to control the rotation frequency by modifying the excitation frequency of the 

piezoelectric transducer. Figure 3 plots the rotation frequencies of three rotors of 

different shapes with respect to the relative excitation frequency of the piezoelectric 

transducer. Our results also show that the maximum rotation frequency of a rotor can 

reach 12 Hz. Optimisation of the rotor shape can be done using a numerical code for 

unsteady Stokes flow. 

                                                 
2 A movie showing the rotating micro-motor is at http://me.eng.sunysb.edu/~attinger/microturbine.gif 
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The nature of the interaction between the flow and the rotor is not well known yet, 

because the geometry of the rotor could only be determined qualitatively during the 

experiment. Also, to the best of our knowledge existing theories for hydraulic turbines 

concern Reynolds numbers much larger than one [14]. However, an estimate for the 

power extractible from the micro-rotor can be given as follows. The extractible power P 

can be approximated by the product of the mass flow rate m&  (perpendicular to the rotor) 

and specific kinetic energy of the fluid ecin. Assuming that the flow has a velocity of 

1mm/s perpendicular to the entire cross-section of a 100 µm diameter rotor,  we obtain a 

power of 4 femtoWatt. An alternative approach based on viscous (shear) forces leads to 

results of the same order of magnitude:  the power P can be expressed as the integral of 

the torque due to shear forces on the micro-rotor, times the angular velocity. An 

analytical expression can be found assuming (1) that the rotor is a flat disk with radius a 

and (2) that the shear stress on the disk equals the product of the water viscosity and the 

maximum shear rate (103/s), the latter being obtained from our modeling using Equation 

(3) : 

femtowattadrrP
a

16
3

22 3

0

2 === ∫ ωτπωπτ                   (8) 

The above result was obtained assuming a rotation frequency of 10 Hz. 

 
Several aspects of this problem will be further investigated. As a first step we will 

micromanufacture a rotor with a controlled shape in order to better characterize the 

relationship between the flow and the rotor rotation. This work is currently scheduled at 

the Center for Functional Nanomaterials of the nearby Brookhaven National 

Laboratory, in the framework of their user program. As a second step, we will address 
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the question of extracting useful rotary power as follows. A sub-micrometer diameter 

shaft (currently not available, but pictured in Figure 2) can be attached perpendicularly 

to the rotor to transmit the mechanical power through the bubble and the solid wall. 

Multiwall carbon nanotubes will tentatively be used to build the shaft, since these tubes 

have sub-micrometer diameter, and very low relative friction. The outer tube will then 

be glued to the wall where the bubble sits, while the inner tube will be attached to the 

rotor. Alternatively, biofibers can be used. It must be stressed that the proposed motor is 

simple enough to be scaled further down, provided the bubble is sufficiently stable to 

degassing [6], an issue that can be addressed with surfactants and use of different gases 

and liquids. Packaging solutions will be explored to minimize the total volume and 

allow parallel or serial activation of the micro-rotors. Finally future research related to 

this micro-rotor will be addressed in the general framework of the NSF CAREER grant 

#449269  ‘Investigation of bubble dynamics in microscale geometries, with applications 

in bioengineering and microfluidics’. 

 

SUMMARY 

To the best of our knowledge, this article presents a novel rotor actuation concept, 

where a micro-rotor is driven by the oscillations of a micro-bubble.  The frequency of 

rotation has been measured to span a range between 1 and 12 Hz, and can be controlled 

through the frequency of the acoustic excitation. Issues regarding the theory and 

development of a micro-motor based on the novel actuation concept are presented, such 

as rotor-flow interaction, rotor shape optimization, packaging, power extraction. An 

outline of related future work is given.  
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NOMENCLATURE 

a bubble radius, m 

ecin specific kinetic energy, J/kg 

f bubble oscillation frequency, 1/s 

m&  Mass flow rate, kg/s 

P Power, W 

u0 reference velocity, m/s 

  

 

Greek Symbols 

 

ε dimensionless amplitude of oscillation 

∆Ф Phase shift 

ν Kinematic viscosity, m2/s 

ψ Stream function, m3/s  

τ Shear stress, N/m2 

ω Angular frequency of bubble oscillation, 1/s 
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FIGURES: 

Figure 1:  Fluid flow around a 18 µm radius bubble. (a), Modeling of the streamlines 

based on Equation (3-6) with values of x and y in µm. In the grayed zone, velocities 

vary between  1mm/s (inner boundary of gray zone) and 0.1 mm/s (outer boundary of 

gray zone). Parameters are a=18 µm, ε=0.1, ω = 1131s-1. (b) shows measured velocities 

and flow pattern for the same domain size. Velocity v1, v2, v3 and v4 are respectively 0.6 

mm/s, 0.25 mm/s, 0.30 mm/s and 0.40 mm/s, while the dotted arrows indicate the 

general flow pattern. 

 



 

 11

Figure 2: Rotation of a polymer micro-rotor at 300 revolutions/minute. Letters R, B, W 

and S stand for respectively rotor, bubble, wall, and shaft (not available yet). Bubble 

radius is 18 µm. 

 

Figure 3: Micro-motor characterization. Rotation frequency of three different micro-

rotors (pictured) as a function of the relative excitation frequency on the piezoelectric 

transducer. 

 

Supplementary Information accompanies the paper on the author’s website 

(http://me.eng.sunysb.edu/~microscale/images/microturbine.gif ): one movie 

corresponding to the rotation of the micro-rotor of Figure 2. 
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