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Observation of selective optical manipulation of particles in acoustic levitation

Acoustic Radiation Force is commonly used to create stable large-scale aggregates of particles in levitation (so-called "acoustic levitation") in a micro cavity. We show in the following work that this well-known and well-controlled aggregation process can be reversed without contact or external flow if the aggregated particles are enlightened with the proper optical wavelength. This coupled optics and acoustics effect has been observed with various kinds of particles and different optic wavelengths, showing high reproducibility. The phenomenon is studied using fluorescent micro-metric polystyrene particles without flow, and the effects of acoustic energy and illumination power have been quantitatively assessed. It is then exploited to separate a mix of particles with identical mechanical properties, based on their different optic absorption. If the phenomenon is not well understood, we propose and discuss some possible mechanisms that could be responsible for the rapid ejection of the objects in levitation from the illuminated area. Since it is a tag free phenomenon which does not need high energies to happen and since it works with biological objects such as algae, red blood cells and bacteria, it may open the way to a broad range of applications.

I. INTRODUCTION

Acoustic manipulation of micro-objects (particles, cells, bacteria, micro-bubbles, etc.) can be realized using ultrasonic standing waves in a fluidic or microfluidic resonator [START_REF] Coakley | Analytical scale ultrasonic standing wave manipulation of cells and microparticles[END_REF][START_REF] Nilsson | Review of cell and particle trapping in microfluidic systems[END_REF][START_REF] Dron | Varying the agglomeration position of particles in a microchannel using acoustic radiation force beyond the resonance condition[END_REF][START_REF] Hulström | Proliferation and viability of adherent cells manipulated by standing-wave ultrasound in a microfluidic chip[END_REF] . Acoustic focusing of suspensions (or "acoustophoresis") is a complex phenomenon which has been the subject of many theoretical studies during the last decade. It occurs in a micro-channel or a micro-cavity when an acoustic wave of frequency f ac , emitted into the cavity through a vibrating wall and reflected by the opposite wall, matches the resonance condition λ ac = 2h, h being the height of the device (Fig. 1). In this case, particles such as plastic beads or living cells are drawn toward the acoustic pressure node created at mid-height of the cavity by the so-called Acoustic Radiation Force (ARF).

The ARF is the primary effect of the standing ultrasonic wave on the particles in suspension, and it rises from a second-order non-linearity. The ARF is different for each particle because it depends on their physical characteristics and size. The second effect of the ultrasonic standing wave is called acoustic streaming [5][START_REF] Zarembo | Acoustic streaming[END_REF][START_REF] Nomura | Streaming induced by ultrasonic vibration in water vessel[END_REF] . The acoustic wave transfers momentum to the fluid, leading to global motions of the particles through the Stokes force. The third effect is a Bjerknes force. It is basically a short distance force between particles [START_REF] Apfel | Acoustic radiation pressure -principles and application to separation science[END_REF] , attractive in most of the cases for the kind of particles used here, that contributes to the stabilization of the aggregate.

There are different theoretical models describing the ARF, based on more or less simplifying hypotheses [START_REF] König | Hydrodynamisch akustisch untersuchungen vol. 1[END_REF][START_REF] Rayleigh | On the pressure of vibrations[END_REF][START_REF] Bjerknes | Fields of Force[END_REF][START_REF] King | On the acoustic radiation pressure on spheres[END_REF][START_REF] Yosioka | Acoustic radiation pressure on a compressible sphere[END_REF][START_REF] Gor'kov | On the forces acting on a small particle in an acoustic field in an ideal fluid[END_REF][START_REF] Doinikov | Theory of acoustic radiation pressure for actual physics[END_REF] . King [START_REF] King | On the acoustic radiation pressure on spheres[END_REF] was the first to propose computations on the forces on particles in a sound field based on several simplifying hypotheses. In particular, he considered the particles as rigid spheres. In the following, we will use the Yosioka model [START_REF] Yosioka | Acoustic radiation pressure on a compressible sphere[END_REF] which takes into account the compressibility of the spherical particles in the modeling. In this case, the primary Acoustic Radiation Force (ARF) F ac responsible of particle acoustic levitation can be defined as:

- → F ac = π 4 E ac k d 3 p F Y sin (2 k ac z) - → e z (1) 
where -denotes time averaging, d p is the particle diameter, E ac is the time-averaged acoustic energy density inside the channel, k = 2π λac = 2πfac c is the wave number of the acoustic plane wave of frequency f ac , F Y is the contrast factor, a positive (for polystyrene particles in water) numerical constant, and z is the axial (or vertical) position of the particle, z = 0 being at the bottom of the channel and z = h being at the top of the channel (Fig. 1).

The z axis also corresponds to the wave propagation direction.

The acoustic contrast factor of a given particle of density ρ p in a medium of density ρ f is defined as:

F Y = 1 + 2 3 1 - ρ f ρp 2 + ρ f ρp - ρ f c 2 f 3 ρ p c 2 p ( 2 
)
where c p is the speed of sound in the particles material and c f is the speed of sound in the fluid. In this investigation we are dealing with an ultrasonic standing wave with a frequency c f = 1500 m.s -1 ), F Y equals 0.2244, and if particle diameter is 1 µm, the primary acoustic radiation force equals 2.8 × 10 -13 N.

f ac ∼ 2 
Once the particles have reached the nodal plane, the axial component of the force becomes null and the transverse component F T is no longer negligible. Indeed it has been shown that this component is about one hundred times weaker than the axial component and is then the ARF for a radially symmetric acoustic wave in the nodal plane:

F T = d 3 p 3(ρ p -ρ f ) ρ f + 2ρ p ∇ E ac (3) 
This transverse component depends directly on the radial gradient of the acoustic energy ∇ E ac and is responsible for the aggregation of particles in the levitation plane toward the local maximum of acoustic energy, which are the final equilibrium positions that we observe.

After a short description of the experimental setup, we will present the first observations of the ejection of particles in acoustic levitation when illuminated at specific optical wavelengths. The ejection velocity of the particles from the illuminated area is then studied quantitatively, especially by varying the amplitude of the acoustic force field and the power of the light wave. The phenomenon is then applied to a binary mixture of particles, illustrating the great potential of this phenomenon as a new highly selective separation technique. Finally the different possible mechanisms that could explain our observations and measurements are discussed, before coming to the conclusion.

II. MATERIALS AND METHODS

A. Acoustic resonator

In the following, all the experiments have been carried out in the same acoustic resonator whose dimensions are summarized on Fig. 2 a). We use a homemade aluminum circular cavity of diameter D = 20 mm and height h = 400 µm. The cavity is closed by a round silica wafer (transmitter thickness h trans = 0.30 mm). The cover plate is easily removable and allows fast changes of the medium. The 2 MHz piezoeletric transducer (PZT) (square ceramic, 1 mm thick, 10 mm wide) is glued directly on the silica wafer using a water soluble glue. The PZT is powered by a wave generator (Tabor Electronics 5200) connected to an amplifier (Tabor Electronics 3222) allowing the variation of the applied voltage between a few mV to more than 10 V peak to peak. A correlation is made between the acoustic energy carried by the generated standing ultrasonic field and the voltage applied to the piezoelectric transducer, by measuring the axial focusing velocity v z (z) of a spherical bead, which is directly proportional to the acoustic energy. Using polystyrene spheres of known compressibility and density, we can find the acoustic energy density [START_REF] Dron | Acoustic energy measurement for a standing wave in a microchannel[END_REF] . We will thus speak of acoustic energy when referring to the amplitude of the acoustic field in the remaining of the article. The frequency f ac of the sinusoidal signal is tuned to maximize the acoustic radiation force which corresponds to the resonance condition λ ac = 2h. We find this resonance by monitoring the reflected electric signal through an oscilloscope (LeCroy WaveAce 214), and minimizing the amplitude of said signal. In our case, the optimal frequency is f ac The images resulting from experiments were post-treated with the free software ImageJ (https://imagej.nih.gov/ij/), to adjust contrast, crop areas of interest and to produce the spatio-temporal diagrams illustrated on Fig. 6. The intensity delivered by the illumination lamp has been measured with a ThorLabs PM16-130 Probe (Spectral range 400 to 1100 nm, 1 cm × 1 cm silicon sensor area, optical power range 5 pW -500 mW) connected to the same computer controlling the other instruments.

III. CREATION OF LARGE-SCALE AGGREGATES UNDER ACOUSTIC RADI-ATION FORCE

As explained in the previous sections, the ARF is a simple and fast process to create large aggregates of particles in acoustic levitation. Once the ultrasonic wave is generated with the proper frequency into the cavity, the ARF forces the suspended particles to move Once the aggregate is formed, it can be kept in acoustic levitation as long as needed and will remain stable, with the same spatial organization [START_REF] Bazou | Controlled cell aggregation in a pulsed acoustic field[END_REF] . The aggregation process is efficient on particles as well as cells or active matter (bacteria). It can be used as a tool for creating an acoustic trap, especially for self-propelled organisms like bacteria that can be held in levitation in acoustic confinement [START_REF] Gutiérrez-Ramos | Induced clustering of escherichia coli by acoustic fields[END_REF] .

In previous works [START_REF] Bazou | Controlled cell aggregation in a pulsed acoustic field[END_REF] we demonstrated that it is also possible to generate and sustain a 2D aggregate of particles using burst mode acoustic, or pulsed acoustic, i.e. applying a low-frequency square wave modulation with a given duty-cycle. We also demonstrated that it helps suppressing the acoustic streaming for particles smaller than 1 µm. It is also of great possible thermal heating of the piezoelectric element when running long-time experiments, therefore reducing the potential thermal detuning of the resonator. It will be useful in the following to evaluate the possible influence of acoustic streaming on the phenomenon.

IV. BREAKUP OF AGGREGATES

As mentioned previously, once an aggregate of passive particles is formed using ARF, it remains stable and can be kept in levitation as long as needed. Without the use of an external flow or force, there is no way to break it up, apart from lowering enough or turning off the acoustics. In that case the aggregate either disintegrates in small aggregates and particles which all sediment, or the entire aggregate sediments, with particles still being stuck to each other by short distance hydrodynamic interactions.

There can be other behaviors with active matter, for instance when aggregating bacteria (active) or Janus particles (pseudo active). Indeed, when aggregated bacteria kept in levitation are released from the confinement imposed by the acoustic field, the aggregate inner active pressure triggers an explosion-like breakup, radially ejecting bacteria confined in the acoustic field [START_REF] Gutiérrez-Ramos | Induced clustering of escherichia coli by acoustic fields[END_REF] . In the case of Janus particles, as demonstrated by Takatori et al. [START_REF] Takatori | Acoustic trapping of active matter[END_REF] , the relaxation of an active crystal has been observed and described when the acoustic confinement is released.

What we shall report in the following is a breakup process of aggregates of particles kept in acoustic levitation using specific illuminations. We use fluorescent polystyrene particles of diameter d p = 1.62 µm which can be excited with green light and fluoresce in red light (λ abs = 545 nm and λ em = 620 nm). Large aggregates of particles are created in acoustic levitation in the cylindrical resonator described on Fig. 2 using f ac = 1.86 MHz resonant frequency. As mentioned previously, the aggregates can be kept stable as long as needed when observed with a white light and at standard microscope illumination power, below 5 mW.mm -2 (The regular aggregation process can be seen in Fig. 3 a) ).

Interestingly, when using a monochromatic (λ = 545 nm) illumination, and gradually increasing the light intensity, the aggregation process is stopped. For even higher intensities, the aggregate starts to eject particles from its periphery. This ejection process goes on until disruption of the entire aggregate. If the light intensity is still increased, then this ejection process takes the form of an explosion, as can be seen on Fig. 3 b) and associated movie (see SI Movie 1, 4). One astonishing effect is that the particles escape the aggregate while remaining in the focal plane of the camera, i.e. in levitation. This result suggests that the primary radiation force (responsible for the acoustic focusing) is not affected, but that transversal and Bjerknes forces seems to be completely counterbalanced or screened by another force. MM.1. Observation of the standard process of formation of an aggregate in acoustic levitation. It is then disrupted under monochromatic illumination. The aggregate is reformed quickly when the white light illumination is restored. This is a file of type "mp4" (4.5 Mb)

The disaggregation only occurs in acoustic levitation (no effect observed on beads that are on the bottom or top of the cavity) and when the particles are illuminated with the proper wavelength corresponding to the fluorescent particle absorption wavelength. In this case, for instance, the aggregate remains unchanged if illuminated with a blue light (λ = 488 nm).

Another interesting point is that the effect is reversible: once the light intensity is lowered under a given threshold, then the standard acoustic aggregation process starts again with the same dynamics (as demonstrated at the end of SI Movie 1).

This phenomenon is highly reproducible and not limited to a given type of fluorescent other. To further investigate the dependence of the effect on the amount of light injected in the aggregate, we did vary the light intensity for a given aggregate of 1.62 µm beads, at a fixed amplitude of the acoustic field (f ac = 1.85 MHz). In the following the amplitude of the acoustic force is considered proportional to the acoustic energy inside the resonator (cf.

Eq. 1). In this case, this energy is constant ( E ac = 10 J.m -3 ).

To quantify the disaggregation dynamics, we use spatio-temporal diagrams as explained in Fig. 6. A line crossing the stable aggregate is chosen before illumination. The aggregate being a bright spot over a dark background, the line crossing it shows a clear frontier between the aggregate and surrounding fluid. The time-evolution of these lines is then plotted as a function of time, leading to a spatio-temporal diagram (left part of Fig. 6). The disruption of the aggregate is then visualized as a cone in the spatio-temporal diagram. The slope of the cone frontier in the spatio-temporal diagram leads directly to the expulsion velocity v ej .

It is then possible to measure the ejection velocity for each illuminations. The evolution of v ej as a function of the illumination power P light is plotted on Fig. 7 a). A linear evolution is found suggesting a direct proportionality of the ejection velocity with the injected illumination power: v ej (P light ) ∝ P light .

C. Influence of the amplitude of the ARF

Similarly, the influence of the acoustic force amplitude has been investigated. We also found that the phenomenon was no longer observed when the acoustic field is turned off.

This time, we did explore a range of ARF amplitudes ranging form 8 to 200 J.m -3 at f ac = 1.85 MHz for a given illumination power (50 mW.mm -2 ), all other parameters being kept constant.

Using the same spatio-temporal analysis, we plot on Fig. 7 b) on logarithmic scale the evolution of v ej as a function of the acoustic energy in J.m -3 for a given illumination power P light . In this case, a linear evolution is found suggesting a scaling of the ejection velocity as a 3/4 power law of the acoustic energy: v ej ( E ac ) ∝ E ac 3/4 . Combining both results, and considering that both parameters are independent, one can define the following scaling law for the ejection velocity: v ej (P light , E ac ) ∝ P light • E ac 3/4 . 

D. Influence of acoustic streaming

Acoustic streaming is a common phenomenon when using standing acoustic waves in resonant cavities. It could be considered as a possible explanation for the breakups of the aggregates, so we did investigate this effect.

As briefly described in section III, it is possible to control the onset of acoustic streaming in our resonators using a burst signal. The duty cycle DC of the ultrasonic wave can be of the excitation :

DC = T ON T OF F + T ON (4) 
When we vary this parameter, we are modifying the temporal average of the acoustic energy that plays a role in the ARF. Fig. 8 represents the ejection speed of 1.62 µm polystyrene particles, when submitted to a 1.908 MHz ultrasonic standing field, with an acoustic energy of 160 J.m -3 , and enlightened with a light power of 50 mW.mm -2 . The acoustic field is then modulated by a square signal of period T burst = 1 ms, and we then vary the duty cycle of the resulting field. As can be seen on this figure, at low duty cycles, we observe a linear evolution of the ejection speed with an increase of the duty cycle.

Defining a threshold for the acoustic streaming [START_REF] Castro | Study of the onset of the acoustic streaming in parallel plate resonators with pulse ultrasound[END_REF] (below which no acoustic streaming is affecting the aggregates in levitation), we can find a critical duty cycle for these burst parameters, that is represented by a gray bar on Fig. 8. Below this threshold, we do not observe any streaming in the cavity [START_REF] Bazou | Controlled cell aggregation in a pulsed acoustic field[END_REF] . Interestingly enough, when we cross the acoustic streaming threshold, we do not observe any change in the evolution of the ejection velocity.

The fact that we do observe breakups of aggregates, with the same coupling between acoustic energy and light power below its threshold means that the origin of this phenomenon is not acoustic streaming. 

VI. SEPARATION OF A BINARY MIXTURE

To demonstrate the ability of the opto-acoustic effect to separate a binary mixture, we used a mixed solution of two colloidal particles: polystyrene particles of mean diameters d p1 = 1.62 µm and d p2 = 0.883 µm, with absorption wavelengths λ 1 = 532 nm and λ 2 = 450 nm with an equal volume fraction of 0.025 %. First we created a large aggregate in acoustic levitation, following the same process as in the previous experiments (1.903 MHz and 200 J.m -3 ) and using the same resonator. After a relatively short focusing time, the aggregate becomes stable in acoustic levitation. The aggregate contains an homogeneous mixture of both particles.

The upper row of Fig. 9 shows the aggregates in acoustic levitation but using different filters. Fig. 9 a) corresponds to an observation without filters. It shows a large aggregate in stable acoustic levitation. When using a green (Fig. 9 b) or red filter (Fig. 9 c) one can see that both types of particles are rather homogeneously distributed over the entire aggregate.

To our knowledge, it is impossible to separate such a mixture of particles once they are so well mixed using acoustics alone.

The aggregate has then been illuminated with a blue light (λ light = 488 nm) at a constant power of 30 mW.mm -2 during 10 seconds, then the illumination has been turned off. The resulting aggregate has then been observed once the particles have aggregated again under the influence of ARF. The result is shown on the lower part of Fig. 9. Fig. 9 d) shows the aggregate after a few seconds without any optical excitation. One can see that the aggregate has changed from its original shape. Fig. 9 e) and Fig. 9 f) shows the pictures of the aggregate when observed respectively with a green and red filter. We can clearly see that the aggregate no longer contains an homogeneous mixture of both particles. The red fluorescent beads are now on one side of the aggregate while the green are now on the other side of the aggregate. This is a clear demonstration that the two types of particles have indeed been separated by the photoacoustofluidic effect. The separation was very fast (a few seconds) and efficient. The particles absorbing the illumination wavelength (the smaller ones in this case) have indeed been extracted from the aggregate before being attracted again toward the aggregate of larger particles, which did not breakup, because of the ARF. power to reach the same ejection speed. One possible explanation for this behavior is that for these high acoustic energies, the acoustic streaming is no longer negligible, and may interact with the expulsion process, leading to some errors in the estimation of the initial ejection velocity (leading to a no longer isotropic ejection). speed contour is the thermal agitation speed at experiment temperature (20 degrees Celsius) and has been identified as the threshold between stable aggregate and aggregate breakup zones.

phenomenon. Particles need to absorb light at the specific optic excitation wavelength used to be ejected from the aggregates, and to be trapped at the same time in an acoustic field carrying enough acoustic energy. This means that the optic energy absorbed by the particles needs to play a role in the explanation of the phenomenon.

B. Influence of heating on particles properties

The most plausible explanation is that optical illumination at specific wavelength leads to absorption and conversion of incident light (E λ ) into thermal heating. One basic explanation could be that while absorbing light, particles heat up, thus modifying their mechanical properties, potentially affecting the sign of the acoustic contrast factor in Eq. 2. However, after calculation, compressibility and density of polystyrene and water do not change that much between 20 and 100 degrees Celsius. Moreover, if the acoustic contrast factor were to change sign, then the principal component of the ARF (responsible for the vertical focusing of the particles) would also be affected, and we do not observe a movement out of the focal plane.

C. Heating of the fluid itself

One could argue that it is the fluid itself that heats up when exposed to a strong illumination, under the confinement of the acoustic field. Having the fluid directly react to the coupled excitation could then create a large scale flow dragging away the particles. To try this, we have performed experiments using coloured beads. Two types of particles having the exact same mechanical properties (same radii = 10 µm, made of polystyrene), in the same acoustic field ( E ac = 106 J.m -3 , f ac = 1.90 MHz), have been illuminated with the same optical wave (λ = 550 nm or 580 nm, P = 50 mW.mm -2 ). The only difference between the two populations was their optical absorption, one of the particle type being reddyed while the other was transparent (plain polystyrene). Everything else being equal, the acoustic force is the same on the two species. When illuminated with the same wavelength and power, the dyed particles are almost instantly dispersed, while the transparent ones are not affected by the light (see SI Movie 3, 12). That confirms that the particles need only absorbing the illumination wavelength and that they are the source of the phenomenon, and not the fluid itself. with the same optical wave (580 nm, P=50 mW.mm -2 ). As the aggregate made of dyed particles is instantly disersed, nothing happens to the particles that do not absorb the optical wave.

MM.3. Side to side comparison of an aggregate of plain polystyrene particles and another one being red dyed, under the same acoustic confinement and optical illumination. This is a file of type "mp4" (6.3 Mb)

D. Soret effect

Another effect that could affect the stability of the aggregate in acoustic levitation is related to the Soret effect, or Ludwig-Soret effect 25 , or thermodiffusion, namely, particle migration under temperature gradients. The Soret coefficient is the ratio between the thermal diffusion coefficient and the molecular coefficient of colloidal objects suspended in a liquid.

The Soret coefficient is well understood in gases when molecules of different size differentially migrate under a thermal gradient. Nevertheless, Soret effect is visible and measurable in suspensions of polymers in organic solvents, but the theoretical models are still poorly developed. Concerning Soret effect of non colloidal particles (10 µm) in water, to our knowledge only one study has been undertaken 25 . The thermophoretic mobility of 10 µm polystyrene particles has been estimated in water, in a thermal gradient corresponding to 0.25°C/ µm, yielding to a migration velocity of 5 µm/s. In our case, the red fluorescent particles being 1.62 µm in diameter, 10 µm is a good approximation of our thermal layer thickness. Having even a few additional degrees in the aggregate will yield thermal gradients on this order of magnitude. At the periphery of the aggregate, particles could be pushed away by a Soret-like effect. When illuminated, the temperature in the aggregate is higher than that in the surrounding liquid. With a Soret effect of non-colloidal species, particles migrate from higher to lower temperatures, in qualitative agreement with our observations. Once particles are far apart from each other, with distances longer than the Bjerknes acoustic forces range [START_REF] Garcia-Sabaté | Experimental study on inter-particle acoustic forces[END_REF][START_REF] Castro | Determination of the secondary Bjerknes force in acoustic resonators on ground and in microgravity conditions[END_REF] , the aggregate starts to disrupt. Unfortunately, thorough investigations would be needed to precisely quantify the thermal gradient generated in the boundary layer surrounding the particles in levitation and illuminated with the proper wavelength.

E. A thermal boundary fluid layer

Nevertheless, another thermal effect may originates from the heating of a layer of fluid directly surrounding the particles, leading to a local change in the fluid properties this time.

It would create around the particle a soft shell-like boundary layer, reminding the results obtained by Yasuda and Kamakura 28 . While in their work magnitude of forces are discussed, it is probable that the local increase of the temperature on the upper part of the particles leads to a local increase of the temperature of the fluid layer close to the particle. This would lead to a local change of the fluid density around the particles. A "convection-like" instability could be triggered with a decrease of the fluid density which would then lead to an upward motion to the fluid layer. We did not observe an axial motion of the particles.

It would be possible that the axial motion is stopped by the much stronger axial radiation force (justifying the acoustic coupling), leading to a lateral escape motion of the fluid layer, dragging the particles while staying in the levitation plane.

F. Acoustic instability of the thermal boundary layer

It has been shown recently that fluid layers with even a relatively small contrast factor can undergo ARF effects [START_REF] Karlsen | non-Brownian particles in pure liquids and estimation of their thermophoretic mobility[END_REF] . This is a side effect that can be a strong limitation to the separation of species if they are transported in different layers of fluid of different densities.

If the temperature of a particle T part is different from the one of the surrounding fluid then a thermal boundary layer δ therm is created around the particle, or around an aggregate of particles (See Fig. 11). It is then possible that there exist a fluid layer with a density ρ f (T 1 ) lower than the one of the surrounding fluid ρ f (T 0 ). Gradients of fluid density ∇ρ f will appear, leading to the following expression for the volume force F ac-f lu exerted on the fluid (we denote ρf the dimensionless perturbation in the density, following the analytical development stated above 24 ) : F ac-f lu = -cos(2ky)E ac ∇ ρf (5) One can see that if there is density gradient, then the fluid layer will undergo an acoustic force aligned with density gradients, leading to a possible motion of the fluid layer. It may be that this fluid layer drags particle alongs, while these ones are still subject to the axial acoustic force (much larger than the lateral one), thus moving sideways. The resulting ejection speed would then be a competition between the transverse component of the acoustic force and the viscous drag imposed by this fluid layer. The scaling in this case would be interesting, since as described in Eq. 3 the lateral acoustic force scales with d 3 p , and the drag at this R e would scale with d p only.

G. Heating process and size

If the motion origin is indeed related to an instability, either thermal or acoustic, of the surrounding fluid layer, one could expect that the effect will be weaker for larger particles.

Indeed, the thickness of the thermal boundary layer will be the same, if all parameters are kept constant apart from the radius of the particle. The ratio δ ac /r p will decrease and the entrainment of the particles will become weaker.

We carried out preliminary experiments with a given type of fluorescent beads, made from the same material (polystyrene, green fluorescent), trapped in the same acoustic field ( E ac = 106 J.m -3 for a frequency of f ac = 1.90 MHz) and illuminated with the same

We observed a reduction of the ejection velocity when increasing particle diameter, as can be seen on Fig. 13. The aggregate made of 1 µm particles undergoes the expansion effect, as described before. But this effect is less noticeable on the 3 µm particles aggregate after the same exposition time, and the 10 µm aggregate seems not to have been affected at all after the same manipulation. This result can be considered as a first hint of a possible mechanism associated to the heated fluid layer surrounding the particle. However, it could also stem from a competition between a fluid drag and the transverse component of the ARF as denoted in VII F. 
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VII. DISCUSSION

A. Coupled dependency on acoustic and illumination

The previous experiments show a clear correlation between acoustics energy and illumination power for the breakdown of aggregates. To evaluate this coupling, we studied the evolution of the ejection speed from the aggregates when varying the illumination power and amplitude of the ARF for a given suspension of particles (d p = 1.62 µm). The result is shown on Fig. 10 as a phase diagram: we represent the initial ejection speed of particles from the aggregate as a function of illumination power and acoustic energy applied to the aggregate, i.e. a contour plot of v ej (P light , E ac ), the color bar being proportional to v ej . The 1 µm.s -1 speed contour line is highlighted in red, and corresponds to the Brownian motion speed at experiment temperature (20 degrees Celsius) for these particles and has been identified as the threshold between stable aggregate and aggregate breakup zones. As one can observe, the aggregate is locked in a stable state, provided that the illumination power is below 10 mW.mm -2 , or the acoustic energy of the ultrasound field is below 25 J.m -3 .

Once this threshold is crossed (solid red line on the phase diagram, corresponding to the Brownian motion at the experiment temperature, for these particles), then we have a more or less linear evolution of the ejection speed as light power or acoustic energy is increased.

Interestingly, there seem to be a threshold on acoustic energy density at 160 J.m -3 , above which the light dependence of the ejection speed changes. It seems to be an optimum on illumination power dependence, as it is the point where the highest ejection speeds are reached using the lowest illumination power. After this threshold, we need to put more illumination We mentioned and discussed many possible explanations for the light induced ejection of particles in acoustic levitation. A plausible scenario seems to be the heating of the surrounding fluid layer leading to instability mechanisms. To further clarify this hypothesis, more experiments are needed, especially temperature controlled ones.

VIII. CONCLUSION

Choosing the proper geometric and acoustic parameters, it is possible to control the aggregation process of micro particles using our in-house ultrasonic resonators. Once the aggregates are formed, it is possible to keep them in acoustic levitation as long as desired.

The only way to break the aggregates is to turn off the ultrasounds. Nevertheless we show that it is possible to destroy an aggregate of fluorescent particles just by illuminating it at the proper absorption wavelength. This phenomenon depends on both the acoustic force amplitude and the illumination power : the expulsion of the particles can only be observed in acoustic levitation, suggesting a strong coupling between acoustics and photonics effects.

Above a given critical illumination power, the aggregate literally explodes. The expulsion of the particles from the illuminated area can be very fast with an expulsion velocity which depends on the injected power (acoustic amplitude and illumination power). Early observations also show that the phenomenon is affecting living cells such as red blood cells, opening the path to many applications of these findings. This phenomenon, which may be named optoacoustophoresis due to its dependence on both excitations, opens the path to many new manipulations and sorting processes of suspensions, combining both acoustic and optical properties of particles or cells. This new branch of acoustofluidics could be called optoa-