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The ability to rotate objects at the micrometer scale offers important applications [1,2] ranging from microelectro-mechanical systems (MEMS) [3], microfluidic devices [4], biomanipulation such as torque induced spectroscopy [5], environmental remediation [6] or micro-rheology [7,8]. Light induced torque has a special status among these applications, since it is generated from remote sources, without any contact or perturbation to the system, which may be detrimental, particularly in biological systems. The angular momentum can be transferred using specially dedicated three dimensional particles inspired from windmills [9], or via spin [10] or orbital angular momentum [11] transfer from light to matter. The advantage of the latter is that the transfer can be very efficient since, contrarily to the other mechanisms, each photon may carry several momentum [12], being the reduced Planck constant. In this last case however, since the typical size of the beam can be larger than the particle size, particles may rotate around the beam axis, having a circular trajectory, instead of spinning around their own axis, as expected. We have recently shown that orbital angular momentum can be transferred from a plane wave to an asymmetrical macroscopic object, because of diffraction [13]. The objects are then necessarily spinning around their own axis. One may then wonder whether such transfer can be performed at a microscopic scale. The aim of this communication is to study the rotation of a sub-millimeter disk over which an opaque diffracting asymmetrical disk is printed and illuminated by a plane wave, and to investigate its interfacial rotational properties.

The experimental set-up is depicted on figure 1. The light originates from an infra red laser source (IDIL, P = 150 mW, λ = 980 nm) connected to a monomode optical fiber. The light is then focalized near the air/liquid interface with a f = 50 mm-focal distance lens. The beaker is a 50 mm -diameter cylinder. A thin glass plate acts as a cover and prevents from external vibrations, air flows and from excessive liquid evaporation. The height of the liquid inside the beaker is 4 mm.

We have checked that the water height has no influence on the experimental results. The micrometer-size asymmetrical shapes are printed on a transparent hydrophobic polyester PET base with a soft photographic emulsion gel (JD Photo Data, thickness 187µm, density ρ = 1.37 g/cm 3 ), then cut with a puncher which radius R ranges from 0.5 up to 2.5 mm. Note that the cutting process leads to notched disks. These diameters are larger than the asymmetrical printed pictures.

The pictures that act as micro-motors are 500µm (typical size) paddle wheels with a number of wheels varying from p = 1 to p = 6 (see figure 2). However, since the rotation effects are more spectacular for high values of p, we don't discuss the p = 1 to p = 3 cases [13]. Whatever the considered liquid and the disk size, the surface tension is higher than gravity, and the disk is floating on the air/liquid interface. The object is imaged with an inverted microscope. Its position can be adjusted with a 2-D microstage that is used to track it. In order to optimize the transfer efficiency, the beam waist corresponds to the radius of the printed objects.

After cutting, the objects are rinsed with demineralized water and deposited on the air/liquid interface. We then wait for 2 minutes till the object stops moving.

The disk is then rotationally and translationally stable. Each object is used 6 times at most, before being wasted, because it degrades rapidly. The liquid is changed with the object. Each experiment is repeated 3 times at least with different objects in order to achieve a good experimental reproducibility. The experiment lasts for 3 minutes for large objects, and for 30 s for R < 1.0 mm. For longer times, there are heating and temperature heterogeneities within the air/liquid interface. Since the paddle wheel is never exactly at the center of the disk the object starts to translate [14]. The temperature in the room is stabilized to T= 20.0 ± 0.5 • C.

The laser light diffracted by the asymmetrical printed object actually carries orbital angular momentum [13]. The conservation of the angular momentum leads to a reaction torque Γ R = N α , where N is the number of photons incident on the rotating disk per second, and α accounts for the efficiency of the diffraction and the topological charge (i. e. the angular momentum carried per photon divided by ) of the diffracted light. It depends on the relative size of the beam compared with the size of the printed picture, and on the degree of asymmetry of the printing.

It is numerically evaluated from simulated diffracted light patterns [15] for each value of p and for each printed picture size. For example, α = 0.12 for a p = 1 paddle wheel, and a beam waist that corresponds to the paddle wheel size. It equals α = 0.4 and α = 0.5 for a p = 4 and a p = 6 paddle wheel respectively. N depends on the optical power P , N = P λ/hc, λ being the light wavelength and c being the velocity of light. Note that this transfer is solely due to diffraction. It doesn't depend on the material used, on the environment, on the humidity, nor on the temperature of the liquid or of the disk.

Figure 3a shows the variation of the angular velocity ω of the disk versus light power for two different paddle wheels and two different disk diameters floating on the air/water interface. ω is extracted from the images using ImageJ software [16], from the temporal variation of the rotation angle. The reproducibility of the results is quite good as can be seen on the error bars obtained from several measurements. The laser power is measured at the end of the fiber. It doesn't vary throughout each experiment. As expected, the variation of ω versus light power is linear.

We have checked that ω doesn't depend on the surface tension (see figure 3b). Indeed, we have used several liquid solutions leading to different surface tensions. We have used either ethylene glycol (C 2 H 6 0 2 ) with percentage composition by mass MC=20 and 50 leading to a surface tension γ = 55 mN/m and γ = 45 mN/m respectively [17], ammonium nitrate (NH 4 NO 3 , MC=65.5, γ = 88 mN/m) [18], potassium carbonate (K 2 CO 3 , MC=24.5, γ = 79 mN/m, MC=33, γ = 82 mN/m) [17,18], sodium lauryl ether sulfate (SLES, MC=12, γ = 27 mN/m) [19], or glycerol (C 3 H 8 O 3 , MC=25, γ = 65 mN/m) [17]. The surface tension has clearly no effect on the rotation of the disks. It has to be noted that the well-known surfactant sodium dodecyl sulfate (SDS) or the salt sodium chloride (NaCl) at high concentrations strongly deteriorate the disks rapidly.

The accelerated regime lasts for a few milliseconds and is not detected, only the steady state rotation is observed. The rotation value is then constant within this regime. Relative fluctuations of the velocity are measured and are lower than 5%. Let us evaluate the so-called Reynolds number for the highest rotation. R e ∼ ρR 2 ω/η, where η is the dynamical viscosity, and ρ is the liquid density. Taking η ∼ 10 -3 Pa.s which is the value of water, ρ = 10 3 kg/m 3 , and ω = 0.004 rad/s, which is the highest value we found, leads to a value of R e < 0.01. This corresponds to a low Reynolds number. From the rotation of figure 3a, one can easily evaluate the drag coefficient inherent with this rotation. The expression of the drag torque Γ D for a cylindrical object of radius R floating at the air/liquid interface and rotating at angular velocity ω with low Reynolds numbers flows, can be written [START_REF] Zell | Proc. Natl. Acad. Sci[END_REF] 

Γ D = 2πkηR 3 ω (1)
where k is a constant depending on the geometry of the object and the liquid motion [START_REF] Goodrich | [END_REF]. The torque is perpendicular to the interface. Equating the expression of Γ D and Γ R which is the driving torque due to the light diffraction, leads to the following expression of the angular velocity

ω = P αλ 4π 2 ckηR 3 (2) 
A linear adjustment of the variation of the rotation velocity versus the optical power of figure 3a leads to slopes that equal 0.028 rad.J -1 and 0.0115 rad.J -1 for a p = 4, R = 1.0 mm and p = 6, R = 1.5 mm paddle wheels, respectively. Taking into account the differences for α and R for the p = 4 and p = 6 paddle wheel, one can evaluate the drag coefficient kη from equation (2). We measure the same drag coefficient kη = 1.25 ± 0.2 × 10 -6 Pa.s for both cases. Compared with the usually assumed value of the drag coefficient [7,[START_REF] Zell | Proc. Natl. Acad. Sci[END_REF], kη 5 × 10 -3 (k = 16/3 for an immersed disk, and η 10 -3 ), this value is abnormally small by more than three orders of magnitude. It has to be noted we already had the same kind of unusual bulk viscosity with millimeter size objects [13]. We further investigate this phenomena by changing the viscosity of the solution, by adding glycerol. We have plotted the variation of the velocity versus the inverse of the bulk viscosity [20] (see figure 4a). The variation of the angular velocity is linear for high viscosities and then saturates for lower viscosities. Although the linear variation is obtained on a very small viscosity range, let us focalize on the linear part. Its slope equals 10 -5

Pa.rad, whereas the expected value from equation ( 2), for P = 100 mW, p = 4, R = 1 mm, leads to 2 × 10 -9 Pa.rad. This confirms that the measured drag coefficient kη corresponding to our set up doesn't match the usual value which is in the 10 -3 Pa.s range. Besides the wetting properties are also correlated with the viscous dissipation [21]. This may also explain the saturation effect. Actually, adding some glycerol seems to induce an increase of the contact angle related to the roughness of the disk periphery. Then the drag coefficient increases, with a specific behavior related to fluid/solid interactions. It is worth noting that this cannot be explained by a change of the surface tension. Indeed, the addition of glycerol decreases the surface tension from 73 N/m to 68.5 N/m [22], which is too small to play any role. We also checked that there is no influence of the temperature of the liquid bath of the viscous dissipation.

The low value of the drag coefficient may have some consequences. Indeed, let us have a closer look at figure 4a. For the case of water (last point of the right), ω = 2 × 10 -3 rad/s, R = 1 mm, and taking kη = 10 -6 leads to a Reynolds number of R e ∼ 2. With a high glycerol concentration, kη is multiplied by 10, the velocity is divided by a factor of 4. This leads to a Reynolds number R e ∼ 0.05.

Although with R e < 2 the flow is still close to a laminar regime, could the plateau we observe on figure 4a, be however due to a change of the flow regime, entering in a non-linear flow regime? This is actually not the case. In figure 3a, when the optical power is varied, still taking the value of kη = 10 -6 , the Reynolds number decreases from R e ∼ 3.5 for p = 4, R = 1 mm and P = 150 mW down to R e ∼ 0.6.

We have even performed measurements with R = 0.5 mm rotating at ω varying from 10 -2 rad/s (R e ∼ 2.5) to 2 × 10 -4 (R e ∼ 0.05) still showing a linear variation.

If the flow would have entered a non-linear regime, the variation of the angular velocity vs the optical power wouldn't have been linear.

Could the low drag coefficient be due to the surface viscosity instead of the bulk viscosity [START_REF] Zell | Proc. Natl. Acad. Sci[END_REF]? A surface viscosity would lead to a drag torque varying as R 2 , whereas a bulk viscosity would lead to a R 3 variation. We have thus varied the radius R of the object for the same given p = 6 printed paddle wheel and investigated the rotation velocity in water. The results are shown in figure 4b. For higher viscosities, the rotation was too slow and it was impossible to extract any drag coefficient. The Boussinesq number B 0 (dimensionless number representing the square root of the ratio of inertia force to gravitational force) is too low to have a frictional resistance of the surface film at the rim of the disk. Indeed we find B 0 = 5.10 -4 at most. The experimental data better fits a 1/R 3 variation than a 1/R 2 one. The drag coefficient is not associated with a surface viscosity.

What could be the reason for this low viscosity value? A significant part of the light impinging on the object is absorbed raising up the temperature near the object. From the absorbed light power, we estimated this temperature to be at most around 60 • C at the end of the measurement procedure. This has been estimated using a half-infinite space and a point heating on the air/water interface the by the laser. We overestimate the heating assuming that the total incoming power laser is absorbed. It is worth noting that we didn't see any condensation on the cover during experiments. The viscosity may decrease by a factor of two but not by three orders of magnitude.

On the other hand, the hydrophobic nature of the disk also contributes to the drag reduction [25]. Indeed, the disk is made of polyester (see figure 2). Its surface irregularities lead to the trapping of small air pockets between the object and the liquid layer (see figure 2 left part). We have seen that there are always some air micro-bubbles that remain at the interface between the disk and the liquid. The no-slip velocity condition between the solid and the liquid is thus no-longer fulfilled.

At the interface, the liquid velocity is lower than the disk velocity. This no-slip condition may lead to a strong drag reduction. Indeed, the frictional drag between the solid and liquid interface may then be replaced by a much lower frictional drag between liquid and air [26,27].

Besides, it is worth noting that the disk movement observed after 30 s for small disks may be due to the heating of these air micro-bubbles, leading to the translational motion already mentioned. One can calculate the thermal resistance of the polyester disk. Its thermal conductivity is about 0.1 W.m -1 .K -1 . For a thickness of 187 µm, the thermal resistance is about 104 K.W -1 for a typical size of 500 µm of the paddle wheel. For a laser power of 100 mW, the temperature rise between the disk and the air/liquid interface during 3 min exposure time should be at most 2 K. For shorter times, the heating has then nearly no influence otherwise we wouldn't have been able to evidence a linear variation of the rotation velocity versus laser power (see figure 4a). Besides, when the laser is switched on, the temperature of the disk is the same as the temperature of the water and then rises with time. We observe a steady state rotation, with a constant velocity,

showing that this heating has indeed little influence. Moreover, concerning the drag coefficient, the edges of the disk are not so regular and seem jagged at the micron scale, due to the punching process. Of course we could have used a highly hydrophilic disk [7,[START_REF] Zell | Proc. Natl. Acad. Sci[END_REF] to perform this kind of experiment, as it is usually done in micro-rheological studies. However, the wetting properties promote the bulk viscosity contribution and thus prevent us from having access to the very rotation regime we observe here.

Other effects that are usually hidden may then play a significant contribution.

In particular, the adjustment performed on figure 4b leads to a good fitting curve for the lowest values of R, whereas there is a discrepancy for higher values of R. Clearly, the fit is out of the experimental error bars for the last three points.

Although there is a rather high relative uncertainty on the experimental data, the adjustment using a regression analysis fits much better with a 1/R 3 and a 1/R 2 varying terms then for a 1/R 3 alone, as it can be clearly seen on figure 4b. Even though the fit is not perfect we may estimate a reliability factor. It equals 0.97 for a 1/R 3 fit and increases to 0.999 adding a 1/R 2 term. The rotation velocity ω scales as ω = 2 × 10 -12 /R 3 -9 × 10 -10 /R 2 . The units of the pre-factor of the first term is rad.m 3 /s, where it is rad.m 2 /s for the second. From Eq. 2, the first term leads to a value of the drag coefficient kη = 1.45 ± 0.2 × 10 -6 Pa.s, in very good agreement with the value deduced from the linear dependence of the angular velocity versus the optical power (see figure 3a). Nevertheless, one has to explain the origin of the extra term.

Actually, in the physical problem of a floating object on a liquid interface, like the one considered here, there is a three phase contact zone (circumference of the disk at the water/air/solid contact line) corresponding to a one dimensional curve.

Then the so-called line tension may have an influence. The line tension concept was proposed by Gibbs more than a hundred years ago and it is associated with the excess of free energy of a solid-liquid-vapor system per unit length of contact line or with the excess of force acting along the three-phase line to shorten or lengthen it [28]. The line tension depends on the object wettability as well as on the shape of the air/liquid interface near the contact line. However, it is not correlated to the surface tension [29]. Besides, this quantity is usually too small to have practical significance [28], or to play any role. Indeed, the true value of the line tension and its sign remains disputable. De Gennes et al. even wrote about the "mythos of line tension" [START_REF] De Gennes | Capillarity and wetting phenomena[END_REF], and the literature reporting theoretical and experimental investigations is very broad. Yet, since the drag coefficient kη is very low here, one may have experimentally access to a measurement of this quantity. Besides, since the typical diameter size is of the order of the capillary length λ c (λ c ∼ 2 mm), the line tension must play a role in our experiment.

Let us then introduce the line tension force τ on the rotating disk. It is tangent 

Γ R = P αλ 2πc = Γ D + Γ T = 2πkηR 3 ω + 2πτ R (3) 
The effect of the line tension could be compared with a dry friction for solid surfaces, where one defines a static and a kinetic friction coefficient. This leads to a variation of the angular velocity that writes

ω = P αλ 4π 2 ckηR 3 - τ kηR 2 (4) 
and finally leads to a value of τ = 1.3 ± 0.3 × 10 -15 N, i.e. τ ∼ 10 -15 N, which is rather low [28].

Nevertheless, let us have now a closer look at figure 3a. Obviously, both curves don't cross the origin. There is a small shift of the curves or threshold, corresponding to P = 35 mW and P = 25 mW, for a p = 6 and a p = 4 paddle wheel, respectively. When we tried to measure the rotation velocity at those powers, we could estimate that the rotation is less than 2 • in 6 minutes. We therefore assume that it is equal to zero. Setting ω = 0 in equation ( 4) leads to τ = 1.3 ± 0.1 × 10 -15

N and τ = 0.84 ± 0.06 × 10 -15 N, respectively. These values are in good agreement with the value of τ ∼ 10 -15 N deduced from figure 4b. This threshold indeed corresponds to the torque generating light power that is needed to counter balance the line tension τ .

Below this value, the disk does not rotate, and, since the line tension is defined as a force, Eq. 3 is no more valid. This is the same situation observed in the case of dry friction for which there is no movement of the solid below a threshold force.

A similar description has been recently proposed to explain the sliding of liquid drops on a solid surface [START_REF] Makkonen | [END_REF]. Beyond this value, the rotation rate increases linearly with the power, minus the constant term due to the line tension. It validates the model we used, taking into account the line tension, and equation (4) as well. This leads to a line tension coefficient in the femto Newton range in the case considered here. Not that the value we measured is necessarily positive since it is opposed to the rotation, otherwise the disk would have started to rotate on its own, which has physically no meaning.

As a conclusion, we have transferred angular momentum from a plane wave to a disk, because of the diffraction from an asymmetrical picture printed on the disk.

This enables the evaluation of a drag coefficient of the liquid. Since the object is hydrophobic, and because there are many micro-air bubbles and the air/liquid interface, this viscosity is unexpectedly low, in the 10 -6 Pa.s range for pure water.

We are then able to evidence the role of the line tension and the existence of a threshold value corresponding to the counterbalance power needed to compensate for this line tension. Although our study does not enable us to give a precise value of the line tension, it shows that its contribution related to the heterogeneities in the vicinity of the contact line is not negligible. The order of magnitude of this line tension is in the 10 -15 range. Of course these findings deserve confirmation at smaller scales, close to the micrometer range and further theoretical investigations and calculations to explain these findings. Nevertheless, the technics we developed here clearly opens new avenues towards line tension measurements, and precise micro-rheological measurements in general [32].
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FIG. 1 .

 1 FIG. 1. Experimental set-up. Light source: diode laser at λ = 980 nm connected to an optical fiber. The images of the rotation are collected via a microscope and a camera connected to a computer.

FIG. 2 .

 2 FIG. 2. Picture of the hydrophobic disk. Left: zoom showing the micro-air-bubbles. Right: zoom of the paddle wheel (p = 4).

FIG. 3 .

 3 FIG. 3. Variation of the rotation velocity versus a) the light power for p = 4 and p = 6 printed pictures on different diameter size disks (R = 1.0 mm for p = 4 and R = 1.5 mm for p = 6) (see drawing). b) The surface tension of the liquid for p = 4 and R = 1.0 mm, for P = 100 mW (constant). The errors bars result from several measurements.

RFIG. 4 .

 4 FIG. 4. Experimental variation of the rotation velocity versus a) the inverse of the usually assumed bulk viscosity for a p = 4 and R = 1.0 mm paddle wheel. The disk radius is fixed. The dotted line corresponds to a linear fit. b) Disk radius R for a p = 6 paddle wheel in water. The different schemes of the disk illustrate the change of the disk radius. Note that both axis of the plot are on a logarithmic scale. The upper dotted line corresponds to an experimental fit of the data using Eq. 2 (c/R 3 variation), whereas the lower dotted line corresponds to a fit according to Eq. 4 (a/R 3 -b/R 2 variation), a, b, and c being constants. The experiments are performed at a power P = 100 mW.

  to it and opposed to the rotation. The expression of the torque due to this line tension then writes Γ T = 2πτ R. It is orientated perpendicular to the interface. It thus can play a role in the dynamics of the disk rotation. As recently suggested for the study of contact angle hysteresis[START_REF] Makkonen | [END_REF], the energy needed to deform the line contact for a rotation of an angle dθ of the notched disk writes dE = Γdθ, where Γ is the torque needed. Then the optical energy transferred to the disk movement can be decomposed into the rotational kinetic energy and the work of the line tension force. The steady state equation of the rotation of the disk, including the line tension torque now reads

There are no conflicts to declare. * Corresponding author; olivier.emile@univ-rennes1.fr

CONFLICT OF INTEREST