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Introduction

In the past years, more and more applications of digital microfluidics using electrowetting on dielectrics (EWOD) [START_REF] Berge | Electrowetting: a recent outbreak[END_REF][START_REF] Mugele | Electrowetting: from basics to applications[END_REF] have emerged. Recent developments of electrowetting are concerned with lab-on-a-chips (LOC) [START_REF] Pollack | Applications of electrowetting-based digital microfluidics in clinical diagnostics[END_REF], PCR [START_REF] Pollack | Investigation of electrowetting-based microfluidics for real-time PCR applications[END_REF][START_REF] Zhang | Behavioral modeling and performance evaluation of microelectrofluidics-based PCR systems using systemC[END_REF], biological environmental monitoring [START_REF] Delattre | Macro to microfluidics system for biological environmental monitoring[END_REF] or cooling of electronic devices such as processor units and integrated circuits [START_REF] Mohseni | Digitized heat transfer using electrowetting on dielectrics[END_REF][START_REF] Cheng | Active thermal management of on-chip hot spots using EWOD-driven droplet microfluidics[END_REF][START_REF] Kumari | Characterization of the heat transfer accompanying electrowetting or gravity-induced droplet motion[END_REF]. Depending on the application, evaporation is either not wanted, since there is the need to avoid mass loss (PCR), or deliberate since there is the need to gain benefit from phase change (cooling of PCBs). In all applications, it is therefore important to control evaporative mass transfer.

Digital microfluidic systems involve normally more than only one single drop, as their strong point is the possible parallelization of multiple functions in a drop array, which makes it difficult to properly evaluate evaporation via methods based on imaging or microscopy [START_REF] Zhang | A new approach to measure contact angle and evaporation rate with flow visualization in a sessile drop[END_REF][START_REF] Gazzola | An integrated electronic meniscus sensor for measurement of evaporative flow[END_REF]. The impossibility of developing imaging is particularly important given that confinement is often deliberately intense for obvious reasons of miniaturization and portability. Top view imaging is only practicable in completely transparent devices, strictly limiting the choice of materials (e.g. ITO electrodes) and thus LOC technology implementation. An alternative methodology for non-imaging control of evaporation is capacitive gauging of drop volume in a closed, or sandwich, electrowetting setup [START_REF] Gong | All-electronic droplet generation on-chip with real-time feedback control for EWOD digital microfluidics[END_REF][START_REF] Sadeghi | On chip droplet characterization: a practical, high-sensitivity measurement of droplet impedance in digital microfluidics[END_REF]. This technique was not yet developed for open, or coplanar, geometries, which should nevertheless be possible.

In this paper, we investigate the evaporative mass transfer of a drop in a microfluidics drop-array, as typically encountered in digital microfluidic systems involving heat transfers [START_REF] Pamula | Cooling of integrated circuits using droplet-based microfluidics[END_REF][START_REF] Paik | Adaptive hot-spot cooling of integrated circuits using digital microfluidics[END_REF][START_REF] Kumari | Characterization of the heat transfer accompanying electrowetting or gravity-induced droplet motion[END_REF]. Different patterns are proposed to compare the mass transfer of a droplet in the center or at the edge of a drop pattern. Furthermore, different confinements are studied to examine the effects of a reduced drop array volume. Finally, the inter-drop distance is varied, providing information on proximity effects on evaporation.

The methodology presented in this paper is based both on EWOD and interferometry, to measure evaporation of a sessile drop, with a volume ranging between 0.5 and 10 L (see e.g. former work of the authors [START_REF] Theisen | Dual-frequency electrowetting: application to drop evaporation gauging within a digital microsystem[END_REF]). A dedicated electrowetting chip with coplanar electrodes [START_REF] Sen | Capillary spreading dynamics of electrowetted sessile droplets in air[END_REF] is used, which can be easily inserted in microsystems devoted to drop PCR with thermal cycling [START_REF] Wanget | Performance of nanoliter-sized droplet-based microfluidic PCR[END_REF][START_REF] Hatch | 1-Million droplet array with wide-field fluorescence imaging for digital PCR[END_REF] or to PCB/PCU cooling. Hydrophobic and dielectric layers on the electrodes acting in combination with electrowetting enable monitoring of an effective wetting angle for an aqueous drop at a constant value of  = /2 during the entire evaporation process. At the same time, the drop is brought to oscillate by perturbation of the actuation voltage between the buried electrodes. This technique is referred to as Fig. 1. Setup of the interferometry system. The laser beam crosses the optical system to form two reflections on the drop apex and the electrode, which are detected by the avalanche photo diode (APD). Insert: Electrode pair in use for electrowetting actuation.

dual-frequency electrowetting (DF-EW). The resonance spectrum of drop oscillation can be demonstrated to depend on the radius, which may be calculated progressively in the course of evaporation.

This methodology is fully compatible with integration requirements for microsystems such as digital lab-on-a-chips, as well as offering the advantage of permanently adjusting the contact angle (at  = /2 for instance, in this paper) using DF-EW.

Dual-frequency coplanar electrowetting

Electrowetting on dielectrics is a technology commonly used in new microfluidic applications such as liquid lenses [START_REF] Berge | Variable focal lens controlled by an external voltage: an application of electrowetting[END_REF] and EWOD-based displays [START_REF] Hayes | Video-speed electronic paper based on electrowetting[END_REF]. A more recent application consists of a cooling methodology for active heat transfer management on processor units [START_REF] Cheng | Active thermal management of on-chip hot spots using EWOD-driven droplet microfluidics[END_REF]. EWOD is also commonly used in digital labon-a-chips for moving, cutting/merging drops or mixing solubilized reagents among many operations [START_REF] Fair | Digital microfluidics: is a true lab-on-a-chip possible?[END_REF][START_REF] Fair | Electrowetting-based actuation of droplets for integrated microfluidics[END_REF]. Although a large part of bio-technological applications in lab-on-a-chips may be performed with silicone oil as a filler medium, some applications such as lyophilization or chemical noses still require an ambient gas phase [START_REF] Pollack | Applications of electrowetting-based digital microfluidics in clinical diagnostics[END_REF]. In this case, the widely used sandwich configuration is not suitable, and a coplanar configuration is more adapted to different methodologies. For such systems, it is shown how EWODinduced drop shape oscillations can be provided and may easily be integrated in a closed or open microsystem.

It is observed that these oscillations form a convenient transduction mechanism for gauging evaporative mass transfer. As a matter of fact, an essential advantage of electrowetting is related to the lack of any ohmic current flowing within the drop: only electrostatic energy is stored in the underlying dielectric film. Thus, no Joule effect is expected to modify evaporation process at drop scale [START_REF] Jones | Frequency-dependent electromechanics of aqueous liquids: electrowetting and dielectrophoresis[END_REF]. As recently demonstrated by Garcia-Sanchez et al. [START_REF] Garcia-Sanchez | Electrothermally driven flows in ac electrowetting[END_REF] for an AC electrowetting configuration, a second possible source of heat could be electrothermal effect due to a high frequency voltage (∼100 kHz and beyond). But here, our highest frequency, (the one of the voltage U 1 ), never exceeds 15 kHz.

The coplanar electrowetting electrode geometry consists of two half-moons with a 2 mm base width facing each other with a 3 m gap (Fig. 1). The electrodes are covered by two coatings, an insulating layer (Si 3 N 4 , silicon nitride, thickness d Si 3 N 4 = 600 nm, relative permittivity ε Si 3 N 4 = 6.3) and a hydrophobic layer (SiOC, thickness d SiOC = 1000 nm, relative permittivity ε SiOC = 2.75). This technology has been demonstrated to exhibit excellent properties even in presence of high voltage, which is a prior feature as far as coplanar electrode designs are concerned [START_REF] Malk | Rotating flow within a droplet actuated with AC EWOD[END_REF]. The electrodes are covered by a very thin film of silicone oil (VWR Prolabo, viscosity 50 mPa s) to avoid stick-slip motion, as well as an excessive value of contact angle hysteresis. The influence on electrowetting of the oil film after drainage is taken into account by estimating its thickness to 260 nm using standard wetting curve (see e.g. Fig. 2 in [START_REF] Theisen | Dual-frequency electrowetting: application to drop evaporation gauging within a digital microsystem[END_REF]). The amplitude of the high frequency EWOD voltage U 1 is chosen according to this wetting curve as to have a contact angle of  = /2.

The electrical potential applied to the electrode pair consists of two AC voltages, U 1 (frequency ) and U 2 (frequency f), provided by two frequency generators. These two signals are processed by an analog multiplier providing an output voltage, U 3 = (1 + U 2 /10 V)U 1 . Voltage U 3 is further amplified by a high-voltage amplifier delivering dual-frequency electrowetting actuation, U = 100U 3 . The electrode pair has one electrode connected to ground, while the other electrode is connected to voltage U.

The purpose of working with a dual-frequency actuation is that, when a high frequency, = 15 kHz, is imposed on U 1 , its amplitude may be used to tune the contact angle (for instance  = /2) in a range, which depends on composition of the underlying substrate, and to lower contact angle hysteresis [START_REF] Li | How to make sticky surfaces slippery: contact angle hysteresis in electrowetting with alternating voltage[END_REF]. Due to the minimization of electrostatic energy, voltage contribution U 1 means that the droplet straddles the underlying electrodes [START_REF] Sen | Capillary spreading dynamics of electrowetted sessile droplets in air[END_REF], making the droplet position far more stable than in standard geometries. Therein lies a second feature of prior importance, since interferometry measurements on a curved surface require a high degree of local accuracy to be feasible. Voltage modulation U 2 is characterized by a low frequency in the range of f ∼ 10-1000 Hz. This voltage is used to radially oscillate the contact line of the drop, otherwise stabilized in position, and therefore to induce drop shape oscillations of a frequency f osc = 2f, thereby controlling a purely standing capillary (spherical) wave on the drop surface. As demonstrated below, by changing the frequency f, it is easy to select capillary resonance1 with a given set of spherical standing wave modes along the drop surface.

In this work, the value of the electrowetting contact angle, Â, is regulated to be equal to /2. This allows us to consider that the mean radius of the sessile droplet and the base radius are both equal, since, moreover, the gravity effect can be ignored in this case (Bond number small enough). As mentioned above, this regulation is made possible by adjusting the amplitude of U 1 according to the wetting curve displayed in [START_REF] Theisen | Dual-frequency electrowetting: application to drop evaporation gauging within a digital microsystem[END_REF] for U 2 = 0. Furthermore, the low-frequency electrowetting voltage, U 2 , is chosen so as to generate a maximum amplitude of 20 m, which permits first, to comply with supporting theory on linear drop oscillations and second, to avoid streaming current in ambient phase (air).

Droplet interferometer

A kind of Michelson interferometer is developed to detect surface motion at the apex of a sessile drop: a laser beam (wave length = 532 nm) horizontally crosses a polarizer and a beam splitter, and is directed onto a mirror, where it is reflected vertically onto the drop apex underneath an inverted microscope objective (refer to Fig. 1 for a sketch of the optical setup). The liquid/gas interface results in two reflections: a first reflection of the laser beam at the drop apex, and a second reflection at the solid substrate, on which the drop rests. These two reflected beams take the same path back to the beam splitter, where they are directed through a second inverted microscope objective to collect maximum light intensity on the active surface of an avalanche photo diode, which is located at the focal point. The drop apex is well-suited for the interferometry measurement of the oscillation amplitude. The apex is the point where the amplitude of drop oscillations is largest and where oscillatory displacement must remain perfectly vertical. Thus, optimum sensitivity is expected at this point. Second, the apex is the only location along the drop surface, which remains parallel to the coplanar electrodes whilst translating vertically to them. Hence use is made of the drop apex as a semi-reflecting mirror, which has the advantage of directly working in the electrodes' reference system. This offers an elegant way of taking the interferometry measurement without need for an external mirror. With a precise optical alignment, i.e. a laser beam impacting at a right angle onto the electrodes, a reproducible and easy to process interferometry signal is obtained.

The delivered light intensity I at the avalanche photo diode (APD) complies with the law [START_REF] Davoust | Detection of waves at an interface by way of an optical fibre[END_REF]:

I ∝ I s + I a + 2 I s I a cos 4 L [( ñ -1) (t) + ( ñR -o (f ))] , (1) 
where ñ is the refractive index of the liquid, R is the instantaneous drop radius, 2 and I s and I a are the light intensities received from the solid substrate and the drop apex, respectively. The oscillation amplitude of the vertically moving apex is (t) = 0 (f) sin(4 ft), where f is the low frequency modulation of the EWOD actuation. The interferometry signal is frequency modulated by the velocity of the drop surface: Hence, the spectrum of the oscillation 0 (f) is related to the maximum frequency f m of the interferometry signal:

0 (f ) = 8 ( ñ + 1) f m f .
The maximum frequency is evaluated via a routine, described in [START_REF] Picard | A "fluid cantilever" to detect amphiphilic biomolecules[END_REF] and used in [START_REF] Picard | Resonance frequencies of meniscus waves as a physical mechanism for a DNA biosensor[END_REF]. As far as signal processing of the interferometry signal is concerned, the APD signal is delivered to an analog filter (Krohn-Hite model 3362, BP 1 kHz/200 kHz, Butterworth type), prior to recording at a sampling frequency of 250 kHz.

The data are subsequently subjected to post-processing to calculate an entire spectrum 0 (f) on the frequency range f ∼ f 2 ± 50 Hz, for which the resonance frequency is evaluated. An example for the interferometry signal and a spectrum is given in [START_REF] Theisen | Dual-frequency electrowetting: application to drop evaporation gauging within a digital microsystem[END_REF]. Please refer to this reference for further details on the interferometry technique.

Theoretical framework

Consider a sessile, half-spherical water droplet with instantaneous radius, R = R(t), whose initial value is R 0 . It is worthy to recall here that the high frequency component of the EWOD voltage allows us to comply well with the experimental condition of a constant contact angle,  = /2, while evaporation is currently acting to downsize the droplet radially inwards. A well-known model of evaporation with a constant contact angle regime was presented by Picknett and Bexon [START_REF] Picknett | The evaporation of sessile or pendant drops in still air[END_REF], supported by more recent experimental developments by McHale et al. [START_REF] Mchale | Evaporation and the wetting of a low-energy solid surface[END_REF]. Since the effective contact angle is electrically adjusted to the value  = /2, the evolution of the radius can be written as follows:

R(t) 2 = R 2 0 1 - t evap , (2) 
where evap = R 2 0 /[4D vap (c 0 -c ∞ )
] is the characteristic evaporation timescale for diffusion-limited evaporation, is the density of water, D vap is the diffusion coefficient of the water vapor in the surrounding air, c 0 and c ∞ are the mass concentrations in water vapor at the interface and far from it, respectively. In [START_REF] Theisen | Dual-frequency electrowetting: application to drop evaporation gauging within a digital microsystem[END_REF], surface stretching due to EWOD-induced drop oscillations is demonstrated to be negligible as far as its impact on mass transfer is concerned.

Droplet shape oscillations depend on surface tension and the averaged radius of the droplet. A sophisticated analysis by Kang et al. [START_REF] Kang | Shape oscillation of a drop in AC electrowetting[END_REF] delivers a theoretical model for the oscillations of a sessile drop in AC electrowetting. The electrical force in the wetting plane is modeled as a ı-function at the triple contact line (TCL), F TCL = cU 2 /8, through which harmonic motions are established. This force depends on the applied voltage U and on the resulting surface capacitance c of the dielectric layers and the oil film. In this model, contact line friction and hysteresis are ignored. The amplitude of drop oscillations is consistently found to depend on excitation frequency f. The capillary resonance is demonstrated to occur for a given series of resonance frequencies, f n , deduced from the classical dispersion relation:

f n = 1 4 n (Â) R(t) 3 , (3) 
where n = 2k, and k ∈ N, is the mode number of the oscillation of a sessile drop. In this paper, we introduce the factor n (Â), which classically represents the eigenvalue n(n -1)(n + 2) for the oscillation of a free droplet, but which is modified in this case with the theory by Strani and Sabetta [START_REF] Strani | Free vibrations of a drop in partial contact with a solid support[END_REF], devoted to the oscillation of a sessile drop with a contact angle  (refer to [START_REF] Theisen | Dual-frequency electrowetting: application to drop evaporation gauging within a digital microsystem[END_REF] for further details). Consequently, from the dispersion relation (3), it is clearly demonstrated that the variation in radius can be converted into a resonance frequency shift, detected by means of interferometry.

Proof of concept with one single drop

Fig. 2(a) demonstrates the shifting of two resonance frequencies, namely f 2 and f 4 , for a 5 L water drop under evaporation process (contact angle maintained at 90 • ). When drop radius diminishes, The radius data is obtained via interferometry for mode 2 ( ) and mode 4 ( ), compared to imaging (•). The measured evaporation times are evap,2 = 2627 s and evap,4 = 2445 s for modes 2 and 4, respectively. the resonance frequencies shifts to higher and higher values, as expected from Eq. ( 3). The correction factors [START_REF] Strani | Free vibrations of a drop in partial contact with a solid support[END_REF] for the second and fourth resonant modes can be calculated as 2 ( /2) = 8 •3.78 and 4 ( /2) = 72 • 3.32, respectively. Fig. 2(b) corresponds to the same measurement data, but the resonance frequencies are translated into a time-dependent radius by using Eq. ( 3). The slopes of the time-dependent resonance frequencies, especially the one corresponding to the fourth mode, exhibit a slight difference with the slope of the time-dependent drop radius as obtained from direct imaging of the drop. This discrepancy probably originates from the correction factors n (Â), as already pointed out by Strani and Sabetta [START_REF] Strani | Free vibrations of a drop in partial contact with a solid support[END_REF]. A CCD camera (Basler) and a zoom lens (Optem Zoom 70XL) were used for imaging of the time-averaged drop. For lighting, use was made of a (blue) light emitting diode (LED).

Drop arrays and impact of confinement

Liquid and geometries

The drops with an initial volume of 1.5 L consist of ultra-pure water (resistivity 18.2 M cm). The corresponding radius of a sessile drop is R 0 = 0.895 mm for a contact angle of  = /2. The surface tension is measured to be 57 mN/m. Surface tension measurements have been performed with the Wilhelmy technique using a NIMA tensiometer. Due to traces of contamination, the surface tension is found to be lower than the expected theoretical value.

The chip with the electrodes is positioned on a Plexiglas support, which can be covered by a Plexiglas lid (53 mm × 56 mm bottom area, cf. sketch in Fig. 3(b)). The lid has an opening of 12 mm 2 above the measured droplet to allow evaporation process to be completed within less than 1 h. Into the lid can be inserted several slides of different thickness to adjust the vertical confinement.

Four confinements, Ä, are tested: (a) no confinement (no lid, Ä→ ∞), (b) a vertical confinement of Ä = 12 mm (lid only), (c) a vertical confinement of Ä = 6.5 mm and (d) a vertical confinement of Ä = 3 mm.

The drop arrays investigated are shown in Fig. 3(a)). A single droplet, a line of three droplets and a die-like five droplets arrangement are chosen. Drop patterns under consideration are namely:

(1) a single drop, (2) a line of three drops, (3) an array of five drops with measurement at the center, (4) an array of five drops with measurement at the corner and ( 5) a single drop surrounded by a U-shaped channel filled with water (Fig. 3(b(5))). In addition, a drop pattern ( 6) is proposed: for the drop pattern (3), use is made of the U-shaped channel filled with water and moreover, sacrificial drops are added on the EWOD chip according to a 4 × 5 square grid with 3 mm side length to have an array of twenty drops on the chip (see e.g. Fig. 3(a) and(b)).

In order to estimate the impact of the inter-drop distance, ı, on evaporation, drop pattern (3) is modified by doubling and reducing to the half, the distance between the drops (ı = 8.5 mm and ı = 2 mm for drop patterns [START_REF] Zhang | Behavioral modeling and performance evaluation of microelectrofluidics-based PCR systems using systemC[END_REF] and [START_REF] Delattre | Macro to microfluidics system for biological environmental monitoring[END_REF], respectively, instead of ı = 4.25 mm for drop pattern (3)). The inter-drop distance and confinement values are converted into units of R 0 in Table 1.

The drops are deposited with a micro-pipette and the lid is closed immediately. The ambient relative humidity and temperature throughout the experiments are between 56% and 60% and 25.3 • C and 26.8 • C, respectively.

Results and discussion

The different drop patterns, (1)-( 8), are tested with different confinements, a-d, and the results are presented in Fig. 4 as well as in Table 2 in term of the evaporation time scale, evap . The curves are non-dimensionalized by the initial radius, which has been extrapolated by a linear fit of R(t) 2 . A distinct decline of mass loss due to evaporation is demonstrated when diminishing the vertical confinement from no confinement to 5 mm (a-c). Beyond the confinement c, the slower evaporation rate is only significant for a small number of sacrificial drops.

Drop patterns and confinements

The comparison between drop pattern (3) with four sacrificial drops, and one single drop surrounded by a water bath (configuration 5), is only significant for low confinements (confinement a (Ä→ ∞) and confinement b (Ä = 12 mm)). In both cases, the water bath efficiency is not clearly demonstrated. For stronger confinements, water bath and sacrificial droplets nearly exhibit the same efficiency in preventing evaporative mass loss ( d-3 evap / d-5 evap = 1.3). The 20 drops-based pattern with water bath (d-6), which exhibits the slowest evaporation kinetics, has a six-fold slower evaporation kinetics than a single drop without confinement, d-6 evap / a-1 evap = 6.3. To consider the influence of the relative position on evaporation kinetics, one may compare drop pattern (3) to drop pattern (4). For weak confinements (a) and (b), there is a great difference in evaporation kinetics, whereas for strong confinements (c) and (d), the relative position of the drop does not strongly influence mass loss.

Evaporation kinetics

Concerning evaporation kinetics of the different drop patterns and confinements, one recognizes two different kinetics during the measurement. The evaporation time scale evap is inversely proportional to the slope of the R 2 -curve, assuming that the evaporation law ( 2) is valid. The first data points in Fig. 4 exhibit a slope slightly steeper than the one for the last (majority of) data points. When placing the lid onto the support, the drops follow first a non-confined evaporation regime at ambient temperature and humidity, as long as the humidity under the lid does not change significantly. When the thermodynamical equilibrium is reached, the evaporation regime changes: the water vapor exchange at the liquid surfaces (drop(s) + water bath as far as configurations 5 and 6 are concerned) is equal to the water vapor exchange between the inside and the outside of the lid, through the 12 mm 2 hole. From our results, one can say that the initial evaporation regime is essentially characterized by drop pattern a-1. As the confinement and total initial water-air interface area is raised, the different evaporation kinetics will more and more tend to the kinetics of drop pattern d-6, which for the geometry of the confinement discussed in this paper, represents the slowest possible evaporation dynamics.

Role of the inter-drop distance, ı

Concerning the study on the impact of the inter-drop distance, one may refer to the drop patterns c-3, c-7 and c-8, represented in Fig. 5. In comparison to the initial drop pattern c-3, drop pattern c-7 exhibits a time-ratio of c-7 evap / c-3 evap = 0.7 (shorter evaporation time). Drop pattern c-8 exhibits a time-ratio of c-8 evap / c-3 evap = 1.2 (longer evaporation time). The inter-droplet distance, ı, thus impacts significantly on the evaporation time scale. This is though only true for a strong enough vertical confinement. In these cases, evaporation might be considered as being constrained to a horizontal 2D plane [START_REF] Harris | Evaporative lithographic patterning of binary colloidal films[END_REF], which is a significant parameter for evaluating the effects of a modified inter-drop distance. All evaporation dynamics at a glance: the confinement is distinguished by the letters a-d, the configuration by the numbers 1-6. For better comparison, axis scales are the same on all graphs.

Physical interpretation

Fig. 6 shows the totality of the evaporation curves, nondimensionalized by evap and the fitted initial radius. This graph shows that Eq. ( 2) is still valid for describing the evaporation of a population of drops in our confined system. The law (2) for evaporation is based on diffusion kinetics of the water vapor in the ambient gas phase. This leads to the evaporation time scale, evap = R 2 0 /[4D vap (c 0 -c ∞ )]. When the inter-drop distance is altered, the governing factor for changing the evaporation time scale is the ambient vapor concentration c ∞ . This vapor mass concentration "far" from the drop surface is expected to increase when approaching the drops. It is necessarily calculated at mid-distance between two drops, as soon as the confinement is no longer the limiting parameter. As a result, (c 0c ∞ ) decreases and evap increases. Conversely, c ∞ is expected to lower when increasing the distance between neighboring drops. Other factors like D vap and c 0 should not be influenced so significantly.

Conclusions

Evaporation of drops in a microsystem can never be avoided since the volume can not be completely sealed with non permeable walls, for instance. This phenomenon is a key-issue for biological applications such as drop-based PCR with thermal cycling, for which the concentration of solubilized molecules and its dependence on evaporation must be anticipated.

Interferometry of drop shape oscillations sustained by dualfrequency electrowetting (DF-EW) has been shown to be a convenient measurement technique to capture the evaporation kinetics of a drop in a closed microsystem. In this paper, the timedependence of a half-spherical drop within a matrix of drops has been examined with respect to both the number of neighboring (sacrificial) drops and their proximity (inter-drop distance). The efficiency of limiting evaporation by making use of a water bath or sacrificial drops has been demonstrated to be dependent on the vertical confinement, Ä. The even stronger influence of distance between drops, ı, has been evaluated for three different values. The impact of ı upon evaporation kinetics is significant, especially when the strong enough confinement gives rise to a quasi-twodimensional evaporation process.

For slight confinements, the evaporation of a drop located at the edge of a five drop pattern is consistently found faster than the evaporation kinetics of a drop located at the center of the pattern. Conversely, for a strong enough confinement, the relative position of a target droplet (edge vs center) is no longer significant: all drops evaporate according to the same kinetics.

Finally, if the objective is to damp the evaporation process of one target drop, our experimental data suggest that the near presence of sacrificial drops must be preferred to the use of a liquid bath at a greater distance. As typical guidelines for end-users of digital microfluidic systems, it is worthy to note that for biological applications with millimeter-sized drops, the confinement needs to be smaller than 6 mm, and any opening in the system leads inevitably to evaporation-driven mass loss, even for multiple drop patterns. For cooling applications involving phase change of millimeter-sized drops, the confinement should be at least 12 mm in order not to influence the evaporation kinetics and to have an efficient cooling effect.

The validity of the diffusive model developed originally by Picknett and Bexon for a drop with constant contact angle, is extended here to the case of one target drop, again with a constant angle, selected among a population of drops and whatever the confinement is. We know that surface wettability is a determining parameter for the evaporation of a sessile drop [START_REF] Song | Prediction of sessile drop evaporation considering surface wettability[END_REF]. In this paper, we have studied only one contact angle (Â = /2) but it is easy to set another value of the contact angle by changing the high frequency voltage component of DF-EW. This ability of DF-EW delivers interesting outlooks for any other evaporation processes. Typically, the two classical evaporation regimes [START_REF] Picknett | The evaporation of sessile or pendant drops in still air[END_REF] can be applied: constant contact angle mode or constant contact radius mode.

As far as integration purposes are concerned, a practical advantage of jointly using interferometry and DF-EW is the possible measurement of evaporation in a confined environment with a drop distribution which might hinder proper imaging. This situation is usually encountered in lab-on-a-chips, as parallelization of tasks is one of the main goals.

Fig. 2 .

 2 Fig. 2. Drop of volume 5 L under evaporation (electrodes geometry: circle with a 4 mm diameter and a 100 m electrode gap). Two resonance peaks are measured, n = 2 and n = 4 in the following conditions: no confinement, ambient temperature: 26.8 • C, relative humidity: 40%. (a) Time dependence of the drop resonance frequencies f2 and f4. (b)The radius data is obtained via interferometry for mode 2 ( ) and mode 4 ( ), compared to imaging (•). The measured evaporation times are evap,2 = 2627 s and evap,4 = 2445 s for modes 2 and 4, respectively.

Fig. 3 .

 3 Fig. 3. (a) Drop patterns: a black blank circle corresponds to a droplet, a red shady circle corresponds to the droplet being measured. The inter-drop distance, ı, is properly defined from its related drop configuration (3). (b) A sketch of the chip support: 1, lid; 2, disk for variable confinement; 3, connection part for voltage alimentation; 4, EWOD chip; 5, chip support with U-shaped water bath. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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 4 Fig. 4.All evaporation dynamics at a glance: the confinement is distinguished by the letters a-d, the configuration by the numbers 1-6. For better comparison, axis scales are the same on all graphs.
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 856 Fig. 5. Evaporation dynamics for drop patterns (7), (3) and (8) for a confinement of Ä = 6.5 mm: the inter-drop distance is adjusted to ı = 2 mm, 4.25 mm and 8.5 mm, respectively.

Table 1

 1 Confinement and inter-drop distances in units of R0.

	Confinement		Inter-drop distance ı	
	#	In mm	In units of R0	#	In mm	In units of R0
	b	12	13.4	1-6	4.25	4.7
	c	6.5	7.3	7	8.5	9.5
	d	3	3.4	8	2	2.2

Table 2

 2 Evaporation time scale evap[s] for all confinements, a-d, and drop patterns, 1-8, considered in this paper.

	Pattern/confinement a (Ä→ ∞) b (Ä = 12 mm) c (Ä = 6.5 mm) d (Ä = 3 mm)
	1	1703	1653	2050	2161
	2	1966	2530	3410	3034
	3	2651	3610	3753	4192
	4	1959	2519	3761	3897
	5	1614	3998	3686	3215
	6	-	-	-	10,767
	7	-	-	2494	-
	8	-	-	4518	-

The spherical capillary wave excited from the oscillating contact line is propagating radially inwards up to drop apex where a wave interaction arises. In steady conditions, a resonance mechanism can be expected at the drop apex.

[START_REF] Picknett | The evaporation of sessile or pendant drops in still air[END_REF] Here, the drop radius, R, is considered as instantaneous while being constant in the expression of light intensity since evaporation timescale is much larger than the timescale of the capillary wave, 1/2f.

Regarding applications to EWOD microsytems, the minimum inter-drop distance is delivered by the geometrical characteristics of the electrode matrix (electrode size and electrode gaps) or by the actual distance between droplets moving along the electrode paths. Hence, these distances stand as decisive parameters for evaluating the effect of evaporation kinetics upon a drop array in a microsystem.
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