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ABSTRACT

We report on experiments of drop impacting a hydrophobic micro-grid, of typical spacing 50 um. We find a threshold
in impact speed above which a small amount of liquid protrudes the grid and emerges to the other side. For small grid
spacings, the emerging liquid takes the form of micro-droplets which size is about the size of the grid step. We propose a
method to produce either a mono-disperse spray or a single tiny droplet of sub-nanoliter volume.

LIST OF PARAMETERS

e p: liquid density

e ¢ : surface tension between liquid and surrounding vapour
e 77 : liquid dynamic viscosity

e d : averaged diameter of the grid hole

® dyin and dypq. - minimum and maximum diameter of the hole
e ¢ : grid thickness

e D : impacting drop diameter

e Uy : impacting drop speed

e d, : emerging drop diameter

e U, : emerging drop speed

e S; and S, : hole inlet and outlet sections

1. INTRODUCTION

For discrete micro-fluidics, it is often desired to produce smaller and smaller quantities of liquid in a controlled
fashion. Usual methods can be the generation of secondary droplets by drop impact [1, 2], the breakup-up
of shear-flow-mediated ligaments [3], the appliance of intense electric fields to conductive liquids [4, 5] or a
high-frequency sound wave generated by a piezoelectric acting at the outlet of a nozzle [6].
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Figure 1: Successive shots showing the impact of a water drop on a hydrophobic grid (U = 1.54 m/s, d,,;,, =20
pm). A ’rain’ of droplets is observed below the grid.

Here, we propose an alternative method: the impact of drops on a hydrophobic grid of micro-sized holes (diam-
eter d). Figure 2 shows a sequence of such an impact: a few tens of microseconds after the drop has impacted
the grid, some liquid previously lying at the base of the drop has been grated over and turned into small - quite
monodisperse - droplets. Here we report our first experimental results using hydrophobic grids of different size.
We show that, despite the violent character of impact leading to complex flows, the protruded volume depends
on the impact speed in a quite reproducible way.

Understanding the basic mechanisms of how the liquid passes through, or is retained by, the grid has multiple
applications in processes such as aerosols or filters. More generally, this simple geometry helps to understand
how liquid can be captured by surface tension forces, during its contact on a solid of complex shape.

Previous studies on the impact of drops onto holes have been carried out by Lorenceau and co-workers [7].
They used single-hole sieve of size ranging from 100 pum to 1.7 mm, hence smaller than the capillary length

le =, /%, and without any non-wetting chemical treatment. The authors proposed and checked that the liquid

inertia during impact needs to overcome the capillary forces, in order for some liquid to protrude the hole. This
condition is similar to that which selects the size of a drop at the outlet of a tap: a drop falls when its volume
is large enough for the weight to overcome capillary retention at the outlet. Here, gravity is replaced by the
effective decceleration a of the drop at impact, namely a ~ UZ/D, where D is the diameter of the impacting
drop and U the drop speed at impact. Hence, the condition evidenced in [7] - for the high Reynolds number
regime - reads: [} < d, where [} denotes the effective capillary length built on the drop decceleration at impact
=/

Hence, the natural control parameter of the experiment is the Weber (We) number: We = @. Due to the
low-viscosity liquid we used (water), the Reynolds number is about 100 or higher. Hence, as shown in [7],
retention forces that oppose protrusion are mostly due to capillarity.

Another dimensionless parameter is the Weber number built on the impacting drop diameter instead of the grid

2
spacing: Weg = @. This number quantifies the potentiality of the drop to spread horizontally under the
action of inertia, independently from its ability to protrude the grid.

2. EXPERIMENTAL SETUP - QUALITATIVE OBSERVATIONS

We use a dripping faucet that releases a drop of pure water (viscosity v = 1 ¢St, surface tension ¢ = 0.072
N/m and density p= 1 g/cm?) from a submillimetric nozzle. In this setup, the diameter of the impacting drop
D is determined by the capillary length, and is well reproducible at D = 2.12 + 0.05 mm. The height of fall
h prescribes the velocity at impact: Uy = (Zgh)l/ 2 which can be up to 5.5 m/s. Using backlighting together
with a high-speed camera (at a rate of 5000 frames/s, with a resolution of 576 x576 pixels or at a rate of 18000
frames/s with 200x200 pixels), the shape of the interface during the spreading and bouncing processes can be
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Figure 2: Successive shots showing the impact of a water drop on a hydrophobic grid (U = 1.44 m/s, din, =43
pm). A rain’ of droplets, slightly larger than the previous case of Fig. 1, is observed below the grid.
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Figure 3: Description of the engraving process that fabricate the micro-grids.
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Figure 4: SEM picture of a hydrophobic grid. The trapezoidal holes have d,,,;,, and d, . respectively as smaller
and larger width.

determined. The magnification allows for an accuracy of about 15 pm per pixel.

The grids were fabricated in a clean room using the following process, depicted in Fig. 3: a 200 nm layer of
silicium nitride Si;N,, deposited with a low-pressure chemical vapor deposition (LPVCD) technique, coats
both sides of a 380 pm silicon substrate < 100 > oriented. A mask made of AZ1518 resin is used to engrave
SizN, by optical lithography. An engraving process creates grooves at locations where there is no resin, and
removes the back face nitride layer. The substrate is then rinsed with acetone and ethanol, and the resin is
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Figure 5: Successive shots showing the impact of a water drop on a hydrophobic grid (d s, = 69 pm). Although
some liquid protruded the grid, it eventually entirely retracts above the grid.

removed. The back side of the substrate, kept in a potassium hydroxide bath during 5+1/2 hours, is etched to
a 100 m layer substrate. Then, the whole substrate is thinned to 50 m in the same bath. The trapezoidal shape
is obtained due to an anisotropic etching following the < 111 > oriented plan. Finally, a hydrophobic coating
on the overall surface of the grid is achieved using C4F8 plasma deposition (Passivation Gaz: Cy Fg (50 sccm),
passivation time: 10 sec.). A typical resulting grid is shown in Fig. 4. Due to the fabrication process, the holes
have a trapezoidal shape, so that d, the length scale on which the Weber number is built, is comprised between
dmin and dpq.. The size of grids are summarised in table 1.

Grid number | Thickness ¢ (um) | dpin (UMm) | dge (pm)
Grid 1 56 44 125
Grid 2 55 20 100
Grid 5 35 69 120
Grid 6 35 43 94

Table 1: Dimensions of the different grids used.

For small-sized grids (d,;,, less than about 60 pm), the liquid emerges down the grid in the form of a spray of
quite monodisperse droplets as shown in Fig. 2. For the grid with the largest holes (grid 5, d;,= 69 pm), the
liquid emerges as a jet - of diameter much larger than the size of holes - which subsequently either breaks up
into a few droplets or retracts entirely towards the upper side of the grid (like in Fig. 5).

3. RESULTS

Quantitatively, we are mostly interested in the situation of the monodisperse spray. The plots in Fig. 7-(a,b)
is the number of emerging droplets of liquid detaching down the grid, for 3 different grids, versus (a) the
Weber number We and (b) the Weber number built on the impacting drop diameter Weq. Careful observations,
like the sequence of Fig. 2 reveal that the detached droplets are all about the same size, hence constituting a
monodisperse spray. Their size is strongly related to the lower size of the holes d,,;,,, hence the tiniest observed
droplets are about 30 um in diameter, which gives a volume of about 0.01 nanoliter.

The plots reveal two essential features:

- (1) The thresholds for liquid detachment down the grid in We obtained for different grids, range between 40
and 55. But in terms of We, their relative difference is much more pronounced: they lie between 0.4 and 1. A
value of 3.9 for We at threshold was measured in [7] for high Reynolds number, and for a hydrophilic single
hole (no dependance on the size of the hole was noticed). Although a better wettability would intuitively be
a factor that would decrease the threshold, the case of a single hole is different from the case of an ensemble
of holes that constitutes the grid. This difference lies also in the dependance of the threshold with the hole
diameter, which is observed for the grids but not for a single hole. We give more details in the next theoretical
section.

- (2) The number of emerging droplets (or the volume of liquid) increases quite linearly with We or Wey.
Despite the singular dynamics generally observed at impact [1, 2], and the associated non-linear mechanisms
that could lead to irregular behavior, the number of droplets (or volume) is quite reproducible. The sequence of
Fig. 6 is particularly striking and reveals this reproducibility: it shows a single droplet emerging from the lower
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Figure 6: A sequence at threshold: a single tiny droplet emerges down the grid. U = 1.22 m/s, (din, =43 pum).

(a) (b)
180 —_— 180 : : ‘ ‘ ‘ ‘ ‘ ‘
grid 1 AN N 160 grid 1 A A

160 Fl grid2 [ M grid2 [

140 | grid6 \V4 D 4 140 | grid6 V D
. 120t o 120
- [
£ ko
S 100 |- § 100 -
2 gl vV 5 80 4
= O 5 @
e [=
c 60 - X | 60 - D A

40 o @ 1 aor @A

=l A 20|
(= iy | Y
0 = ‘ ‘
) A\ Nz 30 40 50 60 70 80 90 100 110 120
02 04 06 08 1 12 14 16 18 2 22 24 We,
We

Figure 7: Number of droplets emerging and falling down the grid (a) versus the Weber number We built on the
grid hole diameter d,,;,,. (b) versus the Weber number built on the impacting drop diameter Wey.

(@) (b)
1800 T T T T 700 T T T T T T T T T T
9rid 2 Vimpao=1-192 mis A grid 2 threshold Vippa=1.152mis A
1600 600 | A
A
1400
500 - AA
@ 1200
E @ 400 - A
< 1000 [ £ N
£ A
8 > 300 [ A
2 800 - A A
A
AN
200
600 |- A A A
A A
a00 - 100 F A A A A
A A A
200 . . . . . 0 . . . . . . . . . .
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005 0.0055
Radial position (mm) Time (s)

Figure 8: (a) Emerging droplet velocity vs. radial position down the grid (grid 2). Uy = 1.192 m/s. (b) Example
of a droplet vertical velocity down the grid, versus time, which clearly show that droplets are slowed down by
air friction until they reach a limit speed (grid 2). Uy = 1.152 m/s.

side of the grid after impact. With various tries having the same threshold velocity at impact, one observed each
time a single emerging droplet.

We tried to access in more details the behavior of the detaching droplets: it is clearly visible in the sequences
of Figs. 1 and 2 that the droplets detaches faster near the apex of impact. Hence, the droplets emerging at the
center will hit the ground first. This is confirmed by the direct measurement of the velocity of the droplets just
after their emergence, see Fig. 8-a. Not only the droplet speed is maximal at the center, but droplets emerge
only in a restricted area around the center. The larger the speed, the larger the zone of emergence. At threshold,
of course, a droplet emerges only at the center, with a small speed. Figure 8-b shows the evolution of a droplet
velocity after it has detached from the grid (the droplet diameter is about 70 pm. Despite the droplet is subjected
to gravity, it decelerates due to the friction with the ambient air. In fact, in this particular case the droplet initial
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speed is about 0.6 m/s, hence much larger than the limit speed governed by the balance between gravity and
viscous drag. For a liquid sphere of density ps and diameter dy, falling in a fluid of viscosity 7 and of density
pf, the limit speed is equal to:

L ps —p5
Uim = ———d 1
lim 18 s s9 ( )
The droplet diameter is here ds = 45 pum (it emerged from grid 2), which gives a limit speed of 0.055 m/s. This
value is consistent with the value towards which the speed converges in Fig. 8-b, confirming the visco-gravity

equilibrium assumption.

4. THEORETICAL MATTERS

This analysis concerns the prediction of the threshold value. Let call V4 the volume of fluid initially in the
impacting drop and filling the cavity V' or the emitted droplet V. Obviously, Vo = V + V’. At the threshold,
the energy balance between the impact and the emission of the droplet can be written:

1 1
§pVUe2 + wd%0 4+ 0S8, — §pVoU§ —08; =T )

where Uy and U, are respectively the impact velocity and the velocity of the emitted droplet. Sections .S; and .S,
are the the inlet and outlet sections of the hole (they are not equal as the holes are trapezoidal), p the density of
the liquid and 7' the work of the external forces on the fluid volume during the process. These forces represent
essentially the pressure due to the impact inside the impacting drop which pushes the liquid through the hole
like a syringe, and the surface tension and the triple line forces which resist to this motion like a membrane. The
hydrophobicity of the surfaces is taken into account by counting the capillary energy as positive (hence taking
the contact angle equal to 180°. When T is positive, the ’syringe effect” is predominant, when it is negative
the fluid crosses the grid by inertia but the “membrane effect” slows the emerging droplet down. Of course in
present analysis the viscous dissipation is neglected as suggested by Lorenceau et al. [7] for high Reynolds
numbers. In dimensionless form, the previous balance gives:

Uz 32 S, — S; 1% T

Ze 1 o Y1+ )= 3

U§+We<+ e > <+v> LUV @
where the Weber number is built with ds the diameter of the emitted droplet Wey; = Lfds’ and by taking

ag
V = %rd‘;’. The diameter dg is comprised between d,,,;, and d,,.., independently of the impact speed. The

work T" depends on the geometry of the grid and can be positive or negative at the threshold according to the
balance between the impact pressure forces and the surface tension effects.

For the case treated by Lorenceau where S; = S, the previous formula gives a Weber number of 3.9 consid-
ering T' = 0 due to the fact that the grid is very thin, compared to the emitted droplet. This value is consistent
with the experimental value of approximately 3.5 found by Lorenceau et al. but with a We based on the hole
diameter smaller than the one of the emitted droplet. For the present experiments!, grid 2 gives a negative value
of about %WL_QV ~ —8& which supposes that the surface tension resists the protrusion because of the high con-

traction effect and the relatively high ratio VVI ~ 3.5. Most of the pressure work is utilised to fill the cavity and
not to emit a droplet. For grid 6 for which Vvl ~ 0.33 the work is positive, showing that the pressure inside
the impacting drop pushes the fluid through the hole lp% ~ 4. These values underline the fact that the grid

design is a very sensitive parameter and that the procezs is extremely geometry dependent.

If we wish to give a physical meaning for the quantity 7', let us remind the following: when a drop impacts a
solid (or a thin liquid layer), a pressure singularity develops at the location of impact (see [1] and references
therein). This is due to the very brief transfer of momentum from the vertical (up-down) direction to the hori-
zontal (outwards) direction. With a plain solid, the mass of liquid cannot penetrate in and hence the liquid flow
inside the impacting drop changes its direction at the location of impact, in a very brief amount of time, creating
the pressure singularity. But if the solid is porous like our grid, some liquid is allowed to pass through and some

! The quantity V’/V is determined by taking a square-base pyramidal shape for the holes, and U, is taken very small
compared to Uy.
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liquid is stopped by the solid. In the vicinity of each solid part of the grid, a similar pressure peak is generated,
which leads to an overall (and broader) pressure peak around the location of impact. The pressure field that built
up in that way probably contributes to the liquid protrusion, which is reflected by a positive value for T, the
external forces. It is possibly one of the causes why our experiments show a threshold Weber number between
0.4 and 1, whereas Lorenceau et al. [7] found a Weber number at around 3.52. The geometry of the grid is more
susceptible to induce a built up pressure on top of the substrate than the geometry of a single hole. Another
possible cause for the discrepancy between our thresholds and Lorenceau’s measurements is that our holes are
trapezoidal shaped, whereas Lorenceau’s are straight. The choice for the length scale d in We is a bit puzzling,
as d ranges between d,,;,, and d,,q,. In Figs. 7, we arbitrarily took d = d,,;,, but the emerging droplets diame-
ter ds chosen, is larger. The analysis of egs. (2) and (3) lets d appear as a natural choice, although this length is
not a control parameter. In short, these relationships help to predict the value of 1" and threshold Weber number,
from the grid geometry and the measurements of the velocities of impacting drop and emerging droplets.

5. CONCLUSIONS

In summary, our drop impact experiments using hydrophobic micro-grids as substrate show an original and
reproducible way to generate tiny droplets of sub-nanoliter volume. For grids of spacing less than about 60 pm,
we evidenced that some liquid protrudes the grid and emerges down its bottom side under the form of small
droplets, providing that the speed at impact is large enough. The droplets are about the same diameter as the
grid spacing, and their size is well monodisperse. Within the accuracy allowed by our visualisations (1 pixel is
about 8 microns), it was not possible to distinguish any difference in the droplet size, i.e. their diameter was
always measured with the same number of pixels.

Future studies could explore similar experiments with grids of much larger thickness. Thick hydrophobic grids
could constitute low-friction substrates for droplet handling in lab-on-chip experiments. Recent drop impact
experiments [10, 11] on microtextured surfaces showed that the height of the texture was crucial to delay the
undesired transition from Cassie-Baxter [8] to Wenzel [9] states, occurring when liquid is impaled through the
texture. A grid constitutes a bottomless substrate, which could be an asset for generating a reverted Wenzel-to-
Cassie transition with the help of a pressure source below the substrate, something which is not possible with
the usual arrays of micro-pillars.
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