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It seems to be common sense that decreasing the pore size of a mesh surface, thereby
enhancing the capillary pressure resisting the liquid penetration, is the only way to
suppress its penetration. Here, we demonstrate that a macro-ridge created on a mesh
surface increases its dynamic pressure threshold for liquid penetration by a droplet by
up to 130%. This phenomenon is attributed to the symmetry and synchronicity breaking
of the flow-focusing process during the retraction stage of droplets. Based on multiple
flow-focusing events of separate liquid films at different sites that take place synchronically
and independently, experiments and analyses are conducted to capture the timescale,
magnitude, and the resultant pressure of the droplet jump-off force imparted onto ridged
substrates, despite the variations in droplet impact speed, liquid viscosity, and the ridge
morphology.

DOLI: 10.1103/cz2d-3vsd

I. INTRODUCTION

It seems to be common sense that the only way of improving the resistance of a mesh surface
representing a simplified model of a face mask [1-3] to an impacting droplet which imparts the
dynamic pressure of "',OV02 /2 is to enhance the capillary pressure 4y, /w by decreasing the mesh
pore width w [4-6], where p, Vi, and ypy represent the liquid density, droplet impact speed,
and liquid-vapor interfacial tension, respectively. This concept of pressure balance is also critical
to the stability of surface superhydrophobicity (the wetting state with low droplet adhesion) [7],
where the substrate is partially wetted with the liquid-vapor interface suspended between micro-
/manostructures referred to as the Cassie-Baxter state [8]. The Cassie-Baxter state may transit to the
undesired Wenzel state (the wetting state with high droplet adhesion) [9], i.e., the surface voids are
fully wetted, when the pressure imposed by a droplet overcomes the capillary pressure provided by
the surface structures [10—12]. Except for complex surface micro-/nanostructures, the enhancement
of superhydrophobicity stability is intuitively enabled by decreasing the size of voids in between
the solid structures [10,13]. However, a decrease in the size of voids causes an increase in the
surface solid fraction, i.e., the ratio of actual solid-liquid contact area to the projected area of a
droplet onto the substrate, which adversely results in an increase in droplet adhesion [14—16]. This
leads to the core question of this study: Is it possible to suppress droplet penetration through/into
surface pores/voids while not compromising the surface functionality (e.g., low droplet adhesion
and breathability of a mask [17,18])?

Prior studies showed that an impacting droplet imposes two forces onto a superhydrophobic
substrate. The inertia-governed first force (the impact force) ~,0V02D(2), where Dy is the droplet
diameter before touching the substrate, occurs in the spreading phase [19-21]. Depending on the
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value of the Weber number (We = pD0V02 /vLv), the mechanism of the emergence of the second
force varies [20]. Specifically, for small We (<30), the second force is associated with a singular jet
caused by the collapse of an air cavity. For 30 < We < 100, the second force (the jump-off force
F;) originates from the horizontal-to-vertical redirection of the momentum of the retracting droplet
(a process known as the flow focusing) over an effective area A and over a time interval termed
flow-focusing time [6,22—-24]. For large We (>100) of water droplets, the second force is fluctuating
and vanishing because the droplet retraction and the following flow focusing are hindered by the
droplet rim instability and splashing [23].

Prior studies showed that the second force generates a larger pressure P; than that of the first
force because A is smaller than the droplet base ~D3. As such, the threshold droplet dynamic
pressure causing liquid penetration through a mesh is determined by the jump-off force F; and
pressure P; rather than the impact force ~,0V02D(2) or pressure ~pV02 [6]. With respect to surface
superhydrophobicity, previous studies have similarly demonstrated that the Cassie-to-Wenzel wet-
ting transition predominantly occurs during the retraction phase of the droplet evolution, rather
than during its initial impact or spreading stages [25]. This suggests that for studies concerning
the penetration of a mesh or the breakdown of superhydrophobicity [9-12], the droplet jump-off
force F; and the jump-off pressure P; are of primary interest, which constitute the central focus of
the present investigation. Accordingly, the ability to manipulate the jump-off force and pressure
through surface design emerges as a critical aspect in controlling droplet-surface interactions.
Macro-ridges placed on a substrate alter droplet jump-off dynamics by breaking the symmetry of
droplet retraction, causing droplet splitting and a reduction in the droplet-substrate contact time
[26-28]. As inspired, a droplet released at a height H of 44 mm was allowed to impact onto a flat
[Fig. 1(a)] and ridged [Fig. 1(b)] superhydrophobic mesh, both of which were textured with square
pores with a width w of 0.1 mm and edge-to-edge spacing s of 0.05 mm [Fig. 1(e)]. Figure 1(a)
illustrates the prior observation that only the second penetration caused by the jump-off force
(second force) takes place, whereas the impact force (first force) failed to cause penetration [6].
Therefore, the dynamic pressure threshold pV02 /2 leading to the mesh penetration is determined
by the second penetration when the droplet recedes. In comparison, Fig. 1(b) shows that the same
droplet released at the same height fails to penetrate the mesh when a ridge with the cross-section
of a triangle (0.3 mm in size) is placed between two arrays of pores [“I’-shape ridge, see the
inset of Figs. 1(d) and 1(e)], where the spacing between the pore and the ridge is 0.05 mm. We
thus conjecture that the presence of a ridge reduces the second force and pressure imparted to
the mesh.

We find that this macro-ridged mesh requires a threshold value of the droplet release height
H of 105 mm for liquid penetration by the second force (Fig. 1(c), see also Video S1 in the
Supplemental Material [29]). At this release height, both the first penetration caused by the impact
force and the second penetration caused by the jump-off force are observed. Specifically, while the
first penetration proceeds, the main droplet splits into two droplets as the liquid along the ridge
(into the paper plane) recedes much faster than the rest [27]. Each splinter droplet keeps receding,
independently causing the second liquid penetration. The threshold dynamic pressure values ,OV02 /2
causing the first and second penetrations on flat and “I”’-shape ridged meshes are presented versus
the capillary pressure 4y, /w resisting liquid penetration in Fig. 1(d), where the pore edge spacing
s is fixed and the pore width w ranges from 0.08 mm to 0.25 mm. The threshold value pV;}/2
for the first penetration is not affected by the presence of the ridge because the latter (with the
size of ~0.3 mm) cannot affect the inertia-dominated impact dynamics of the droplet with the
diameter Dy of 2.3 mm. In comparison, a 130% increase in the threshold value pV02 /2 for the second
penetration due to the presence of the ridge suggests counterintuitive evidence that the droplet
jump-off force/pressure can be mitigated to suppress liquid penetration without decreasing the
pore size.

Based on the above evidence, we aim to investigate how the ridge morphology determines
the jump-off force/pressure. To avoid the complex jump-off forces caused by air cavity collapse
(singular jet) at low We [20,30,31] and the fluctuating and vanishing jump-off forces caused by
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FIG. 1. Impact dynamics of a droplet released at 44 mm onto (a) a flat and (b) an “I”-shape ridged
mesh, showing liquid penetration in retraction and no penetration, respectively. (c¢) Impact dynamics of a
droplet released at 105 mm onto a ridged mesh, where liquid penetration takes place in both spreading (first
penetration) and retraction (second penetration) stages. (d) The threshold droplet dynamic pressure (dots) is
shown versus the capillary pressure for both the first and second penetrations, where the dashed lines follow
Eq. (9) with a prefactor of 0.38. Inset: the sketch of the mesh geometry. (e) Scanning electron microscopy
image of the ridged superhydrophobic mesh.

droplet splashing at high We [32-34], we intentionally narrow our primary experimental data range
to 25 < We < 170 [35-38] while varying the liquid viscosity u (Reynolds number 60 < Re =
oDoVo/ 1 < 3800) and substrate ridge morphology. Together with the visualized droplet dynamics,
we examine the timescale, magnitude, and resulting pressure of the droplet jump-off force imparted
onto these substrates. We also provide explanations for the variation ranges of the parameters used
in the experiments.

II. EXPERIMENTS AND METHODS

In addition to a flat superhydrophobic substrate, we prepare three ridge configurations referred
to as the “I”-shape ridge, the “Y”-shape ridge, and the “+-shape ridge, corresponding to an equal
division of the substrate into two, three, and four equal domains, respectively. Ridged substrates
(without pores) were prepared by selectively removing the surface material of an aluminum plate
(1 mm in thickness) using a laser etcher (HS50II, Han’s Group, China). Flat meshes were prepared
by drilling square pores from an aluminum plate (0.2 mm in thickness), and the ridged meshes
were prepared by drilling pores from the ridged substrate with the spacing between the ridge
and pore of 0.05 mm [see SEM images in Fig. 1(e)]. All aluminum substrates were superhy-
drophobilized using a process known as boehmitization, followed by chemical vapor deposition
of 1H,1H,2H,2H-Perfluorodecyltrichlorosilane [23], exhibiting DI water droplet advancing and
receding contact angles of 160° &= 5° and 155° £ 5°, respectively. The impact force was recorded by
a piezoelectric sensor (9215A, KISTLER, Switzerland) placed beneath the substrate at a sampling
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FIG. 2. Temporal variation of the force exerted onto a (a) flat, (b) “I”’-shape ridged, (c) “Y”’-shape ridged,
and (d) “+”-shape ridged superhydrophobic substrate by a droplet released at 80 mm. The images represent
droplet morphology at (i) 0.5 ms before the impact, (ii) the moment right before the liquid retreats along the
ridge, (iii) the moment when the jump-off force starts to increase abruptly at 7, and (iv) the moment when the
jump-off force reaches its peak F; at ;.

rate of 2 x 10° Hz. The side and top views of the droplet dynamics were captured using two
synchronized high-speed cameras at 10 000 fps (Nova S16, Photron, Japan).

Deionized (DI) water droplets (p = 998 kg/m?, y;y = 0.072 N/m, u = 1.0 mPas) of diameters
Dy =23+£0.1mm and Dy = 2.7+ 0.1 mm were released at heights varying from 40 mm to
100 mm, corresponding to 25 < We < 73 and 2000 < Re < 3800. To examine the effects of
viscosity, droplets of Dy = 2.3 + 0.1 mm made with water-glycerol mixtures (45, 60, and 75 wt%
of glycerol) were allowed to impact onto the flat superhydrophobic substrate from heights varying
from 40 mm to 220 mm, corresponding to 30 < We < 170 and 60 < Re < 1100. The viscosity
of water containing 45 wt%, 60 wt%, and 75 wt% of glycerol is 4.5 mPas, 10.0 mPas, and 36.7
mPa s, respectively, while their y;, remains almost constant with the minimal value of 0.067 N/m.
The increase in the maximal release height of viscous droplets results from the increase in the
range of measurable jump-off forces because the viscous effects suppress the droplet splashing. To
examine the synergistic effects of ridge morphology and liquid viscosity, 75 wt%-glycerol droplets
(Dp = 2.3 £ 0.1 mm) were allowed to impact onto all ridged substrates with release heights varying
from 40 mm to 120 mm. The upper bound of the release height for ridged substrates compared to
that for a flat substrate was reduced because the ridge presence promotes droplet splashing. The
reported experimental data are taken as the average of at least five reproducible experiments. The
sets of experimental parameters used here are also presented in the legend of Fig. 3(a) for better
readability.
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FIG. 3. (a) Variation of the measured droplet jump-off force F; versus the inertia-dominated impact force
pVZ D} for droplets with different properties and on substrates with different ridge shapes. The legend is in the
order of droplet diameter, Glycerol weight percentage (DI for pure water), and ridge morphology. (b) Replot of
the jump-off force F; for water droplets (D, = 2.3 mm) on substrates with varying morphologies. (c) Variation
of the measured flow-focusing time #,; versus the inertia-dominated impact time Dy /V, for water droplets.

III. RESULTS AND DISCUSSION

A. Measured force profiles and the corresponding droplet dynamics

Using water droplets of Dy = 2.3 mm released at 80 mm as an example, temporal variations are
presented for the force exerted onto the flat [Fig. 2(a)], “I”-shape ridged [Fig. 2(b)], “Y”-shape
ridged [Fig. 2(c)], and “+”-shape ridged [Fig. 2(d)] substrates, where the first and the second
force peaks are associated with the droplet impact and the droplet jump-off, respectively (see also
Video S2). We label the main events of the droplet-substrate interaction based on the measured
forces, including (i) 0.5 ms before the droplet-substrate contact, (ii) the onset of liquid retraction
(liquid retraction along the ridge for ridged substrates), (iii) the emergence of F; due to the droplet
squeezing (signified by a sudden change in the slope of force profiles), t = #;, and (iv)F; reaching
its peak, t =t;.

As compared to the case on flat substrates [Fig. 2(a)], F; on ridged substrates takes place much
earlier [Figs. 2(b)-2(d)]. This agrees with the reduced droplet-substrate contact time on ridged
substrates, and both phenomena result from the faster liquid retraction along the ridge than that
on the flat areas [27,28]. At the maximum spreading (stage ii), the main droplet is equally divided
into two (n = 2), three (n = 3), and four (n = 4) films by the “I’-, “Y”-, and “+”-shape ridges,
respectively. Those films then reconfigure in a complex manner; for example, in agreement with
Gauthier et al. [28], where the films on the “I”-shape ridged substrate reconfigure to a butterfly shape

093604-5



LL LI, ORON, AND JIANG

with four lobes at four corners [Figs. 2(b-iii) and 2(b-iv)], which may suggest n = 4 instead of n = 2
as a characteristic number representing the effects of ridges in the following analysis. Nevertheless,
we find that the four lobes at the corners do not contribute to the droplet jump-off force F; (the matter
of interest), because F; originates from the squeezing of receding liquids (flow focusmg) Instead,
the four lobes keep spreadlng without squeezing being previously reported to be closely correlated
with the contact time [28], which is one order of magnitude larger than the flow-focusing time (see
Video S2). In comparison, as marked in Fig. 2(b-iii), the liquid film recoiling from the ridge and
in the direction perpendicular to the ridge collides (its occurrence coincides with the emergence of
F}), causing the flow to focus on each side of the ridge (hence, n = 2). Following the same logic,
for the “Y”-shape ridged substrate, three flow-focusing events take place synchronically when the
liquid films recoil from the adjacent ridges, suggesting n = 3. Similarly, for the “+”-shape ridged
substrate, four flow-focusing events, each located within the area between the adjacent ridges (a
quadrant), suggest n = 4. To sum up, the number n = 1, 2, 3, and 4 of flow-focusing events take
place on flat [Fig. 2(a)], “I”’-shape ridged [Fig. 2(b)], “Y’-shape ridged [Fig. 2(c)], and “+4”-shape
ridged [Fig. 2(d)] substrates, respectively. In the following text, n, being both the number of equally
divided films by the ridges and the number of flow-focusing events, serves as the characteristic
number representing the effects introduced by the ridges.

B. Experimental values of the jump-off force and the flow-focusing time

All measured jump-off forces F; are plotted versus the inertia-dominated impact force pVD3
in Fig. 3(a) for various impact speeds Vj), droplet diameters Dy, ridge morphologies n, and liquid
viscosities u. We use pVOZD(z) as an independent variable along the x-axis because prior studies
conducted with water droplets on flat substrates showed that F;/ pVOZD(Z) remains roughly constant
[20] in the range of 30 < We < 100 overlapping with the range in this study. However, the adoption
of pVZD} puzzles us since it represents the dynamic pressure pV; multiplied by the projected
droplet area DS, or equivalently, the change of vertical momentum pDSVo /(Do/Vp) in the impact
event, neither of which captures the droplet retraction or the flow-focusing event. As such, our
prior study found that pV?Dj failed to capture F; when variation in liquid viscosity comes into
play [23], which rarely occurs if the process is completely inertia dominated, and a new scaling
model for F; was proposed to collapse all data points with varying viscosities. In addition to the
previously explored viscous effects for flat superhydrophobic substrates, here, we highlight two
new observations: (1) as presented in Fig. 3(b), the data for F; for water droplets (Dy = 2.3 mm)
on the substrates with varying morphologies do not converge; (2) following the fact that the data
for droplets with different viscosities on flat substrates do not converge, the values for F; for the 75
wt%-glycerol droplets (Dy = 2.3 mm) on the ridged substrates significantly deviate from all other
data points. Therefore, in what follows, we aim to explain (i) the effect of the ridge morphology on
F; and (ii) the synergistic effect of the ridge morphology and liquid viscosity on Fj.

The magnitude of F; is the largest on the flat substrate (n = 1), followed by a decrease in F;
with a decrease in n [Fig. 3(b)]. As inspired by prior studies [28,39], this trend could be related
to a size-sensitive inertia-capillary time and speed dictated by the amount of liquid effectively
participating in a flow-focusing event for a fixed n, scaled as dy ~ n~'/3Dy based on conservation
of mass. Specifically, F; is the total droplet mass ~pDj multiplied by the inertia-capillary speed

vv/pdy and divided by the inertia-capillary time ./ ,odg /vy~ resulting in yzy Don®/3. Although
the effect of n is considered, this scaling fails to explain the largest value of F; for the flat substrate
(n = 1) and to reflect the effect of V4. The flow-focusing time #;; = t; — f, the time interval spanning
from the emergence of F; to its peak, is plotted versus the inertia-dominated impact time Dy /Vj in
Fig. 3(c) and shows a decrease with an increase in n. This result may also suggest that a size-sensitive
inertia-capillary time, which scales with the characteristic size dy of the liquid body effectively
participating in the flow-focusing event, divided by the inertia-capillary speed «/yLv /pdo, is given

by n~'2,/pD}/yy. However, this timescale fails to reflect the effect of V; because Fig. 3(c)
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FIG. 4. (a—i) Temporal variation of the force exerted onto an “I”-shape ridged substrate by a droplet
released at 70 mm, where the droplet base center is 0.55 mm away from the ridge. The images represent the
droplet (ii) 0.5 ms before the impact, (iii) when the jump-off force provided by the smaller droplet reaches its
peak, and (iv) when the jump-off force provided by the larger droplet reaches its peak. (b) Schematics of flow
focusing and droplet geometric dimensions on (i) a flat and (ii) an “I”’-shape ridged substrate. (c) Variation
of the characteristic base diameter of the droplet normalized by the initial diameter D,,/D, with the Weber
number. (d) Measured droplet jump-off angle 8 versus Vj, with the inset showing the definition of S.

suggests an increase in #; with a decrease in V. The above evidence suggests that droplet bouncing
on the ridged substrates is driven by an intricate interaction between capillarity, inertia, and the
droplet splitting event dictated by the ridge configuration represented by 7.

C. The effects of ridge morphology on flow-focusing events

Before carrying out the analysis of the magnitude and timescale for F}, it is essential to delineate
what is directly inferred from the experimental data. Specifically, whether the measured value of F;
corresponds to a single force applied at the center of the main droplet or it represents a superposition
of multiple synchronous forces (F; = nf;) acting at each flow-focusing area. The observations
presented in Fig. 2 support the latter interpretation. As compared to the inertia-dominated first
penetration, the second penetration occurs below each subdroplet, located away from the impact
site [Fig. 1(c)]. As a test, a droplet with an offset distance of ~0.55 mm between its center and the
ridge was released at 70 mm to impact onto an “I’-shape ridged substrate. This offset distance leads
to the emergence of two separated films with different volumes and hence with distinct dynamics.
Figure 4(a) reveals two jump-off events associated with two jump-off forces; the earlier and smaller
force corresponds to the smaller film, and the later and larger force represents the larger film. A
combination of Figs. 1(c), 2, and 4(a) suggests that the single F; observed in Fig. 2 represents a
superposition of forces stemming from multiple synchronized flow-focusing events.

Figures 2(a-ii)-2(a-iv) suggest that the recoiling droplet imparting the force F; on the substrate
assumes a pancake-like shape with a characteristic base diameter D,,., a thickness ki, and the
retracting speed of V.. This pancake-like droplet causes a small cylindrical domain(s) Aeg (the
flow-focusing site) to be squeezed with a vertically redirected flow speed V,,, determined from the
mass conservation over the period of flow-focusing time. This horizontal-to-vertical redirection of
flow is

Drthre ~ nAeffVup7 (1 )
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as illustrated in Figs. 4(b-i) and 4(b-ii) on a flat and an “I”-shape ridged substrate, respectively,
where n represents the number of synchronized flow-focusing events (sites). The pancake-like

droplet thickness & scales with /yry Do/ pV02 by combining D?,h ~ Dg and a correlation D,, ~

Duax ~ DoWe'/* [40], where Dy is the droplet maximal spreading diameter. On flat substrates,
Diax equals D,.. On ridged substrates, the characteristic base diameter, which scales with the
effective volume contributing to all flow-focusing events, is the geometric average D,, = /D D}, of
the liquid along the ridge D, and that in between the adjacent ridges D;, measured right before
D, retreats [Fig. 4(b-ii)]. All values D,./Dy roughly follow the scaling of ~We!/* [Fig. 4(c)]
[23]. The momentum redirection and the sudden emergence of F; must be accompanied by a
variation in the speed of the horizontally retracting film, which is chosen as the inertia-capillary
speed V,. ~ /vy /pDy for simplicity. Equation (1) yields the effective area of a flow-focusing
site as Aegr ~ DS/ 475\;4 /(¥ 4V01/ 2VL,,,n). The flow-focusing time, i.e., the duration of flow squeezing
(horizontal-to-vertical redirection), is determined by the size of the flow-focusing site \/Zeff dividing
the speed V. of the horizontally retracting film, which yields

9/8
toi ~ \/ZEff ~ DO/ pl/S
sJ Vv 1/8y,1/4y,1/2°
re nl/z]/“/r Lo/ Ll,tp/

2

Now, Eq. (2) requires V,, in the flow-focusing process (within #;;), whose measurement is
impossible because such local dynamics at the droplet center is blocked by the oscillating interface.
As aresult, we assume that V,,;, scales with the droplet speed at its jump-off, which can be roughly es-
timated using energy conservation. Neglecting the kinetic energy of the oscillating interface, contact
angle hysteresis [14,15], and the satellite microdroplets produced during droplet splitting, the energy
balance before the droplet-substrate contact and after the jump-off of all subdroplets is given under
the assumption that all droplets are spherical, by mVO2 /2 + nD(Z)yLV = sz2 /2 + nndgyLv + Ey;s
[41,42], which further yields

Vo = V@ — 123 — Dy /pDo — 12Es /D3 = Vip/ cos B. 3)

where m = wD3p/6 is the droplet mass and B is an experimentally defined angle between the
vertical direction (V,,;,) and the direction of jump-off speed V; of the (sub-)droplets after jump-off
[the inset in Fig. 4(d)]. We assume that on the flat surface, the entire pancake-like droplet with the

volume ~D(3) contributes to the viscous dissipation Ey;s = E&";‘ because the boundary layer thickness

exceeds the droplet thickness & ~ ./ yLy Do/ pVoz. The viscous dissipation per unit volume and unit
time is 1 (3u/dz)*> ~ w(Vo/h)* [37], and we take the well-known droplet-substrate contact time (the

inertia-capillary time [26]) ~, /,oDS /vy as the duration for viscous dissipation. We then obtain

EMC~ cpuuVoDiWe/?, 4)
where ¢y is a fitting coefficient to connect the scaling analysis of E1 to the energy conservation.

Equation (3) indicates that V, slightly decreases with an increase in n and V, =V, & V; for a
water droplet impacting onto a flat substrate as 8 = 0 (vertical rebound) and E,;; =~ 0. For water
droplets impacting onto ridged substrates, Eyis = 0. The measured value of 8 for water droplets on
ridged substrates increases from ~51° to ~57° with an increase in V; and the effect of the ridge
shape is weak [Fig. 4(d)]. Note here that treating 8 as a constant does not affect the results or
verifications conducted in what follows, but we adopt the experimentally measured value for S.
This is because the inertia-dominated lateral spreading speed scales with Vj (some of the liquids
keep spreading), while the retraction-induced vertical jump-off speed scales with V,,.. As such, the
scaling of tanf ~ Vy/+/vLv /pDo qualitatively suggests an increase of S with V.
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FIG. 5. (a) Variation of the measured flow-focusing time #,; versus the value predicted using Eq. (5). (b)
Variation of the measured jump-off force F; versus the value predicted using Eq. (6), taking into account the
viscous dissipation terms E/'. The inset shows the variation of the value n='/2V, "*cos~'/2 8 with V, for water
droplets with Dy = 2.3 mm.

Substituting Eq. (3) into Eq. (2) yields the flow focusing time as

D9/8p1/8

0
lyj ~ : ®)
T2y BV (VE = 12013 = Dy /pDo — 12E/7D3p) cos2p

The flow-focusing time #;; measured experimentally is now presented versus its predicted value
based on Eq. (5) with ¢y = 0.01 in Efl‘;‘ [Fig. 5(a)], where most of the data points (except for those
of 75 wt%-glycerol droplets on ridged substrates) collapse onto a straight line in contrast to Fig. 3(c).

The values for #;; for viscous droplets on the flat substrates reported in our prior investigation are
included in Fig. 5(a) to support Eq. (5) [23]. The term n_l/zV_l/Zcos’l/z,B in Eq. (5) (note that

V, = \/ —12(n'3 — )ywv /pDo — 12Ey;s /7 D} p) reflects the effects of the ridge and suggests that

a larger n corresponds to a smaller #;;, in agreement with the trend shown in Fig. 3(c). Moreover,
the trend that #;; decreases with an increase in Vj is revealed by Eq. (5).

With the knowledge of f;, the jump-off force F; can then be estimated as the product of the
droplet’s total mass ,oD3 and the acceleration from 0 to V.p over the time interval £;; to yield

F; ~ n'2cos?Bp" 8Dy y 1BV 4 (VE = 12(n'® = 1)y /pDy — 12Eys/x D)™ . (6)

Equation (6) suggests that F; increases with an increase in V), agreeing with the trend shown in

Fig. 3(b). The term n'/ 2V23/ 2cos?/ 2B in Eq. (6), which reflects the effect of the presence of ridges,
is the largest for n = 1, followed by values for n = 4, n = 3, and n = 2 [the inset in Fig. 5(b)], in
agreement with the observations in Fig. 3(b). This is because the term n'!/ 2V3/ 2 increases with an
increase in n, while the value of cos*?g for the flat substrate is much larger than those for the ridged
substrates, namely 1 for g = 0° vs 0.4 for 8 = 57°. Equation (6) reduces to ,07/8D15/8)/1/8V7/4 for
water droplets on flat substrates [23] with n = 1 and E,i; ~ 0, which is further approximated as
pD3V§ (a special case for the flat substrate with negligible viscous dissipation), agreeing with prior
experimental results [20]. With cgy = 0.01 in Efl":‘, the measured values F; are now presented versus
their predicted values based on Eq. (6) [Fig. 5(b)], showing a collapse of most data points onto a
straight line as compared with those in Fig. 3(a), except for the data of 75 wt%-glycerol droplets on
the ridged substrates. In the following text, therefore, we aim to explain and resolve this deviation
by considering the synergistic effects of viscous dissipation and ridge morphology.
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FIG. 6. (a) Variation of the measured jump-off force F; versus the value predicted using Eq. (6) us-
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substrate. The pink area is the volume subjected to viscous dissipation. (b) Variation of the value of
FiWe' o= D2V 2cos ™32 B(Va/Vy) ™% with n.

D. Synergistic effects of viscous dissipation and ridge morphology on the droplet jump-off force

We envision that the deviation mentioned at the end of subsection C is caused by distinct
viscous dissipation for droplets on flat and ridged substrates, where all liquids contribute to Ef12

in the former case, whereas only the liquid body near the ridge contributes to E'*° in the latter.
Specifically, on flat substrates, all liquids must go through spreading and retraction before the flow
focusing about the droplet center takes place. In comparison, on ridged substrates, the droplet
jump-off and flow focusing are mainly driven by the earlier and faster retreating liquid from the
ridge, rather than the rest of the liquid body (please refer to the discussion in Sec. III A). Therefore,
the liquid volume affected by viscous dissipation is that of the liquid near the ridge [the pink area
in the inset of Fig. 6(a)], given by ~Dohwn/2, where w = 0.3 mm is the ridge width. The division
by 2 in ~Dohwn/2 originates from the fact that the “I”’- (n = 2), “Y”- (n = 3), and “+"- (n = 4)
shape ridges correspond to the numbers of 1, 1.5, and 2 ridges. Since the flow focusing takes place
much earlier on the ridged substrates than on the flat substrates (Fig. 2), we adopt the impact time

~Dy/Vj instead of the inertia-capillary time ~,/pD3/y.y for the estimation of viscous dissipation,
which yields
EN ~ chggewnVoDoWe'2n /2, (7

Vis

where ciggew can be considered together as a fitting coefficient. Applying Eq. (4) with cgy = 0.01
for flat substrates and Eq. (7) with cyigge = 7 for ridged substrates, the measured F; is now presented
versus its predicted values based on Eq. (6) [Fig. 6(a)], collapsing all data points despite the
variations in the impact speed V;, droplet diameter Dy, ridge morphology 7, and liquid viscosity
W

To further verify Eq. (6) and especially the effects of ridge morphology 7 (the main objective of
this study), we recast Eq. (6) by dividing it by ,oD(z)VO2 at both sides and further rearranging, which
results in

1/8
Fjwe!/ ~ 2
pD3Vcos 2 (Vo /Vo)*/?

) ®)

with V,/V, = \/1—12(111/3 —1)/We—12E,is/aD3pV;}. Then, the left-hand side of Eq. (8) that
contains the measured value of F; is plotted versus n in Fig. 6(b), collapsing all data points into
a power law with a power of 0.5.
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E. Discussion on the jump-off pressure

With the jump-off force explained, the pressure P; imparted onto the substrate (an underlying
mesh in Fig. 1) can be estimated as the jump-off force per flow-focusing site f; divided by Az, as

5/4
111/20055/2;3,013/8D(5)/8V03/4(VO2 — 12(nl/3 — 1)yLV/pDo — 12Evis/nD(3),o) /
Py~ - O
Yv

Equation (9) indicates that P; increases with an increase in V;), which agrees with the experimental
observation in Fig. 1(d), suggesting that a larger dynamic pressure pV;?/2 is required to penetrate a
smaller pore. P; is proportional to n'/ 2V25/ % and cos*/? B in a competitive fashion, where the value of
n!/ 2V25/ ? for the case of n = 2 is at most 33% larger than in the case of n = 1, whereas the value of
cos>/2B with B = 0° (n = 1) is almost 5 times larger than in the case with 8 = 57° on the “I”-shape
ridge (n = 2). This explains why a ridge placed between pores (does not block pores) suppresses
liquid penetration (Fig. 1).

The predicted value of P; given by Eq. (9) with a prefactor of 0.38 for both flat and “I”’-shape
ridged meshes is displayed in Fig. 1(d) as dashed lines, successfully capturing the measured values
of the threshold dynamic pressure pV;’/2 that causes the second penetration. For flat meshes (n =
1), Eq. (9) reduces to ~p'3/3Dy/*v,**, /% 'which is further approximated as ~p>2Dy/*Vy, '/
(a special case for flat substrates with negligible viscous dissipation), supported by the experimental
results reported by Ryu et al. [6]. We remark that we have not attempted to measure the threshold
droplet dynamic pressure for “Y”- or “4”-shape ridged meshes. The reason for that is that the
effective area A.s of the flow focusing is inversely proportional to n, and hence values of A pro-
duced by “Y”- and “+”-shape ridges are too small to generate repeatable and credible experimental
results. The viscous dissipation during liquid penetration through small pores also prevents us from
measuring the threshold pV? /2 for viscous droplets.

Further studies are encouraged to explore the jump-off force when substrate macro-pillars (e.g.,
pancake bouncing phenomena [43], where the droplet jump-off is caused by the upward motion
of the liquids in between macro-pillars rather than the horizontal-to-vertical redirection of flow),
substrate/structure flexibility [44—46], compound droplets [47], special surface structure design that
causes irregular droplet behaviors (e.g., spinning [48]), and substrates with millimetric curvatures
[39,49,50] are adopted.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied how the jump-off force and pressure imparted by a droplet to a
superhydrophobic substrate are determined by the substrate macro-ridges by systematically varying
the ridge morphology (“I”-shape, “Y”-shape, and “+”-shape ridges), droplet impact speed, droplet
size, and liquid viscosity. For a flat superhydrophobic substrate, the droplet flow-focusing event
caused by the uniformly receding droplet boundary occurs at only one site, leading to a single
jump-off force and pressure imposed onto the substrate. In comparison, the presence of a ridge
causes the liquid along the ridge to recede much faster than the rest, which breaks the symmetry and
synchronicity of droplet retraction. We then provide two main arguments: (1) multiple flow-focusing
events of split films take place synchronically and independently at different sites, and the measured
jump-off force on ridged substrates is the superposition of multiple synchronic smaller forces; and
(2) the viscosity dissipation originates from the entire droplet for a flat substrate and from the liquid
near the ridge for ridged substrates. We then conducted an analysis to explain the measured droplet
jump-off forces despite the variations in the substrate morphology, droplet impact speed, droplet
size, and liquid viscosity. These arguments are also supported by the measured values of the flow-
focusing time and the pressure imparted onto the meshes (accompanied by liquid penetration). We
believe that the experimental results and the physical insights reported in this paper will benefit
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various technological applications, such as producing robust superhydrophobic surfaces, textiles for
rainy conditions, and others.
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