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ABSTRACT: Although a superhydrophobic surface could realize rapid rebounding (i.e., short contact time) of an
orthogonal impacting droplet, the rebounding along the original impacting route may limit its engineering
application; in contrast, the directional transportation seems to be more promising. Here, we achieve directional
transportation of a droplet impacting on a wettability-controlled surface. When the droplet eccentrically impacts on
the boundary between the superhydrophobic part and the hydrophilic part, it undergoes spreading, retracting,
departure, throwing and breaking up stages, and finally bounces off directionally. The directional transportation
distance could even reach more than ten times of the droplet size, considered the adhesion length (i.e., covering
length on the hydrophilic part by the droplet at the maximum spreading) is optimized. However, there is a critical
adhesion length, above which the directional transportation does not occur. To be more generalized, the adhesion
length is de-dimensionalized by the maximum spreading radius, and the results show that as the dimensionless
adhesion length increases, the transportation distance first increases and then decreases to zero. Under the present
impacting conditions, the optimal dimensionless adhesion length corresponding to the maximum transportation
distance is near 0.4, and the critical dimensionless adhesion length is about 0.7. These results provide fundamental
understanding of droplet directional transportation, and could be useful for related engineering applications.
KEYWORDS: droplet impacting; wettability control; superhydrophobic; directional transportation; adhesion
length.

INTRODUCTION

Droplet impacting is ubiquitous either in nature, e.g., raindrops falling, or in industrial processes such as aircraft
icing, water harvesting, electricity generation and spray cooling.!> As a droplet-surface interaction phenomenon,
the droplet impacting is affected by surface structures and wettability greatly, presenting various outcomes including
deposition, splashing, and rebound.®!'® Specially, the rebound of droplets when impacting on nanoengineered
superhydrophobic surfaces has attracted numerous attention in recent decades,'!"!> as it has promising applications
in various engineering fields such as anti-icing, self-cleaning, and fluid transportation.'6-2!
For droplet impacting on a superhydrophobic surface, the contact time, i.e., the rebound time, is a key factor

which influences the practical application significantly.?? For example, if the contact time is short enough that a

supercooled droplet can bounce off from aircraft wings before ice nucleation appears, effective anti-icing could be
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achieved.> 7 The contact time is limited to ~2.679 (1o is the inertial-capillary time, (pr/)"?, where p is the fluid
density, » is the impacting droplet radius and o is the fluid surface tension) for the droplet impacting on a flat
superhydrophobic surface.?>?* Thus, many efforts have been paid to reduce the contact time. Bird et al. reported
that the addition of macrotextures on superhydrophobic surfaces could alter the impacting droplet dynamics by
redistributing the droplet mass, and then reduce the contact time by 37% compared with the droplet impacting on
flat surfaces.?* Liu et al. fabricated a superhydrophobic surface patterned with lattices of posts decorated with
nanotextures and observed a special rebound regime on this surfaces, i.e., the pancake bouncing, that the droplet
bounces off from the surface at the spreading stage.?> The pancake bouncing is very counter-intuitive and can
extremely reduce the contact time by 80%.23 In addition to these, other types of superhydrophobic surfaces, such as
the curved surface, the anisotropic surface and the surface with cavities, were also reported to be effective for the
reduction of contact time.?* 26-33

However, if the superhydrophobic surface is horizontally located, the contact time may not be that crucial,
because no matter how short the contact time, the rebounding droplet finally falls back to the surface under gravity.
Also take the anti-icing application as an example, obviously, the directional transportation rather than the
perpendicular rebound of the impacting droplet is wanted on this condition. However, the directional transportation
behavior of impacting droplet is less noticed with very few research reported. Schutzius et al. designed a hydrophilic
arc on a superhydrophobic surface and realized non-orthogonal rebounding when the droplet impacts the center of
the arc.3* Similarly, Song et al. reported gyrating, rolling and lateral deflection of impacting droplets through
heterogeneous surface wettability regulation very recently.’® In their another work, they further quantitatively
investigated the lateral deflection and revealed the correlation between the lateral momentum of rebounding droplets
and the surface area of a geometric region that depends on the position-coupling between the droplet maximum
spreading and the wettability pattern.’® Utilizing topographically patterned surfaces to generate two concurrent
thermal states (Leidenfrost and contact-boiling) of one hot impacting droplet, Li et al. also achieved directional
transport of high temperature droplets.3” The above works have presented the prior results of the directional
transportation of impacting droplets and emphasized its importance, but targeted research is far from enough with
many core problems remaining unsolved. In other words, due to the complexity of the droplet morphology evolution
and the milliseconds-scale droplet-surface interaction, it is still a challenge to achieve precise and controllable
directional transportation of impacting droplets currently.

In the present work, we fabricate a wettability-controlled surface, one-half of which exhibits superhydrophobic
property while the other half is hydrophilic, and report that the directional transportation of droplet can be realized
when the droplet impacts on the boundary between the superhydrophobic part and the hydrophilic one. The
maximum directional transport distance could even reach several ten times of the impacting droplet radius,
indicating a rather effective directional transportation. Furthermore, via tuning the impacting location, the
directional transport distance and the rebounding angle can be controlled precisely. These results constitute a
significant step in the advances of directional transportation of impacting droplets and present fresh insights into

related engineering applications such as anti-icing, water harvesting and self-cleaning.
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EXPERIMENTAL SECTION
Wettability-controlled surfaces

The experimental surface is a wettability-controlled surface with half of it being superhydrophobic and the rest
being unprocessed aluminum substrate, as shown in Fig. 1. The superhydrophobic part is fabricated by the chemical
deposition-etching method and is covered with flower-like structures.?® The static, advancing, and receding contact
angles of the superhydrophobic part are 159.8+1.4°, 163.442.7°, and 157.243.1°, respectively. The other part of the
experimental surface, i.e., the unprocessed aluminum substrate, is flat and hydrophilic with static, advancing, and
receding contact angles of 85.6+1.6°, 112.6+2.3°, and 56.442.9°, respectively. Similar to our previous research,-*°
the contact angles are measured using 2 plL deionized water droplets at room temperature (25°C) using a
measurement equipment (Biolin Theta Lite, Finland), and all the standard deviations are based on two parallel

surfaces, with five measurements for each.
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Figure 1. Schematic of experimental surfaces, of which one half is superhydrophobic with flower-like structures

and the other half is hydrophilic without obvious micro structure, and schematic of experimental system, which
mainly contains a droplet production module and a high-speed camera module. The scale bar in the SEM

(scanning electron microscope) images is 10 um.
Experimental setup and operation

The experimental system mainly contains a droplet production module and a high-speed camera module, as
shown in Fig. 1. The droplet production module is composed of a syringe pump, an injector and a micro needle
(0.31 mm diameter), and the high-speed camera module contains a high-speed camera (PCO. Dimax HS4, Germany),
a light source and a high-performance computer. During the experiments, the experimental surface is horizontally
located on a XYZ-freedom platform. The droplet with a certain diameter is produced and falling under gravity until
it impacts on the boundary between the superhydrophobic part and the hydrophilic part of the experimental surface
(the dash line in Fig. 1 represents the maximum spreading, which has a radius of Rmax). The whole impacting process
is recorded by the high-speed camera. The droplet diameter (d), impacting velocity (), and the adhesion length (e)

are varied in the experiments. The adhesion length, e, is defined as the parallel distance from the boundary to the
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triple phase contact line on the hydrophilic part when the droplet has the maximum spreading radius, Rmax, as shown
in Fig. 1, Fig. 2(a) and Fig. 5(a). It can also be described as the covering length by the spreading droplet on the

hydrophilic part when reaching the maximum spreading.

RESULTS AND DISCUSSION
Impacting droplet morphology and directional transportation mechanism

Droplet impacting on a homogeneous superhydrophobic surface has been widely studied, and the typical
dynamic process can be divided into three stages: spreading, retracting and rebounding.” *° By contrast, the
impacting dynamics on a wettability-controlled surface are different. Figure 2 shows time-lapse images of droplet
impacting on the wettability-controlled experimental surface under conditions of &=2.1 mm, u=1.5 m/s, and e=1.0
mm from side-view and top-view. See Video S1 in the Supporting Information for multimedia. As Fig. 2 shown,
after the droplet impacts, the droplet first spreads to a circular film under inertial force and reaches the maximum
spreading (side-view image at 5.4 ms or top-view image at 4.0 ms), which is similar to the spreading on a regular
homogeneous surface.*!** At the maximum spreading, the circular film covers both the hydrophilic part and the
superhydrophobic part of the experimental surface with an adhesion length (e) of 1 mm. Then, the film begins to
retract. The retracting stage is strongly affected by surface wetting property that only water film on the
superhydrophobic part retracts towards the impact point while water film on the hydrophilic part adheres and gets
pinned (side-view image at 8.1 ms or top-view image at 6.0 ms). At some moment, the water film on the
superhydrophobic part finishes the retraction and totally departs from the surface, while the water film on the
hydrophilic part still keeps pinned. The pinned water just behaves like a “pivot”, and the rebounding, spindly water
behaves like a “string”, towing itself to rotate around the “pivot”. During the rotation, the centripetal force breaks
the “string”, in other words, the rotating part of water breaks up with the pinned water and continues to fly in the
air, doing parabolic motion (see the side-view images from 23.8 ms to 80 ms). This is very similar to a droplet
throwing process, and the throwing distance from the impact point to the landing point is the droplet directional
transportation distance, labelled as X. In Fig. 2, the directional transportation distance is measured to be ~ 28 mm,

which is 13 times longer than the droplet diameter, indicating a remarkable directional transportation.
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Figure 2. (a) Side-view and (b) top-view images of droplet impacting on the wettability-controlled experimental
surface under conditions of d=2.1 mm, u=1.5 m/s, and e=1.0 mm. In these images, the yellow dashed line
represents the boundary between the hydrophilic part and the superhydrophobic part. As seen, the droplet flies
away laterally in the form of parabolic motion, after vertically impacting on the wettability-controlled surface (See
Video S1 in the Supporting Information for multimedia). The directional transportation distance (X) is 13 times
longer than the droplet diameter (). It should be noted that the side-view and top-view images are taken
separately (we only have one high-speed camera) so their time series are not strictly corresponding to each other,

but the impacting conditions are exactly the same.

To further understand the directional transportation mechanism of the impacting droplet, we further conducted
a Proof of Principle simulation based on the Volume of Fluid (VOF) method. Coupled with the VOF method, the
continuum surface force (CSF) model is used to calculate the surface tension and the Kistler’s model is adopted to

address the dynamic contact angle issue. Because the simulation is just Proof of Principle, we will not introduce
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more about the simulation method here, and please see more details about the simulation method in our previous
work.* As shown in Fig. 3, according to the droplet morphology evolution, six stages are divided during the droplet
impacting on the wettability-controlled surface, including spreading, retracting, departure, throwing, breaking up,
and flight. In addition, the velocity vectors inside the droplet at every stage are also marked for the motion trend
analysis. As seen in Fig. 3(a), the wettability-controlled surface does not affect the spreading stage because the
spreading is dominated by the inertial force. At the retracting stage shown in Fig. 3(b), the droplet behavior is
affected greatly by surface wettability that lateral velocity vectors inside the water film on the superhydrophobic
are formed towards the hydrophilic part. Moreover, these lateral velocity vectors will not disappear in the subsequent
stages. It should be emphasized that the retracting stage is the key stage for the formation of lateral velocity vectors,
because a lateral force is generated due to the receding contact angle difference between the hydrophilic and the
superhydrophobic part of the wettability-controlled surface. At the end of the retracting stage, the water rebounds
from the superhydrophobic part obliquely but the water on the hydrophilic part is still pinned, as shown in Fig. 3(c).
Then, at the throwing stage shown in Fig. 3(d), the pinned water serves as a “pivot” and the rebounding water rotates
around it under the action of centripetal force. The centripetal force breaks the rotating water at some moment and

the separated droplet continues to fly in the air, as shown in Figs. 3(e) and (f).

(a) Spreading (b) Retracting (c) Departure

Superhydﬁophobic
Hydrophilic |||/

TR\

(d) Throwing

Lateral =il

Figure 3. Schematic of droplet impacting on the wettability-controlled surface, during which six stages are
divided, including (a) spreading, (b) retracting, (c) departure, (d) throwing, (e) breaking up, and (f) flight.
According to the numerical results by VOF method, the velocity vectors inside a droplet slice in X-Z plane are
also marked with blue arrows. These velocity vectors indicate that the lateral velocity is generated at the retracting

stage.

Figure 4 shows the variations of the droplet contact line position (X-axis) with time at the spreading and
retracting stages under conditions of =2.1 mm and u=1.5 m/s. At the spreading stage, droplet on the hydrophilic
part and the superhydrophobic part behaves similarly and reaches the maximum spreading at the same time.
However, the contact line moves differently on the two parts at the retracting stage, which has been mentioned

above. On the hydrophilic part, the contact line gets pinned and remains at the same position after it reaches the
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maximum spreading; on the superhydrophobic part, the contact line begins to recede after reaching a maximum
value until it decreases to zero (departure from the surface). This is consistent with the images shown in Fig. 2. In
addition, the contact line variation is similar for different adhesion lengths, which means that the droplet impacting
position makes no difference on the contact line variation. Figure 4 also shows that, the contact line varies almost

linearly with time at the retraction stage, indicating that the retraction rate on the superhydrophobic part is constant.
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Figure 4. Variation of the contact line position (X-axis) of the impacting droplet on the wettability-controlled
experimental surface under conditions of @=2.1 mm and u=1.5 m/s. Assuming that the X-axis value of the
impacting point is zero. As seen, the contact line variations are consistent for different adhesion lengths, e. In
addition, on the hydrophilic part of the experimental surface, the contact line is pinned after reaching the
maximum spreading, while on the superhydrophobic part, the contact line continues to retract until the droplet

departs from the surface.

Lateral velocity and transportation distance

As mentioned above, the retracting stage is the key stage for the directional transportation, because a lateral
force is generated at the retracting stage (see Fig. 3(b)); therefore, mechanical analysis on the contact line is made
at the retracting stage. In the mechanical model, we assume that, (i) water film on the superhydrophobic part retracts
toward the impacting point, (ii) the retraction rate of the water film contact line on the superhydrophobic part is
constant, and (iii) the dynamic contact angles during retracting are unvaried on both the hydrophilic part and the
superhydrophobic part and regarded as the receding contact angle for convenience. Actually, images from 4 ms to
7 ms in Fig. 2(b) support the assumption (i), and the contact line position data in Fig. 4 supports the assumption (ii).
Figure 5(a) shows a schematic of the droplet contact line at a certain time at the retracting stage on the wettability-
controlled surface. Based on these assumptions, the lateral force applied on the contact line towards the hydrophilic
part (X-axis direction) can be expressed as

F = oL(cosOppi, — coSOpnor) (1)

where ¢ is the surface tension of water; Gpni; is the receding contact angle of the hydrophilic part and Gpho, is the
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receding contact angle of the superhydrophobic part; L, the length of the yellow solid line in Fig. 5(a), is the
characteristic length for force, and it varies with time, 7. Because the retraction rate of the contact line on the
superhydrophobic part is assumed to be constant, the radius of the contact line is calculated as, R=Rmax(1— 7/¢). Thus,

according to the geometrical relationship, L is given by
L = 2Rmaysing(1—2) )

where Rmax is the water film radius at the maximum spreading; ¢ is the total retracting time for the water film on the
superhydrophilic part; ¢ is the characteristic angle, which only relates to the impacting conditions and the impacting

point, i.e., e and Rmax,

V2Rmaxe—e?

Rmax

sing =

€)

where e is the adhesion length. Substituting Egs. (2) and (3) into Eq. (1) gives

F =20+ 2Rpqx€ — ez(cosepm-_r — cosepho_r)(l — %) @)

According to the theorem of momentum, change in momentum can be obtained by integrating Eq. (4) in time. After

divided by the droplet mass, the lateral velocity of the droplet is expressed as
__ 60y 2Rmqxe—e2(cosOppir—c0SOpnor)t

nd3p

©)

X

As seen in Eq. (5), the lateral velocity mainly relates to the impacting conditions and the surface contact angles.
To validate the reliability of Eq. (5), we extract the lateral velocities from the time-lapse images in the droplet
impacting experiments with various adhesion lengths on the wettability-controlled surface. The extracted results are
presented in Fig. 5(b). Error bars in Fig. 5(b) or other figures display the standard deviations of parallel
measurements. As seen, the lateral velocity increases with increasing adhesion length, in other words, the closer the
impact point to the boundary between the hydrophilic and superhydrophobic part, the greater the lateral velocity.
The predicted results by Eq. (5) are also exhibited in Fig. 5(b), which are in good agreement with the experimental
value. However, when the adhesion length exceeds a critical value, the droplet cannot fly away directionally. Under
the current conditions that @=2.1 mm and u=1.5 m/s, the critical value is about 2 mm. This can be interpreted as the
following reason. When the adhesion length exceeds the critical value, the volume of the rotating water at the
throwing stage is so small that the surface tension overcomes the centripetal force and the rotating part prefers to
merge with the pinning water instead of flying away. Thus, the directional transportation does not take place
anymore. However, it is still a great challenge to quantitatively predict the critical adhesion length, and the current

model cannot do that, so more effort is still needed.
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Figure 5. (a) Force analysis on the contact line of the impacting droplet at the retracting stage. L, the length of the
yellow solid line, is the characteristic length for force, and it varies with time. ¢ is the characteristic angle, which
only relates to the impacting conditions and the impacting point, i.e., e and Rmax. (b) Experimental and predicted

lateral velocities of the droplet versus adhesion length under conditions of @=2.1 mm and ©#=1.5 m/s. As the
adhesion length increases, the lateral velocity increases, but when the adhesion length exceeds a critical value, the
lateral velocity becomes zero and the droplet does not fly away directionally anymore. (c) Relation between the
transportation distance (and the throwing angle) and the adhesion length under conditions of @=2.1 mm and u=1.5
my/s. There is an optimal adhesion length to achieve the longest transportation distance. In addition, as the
adhesion length increases, the throwing angle decreases linearly. (d) Relation between the transportation distance

and the throwing angle. The transportation distance is longest when the throwing angle is 45°.

Beside the lateral velocity, the transportation distance, X, is also an important parameter. Figure 5(c) shows the
relation between the directional transportation distance and the adhesion length under conditions of @=2.1 mm and
u=1.5 m/s. It can be found that the transportation distance increases first and decreases later with increasing adhesion
length. There is an optimal adhesion length when the transportation distance reaches the maximum value. Under
the current conditions, this optimal adhesion length is near 1 mm. We also extract the droplet throwing angle at the
breaking up stage from the experiments, and show the results in Fig. 5(c). As seen, the throwing angle varies linearly

from 90° to 0° as the adhesion length increases. The 90° throwing angle means vertical rebounding from the
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superhydrophobic part and the 0° throwing angle implies that the droplet cannot fly away anymore. In addition,
when the transportation distance reaches the maximum, the corresponding throwing angle is just 45°. The relation
between the directional transportation distance and the throwing angle in Fig. 5(d) shows this conclusion more
clearly. In other words, when reaching the maximum transportation distance, the droplet lateral velocity is not its
maximum value corresponding to the critical adhesion length, while the optimal adhesion length corresponds to the
45° throwing angle. This is because that the directional transportation of impacting droplet on the wettability-
controlled surface is a parabolic movement in plane, and it satisfies the basic parabolic law that the projection
distance is equal to (v*sin26)/g, where v is the projectile velocity, 6 is the throwing angle and g is acceleration of
gravity. Based on the parabolic law, when the throwing angle is 45°, the transportation distance is the longest and
the adhesion length is optimal.

It should be specified that there is a reduction of mass in the directional transportation on the wettability-
controlled surface because the water on the hydrophilic part will adhere to the surface without flying away.
Therefore, the investigation on the residual water is necessary. However, we have to admit that we cannot measure
the residual water mass accurately because the residual water has quite irregular shape, but we can estimate it. As
shown in the top-view images in Fig. 6(a), after comparing the size of the water on the hydrophilic part at the
maximum spreading and the residual water, we found that these two water sizes are almost the same. Thus, we can
use the water size covering the hydrophilic part at the maximum spreading to estimate the residual water size, i.e.,
the area ratio of arched water film covering the hydrophilic part to the whole water film at the maximum spreading
could be approximately regarded as the mass ratio of the residual water to the whole droplet. Figure 6(b) shows
these estimated mass ratios with increasing adhesion lengths under conditions of @=2.1 mm and »=1.5 m/s. As seen,
when the adhesion length is smaller than the critical value, the mass ratio increases almost linearly, while it suddenly
become one when the adhesion length exceeds the critical value since the directional transportation disappears and

the whole droplet adheres on the surface.
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Figure 6. (a) Size comparison of the water film on the hydrophilic part at the maximum spreading and the residual
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water under conditions of @=2.1 mm and »=1.5 m/s. The red dashed boxes mark an example when the adhesion
length is 0.60 mm. As seen, these two water sizes are almost the same. Therefore, we can use the water size
covering the hydrophilic part at the maximum spreading to estimate the residual water size. (b) The estimated
mass ratio of the residual water to the whole water. Before the critical adhesion length, the mass ratio is nearly
linear, and after the critical adhesion length, the mass ratio becomes one because the directional transportation

cannot happen.

Effects of impacting conditions

To clarify the dependence of directional transportation distance on the impacting conditions, droplet impacting
experiments on the wettability-controlled surface with different droplet diameters and impacting velocities are
conducted. To be more generalized, we use the dimensionless adhesion length, e/Rmax, and the dimensionless
directional transportation distance, X/d, in Fig. 7. Figure 7(a) shows how the impacting velocities, including 1.2 m/s,
1.5 m/s, and 1.9 m/s, affect the transportation distance when the droplet diameter remains unchanged at d=2.1 mm.
As seen, the dimensionless transportation distance increases as the impacting velocity increases. Besides, the
optimal dimensionless adhesion length which corresponds to the maximum transportation distance also increases
with increasing impacting velocity, but this increasing is slight. Figure 7(b) shows how the droplet diameters,
including 2.1 mm, 2.4 mm, and 2.8 mm, affect the directional transportation distance when the impacting velocity
keeps constant. The result shows that as the droplet diameter increases, the dimensionless transportation distance
decreases but the optimal dimensionless adhesion length does not change obviously, and is basically about 0.4. In
addition, Figure 7 also shows the critical dimensionless adhesion lengths under current impacting conditions.
Roughly when the dimensionless adhesion length is larger than 0.7 the directional transportation of the impacting
droplet on the wettability-controlled surface does not happen anymore. These results about the optimal adhesion
length and the critical adhesion length constitute a significant step into how to achieve precise and controllable

directional transportation of impacting droplets.
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Figure 7. (a) The effect of the impacting velocity on the dimensionless directional transportation distance (X/d)

and the optimal dimensionless adhesion length (e/Rmax) under constant droplet diameter. With increasing
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impacting velocity, the dimensionless transportation distance increases; the optimal dimensionless adhesion length
also increases slightly. (b) The effect of the droplet diameter on the dimensionless directional transportation
distance (X/d) and the optimal dimensionless adhesion length (e/Rmax) under constant impacting velocity.
Reducing the droplet diameter is beneficial for the increase of the dimensionless transportation distance, but the

droplet diameter does not obviously affect the optimal dimensionless adhesion length.

CONCLUSION

In summary, we fabricate a wettability-controlled surface with one-half superhydrophobic and the other half
hydrophilic, and achieve directional droplet transportation by impacting a droplet on the boundary between the
superhydrophobic part and the hydrophilic part. Under the present impacting conditions, the directional
transportation distance can reach more than ten times of the droplet size through reasonable regulation. According
to the droplet morphology evolution, the directional transportation process is divided into six stages including
spreading, retracting, departure, throwing, breaking up, and flight stages, of which the retracting stage is the key
stage for the directional transportation. During the retracting stage, a net lateral force is generated on the droplet
contact line due to the wettability difference between the hydrophilic part and the superhydrophobic part. A
mechanical model is developed to calculate lateral force and to predict the lateral velocity, which has been validated
by the experiments. The lateral velocity increases with increasing adhesion length, but there is critical adhesion
length above which the directional transportation disappears. As for the transportation distance, it first increases and
then decreases with increasing adhesion length and when the transportation distance reaches the maximum value
the throwing angle at the breaking up stage is 45°, which satisfies the basic parabolic laws. Besides, we found that
the throwing angle decreases linearly with increasing adhesion length. Under the present impacting conditions, the
optimal dimensionless adhesion length corresponding to the maximum transportation distance is near 0.4, and the
critical dimensionless adhesion length corresponding to the disappearing transportation is about 0.7. However, the
wettability-controlled surface cannot achieve complete droplet transportation because part of the impacting droplet
still adheres to the hydrophilic side of the surface and the residual mass increases with increasing adhesion length
before the critical value. In the field of droplet transportation and regulation, this work takes a big step forward, but
there is still much work to be done, such as building a more comprehensive model to predict the optimal and the
critical dimensionless adhesion length, broadening the impacting conditions to obtain more experimental data, and

conducting more accurate simulations to explain the fluid dynamics.
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