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Tao et al. report a strategy to achieve the oblique pancake bouncing of droplets,
allowing for a synchronized solid-liquid contact time reduction and the directional
transport. Furthermore, the remarkable bouncing performance is applicable to a
broad range of working environments with various thermal conditions and impact
velocities.
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Obligue pancake bouncing

Ran Tao,"? Guogiang Liang,"? Binhong Dou," Jun Wu,' Bing Li," and Chonglei Hao"**

SUMMARY

Despite extensive efforts in approaching the theoretical limit of
solid-liquid contact time, the vertical bouncing droplet eventually
lands on the impact spot of horizontally placed surfaces, which
makes the liquid removal inefficient and thus limits its practical ap-
plications. To address this challenge, we use superhydrophobic sur-
faces consisting of regularly patterned pillars with an inclined Janus
structure and report a phenomenon that involves synergistic effects
of both pancake rebound and directional transport in one bouncing
cycle, contributing to the reduction of contact time and the lateral
removal of impacting droplets simultaneously. We generalize this
particular regime to a broad range of working environments with
various thermal conditions and impact velocities, demonstrating
the robustness of water repellency and the directionality of liquid
motion. The unusual bouncing performance, generality, and practi-
cability of our work may provide useful insights into various applica-
tions, including electricity generation, self-cleaning, defogging, and
anti-icing.

INTRODUCTION

Liquid drop impingement is pervasive in both nature and industrial technologies,
ranging from raindrops falling to spray cooling, inkjet printing, and droplet-based
energy harvesting.'™ In a typical droplet impingement process, the liquid-solid
interaction is governed by an intricate interplay involving surface architectures
(e.g., wettability and morphology), impact parameters (e.g., droplet size and veloc-
ities), and liquid properties (e.g., density, liquid viscosity, and surface tension).” Such
a complex interplay thereby shapes various droplet impact dynamics, including
splashing, spreading, receding, and bouncing.®’ The diverse impact dynamics, in
turn, endows fascinating interfacial phenomena and facilitates liquid manipulation.
In particular, the rapid detachment of droplets, which is highly associated with
spreading and receding, has blossomed in recent decades because of its promising

13,14

applications in fields of self-cleaning,'®'? dropwise condensation, electrical

generation,'® anti-fogging,'®"” and anti-icing.'®"?

Generally, the droplet detachment is quantified by the contact time T, which is
defined as the time interval from the moment a droplet first touches the substrate
to its complete bouncing off. Previous research indicated that the impinging drop
is analogous to a free oscillation system, so the contact time is dependent on the
inertia-capillary time scaled as 7 ~ (pDS/'Y)”z, where p, Do, and vy represent the
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it is highly desirable to minimize it in practical applications.?” To achieve this goal, *Correspondence: haoc@hit.edu.cn

many efforts have been devoted to reducing the contact time. Bird et al. showed https://doi.org/10.1016/j.xcrp.2021.100721
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that the contact time could be reduced by 37% via decorating a superhydrophobic
surface with macroscopic ridges and thus triggering a fast droplet retraction.”?
Other attempts have been made to use strategies such as employing surfaces
with curvatures, point-like macrotextures, compact nanoscale structures, and deli-
cate-designed post arrays for droplet bouncing to reduce the contact time.”*"’
Among those strategies, the conical-pillar-arrays-induced pancake bouncing is
noteworthy since it has substantially reduced the contact time by about 80%.%°
Despite significant progress, the bouncing droplet eventually falls back to the orig-
inal impact spot owing to the gravity if the substrate is horizontally placed. This in-
dicates that merely reducing the contact time is not an efficient and practical way
for droplet detachment. To tackle this challenge, a directional removal after droplet
rebound is expected.

Directional liquid transport, which is another active research topic of interfacial hy-
drodynamics, has been attracting increasing attention. At the early stage, liquid
transports are accomplished by external actuations, such as pressure, light, temper-
ature, and electric charge.?**? However, this necessitates continuous energy input,
makes integration cumbersome, and brings reliability issues. Remarkably, many
living organisms achieve the directional liquid motion by leveraging their unique to-
pological characteristics.>* > Motivated by nature, various engineered surfaces with
delicate structures (e.g., asymmetric microstructures, structural curvature, inclined
angle, non-uniform thickness, stiffness gradient, and their combinations) have
been fabricated to break the three phase contact lines and thereby introduce direc-
tion-dependent energy barriers.”’ Fortunately, this perfectly addressed the
above problems and gained popularity for the directional flow.**>? Therefore, con-
tact time reduction along with a directional liquid bouncing, if it can be easily
achieved, will have significant impacts on various areas.

In this work, we report the design of a unique surface consisting of regularly
patterned pillars with an inclined Janus structure. On such a surface, the impacting
droplet exhibits the typical pancake bouncing, which dramatically reduces the con-
tact time, and it is also accompanied by the directional motion simultaneously, alto-
gether rendering an efficient droplet detachment from engineered surfaces. Finally,
itis manifested that the synchronized pancake bouncing with the preferential motion
is attainable in a wide range of temperature and impact velocity conditions, which
ensures a robust water repellency and liquid flow directionality.

RESULTS AND DISCUSSION

Characterization of oblique pancake bouncing

Our surface consists of regularly patterned pillars of the inclined Janus structure,
which is composed of a curved and a flat face (Figures 1A and 1C), while its counter-
part is decorated with pillars of inclined conical structure (Figures 1B and 1D). The
schematic diagrams of 3D printed samples are depicted in Figures 1E and 1F, where
hrepresents the height of pillars, R, indicates the base radius, B is the angle between
the bottom surface and the pillars’ centerline, d is the center-to-center spacing be-
tween pillars, a; is the angle between the left side generatrix of the cone and the bot-
tom surface (for conical structure only), and ag is the angle between the right side
generatrix of the cone and the bottom surface (for both the conical and the Janus
structures). We also fabricated control samples by altering geometric parameters,
such as h, d, and B, as well as the surface wettability. The geometric parameters
and relevant descriptions for all surfaces used in this work are listed in Table 1.
The fabrication details are shown in the Experimental procedures section.
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(A-D) Scanning electron microscope (SEM) images showing the surface with (A) Janus structures with d = 200 pm, (B) conical structures with d = 200 um,
(C) Janus structures with d = 400 um, and (D) conical structures with d = 400 um. The Janus structure consists of a curved and a flat face. (C) and (D) are

shown in order to demonstrate the structures clearly.
(E and F) Schematic drawing showing surfaces with the (E) Janus structure and (F) conical structure.

On the superhydrophobic control surface, the water droplet demonstrates a typical
vertical bouncing, as shown in Figure S1. Here, the Weber numberis We = pDgv?/y,
where vis the droplet impact velocity. The measured contact time is about 14.8 ms,
which is in good agreement with previous work.???" Distinct from that, on the con-
ventional superhydrophobic surface, the droplet on surfaces I-IV (i.e., Janus and
conical structures with d = 200 pm) manifests a pancake bouncing, as shown in Fig-
ure S2. In such a way, the solid-liquid contact time is substantially reduced to 3.4 ms.
Moreover, the pancake bouncing appears only when We > We. (We_ indicating a
critical We), whereas it goes back to the conventional bouncing in the regime of
We < We, (Figure S3). The details of pancake bouncing characterization can be
found in Note S1 and Figure S4.

For cases of We > We,, part of the liquid penetrates the spacing between pillars after
impact owing to the downward momentum. Subject to a capillary force applied by
the periphery of superhydrophobic pillars, the infiltrated liquid experiences the
deceleration, rest, and, finally, upward moving (Figure S2). In this way, nanopar-
ticle-decorated pillar configurations serve as an energy storage device, in which
the kinetic energy is converted to the surface energy during the penetration period
while the surface energy is released and turns back to the kinetic energy in the capil-
lary emptying process. In the whole process, the capillary force F. acts as either the
resistance force for the downward flow motion or the driving force for the upward
liquid motion, which is scaled as Fc ~ yR,h,D3/(hd?). Here, Do?/d? indicates
the number of pillars wetted, and h, is the penetration depth of the impacting
droplet.
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Table 1. Geometric parameters of surfaces used in this study

Surfaces Spacing d (um) Inclined angle 90-B (°) Height h (um) Morphology

| 200 20 400 Janus structure
Ii 200 20 400 conical structure
1l 200 sO 400 Janus structure
\% 200 0 400 conical structure
\% 400 20 400 Janus structure
VI 400 20 400 conical structure
VII 400 0 400 Janus structure
Vil 400 0 400 conical structure
IX 200 20 300 Janus structure
X 200 20 200 Janus structure
Xl 200 20 100 Janus structure
Xil 200 20 400 Janus structure with a

superhydrophilic film
Xl - - - glass with superhydrophobic
nanoparticles

For surfaces |-XII, the base radius Ry, is 80 um.

More importantly, the unique pancake bouncing accompanied by directional liquid
transport is observed. Figures 2A and 2B depict selected images of droplet bouncing
dynamics on the inclined (B = 70°, surface |) and vertical (B = 90°, surface Ill) Janus struc-
tures, respectively (Videos S1 and S2; Supplemental information). Notably, the droplet
exhibits an apparent directional motion on the inclined Janus structure. In brief, the
droplet first exhibits a pancake bouncing at 4.3 ms, and then the droplet recoils and
bounces along the direction of the pillars’ orientation simultaneously. However,
without an inclined angle, the lateral shift on vertical Janus structures is smaller under
We = 51.6 (Figure 2B). A similar droplet oblique pancake bouncing is observed on in-
clined conical structures, while no noticeable displacement is found in its vertical
version (Figure S5). Moreover, it is noted that the bouncing droplet is prone to break
into two or three sub-droplets due to Rayleigh-Plateau instability on surfaces with
conical structures. Figure 2C summarizes horizontal displacements x as a function of
We on surfaces I-IV. For cases with the breakup of droplets, the displacement is calcu-
latedasx = E{ﬂ mixi/ 2{;1 mj, where m; and x; represent the mass and corresponding
displacement forindividual smaller satellite droplets, respectively. Itis found that drop-
lets on Janus structures show a larger lateral displacement than those on conical struc-
tures, regardless of We, for both vertical and inclined cases.

Data analysis and model building

We propose a simple analytical argument to illustrate the intriguing oblique pancake
bouncing behaviors observed on Janus structures in comparison with conical struc-
tures. In consideration of pillar inclination and the intrinsic contact angle (CA) 6
of water on the substrate material, the horizontal component of . on the left and
right sides of the conical structure can be expressed as Fu, ~ Fc.cos(d —ar) and
Fhgr ~ — Fccos(ag +6), respectively. Therefore, the total horizontal force due to
capillary effect for conical structures can be expressed as

Rph, D?
Fhco ~ Y:)TZO [cos(f — o) + cos( + ag)], (1M

where «a; = arctan(1 /cotf —Ry, /h) and ag = arctan(1 /cotB + Ry /h) (O<ag<a < 180°).

For the Janus structure, F,, ~ Fccos(6 —8) and Fpr ~ — Fecos(ag +6), so the total hor-
izontal force induced by capillary effect for Janus structures is given by
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Figure 2. Droplet bouncing dynamics and the related quantitative measurement

(A and B) Selected snapshots of droplet bouncing on the Janus structure under We = 51.6 with (A) B = 70° and (B) B = 90°. The centerline of the droplet at
the initial moment is denoted by a blue dashed line.

(C) Relation between the displacement x and the We for surfaces with conical and Janus structures.

(D) Restitution coefficient e as functions of We in a log-log plot.

(E) Schematic showing the capillary force on inclined Janus structures and the mechanism for the oblique pancake bouncing. The horizontal
components of F. on the flat side and the curved side are unbalanced, and thereby, we have a net horizontal force Fy,. Fjj, works with F,j,, together
triggering a synchronized preferential droplet motion and pancake bouncing. All of the error bars are the SDs of the average values.

Rph,D?
Fhya ~ 7;’]7(;0 [cos(f —B) + cos(6 + ag)]. 2)
Similarly, the vertical components of F. for conical and Janus structures are ex-
pressed as
Rph,D?
Foco ~ YZTQO [sin(0 — ) — sin(f + ag)] @3)
and
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’)’Rbhp Dg

“hat [sin(6 —B) — sin(f + ag)], 4)

Frja ~
respectively.

Thus, it is obtained from the above analysis that for vertical cases with 8= 90°,
Frco =0 while Fp;,<0, which indicates that the vertical Janus structure is capable of
imparting droplet preferential transport toward the flat side while the conical coun-
terpart tends only to initiate vertical droplet bouncing. This is consistent with exper-
imental results shown in Figures 2 and S5. Despite the observed directional motion
of droplets on both Janus and conical structured samples, the characterized trans-
port distances are distinct (Figure 2C). To rationalize the performance difference,
we should refer to Equations (1) and (2). As 8<wy, it is easy to obtain that |Fpco|<
|Fhial, which explains why the Janus structure shows a better performance than the
conical structure in terms of liquid directional transport capability. Therefore, by
integrating the Janus unit into the inclined pillars (i.e., 0<g8 < 90°), the capability of
the droplet’s directional motion is further enhanced.

To have a better understanding of how the surface morphology mediates the
droplet impact behaviors, we further calculated the variation of the restitution coef-
ficient eagainst We. Here, e=V//v is defined as the ratio of droplet bouncing velocity
Vv’ to the impact velocity v. As shown in Figure 2D, e decreases monotonically from
~0.4 to ~0.3 with the increasing of We, yet the descending line is affected by the
surface morphology. Illustrating the function of e (We) in a log-log plot indicates
that their relation can be expressed as e ~ We™1/>. It is understood that the viscous
dissipation in the shear boundary layer increases with Reynolds number Re. As Re
increases with We for a given liquid, the descending trend of e with We might be ex-
plained by the increased viscous dissipation at an elevated We. This is also consis-
tent with previous work,*" for which the droplet impact becomes less elastic with
the increasing of We within the range used in this work.

Based on Equations (1), (2), (3), and (4), the sample geometric parameters play
important roles on the oblique pancake bouncing behavior. As a control experiment,
we also fabricated samples with decreased pillar heights (h = 100 um, 200 pm, and
300 pm) and reduced pillar density (d = 400 um). On these control samples, the
droplet exhibits conventional superhydrophobic bouncing (Figures S6 and S7)
instead of the oblique pancake bouncing. The results suggest that the surface geom-
etry needs to be delicately designed to generate the proper capillary force for initi-
ating the distinct oblique pancake bouncing. To investigate the effect of surface
wettability on droplet bouncing dynamics, we also conduct droplet impact experi-
ments on superhydrophilic surfaces (CA < 5°) with inclined Janus structures. Instead
of bouncing off, the impacting droplet spreads and penetrates the spacing of Janus
pillars, and it eventually gets pinned on substrates. (Figure S8).

With the above information, we can summarize the whole bouncing behavior on the in-
clined Janus structure, as shown in Figure 2E. During the droplet impact process, the
flow behavior is mainly regulated by the capillary force exerted by the periphery of pil-
lars. Because of the inclination effect as well as the asymmetric Janus unit, the horizontal
components of F. on the flat side and the curved side of Janus structures are unbal-
anced; thereby, we have a net horizontal force Fj,, serving to initiate the directional mo-
tion. Moreover, the vertical component F,j, works as the driving force for the pancake
bouncing. In this case, Fpj, and Fyj, are united, altogether triggering a synchronized
preferential droplet motion and pancake bouncing with a reduced contact time.
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Figure 3. Oblique pancake bouncing dynamics under high We and the quantitative measurement of droplet dynamics within a broad range of We
(A) Representative snapshots of droplet oblique pancake bouncing on the inclined Janus structure under a high We = 278.8.

(B) Contact time 7 and lateral displacement x as functions of We in the range of 30~280.

(C) The measured horizontal velocity v, against time under We = 69.7 and 278.8.

(D) Comparison of the droplet bouncing dynamics in terms of the contact time 7 and the average horizontal velocity vi,. The green area represents the
droplet bouncing on structured surface without any external actuation. The blue area denotes that the study requires external magnetic field stimuli.
The orange star is the data of our work.

(E) The normalized maximum spreading diameter as a function of We. All of the error bars are the SDs of the average values.

Generality of oblique pancake bouncing

As the kinetic energy plays a vital role in affecting the outcome of droplet dy-
namics, we further perform droplet bouncing experiments on inclined Janus struc-
tures in a broader range of We conditions. As shown in Figures 3A and S9, splash-
ing behavior is observed at high We conditions, where the original intact droplet
disintegrates into satellite droplets. Despite the manifested splashing at high We,
the drop still displays robust oblique pancake bouncing, as evidenced by both the
reduced contact time and the preferential motion ability (Figure 3B). In addition,
the measured horizontal velocity v, is plotted against time under We = 69.7 and
278.8, as shown in Figure 3C. Specifically, for the case of We = 278.8, the average
horizontal velocity v, is about 9 cm/s, which is around three times larger than that
with We = 69.7. This, fortunately, gives us the flexibility to manipulate the oblique
pancake bouncing behavior by varying the drop impact velocity. To illustrate the
superiority of our surface design, we benchmark the contact time 7 and the
average horizontal velocity v,, of a droplet in one bouncing cycle against those
state-of-the-art structured surfaces, as shown in Figure 3D.?*"%7*27%¢ |n striking
contrast to the configurations without any external field (green area), our surface
design outperforms other reported surfaces and demonstrates a remarkably syner-
gic dominance in terms of T and vp,. Although one case with an external field (gray
circle) shows a slightly (~20%) higher horizontal velocity, unfortunately, the
required contact time is two times longer than ours. More importantly, the demand
on external actuations makes the integration complex and brings reliability issues
and, thus, limits their practicability applications. Therefore, our unique surface ex-
hibits superior performance over other reported structured surfaces in literature. In
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Figure 4. Oblique pancake bouncing under various thermal conditions with We = 34.9

(A) The displacement x and contact time 7 as functions of temperature T.

(B) The temporal evolution of spreading diameters at different temperatures. The start pointis from
2 ms because itis difficult to measure the contact line precisely when liquid rim is immersed into the
space between pillars. All of the error bars are the SDs of the average values.

addition, the top-view images illustrate that the drop exhibits an obvious
doughnut shape in the retraction process, where the rim zone of the droplet is
thick while the central zone is thin (Figure S9). The distinct retraction dynamics im-
plies that the pancake bouncing contributes to a redistribution of fluid momentum
and mass, thus reshaping the droplet hydrodynamics. This is also evidenced by the
scaling of Dpax/Do versus We as shown in Figure 3E, for which Dax/Do ~ We'/* is
found in the conventional rebound regime while it shifts to Dpax/Do ~ We'/8 in the
pancake bouncing regime.

The generality of the oblique pancake bouncing on inclined Janus structures is
further elucidated under various thermal conditions with temperatures ranging
from 25°C to 180°C. Normally, the liquid surface tension decreases, provided it is
in contact with a hot substrate, and thereby both F,,, and F,j, would be decreased
based on Equations (2) and (4). In other words, the biased motion and the pancake
bouncing might be lessened or even eliminated at high temperatures. Unexpect-
edly, as shown in Figure 4A, it is found that both the displacement x and the contact
time 7 are independent of temperature on the inclined Janus structure, which en-
sures a robust water repellency and drop motion directionality. The time evolution
of contact line dynamics at different temperatures is characterized in Figure 4B.
Consistent with the results in Figure 4A, the influence of temperature is negligible.
The irrelevance on temperature is attributed to the extremely short contact time,
which limits the heat transfer from the solid to the liquid. This may offer us opportu-
nities for applications in thermal devices.

In conclusion, by taking advantage of the inclined Janus structure, the pancake
bouncing and the directional transportation are realized synchronously in one re-
bounding cycle, which facilitates a rapid droplet removal. The driven forces of
this intriguing motion are found to be the vertical and horizontal components of
the capillary force, exerted by the periphery of inclined pillars. Furthermore,
the robust water repellency and liquid motion directionality are examined
under various thermal conditions and different impact velocities. From a broader
perspective, our work will provide important insights into the evolutionary devel-
opment of liquid manipulation and might find promising applications in the field
requiring directional rapid liquid detachment, such as anti-icing, self-cleaning,
and electricity generation.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and procedures should be directed
to the lead contact, Dr. Chonglei Hao (haoc@hit.edu.cn).

Materials availability
All unique surfaces generated in this study are available from the lead contact
without restriction.

Data and code availability
All of the data supporting the findings of this study are presented within the article
and supplemental information. All other data are available from the lead contact
upon reasonable request.

Sample fabrication

Samples were constructed by a projection microstereolithography-based 3D print-
ing technique (BMF Precision Tech, nanoArch S140). In the fabrication, a model,
which was prebuilt by a mapping software, was sliced into a series of 2D images.
Subsequently, an exposure process was performed. The whole steps were iterated
for each layer until the designed structure was created. To render surfaces’ superhy-
drophobicity, substrates were silanized with the assistance of a hydrogen-bond-
driven technique and coated with nanoparticles. Specifically, the samples were
treated in a 1-mM hexane solution of trichloro (1H,1H,2H,2H-perfluorooctyl) silane
for 30 min and then were placed on a hot plate at 80°C for 30 min in air. In the
following, the surface was spray coated by a nanoparticle-dispensed solution
(Glaco, Soft 99). Finally, the samples were heated at 60°C for 20 min to complete dry-
ing. In addition, a conventional superhydrophobic surface was fabricated via coating
nanoparticles on a glass slide, and a superhydrophilic surface with inclined Janus
structures is made by spray coating a superhydrophilic film (Anti-fog coating, Blue-
chem) to test the effect of surface wettability on droplet bouncing dynamics.

Wettability characterization

To characterize the surface wettability, CAs of surface I-VIIl were measured by a CA
goniometer (Dataphysics Instrument OCA 25) at room temperature, and the results
are shown in Figure S10. Static CAs on surfaces |-V are in the range of 140° to 150°,
illustrating a non-wetting property. Sliding angles on surfaces I-IV are within 5°, indi-
cating a high droplet mobility. For surfaces V-VIII, the static CA is lower (120° to
140°), and the sliding angle is higher (within 17°), owing to a larger spacing
compared to those of surfaces I-IV.

Droplet impact experiment

The whole apparatus was placed on a vibration isolation table. The cold light was
provided by two LED lamps. The deionized water droplet with a diameter Dy of
2.56 mm was generated by a flat-tip stainless steel needle, which was connected
to a plastic 10-mL syringe and a syringe pump (LSPO1-3A) via a rubber tube, from
a pre-determined height. By adjusting the height of the needle, the droplet impact
velocity could be varied. With the propulsion of the syringe, the droplet forms at the
needle tip, grows in size, and finally detaches once its weight overwhelms the attrac-
tion force caused by the surface tension. Two high-speed cameras (Photron
FASTCAM Nova S12 and Mini AX200) were employed to make synchronized record-
ings of the droplet impingement dynamics from the side and high-angle views at a
frame rate of 10,000 fps with a shutter speed of 1/10,000 s. A hot plate (Thermo
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Scientific Super-Nuova) was used to control the temperature of samples. The image
analysis was conducted by the software ImageJ. The horizontal velocity v, is calcu-
lated by comparing the centroid motion of the droplet between adjacent frames
with an interval of 4 ms. All the experiments were carried out in an ambient environ-
ment at room temperature.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100721.
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