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ABSTRACT 1 

Controlling the bouncing behavior of the impacting droplets is an important issue for splay 2 

cooling, icing prevention, and other applications. The bouncing behavior of impacting droplets on 3 

superhydrophobic curved surfaces and flat substrates with a wettability difference has been widely 4 

investigated, and droplets impacting these surfaces show shorter contact times than on 5 

superhydrophobic flat surfaces and droplet transport. However, there have been few studies on the 6 

droplet impact behavior on curved surfaces with a wettability difference, where efficient droplet 7 

control could be achieved by combining the features. In the present study, droplet impact experiments 8 

were conducted using copper cylinders with different circumferential wettability from hydrophilic to 9 

superhydrophobic, varying the impact velocity, cylinder diameter, and rotation angle. Droplets that 10 

impacted the wettability boundary showed asymmetric deformation and moved to the hydrophilic 11 

side owing to the driving force of the wettability difference. Moreover, the droplet behavior was 12 

classified into four types: the droplet bounced off the surface, the droplet bounced off the surface and 13 

split, the droplet attached to the surface, and the droplet attached to the surface and split. The droplet 14 

behavior was estimated using the maximum spreading width of the droplet impacted on the flat 15 

substrate. We evaluated whether the droplets attached to the surface or bounced off the surface after 16 

impact using the Weber number and rotation angle, and the estimations were in agreement with the 17 

experiment results for the cylinder diameter of 4 and 6 mm. 18 

  19 
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INTRODUCTION 1 

 The impact of droplets on solid surfaces is observed in daily life, such as rain droplets 2 

impacting surfaces, and in industrial applications, such as in inkjet printing, spray cooling, prevention 3 

of icing on aircraft wings, and self-cleaning of walls.1–5 Therefore, understanding the droplet impact 4 

behavior is crucial for improving these applications. In general, this impact phenomenon is dependent 5 

on factors such as the surface free energy of the solid surface and droplet, the surface structure of the 6 

solid substrate, and the velocity of the droplet.6–9 Based on these factors, previous studies have 7 

attempted to understand the dynamics of the droplet impact phenomenon and improve such 8 

applications.10–18 For example, reduction of the contact time between the droplet and solid surface 9 

has been investigated in various fields, such as self-cleaning surfaces and freezing caused by droplet 10 

adhesion. Liu et al.19 performed droplet impact experiments using superhydrophobic flat substrates 11 

with different microstructure geometries. They found that a difference in the capillary force induces 12 

a difference in the droplet bounce behavior, which can reduce the contact time of the droplet on the 13 

surface.  14 

 In recent years, droplet impact experiments on curved surfaces have been conducted to gain 15 

a better understanding of the wetting phenomena during inkjet printing on curved surfaces and ice 16 

protection of pipes.20–24 Although curved surfaces include both concave and convex surfaces, convex 17 

surfaces have attracted more attention because they have many possibilities for controlling the impact 18 

behavior of droplets. For example, Liu et al.25 experimentally and numerically studied the droplet 19 

impact on a superhydrophobic surface with curvature larger than the droplet diameter. The contact 20 
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time on the curved surface was approximately 40% less than that on the flat substrate. The 1 

asymmetricity of the circumferential and axial momentum and the mass distribution of the droplet 2 

after impact affect the contact time. Andrew et al.26 focused on the ratio of the droplet diameter to the 3 

solid cylinder diameter. They found that the contact time of the droplet varies with the diameter ratio, 4 

and it is minimized when these diameters are comparable. Yin et al.27 performed droplet impact 5 

experiments using wires with diameters smaller than the droplet diameter and classified the droplet 6 

splitting behavior. 7 

The results of droplet impact experiments on convex surfaces suggest that it is possible to 8 

control the contact time and number of split droplets.25–27 However, it is difficult to precisely control 9 

the behavior of droplets after bouncing because the behavior of the droplets sensitively depends on 10 

the very small differences in the landing positions on the convex surface. Consequently, droplet 11 

control using only superhydrophobic convex surfaces has limitations. Therefore, to achieve 12 

directional droplet transport by bouncing, flat substrates with a wettability difference have been 13 

studied.28–32 This property can be achieved by altering the structure and chemical properties of the 14 

surface. Subramanian et al.33 studied the motion of droplets on surfaces with wettability gradients 15 

and revealed the motion of the droplets in the hydrophilic direction. Chu et al.34 studied substrates 16 

with step-like wettability differences ranging from superhydrophobic to hydrophilic. They found that 17 

when a droplet impacted the wettability boundary, the droplet asymmetrically spread and then 18 

bounced back toward the more hydrophilic side. This indicates the possibility of directional droplet 19 

bouncing by varying the distance from the wettability boundary to the droplet center axis at the 20 
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moment of impact. Wang et al. simulated the impact behavior of two droplets on a flat substrate with 1 

a wettability difference, and it was confirmed that the contact time varies depending on the strength 2 

of the wettability difference, Weber number, and the distance between droplets.35 3 

 Studies focusing on reducing the contact time and droplet transport to maintain a clean and 4 

dry solid surface have been performed on three major types of surfaces: superhydrophobic flat 5 

substrates, superhydrophobic convex surfaces, and flat substrates with wettability difference. 6 

However, a curved surface with a wettability difference will achieve more accurate droplet control 7 

by the contact time reduction and droplet transport which are potentially applied for ice prevention, 8 

self-cleaning surfaces, and direction control of bouncing droplet by varying surface curvature.  9 

In this study, we focused on cylinders with a wettability difference in the circumferential 10 

direction. The results showed asymmetrical spreading of the three-phase contact line of the droplet 11 

at the wettability boundary. Splitting, attachment, and rebounding of the droplet were observed after 12 

the impact, and we evaluated whether the droplet attached to or bounced off the surface based on the 13 

relationship between the Weber number and rotation angle of the cylinder.   14 

 15 

EXPERIMENTAL METHODS 16 

Sample Preparation. Cylindrical copper rods with diameter (Dc) ranging from 1 to 6 mm 17 

and length of 20 mm were used as samples. The samples were polished with abrasive papers (#1000 18 

and #2000), ultrasonically cleaned in ethanol (Fujifilm Wako Pure Chemical Co., Osaka, Japan) for 19 

15 minutes, rinsed with purified water (CPW-102, Advantec Toyo Kaisha, Ltd., Tokyo, Japan), and 20 
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dried under a stream of compressed air. They were then immersed in 6 M hydrochloric acid solution 1 

for 30 s to remove the oxide layer from the sample surfaces, followed by rinsing and drying. The 2 

samples were then dipped in 2.5 M sodium hydroxide (NaOH, Fujifilm Wako Pure Chemical Co.) 3 

and 0.1 M ammonium peroxydisulfate ((NH4)2S2O8, Fujifilm Wako Pure Chemical Co.) at 4 °C for 4 

1 h to fabricate nanostructures on the cylinder surface, followed by rinsing and drying. The samples 5 

were subsequently immersed in a solution consisting of 1H,1H,2H,2H-perfluorooctyltriethoxysilane 6 

(C14H19F13O3Si, Sigma Aldrich Co. St. Louis, MO, USA), water, and ethanol (at a volume ratio of 7 

1:1:100) for 3 h to make the surface superhydrophobic. The samples were then rinsed with ethanol 8 

and water, dried, and stored at room temperature for 3 h. Finally, a thin gold film was deposited on 9 

one side of the cylinder with an ion coater (IB-3, Eiko Co., Tokyo, Japan) operated with an ionic 10 

current of 4 mA for 8 min to make a hydrophilic surface. In addition, we prepared a flat substrate by 11 

the same procedure for comparison. 12 

Sample Characterization. The surface structures of the cylinder were characterized by 13 

scanning electron microscopy (SEM, JEOL7001F, JEOL Co., Tokyo, Japan). The accelerating 14 

voltage was set to 10 kV. 15 

The static contact angle of each surface θ was measured by the sessile droplet method. To 16 

measure the contact angle, a purified water droplet with a volume of 3.5 µL was gently deposited on 17 

the surface, and the droplet shape was captured by a high-speed camera (Cyclone-1HS-3500-C, 18 

Optronis Co., Kehl, Germany). Dynamic contact angles (advancing contact angle θa and receding 19 

contact angle θr) were measured using the expansion-contraction method. For the advancing contact 20 
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angle, 3.5 µL of water was dropped on the substrate using a syringe pump (YSP-201, YMC Co., 1 

Kyoto, Japan), to which additional liquid was added to expand the droplet and advance the interface. 2 

For the receding contact angle, water was dropped on the substrate in the same way, and then the 3 

droplet was contracted by sucking up the liquid with a syringe. The movement of the three-phase 4 

contact line was captured by a high-speed camera and both angles were measured. 5 

Droplet Impact Experiments. The setup for the droplet impact experiments is shown in 6 

Figure 1(a). A water droplet was dropped on the copper cylinder from a syringe above the copper 7 

cylinder. The droplet impact velocity (v) was changed from 0.2 m/s to 2.0 m/s by adjusting the height 8 

of the syringe above the copper cylinder. To avoid displacement of the droplet from the center of the 9 

cylinder during the impingement process, the path of the droplet was covered by an acrylic pipe to 10 

20 mm above the sample. The droplet impact process was recorded from the azimuthal direction of 11 

the cylinder by the same high-speed camera as that used for recording the droplet shape with a frame 12 

rate of 5000 fps. All of the droplet impact experiments were performed at 20.5 ± 1.0 °C and 52% ± 13 

10% relative humidity. The experiment was conducted three times for each condition and the same 14 

impact behavior was observed at each condition. The error in the impact velocity was less than 5%. 15 

The droplet impact experiments and contact angle measurements were conducted by rotating 16 

the copper cylinder. The wettability boundary was used to define the rotation angle, as shown in 17 

Figure 1(b). Here, the cylinder was rotated counterclockwise, and the angle formed by the boundary, 18 

cylinder center, and horizontal axis was defined as the rotation angle φ. Accordingly, φ = 90° means 19 

that the wettability boundary coincides with the vertical axis of the cylinder, and the left- and right-20 
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hand sides of the cylinder show hydrophilic and superhydrophobic characteristics, respectively. 1 

 2 

Figure 1. (a) Experimental setup. (b) Definition of the rotation angle φ. 3 

RESULTS AND DISCUSSION 4 

Surface Characterization. A SEM image of the flat copper substrate is shown in Figure 5 

2(a). Needle-like structures with a diameter of 0.3 μm and lengths of several micrometers were 6 

randomly distributed on the surface. This was caused by the chemical etching of the surface through 7 

the chemical reaction36 8 

Cu + 4OH− + (NH4)2S2O8 → Cu(OH)2 + 2SO4
2− + 2NH3 + 2H2O (1) 9 

during immersion of the substrate in the aqueous solution of sodium hydroxide and ammonium 10 

peroxydisulfate. 11 

The results of the contact angle measurements for the cylinder with a diameter of 6 mm are 12 

shown in Figure 2(b). The static contact angles were 18±2°, 12±3°, and 17±3° for φ = 0°, 30°, and 13 

60°, respectively, and accordingly, these regions are hydrophilic. The droplet deposited at φ = 120°–14 

180° immediately rolled off instead of to attach on the cylinder. Accordingly, the contact angle at 15 
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these regions could not measure at this experiment, and thus θ was plotted as 180°. As a reference 1 

value, the contact angle of the flat copper substrate modified by same procedure was estimated to be 2 

153±3° (see the insert in Figure 2(b)) The difference in contact angle between the hydrophilic and 3 

superhydrophobic flat substrates was more than 130°. In addition, the dynamic contact angles of the 4 

superhydrophobic substrate were 159±3° and 152±2° for the advancing and receding contact angles. 5 

At φ = 90°, the droplet was deposited on the cylinder with the hydrophilic surface on the left-hand 6 

side and the superhydrophobic surface on the right-hand side. As a result, the droplet moved toward 7 

the hydrophilic side, as shown in Figure 2(c). The time t is the time since the droplet contacted the 8 

solid surface. The movement of the droplet toward the hydrophilic side is caused by the force 9 

generated by the existence of a static contact angle difference between the two sides of the droplet. 10 

This force can be estimated by37 11 

𝑑𝑑𝑑𝑑 = 𝛾𝛾LV(cos𝜃𝜃A − cos𝜃𝜃B)𝑑𝑑𝑑𝑑 (2) 12 

where 𝛾𝛾LV is the surface tension between the liquid and gas phases, and θA and θB are the static 13 

contact angles, whereθA < θB. This equation indicates that the wettability difference generates a force 14 

to induce the droplet to move toward the hydrophilic side of the cylinder. 15 

 16 
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Figure 2. (a) SEM image of the nanostructure of the flat substrate. (b) Relationship between the 1 

rotation angle φ and static contact angle θ. The insert shows a droplet on the superhydrophobic flat 2 

substrate. (c) Behavior of the droplet deposited on the cylinder with a wettability difference at φ = 3 

90°. 4 

Droplet Impact Experiments. Although the flat substrate is a fundamental structure, many 5 

curved surfaces are observed in artificial structures. It is important to understand the impact behavior 6 

of droplets on curved surfaces, such as airplane wings, car bodies, and pipes, because droplets often 7 

impact these surfaces. In addition, a wettability difference on the solid surface enables droplet 8 

movement, which is expected to have industrial applications. Therefore, we conducted experiments 9 

to investigate the effects of the rotation angle, impact velocity, and diameter of the cylinder on the 10 

droplet impact behavior using cylinders with a wettability difference in the circumferential direction. 11 

The droplet impact behavior on the cylinder with a diameter of 6 mm at an impact velocity of 0.5 m/s 12 

and rotation angles of φ = 0°, 90°, and 180° is shown in Figure 3 (movies of the droplet behavior are 13 

provided in the Supporting Information, Movies 1–3). At φ = 0°, the droplet spread after impact 14 

because the contact area only showed the hydrophilic characteristic, and the three-phase contact line 15 

showed no contraction. At φ = 180°, the droplet deformed to a pancake-like shape after impact, and 16 

then the three-phase contact line receded. Finally, the droplet completely bounced off the cylinder 17 

because the contact area only showed the superhydrophobic characteristic. In these two cases, the 18 

droplet exhibited symmetric behavior owing to the uniform wettability of the solid–liquid interface. 19 

However, asymmetric behavior was observed at φ = 90°. In particular, the part of the droplet 20 
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impacting the superhydrophobic half of the cylinder bounced off the cylinder, while that impacting 1 

the hydrophilic half spread on the cylinder. Subsequently, the right-hand side of the droplet moved 2 

toward the hydrophilic side because of the wettability difference. 3 

The movement of the three-phase contact line after droplet impact as a function of time is 4 

shown in Figure 4(a). Here, as shown in Figure 4(b), φR and φL ,which are defined as the angle 5 

between the three-phase contact line and the cylinder top, are used for the evaluation.  At φ = 0°, the 6 

droplet spread and reached to φR=81° and φL =-83°, completely covering the hydrophilic region where 7 

the gold film was deposited. At φ = 180°, the three-phase contact line expanded until approximately 8 

4 ms after impact owing to the inertial force, and it then receded and completely bounced off the 9 

cylinder within 10.4 ms. The droplet then fell onto the cylinder owing to gravity and impacted it again 10 

at approximately 50 ms, eventually sliding off the solid surface. The results for φ = 90° showed that 11 

the behavior of the right-hand side of the droplet coincided with the results at φ = 180° until t =10 12 

ms, while the behavior of the left-hand side of the droplet was similar to that at φ = 0°. This is because 13 

of the wettability difference in the contact area, which affects the transition of the three-phase contact 14 

line. This mechanism can be explained by the work of adhesion WSL, which is influenced by the 15 

wettability of the solid surface. The work of adhesion per unit area is defined as  16 

𝑊𝑊SL = 𝛾𝛾SV + 𝛾𝛾LV − 𝛾𝛾SL = 𝛾𝛾LV(1 + cos 𝜃𝜃) (3) 17 

Where γSV is the interfacial tension between the solid and gas phases, and γSL is the interfacial tension 18 

between the solid and liquid phases. The work of adhesion is the energy required to detach from the 19 

substrate and form new solid–gas and liquid–gas interfaces. From this equation, the work of adhesion 20 
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depends on the contact angle, and the work of adhesion is larger on the hydrophilic side of the cylinder 1 

than on the hydrophobic side of the cylinder. As a result, the difference in the work of adhesion 2 

between the left- and right-hand sides induces asymmetric behavior after impact at φ = 90°. 3 

 4 

Figure 3. Snapshots of the droplet impact on the cylinder with a diameter of 6 mm at an impact 5 

velocity (v) of 0.5 m/s. 6 

  7 

Figure 4. (a) Transition of the three-phase contact line. (b) Definition of the spread angle from the 8 

center axis of the cylinder. 9 

 10 

Effect of the Impact Velocity. Snapshots of the impact behavior on the cylinder with a 11 

diameter of 6 mm at impact velocities of 0.2 and 1.5 m/s at φ = 90° are shown in Figure 5 (movies of 12 

the droplet behavior are provided in the Supporting Information, Movies 4 and 5). The droplet spread 13 
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to both sides of the cylinder after impact. It then moved to the hydrophilic side owing to the 1 

wettability difference at 0.2 m/s, which was similar behavior to that at v = 0.5 m/s. At v = 1.5 m/s, 2 

the right-hand side of the droplet spread on the superhydrophobic surface, and it began to detach from 3 

the surface at approximately 6 ms. The droplet then split at the wettability boundary located at the 4 

top of the cylinder after approximately 8 ms. This droplet further split into multiple droplets in air. 5 

The number of split droplets tended to increase with the impact velocity of the droplet while the 6 

volume of each split droplets decreased. On the other hand, the droplets on the hydrophilic side of 7 

the cylinder remained on the solid surface. The results of droplets breaking up and bouncing off at 8 

the wettability boundary are similar to the results of the study conducted by Chu et al. in which impact 9 

experiments were carried out on the substrate with wettability difference. 34 In their study, they 10 

confirmed that droplets adhered to the hydrophilic region, split into droplets by bouncing off, and the 11 

resulting droplets flew in the hydrophilic direction. However, in our experiment, it was found that 12 

the rebound direction was different, and the droplet rebounded in the superhydrophobic direction. 13 

The transition of the three-phase contact line with time is shown in Figure 6. The definition 14 

of the three-phase contact line location is shown in Figure 4(b). At v = 0.2 m/s, the three-phase contact 15 

line at the right-hand side gradually moved to the hydrophilic side during the retreating motion. 16 

Conversely, at v = 1.5 m/s, the right three-phase contact line spread until 5 ms and then abruptly 17 

changed from φR=80° to 0°. This is because the droplets in contact with the superhydrophobic part of 18 

the cylinder bounced back at 5.8 ms, and therefore the three-phase contact line receded to the 19 

hydrophilic region. Here, the Weber number We = ρDv2/γLV, where ρ is the density, D is the droplet 20 
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diameter before impact, and v is the impact velocity, is introduced to discuss the droplet behavior. 1 

Because We = 1.1 at v = 0.2 m/s, the inertial force was comparable with the surface tension, and the 2 

droplet remained as a single droplet even though it was deformed by the impact and the wettability 3 

difference. Conversely, We = 62 at v = 1.5 m/s, and the inertial force of the droplet that promotes the 4 

deformation was significantly greater than the surface tension. As a result, the droplet split into 5 

several small droplets. 6 

 7 

Figure 5. Snapshots of the droplet impact on the cylinder with a diameter 6 mm for impact velocities 8 

of (a) 0.2 and (b) 1.5 m/s. 9 

  10 

Figure 6. Transition of the three-phase contact line as a function of time for impact velocities of 0.2 11 

and 1.5 m/s. 12 
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Effect of the Cylinder Diameter. We also investigated the effect of the curvature of the 1 

solid surface on the impact behavior by changing the diameter of the cylinder. The impact behavior 2 

for cylinders with diameters of 1, 2, and 4 mm is shown in Figure 7. The rotation angle and impact 3 

velocity were set to 90° and 0.5 m/s, respectively (movies of the droplet behavior are provided in the 4 

Supporting Information, Movies 6–8). Droplet splitting was observed for all of the samples, except 5 

for the cylinder with a diameter of 6 mm (Figure 3). The droplet more easily split as the cylinder 6 

diameter decreased. This is considered to be because of the energy balance of the droplet. In the flat 7 

substrate case, the inertial energy of the impacted droplet is converted to surface free energy and 8 

viscous dissipation during the deformation.38 However, although some of the inertial energy was 9 

converted into surface free energy and viscous dissipation, certain inertial energy remained because 10 

the droplet spread along the circumferential direction of the cylinder. As a result, the droplet broke 11 

up without retraction motion. In addition, for the cylinders with diameters of 1 and 2 mm, the droplet 12 

was observed to attach to the entire hydrophilic area within 8 ms.  13 

14 

Figure 7. Snapshots of the droplet impact on the cylinder at v = 0.5 m/s for cylinder diameters of (a) 15 
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1, (b) 2, and (c) 4 mm.  1 

We also evaluated the contact time of the droplet under the conditions of Dc = 2, 4, and 6 2 

mm, φ =180°, and v = 0.5 m/s, where no droplets attached to the surface, because the contact behavior 3 

is important for the droplet behavior. The contact times for Dc = 2, 4, and 6 mm were 8.0, 8.4, and 4 

10.2 ms, respectively, and the contact time for the flat substrate was 10.4 ms. In a previous study, Liu 5 

et al.25 reported that when a droplet impacts a curved surface, the axial contraction is faster and the 6 

contact time is shorter compared with those on a flat surface. Using their formula for estimating the 7 

contact time to a curved surface, the contact times for diameters of 2,4 and 6 mm were estimated to 8 

be 7.4, 8.5, and 10.8 ms, respectively. The relation between the contact time and the cylinder diameter 9 

shows good agreement with our results.  10 

The present results showed that the impact behavior of a droplet on a cylinder depends on 11 

the wettability of the cylinder, cylinder diameter, and impact velocity of the droplet. To summarize 12 

the results, the droplet impact behavior under each set of conditions was classified into four 13 

categories: (Ⅰ) the droplet bounced off the surface, (Ⅱ) the droplet bounced off the surface and split, 14 

(Ⅲ) the droplet attached to the surface, and (Ⅳ) the droplet attached to the surface and split (Figure 15 

8). For comparison, Figure 8(e) shows the results for the flat substrate with a wettability difference. 16 

The position of the impact is defined as shown in Figure 8(f), where x=0 mm is the wettability 17 

boundary, and the superhydrophobic side is positive. There were three major trends: (i) the droplet 18 

tended to split at high impact velocity, (ii)the angle at which the lowest impact velocity for droplet 19 

splitting was φ = 120° for Dc = 2-6 mm, and (iii) the droplet more easily attached to the cylinder for 20 
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smaller Dc. For (i), at v = 2.0 m/s, the droplets split for all Dc at φ ≥ 30°. However, at v = 0.2 m/s, the 1 

droplet only split for Dc = 1 mm at φ = 180°. As described in the previous section, the reason for this 2 

tendency is that the inertial energy of the droplet after impact becomes larger for increasing impact 3 

velocity, and the droplet cannot maintain a single droplet shape. For (ii), at φ = 120°, the left end of 4 

the droplet reached the hydrophilic region, while the rest of the droplet was on the superhydrophobic 5 

part and bounced back. This behavior is similar to φ = 90°, but at φ = 120°, a larger part of the droplet 6 

tends to bounce off and a smaller part remains on the hydrophilic region. Therefore, the bouncing 7 

part tends to be dominant rather than the remaining part. This behavior is more likely to occur than 8 

at φ = 90°, and as a result, the splitting occurred even at low velocity. For (iii), droplet attachment to 9 

the cylinder occurred under all conditions for Dc = 1 mm. For Dc = 2–6 mm, droplet bouncing was 10 

observed when the impact velocity was small and the rotation angle was large, and droplet attachment 11 

occurred at all velocities for φ ≤ 90°. For Dc = 4 and 6 mm, the droplet did not attach to the cylinder 12 

even for v = 2.0 m/s at φ = 180°, because the upper part of the cylinder was not hydrophilic. However, 13 

for Dc = 1 and 2 mm, the impacted droplet spread around to the lower surface and wetted the 14 

hydrophilic part of the cylinder, resulting in attachment to the hydrophilic part of the cylinder.  15 

To understand the impact behavior on the cylinders with different wettability, we estimated 16 

the conditions at which droplet attachment occurs. Here, the maximum spreading width Dmax has the 17 

following relation with We:39 18 

𝐷𝐷max ~ 𝐷𝐷o𝑊𝑊𝑊𝑊1 4⁄ (4)  19 

In the present study, this relation was confirmed by measuring the maximum spreading widths of the 20 
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droplets impacting the superhydrophobic flat substrate at v = 0.2–2.0 m/s, and it was fitted with a 1 

coefficient of 1.02. This equation was used to estimate the three-phase contact line location to 2 

determine whether the three-phase contact line reached the wettability boundary. Although the actual 3 

location of the three-phase contact line is overestimated by equation (4) owing to the shape of the 4 

spreading droplet, the difference is assumed to be small. According to this assumption, the width of 5 

the three-phase contact line at the maximum spreading Lmax shown in Figure 9 (a) is assumed to be 6 

comparable with Dmax. Comparing Dmax of the superhydrophobic substrate with Lmax of the cylinder 7 

with Dc = 6 mm at φ = 180° and v = 0.5 m/s, the ratio is estimated to be Dmax/Lmax = 1.03.  8 

Considering the threshold for the attachment of the droplet to the hydrophilic part of the cylinder, 9 

attachment to the cylinder depends on whether the left-hand side of the droplet touches the 10 

hydrophilic part of the cylinder. Therefore, the position of the left-hand side of the droplet at the 11 

maximum spreading was converted to the counterclockwise angle from the horizontal axis φe, as 12 

shown in Figure 9 (a). Similarly, Figure 9(b) shows a schematic diagram of the half of the maximum  13 

spreading width of the droplet and the off-center distance from the wettability boundary at the flat 14 

substrate. 15 

The predicted left three-phase contact line location of the droplet at the maximum spreading 16 

angle φe or Dmax /2 at each We is shown as a solid line in Figure 8(a)–(e). A larger rotation angle than 17 

the estimated angle φe or larger off-center distance x than the half of the Dmax indicate that the contact 18 

area of the droplet is only on the superhydrophobic region and, accordingly, the droplet is expected 19 

to bounce off the cylinder. The trend of the predicted results showed agreement with the experimental 20 
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results at Dc= 4, 6 mm and the flat substrate. However, for part of Dc = 2 and 4 mm, the droplet 1 

bounced even though the rotation angle was less than the estimated angle φe. This was caused by the 2 

conversion to the angle φe. The droplet impacting the cylinder with a diameter of 4 mm at φ = 180° 3 

is shown in Figure 10(a). The discrepancy between the three-phase contact line and the maximum 4 

spreading width is small in terms of the distance. However, when this discrepancy is converted to the 5 

circumferential angle difference ∆φ, the discrepancy becomes relatively large because Dc is small. In 6 

addition, the impact velocity and cylinder diameter are considered to affect the estimated maximum 7 

spreading width. The relationships between the ratio of the initial droplet diameter to the maximum 8 

spreading width Lmax and We for cylinder diameters of 2, 4, and 6 mm are shown in Figure 10(b). The 9 

normalized spreading ratio Lmax/Do was in line with We1/4 for relatively large cylinder diameter and 10 

small We. Therefore, when the cylinder diameter is large, the estimated error of φe will be small. 11 

Conversely, when the diameter of the cylinder is small, the difference between Lmax and Dmax, which 12 

is caused by the shape of the droplet edge, becomes relatively large when it is converted to φe. As a 13 

result, it is considered that the droplet rebound condition is underestimated. 14 



20 
 

 1 

Figure 8. Phase diagrams of the droplet behavior after impact on the cylinder and the flat substrate as 2 

a function of We and the rotation angle φ for cylinder diameters of (a) 1 mm, (b) 2 mm, (c) 4 mm and 3 

(d) 6 mm, and behavior on the flat substrate as a function of We and the off-center distance for (e) flat 4 

substrate. (f)Schematic of the definition of impact position for the flat substrate. (g) Illustration of 5 

each phase. 6 

 7 

Figure 9. (a) Conversion of the maximum spreading width on the flat substrate to the cylinder angular 8 
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direction. (b) Maximum spreading width and impact position at the flat substrate. 1 

 2 

Figure 10. (a) Example of the difference between the maximum spreading width and three-phase 3 

contact line. (b) Relationship between We and the maximum spreading width. 4 

CONCLUSIONS 5 

We have conducted droplet impact experiments on cylinders with a wettability difference 6 

and estimated the impact behavior based on the maximum spreading width of the droplet. Copper 7 

cylinders with a wettability difference from hydrophilic to superhydrophobic in the circumferential 8 

direction were fabricated. Experiments were conducted with droplets of 2 mm in diameter, cylinder 9 

diameters ranged from 1 to 6 mm, and impact velocities ranged from 0.2 to 2.0 m/s. 10 

Typical behavior after droplet impact was found that the droplet attached to the cylinder at 11 

rotation angles φ = 0°–60°, bounced off the cylinder at φ = 120°–180°, and moved to the hydrophilic 12 



22 
 

side of the cylinder at φ = 90° owing to the wettability difference for Dc = 6 mm and v = 0.5 m/s. The 1 

detail analysis revealed that the behavior of the droplets after impact was classified into four 2 

categories: the droplet attached to the surface, the droplet attached to the surface and split, the droplet 3 

bounced off the surface, and the droplet bounced off the surface and split. At high impact velocities, 4 

and for small Dc with low impact velocities, the droplet tended to split owing to its large inertia energy. 5 

In addition, the maximum width of the droplet was estimated from the Weber number and droplet 6 

diameter, which was converted to the counterclockwise angle from the horizontal axis φe to estimate 7 

the position of the left-hand side of the impacted droplet on the cylinder. The estimated threshold 8 

showed agreement with the experimental results for Dc =4, 6 mm and the flat substrate.  9 

The results of the present study show new possibilities for controlling droplet impact 10 

behavior on cylindrical surfaces. This technique could be applied for ice prevention and self-cleaning 11 

surfaces. However, several challenges remain in this research. The investigation of discrepancies 12 

between predictions and experimental results at high velocity and small cylinder diameters conditions 13 

are needed for further accurate understanding of the impact behavior on curved surfaces with 14 

wettability difference. In addition, analysis of the size and number of splitting droplets after impact 15 

would also be needed. 16 
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and movies of a droplet impacting the copper cylinder for v = 0.5 m/s, Dc = 6 mm, and φ = 0° (Movie 1 

1), v = 0.5 m/s, Dc = 6 mm, and φ = 90° (Movie 2), v = 0.5 m/s, Dc = 6 mm, and φ = 180° (Movie 3), 2 

v = 0.2 m/s, Dc = 6 mm, and φ = 90° (Movie 4), v = 1.5 m/s, Dc = 6 mm, and φ = 90° (Movie 5), v = 3 

0.5 m/s, Dc = 1 mm, and φ = 90° (Movie 6), v = 0.5 m/s, Dc = 2 mm, and φ = 90° (Movie 7), and v = 4 

0.5 m/s, Dc = 4 mm, and φ = 90° (Movie 8). All of the videos are played back at 1/250× speed. 5 
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