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 Experimental research is done to determine how the lubricant-infused zinc oxide (ZnO) 

textures affect the splashing characteristics of droplets. The heat evaporation and 

photolithography methods are used to create the ZnO-textured surfaces with empty air 

pockets. When determining critical Weber numbers (Wecr) for droplet splashing, the 

surface properties of ZnO-textured surfaces and the viscosities of the lubricants are taken 

into account. In relation to lubricant viscosities injected on ZnO textures, the Wecr dropped. 

On lubricant-infused surface's (LIS’s) the overall Wecr is greater than that of dry ZnO 

textured surfaces. In comparison to low-viscosity lubricants, the adhesive force has a 

significant influence in delaying the droplet splash behavior. Results indicate that droplet 

splashing is caused by an empty air pockets on ZnO surfaces because of the air's existence 

and the material's weak adherence. While LIS’s prevent droplet splashing because of 

enclosed pockets, excellent adhesion, and the absence of an air layer. Adhesion, therefore, 

is crucial in minimising droplet splash on surfaces that have been impregnated with 

lubricant. 
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1. INTRODUCTION 

 

The super-hydrophobic surfaces (SHSs) have long been 

studied due to their wide applications such as inkjet printing, 

pesticide spraying and self-cleaning ability, oil-water 

separation capacity, resistance to icing, corrosion & fouling, 

which enables various practical applications in surface 

engineering, food engineering, photothermal conversion and 

microfluidic control [1-3]. Particularly, super-hydrophobic 

surfaces having water contact angle 150° have the excellent 

water repellency properties [4-6]. This property of SHSs is 

attributed to the effect of micro/nanoscale roughness of 

surfaces. An air layer forms between micro/nano scale 

surfaces and water and thereby reduces the interaction 

between water and solid surface and water repellency may 

occur [7-9]. Here capillary pressure prohibits the intrusion of 

water into the micro/nano textures [10]. Superhydrophobic 

surfaces are used in droplet-based micro-fluidic systems 

because their water repellency property allows for the 

manipulation of water droplet behavior [11, 12]. Though, it’s 

a difficult task to hold a water drop on such superhydrophobic 

surfaces due to easily roll off from the surface. This issue can 

be solved by adopting sticky super-hydrophobic surfaces 

having adhesion and water repellency properties [13-17]. To 

analyze the adhesion properties of SHSs the droplet splashing 

dynamics is investigated [18], where droplet splash occurs on 

SHSs due to the presence of an air layer beneath the drop [19, 

20]. Hence, an understanding of droplets impact on SHS is 

necessary for industrial applications. Based on the surface and 

drop impact characteristics, the droplet may spread, retract, 

deposit or bounce. At very high impact velocity and Weber 

number (We = ratio between kinetic energy and surface energy) 

droplet splash occur into several satellite droplets [21]. Droplet 

splashing occurs in two different forms: prompt splashing and 

corona splashing. Though the droplet splashing dynamics have 

been studied on various surfaces [22-27], the role of adhesive 

force in droplet splashing dynamics on lubricant infused 

surfaces is not yet studied extensively. 

Despite the SHS's inherent qualities, drop impact conditions 

can cause the super-hydrophobicity to fail [28]. Hydrophobic 

nanostructured surfaces infused with low-surface-tension 

lubricant oil, on the other hand, can get around these 

restrictions while still keeping their non-wetting properties. 

[29, 30]. Here, the non-wetting characteristics of oil-infused 

surfaces are explained by the fact that the lubricating oil is held 

in place by the nanowires' surface roughness, and the 

atomically smooth liquid interface reduces the pinning of the 

water drop's contact lines, resulting in a low-contact-angle 

hysteresis. Additionally, the surface is resistant to external 

pressure and undesirable surface damage due to the lubricating 

oil's fluidity [29]. It is crucial to understand how lubricant oil 

surface structure and physical characteristics impact 

nanostructured lubricant-infused surfaces (LISs). This led to 

the induction of diverse water drop spreading dynamics on soft 
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polymer surfaces [31-34]. Due to the liquid nature of the 

surface, we can anticipate that the water impact dynamics on 

LISs would differ from those of hard solid surfaces. In the 

present study, we created open air pocketed zinc oxide (ZnO) 

nanostructures and chemically treated the surfaces to make 

them hydrophobic using a low-energy self-assembled 

monolayer. The effect of oil viscosity and surface condition on 

splashing is then clarified by fabricating ZnO structured 

surfaces both with and without the lubricant of varied 

viscosities. It has been proven that superhydrophobic ZnO 

surfaces with lubricant infusions control droplet splashing 

more effectively than superhydrophobic ZnO surfaces with 

empty air pockets. This phenomenon could be the result of 

capillary forces pulling water droplets toward the surface from 

enclosed air pockets.  

We are committed to investigating the droplet splashing 

phenomenon while taking adhesive force and lubricating oil 

viscosity into account. A high-speed camera is used to 

visualize droplet splashing phenomena. Thus, at varied LIS 

surface wetting conditions, the critical Weber numbers (Wecr 

values) of droplet splashing are derived, such as ZnO 

structured surface with and without lubricant oil. Based on 

experimental data, we examine the kinetics of droplet 

splashing on ZnO-structured surfaces both with and without 

lubricants. 

 

 

2. SURFACE PREPARATIONS AND EXPERIMENTS 

 

2.1 Surface preparations 

 

To examine the slippery effects on the droplet impact 

dynamics, we produced a few lubricant-infused surfaces with 

similar geometrical morphologies but varying lubricant oil 

viscosities. We bought zinc powder (for evaporation, 

99.998%), zinc nitrate hexahydrate (Zn(NO3)26H2O, 98%), 

and ammonium hydroxide (28 wt% NH3 in water, 99.99%) 

from Aldrich. A photoresist (AZ5214, AZ electronic 

materials) and a developer (AZ500MIF, AZ electronic 

materials) were used to pattern the substrate. Thermal 

evaporation was used to deposit a layer of zinc oxide onto a 

silicon substrate. You can use this straightforward evaporation 

technique on a variety of substrates. The zinc metal layer was 

between 200 and 250 nm thick. In order to make 20 mM 

solutions, a calculated quantity of zinc nitrate hexahydrate was 

dissolved in 200 mL of de-ionized water. To change the pH of 

the growth fluid, ammonia water (NH4OH) (28 weight percent 

NH3 in water, 99.99%) was successively added. Depending on 

the proportion of zinc salt and desired pH, 7.5 mL of ammonia 

water was added. A Teflon-capped glass bottle containing the 

growth fluid was used to suspend the Zn/Si substrate upside 

down during the hydrothermal growth of ZnO nanorods. The 

chosen growing temperature was 60℃, and the normal 

development period was 6 hours. The substrate was taken out of 

the solution after growth, washed with de-ionized water, and 

dried. The substrate was patterned using the standard 

photolithography procedure. At a speed of 3000 rpm, a 

photoresist was spin-coated onto a substrate for 60 seconds. The 

substrate went through a series of steps including baking, UV 

exposure of 360 nm precise time of 15 minutes, and 

development, washing, and drying. A ZnO nanorod array on a 

patterned substrate was selectively grown using the 

aforementioned solution technique. A scanning electron 

microscope (SEM) images of nano-rods are shown in Figure 

1. Additionally, we have prepared LISs by coating the textured 

ZnO surfaces with Krytox GPL series oil. As stated in Table 

1, three different lubricating oils were employed, including 

Krytox GPL-101, 105, and 107. Until the surface was totally 

saturated, oil was poured onto it. In order to remove any 

remaining oil and create a homogenous layer of oil, the surface 

was then maintained inclined for 24 hours. The thickness of 

the lubricants should be comparable to the height of the nano-

pillars (6 µm) in order for the oil to fully enter and remain in 

the area between them. Last but not least, we created four 

different types of surfaces, including ZnO-textured surfaces 

devoid of any lubricant film. Water droplets on the prepared 

slanted samples (10°) were used in the slippery testing.  

 

 
 

 
 

Figure 1. SEM images of ZnO nanorods grown on Zn/Si 

substrate (a) edge tilt view (b) top view 

 

Table 1. Physical properties of tested lubricant oils 

 

Krytox Oil 
GPL 

101 

GPL 

105 

GPL 

107 

Kinematic Viscosity, (at 20°C) [m2/s] 17 520 1600 

Density (at 0°C) [g/mL] 1.87 1.94 1.95 

Surface tension [N/m] 19 20 20 

 

With a droplet height of about 2 cm and a weak falling 

inertia, water was dropped on the slanted surface. On the dry 

ZnO-textured surface, a drop first slipped out rapidly and 
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without any pause. On the other hand, lubricant-infused ZnO-

textured surfaces showed a gradual slip motion in the way 

described below: LIS101 > LIS105 > LIS 107. Lower slip 

motion is associated with lubricants with greater viscosities. 

 

2.2 Experiments 

 

Figure 2 shows the experimental setup, which includes a 

syringe pump (Chemyx Fusion 200) that creates droplets of 

deionized water with a diameter of 2.3 ± 0.05 mm and drops 

them onto substrates with a ZnO textured surface. The 

dimensionless Weber number (We) and the Reynolds number 

(Re) are the main factors affecting impact. The Weber number, 

We = (ρD0U0
2)/σ and the Reynolds number, Re = ρD0U0/μ, 

where D0 is the droplet diameter, ρ is the liquid density, U0 is 

the impact velocity, μ is the liquid viscosity, and σ is the liquid-

air surface tension between the liquid and the surrounding air. 

The experimental impact velocity ranges from 0.2 <U0< 3.5 ± 

0.01 m/s, corresponding to 2<We< 430 and 560 <Re< 8,400. 

The high-speed camera revealed the impact velocities, and by 

reviewing the captured photos, the drop diameter was 

determined. Prior to testing, the scale of the reference image 

was used to determine the length of a pixel. The number of 

droplet-size pixels for each experimental image was multiplied 

by a scale of measured length. A pixel's length in this study 

was 15.4 μm/pixel. At least three different runs of each 

experiment were completed. 

 

 
 

Figure 2. Experimental facility 

 

 

3. RESULTS AND DISCUSSIONS 

 

3.1 Impact of droplets with and without injected lubricants 

on a ZnO rough surface 

 

Initially, experiments were performed for various Weber 

number to investigate the droplet impact dynamics on ZnO 

textures with and without lubricants. Three types of lubricants 

used with different viscosities are as shown in the Table 1. The 

detailed droplet impact event map with increase of We number 

on ZnO textures with and without lubricants is shown in 

Figure 3(a). The droplet impact events that were observed 

matched those described in the literature [21]. The droplet 

impact process on ZnO surfaces can result in a variety of 

impact behaviors, including deposition, full rebound, partial 

rebound, receding breakup, and splash. Using three different 

lubricants (GPL-101, GPL-105, and GPL-107) on these 

surfaces, we divided the drop impact behavior into three 

portions (LIS101, LIS105, and LIS107). This study examines 

how the physical characteristics of lubricating oils and droplet 

impact velocity affect the results of drop impacts. 

 

 
(a) 

 

 
(b) 

 

Figure 3. (a) With and without lubricant (LIS), the Weber 

number (We) of droplets splashing over ZnO-textured 

surfaces varies over time; (b) Splashing of droplets at 

different We number on dry ZnO textured surfaces and 

surfaces infused with lubricant 

 

Droplets spread and retracted at low Weber numbers, but as 

the Weber number increased, the impact behaviors mostly 

transitioned from "rebound" to "re-ceding breakup" to 

"splash". In addition to deposition events, the wetting 

transition also experienced total or partial rebound as a result 

of variations in water hammer pressure, capillary pressure, and 

dynamic pressure depending on the degree of liquid 

penetration in nano-pillars. Also referred to as quick splashing, 

breaking up during spread occurs along the moving contact 

line of the liquid lamella. Droplets showed fading breakup 

after hitting the surface, followed by splashing. Receding 

breakup predominated at high viscosity lubricant infused ZnO 
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surface i.e. LIS107, but was suppressed on low viscosity 

lubricant and dry ZnO textured surfaces. The critical Weber 

number (Wecr), which changes depending on surface 

properties, is the minimal Weber number at which splashing 

occurs under specific circumstances. Through experimental 

research, we have assessed each critical splashing Weber 

number (Wecr) on LIS and ZnO textured surfaces. The 

evolution of the droplet impact events with a rise in We on 

ZnO-textured surfaces with and without lubricants is shown in 

Figure 3(a). The plot unambiguously depicts Wecr behavior 

across all surfaces. It is clear that Wecr is on the decline as 

lubricant viscosity falls. Also worth noting is that the total Wecr 

on the LIS is higher than that of a dry ZnO textured surface. 

According to Figure 3(b), the droplet splash happens at We 

numbers 355, 208, 134, 102 for LIS107, LIS105, LIS101, and 

dry ZnO textured surface respectively. Therefore, it's crucial 

to comprehend how droplet splash happens on LIS and why it 

takes longer than on a dry ZnO textured surface to happen on 

LIS.  

The splash behavior of droplets on surfaces is influenced by 

various factors, including surface properties, droplet size, 

impact velocity, and, importantly, the properties of the 

surrounding medium, such as the viscosity of the lubricant. 

Here are the mechanisms by which different viscosities of 

lubricants affect droplet splash behavior:  

Viscous dissipation: The viscosity of the lubricant affects 

the dissipation of kinetic energy upon droplet impact. Higher 

viscosity lubricants tend to dissipate more energy, resulting in 

reduced splashing upon impact. This is because the viscous 

forces within the lubricant resist the deformation and 

spreading of the droplet, leading to smoother wetting and 

reduced ejection of liquid mass. 

Capillary forces: Capillary forces, which arise from the 

surface tension of the droplet, can be affected by the viscosity 

of the surrounding medium. Higher viscosity lubricants can 

alter the balance between surface tension and inertial forces 

during droplet impact, influencing the spreading and retraction 

dynamics. This can lead to changes in the propensity for splash 

or splatter behavior, depending on the specific conditions. 

Surface wetting and spreading: The viscosity of the 

lubricant can influence the wetting behavior of the droplet on 

the surface. Lower viscosity lubricants tend to spread more 

readily upon impact, leading to thinner wetting films and 

reduced likelihood of splashing. In contrast, higher viscosity 

lubricants may resist spreading and maintain thicker wetting 

films, which can promote splashing under certain conditions, 

especially at higher impact velocities. 

Viscoelastic effects: Some lubricants exhibit viscoelastic 

behavior, meaning they have both viscous and elastic 

components in their response to deformation. Viscoelastic 

effects can influence the dynamic behavior of droplets upon 

impact, affecting spreading, recoiling, and splashing behavior. 

The interplay between viscosity, elasticity, and surface tension 

determines the overall impact dynamics and splash outcomes. 

Surface roughness and texture: The presence of surface 

roughness or texture can interact with the viscosity of the 

lubricant to modulate droplet impact dynamics. Higher 

viscosity lubricants may penetrate into surface features more 

slowly, leading to altered spreading and splashing behavior 

compared to lower viscosity lubricants. Additionally, the 

viscoelastic properties of the lubricant can affect its interaction 

with surface asperities, influencing droplet wetting and 

splashing. 

The viscosity of lubricants can significantly impact droplet 

splash behavior through its influence on energy dissipation, 

capillary forces, wetting dynamics, viscoelastic effects, and 

interactions with surface roughness. Understanding these 

mechanisms is crucial for controlling splashing phenomena in 

various applications, such as lubricated systems, coating 

processes, and droplet-based technologies. 

 

3.2 The function of adhesive force in droplet splash delay 

on ZnO textures impregnated with lubricant 

 

Existing studies looked on sticky super-hydrophobic 

surfaces' anti-splashing characteristics [34]. For the droplet 

splash event, zinc oxide (ZnO) nanowires and anodic 

aluminum oxide (AAO) with sealed air pockets were 

compared. The results of the aforementioned study showed 

that the high adhesion force properties of the 

superhydrophobic AAO surface effectively limit droplet 

splashing. In contrast, because there was an air layer between 

the impacting water drop and the solid surface, the ZnO 

surface induced droplet splashing. Based on the 

aforementioned study, we considered the adhesive force as an 

important parameter that can delay droplet splash on lubricant 

infused ZnO textured surfaces. Therefore, we measured the 

adhesive (surface) force by considering surface tension and 

meniscus length wherein the force acts on the relative surface 

during detachment from the droplet. Thus, we initially placed 

a droplet of large size with a volume of approximately 60 μl 

on the surface and then used the DuNouytensiometer to 

measure interfacial tension as shown in Figure 4(a). In the 

experiment, we obtained the length along which force acts (L). 

We then obtained the adhesive (surface) force by using the 

following expression: 
 

aF

L
 =  

 

where, σ denotes the surface tension, Fa denotes the adhesive 

force and L denotes the length where the force acts as shown 

in Figure 4(a). Thus, adhesive force values are measured on all 

surfaces in our study as shown in Figure 4(b). Additionally, 

ZnO textures infused with lubricant GPL107 (LIS107) showed 

the strongest adhesive force, followed by dry ZnO structured 

surfaces, LIS105, and LIS101. Based on this analysis, we 

hypothesise that the high adhesive force on LIS 107 is 

responsible for the higher values of Wecr, and the very low 

adhesive force on the dry ZnO textured surface, which results 

in earlier splashing than on LIS surfaces, is the cause of the 

lowest value of Wecr. 
 

 
(a) 
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(b) 

 

Figure 4. (a) Determining the adhesive force and the length 

of the interfacial tension where the force acts; (b) Adhesive 

force comparison across all surface types 

 

 

4. CONCLUSION  

 

In order to evaluate the impact of adhesion on droplet 

splashing behaviors, two distinct super-hydrophobic surfaces 

dry nano-structured surfaces and lubricant infused nano-

structured surfaces—are created. As a result of their surface 

properties, lubricant-infused nano-structured surfaces adhered 

to them better than dry nano-structured surfaces. Because there 

was an air layer between the impacting water drop and the 

solid surface, splashing was encouraged when the droplet hit 

the dry nano-structured surface. On lubricant-infused nano-

structured surfaces, however, droplet splashing was not seen 

under the same circumstances because stronger adhesion 

prevented Plateau-Rayleigh instability, which caused the 

lifting of the spreading front of the water droplets.  
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NOMENCLATURE 

Wecr Critical Weber number 

σ Surface Tension 

Fa Adhesive force 

L Length  
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