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ABSTRACT 

Oblique water drop impacts were performed on a superhydrophobic surface at normal Weber 

numbers in the range of 3 < 𝑊𝑒𝑛 < 80 and at angles of incidence ranging from 0 < AOI < 60°. 

While holding Wen constant, we varied the AOI to investigate how the oblique nature of the impact 

affects the sliding length and spreading diameter of impacting drops. Our sliding length 

measurements indicate that drops impacting at Wen < 10 retain essentially full mobility on the 

surface, whereas the sliding of higher-Wen impacts is inhibited by drag forces. We attribute this 

trend to increased penetration into air-trapping surface features occurring in higher-Wen impacts, 
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which results in more adhesion between the liquid and solid. Regarding the spreading of drops on 

SHP surfaces, the dimensionless maximum spread diameter (D*
max) increases not only with Wen, 

but also with the angle of incidence, such that more oblique drop impacts stretch to a wider 

maximum diameter. We attribute this behaviour to adhesion forces, which act to stretch the drop 

as it slides tangentially across the surface in oblique impacts. Based on this theory, we derived a 

model predicting D*
max for any Wen and AOI. The model’s predictions are highly accurate, 

successfully predicting D*
max for our entire experimental space. Finally, by placing the camera 

above the sample, we observed that oblique drop impacts spread into an elliptical shape, and we 

present a model predicting the maximum spread area. 

 

INTRODUCTION 

Over the past two decades, superhydrophobic (SHP) surfaces have been a subject of great 

interest as a result of their incredible water repellent properties. Since SHP surfaces promote the 

complete rebounding of water drops, they have been considered for a number of different 

applications, such as anti-icing airplane wings and turbine blades [1], and water-shedding glass 

windows [2]. However, in order to design SHP surfaces for these applications, a fundamental 

understanding of single drop impact is first required. There is already a wealth of knowledge about 

drop impact behaviour at a normal angle of incidence [3-13]. However, real engineering 

applications require knowledge of how drops behave in oblique impacts, for which there remains 

relatively little information. Hence, this report focusses on the sliding length and maximum spread 

diameter of oblique impacting drops on SHP surfaces. Both of these parameters are especially 

important in the design of ice-proof surfaces, since an increased contact area between the drop and 

surface encourages more heat transfer, and more freezing [14].  



 3 

A superhydrophobic surface is characterized by an advancing contact angle greater than 150°, 

as well as a low contact angle hysteresis (CAH) [15]. Usually, these wetting properties are 

observed on a surface that is chemically hydrophobic (such as PTFE), and whose topography is 

hierarchical, with a microstructure that is in turn covered by a nanostructure [16]. This allows for 

the Cassie wetting state, in which the droplet does not fully wet the solid surface, but instead makes 

contact only with the topographical peaks, leaving air pockets in the pores below. Accordingly, 

only a small fraction of the droplet’s area makes physical contact with the solid, resulting in very 

low adhesion, and high mobility of the drop on the surface [16]. It is exactly this non-wetting 

behaviour that allows for the complete rebounding of water drops. During impact, the drop 

deforms against the surface, and ejects a thin liquid sheet called the lamella, which spreads radially 

outward from the impact center [7]. On a SHP surface, the low adhesion allows the lamella to 

retract back to the liquid bulk via surface tension, and the recombined droplet can leap off the 

surface.  

Another important process that occurs during drop impact on a SHP surface is the partial 

penetration of the drop into the pores of the surface. This process occurs at the center of the impact 

site, and is caused by the dynamic pressure of impact (PD). The dynamic pressure is caused by the 

drop’s change in momentum as it strikes the surface, and scales as 𝑃𝐷 ~ 𝜌𝑣𝑛1
2, where 𝜌 is the 

liquid density, and vn1 is the normal velocity of impact [17-19]. However, this force is opposed by 

the Laplace pressure (PL), which is a manifestation of the surface tension, and is exerted by the 

curvature of the liquid within the pores. The magnitude of the Laplace pressure is given by 𝑃𝐿 =

2𝜎 ∙ cos (𝐴𝐶𝐴)/𝑅𝐿, where σ is the surface tension of the liquid, ACA is the advancing contact 

angle, and RL is the radius of curvature of the penetrating liquid [20]. During drop impact, the 

penetration depth of the liquid is governed by the competition between these two opposing forces. 



 4 

Low-velocity impacts have a low PD, and therefore a small penetration depth, whereas high-speed 

impacts exert a much greater PD, resulting in deeper penetration. 

To predict the impact behaviour, researchers have traditionally employed the normal Weber 

number, 𝑊𝑒𝑛 = 𝜌𝑣𝑛1
2𝐷0 𝜎⁄ , with D0 the initial drop diameter. The Weber number provides a 

comparison between the drop’s inertial and surface tension forces, and thus expresses the 

competition between these two primary factors [8]. However, Wen alone can only describe the 

conditions of a normal drop impact. In order to describe oblique drop impacts, one must consider 

not only the normal velocity (vn1), but also the tangential velocity (vt1) and the angle of incidence 

(AOI). These parameters are illustrated in Figure 1, which provides a schematic of the angles and 

velocities involved. Figure 1(a) illustrates the geometry of our experiment, and depicts a drop 

with falling speed vd, onto a surface moving horizontally with a speed of vs, and with a tilt angle 

of θ. Figure 1(b) depicts the same system, but taking the sample surface as the point of reference, 

thereby taking into account its tilt angle and velocity. From this perspective, we find that the 

normal impact velocity is given by 𝑣𝑛1 = 𝑣𝑠  𝑠𝑖𝑛(𝜃) + 𝑣𝑑  𝑐𝑜𝑠(𝜃), and the tangential velocity by 

𝑣𝑡1 = 𝑣𝑠 𝑐𝑜𝑠(𝜃) − 𝑣𝑑  𝑠𝑖𝑛(𝜃). The angle of incidence is then equal to: 

 𝐴𝑂𝐼 = 𝑡𝑎𝑛−1(𝑣𝑡1 𝑣𝑛1)⁄  
 

Equation 1 

such that normal impacts occur at AOI = 0°, and oblique impacts occur at higher AOI. Note that 

the AOI is different than the surface tilt angle, θ. While θ describes the tilt angle of the surface 

with respect to the horizontal plane, the AOI expresses the angle with which the droplet strikes the 

surface, with respect to the orientation and movement of the surface. The two are only of equal 

value if the surface is stationary.  
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Figure 1. Schematic of our oblique drop impact experiment. (a) a drop falls downwards with a 

velocity of vd, onto a surface moving at a velocity of vs, with a surface tilt of θ. (b) The same drop 

and surface as above, but taking the surface as the frame of reference. The drop’s impact velocity 

with respect to the surface (v1) can be separated into a tangential (vt1) and a normal (vn1) component. 

The angle of incidence of the impact depends on vn1 and vt1. 

 

In the past, many researchers have used Wen to predict the drop’s dimensionless maximum 

spread diameter, (𝐷∗
𝑚𝑎𝑥 = 𝐷𝑚𝑎𝑥 𝐷0⁄ ). For drops impacting at Wen below about 10, surface 

tension competes with the inertia of the impact, and the droplet retains a relatively spherical shape, 

spreading over a marginal area of the surface. At higher Wen, the deformation becomes more 

significant as the drop spreads into a pancake shape, extending to a greater maximum diameter. 

To this day, there remains some debate about the exact relationship between D*
max and Wen, which 

is critical towards understanding the transfer of the impacting drop’s kinetic energy into surface 

energy. Applying an energy balance for the case of lossless energy transfer, one finds that the 
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maximum spread diameter should scale according to the relationship 𝐷∗
𝑚𝑎𝑥 ~ 𝑊𝑒𝑛

1/2 [9]. 

However, this ignores losses due to viscous dissipation. Alternatively, by considering the drop’s 

capillary length, in conjunction with the acceleration imparted on the drop by the solid surface, 

Clanet et al. (2004) have presented a convincing derivation indicating that 𝐷∗
𝑚𝑎𝑥  ~ 𝑊𝑒𝑛

1/4 [9]. 

In practice, the true relationship tends to lie somewhere within these two boundaries, and varies 

among different studies depending on the surface tested. For normal drop impacts, some reported 

values include 𝐷∗
𝑚𝑎𝑥  ~ 𝑊𝑒𝑛

1/4 [4, 5, 9, 13, 21], 𝐷∗
𝑚𝑎𝑥  ~ 𝑊𝑒𝑛

0.31 [22], 𝐷∗
𝑚𝑎𝑥 ~ 𝑊𝑒𝑛

0.34 [6], 

and 𝐷∗
𝑚𝑎𝑥 ~ 𝑊𝑒𝑛

1/2 [23]. Furthermore, in the case of oblique impacts, the drop’s tangential 

velocity results in a greater spread diameter. Yeong et al. (2014) observed droplets in oblique 

impacts on a SHP surface, and found that for impacts occurring at constant Wen, the spreading 

diameter increases at higher AOI [21].   

Beyond the drop’s spread diameter, oblique impacting droplets also slide tangentially across the 

face of the solid surface during their interaction. For an impact with a tangential velocity of vt1 

onto a surface tilted at θ, and neglecting energy losses due to drag, one would expect the droplet 

to travel an idealized sliding length (L0) of: 

 𝐿0 = 𝑣𝑡1𝑡𝑐 +
1

2
𝑔 ∙ sin (𝜃) ∙ 𝑡𝑐

2 
 

Equation 2 

where tc is the drop’s contact time on the surface, and g is acceleration due to gravity [24]. 

However, the actual sliding distance (L) is reduced due to energy losses, such that the ratio of L/L0 

is less than 1. For example, Antonini et al. (2014) measured the sliding distance of water drops 

rebounding on a SHP surface, and found that L/L0 = 0.3, indicating that the drop travelled only 

about a third of the idealized sliding length [25]. Although drop sliding length has been measured 

before, previous reports have either studied the sliding of drops on a liquid surface [24], or else 
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have measured sliding on a SHP surface but not described the underlying physics [25]. Thus, a 

theoretical understanding of drop sliding on SHP surfaces is still lacking in the field.  

Overall, oblique drop impact studies on SHP surfaces are still very rare, and typically suffer 

from a major limitation: the terminal falling velocity of a water drop. For millimetric droplets, 

even if generated a meter above the sample surface, the falling velocity will reach only about 2 

m/s. Since the normal impact velocity is further reduced by the tilt angle of the surface (θ), this 

configuration severely confines the experimental space available to the researcher. In practice, this 

creates a tradeoff in which impacts may be studied either at high Wen or high AOI, but not both. 

In response, many reports have operated only at low surface tilt angles, below 30° [23, 26]. Others  

have chosen to hold θ constant throughout their experiments [22, 27], or else to hold vd as the 

independent variable, while changing θ [25]. Although these approaches are practical in the lab, 

they compound the normal and tangential components of the impact velocity, and thus cannot 

explain how each individual component affects the impact dynamics. Consequently, the current 

body of literature provides only a preliminary understanding of the oblique drop impact process 

on SHP surfaces, and cannot comprehensibly predict drop impact behaviour over a wide range of 

Weber numbers and angles.  

To surpass these limitations, we have designed an experimental apparatus that accelerates a tilted 

sample surface into a generated droplet, allowing us to test any AOI and impact velocity desired. 

Thus, we have the unique ability to answer a critical question in the field: for drops impacting with 

the same normal Weber number, how does the behaviour change as the angle of incidence is 

increased? Hence, we have tested impacts at twenty different impact conditions: five normal 

Weber numbers ranging from 3 to 80, each at four different angles of incidence, ranging from 0° 

(normal impact) to 60° (highly oblique). From this perspective, we aim to provide a new, 
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comprehensive understanding and predictive power for the sliding length and maximum spread 

diameter of oblique drop impacts on SHP surfaces under any conditions. This paper constitutes 

part I of a two-part publication, and focusses on the sliding length and maximum spread diameter 

of oblique impacting drops on SHP surfaces. In part II, our discussion will continue onto the topics 

of the contact time and restitution coefficient of rebounding drops [28]. Of these four parameters, 

only the maximum spread diameter has previously been studied while holding Wen as the 

independent variable [21], and therefore our analysis on the other three parameters is entirely 

novel. 

 

EXPERIMENTAL 

Our SHP sample surface was fabricated via femtosecond laser micromachining. The substrate 

used was a polished 0.8 mm thick PTFE sheet, with one bondable side (McMaster Carr). The 

focused laser beam was raster scanned across a 0.8 × 3 cm patch in order to ablate the material. 

For full details, refer to our previous report [29]. As depicted in Figure 2(c), the resulting geometry 

exhibits hierarchical geometry. The nanostructure consists of a 3-dimensional, interconnected, 

porous network of wiry strands, and is analogous to the laser ablated PTFE surfaces described by 

Assaf and Kietzig (2017) [30]. To characterize the geometry of the microstructure, we used an 

Olympus LEXT 4100 confocal microscope, and measured an average peak-to-peak distance of 

10.53 μm, a peak-to-valley height of 2.91 ± 1.42 μm, and a maximum roughness value of Rmax = 

6.50 ± 0.78 μm. For further details, refer to Supporting Note 1. This surface was bonded onto an 

aluminum sample holder using epoxy (H.L. Plasto, 1402).  

To characterize the wetting properties of the sample surface, a Data Physics OCA 15E 

goniometer was used to measure the dynamic contact angles of water droplets. Beforehand, the 
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sample was cleaned ultrasonically in an acetone bath. Once dry, a 4 µL drop was placed gently on 

the superhydrophobic surface. The volume was increased to 7 µL at a rate of 0.1 µL/s. Then, after 

a 5 second pause, the volume was reduced to 1 µL at the same rate. Averaging over three sessile 

drop tests, we found that the surface’s advancing contact angle is 157.6 ± 2°, the receding contact 

angle is 156.2 ± 2°, and the contact angle hysteresis is 1.4 ± 0.7° (±2 st. dev.). 

 

 

Figure 2. (a) 3D schematic of the drop impact apparatus. (b) Visualization of the orientation of 

the experiment. The camera is aligned so that the normal and tangential dimensions are visible, 

but the lateral direction is not observed. (c) Scanning electron microscope image of the sample 

SHP surface. The inset shows a droplet advancing on the surface during goniometry.  

 

Figure 2(a) provides a schematic of the experimental setup. The sample holder, which can be 

tilted to any angle from 0 - 90°, is mounted on an aluminum rod, which is driven by a pneumatic 

accelerator. The sample is oriented such that the drop’s sliding direction is over to the crests and 
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troughs of the microstructure (pictured in Figure 2(c)), not along them. The high-speed camera 

(Photron SA5), equipped with a Navitar Macro Zoom 7000 lens, is placed facing perpendicular to 

the path of the sample surface in order to capture a side view of the drop impact. An AI SL185-

WHI-IC Ultra Bright Spot Light (Optikon Corp.) provided backlighting. Water droplets were 

produced by a drop-on demand (DOD) generator. For full details on this device, refer to Wood el 

al. (2018) [31]. The drops generated had an average diameter of 1.29 ± 0.06 mm (± 2 st. dev.). An 

Arduino Mega 2560 microcontroller prototyping board (Arduino Company) was used to activate 

the DOD device and the pneumatic sample accelerator in synchronization with the high-speed 

camera.   

Measurement of the drop sliding distance (L) and spread diameter (D) were performed using 

MATLAB codes, which analyzed high-speed video snapshots. For the sliding distance, the center 

of mass of the droplet was determined at both the moment of impact and the moment of drop 

detachment from the surface, and the tangential displacement was measured. The spread diameter 

was measured for each frame at the surface-air interface. 

Throughout this report, time is presented in dimensionless form with respect to the inertial-

capillary timescale (𝜏𝑖𝑐 = √𝜌𝐷0
3 8𝜎⁄ ), such that 𝑡∗ = 𝑡/𝜏𝑖𝑐. This timescale was originally derived 

by Richard et al. (2002), and is related to the vibrational period of the drop [3, 10]. Lengths are 

also generally presented in dimensionless form with respect to the original drop diameter, so that 

𝐷∗ = 𝐷/𝐷0. All drop impacts were performed on the same sample surface, which was rinsed with 

acetone between experiments. And, after all experiments were completed, the surface was re-

analyzed by optical microscopy, which confirmed that no major deformation or damage occurred. 

Unless otherwise stated, all values presented for the sliding length and spread diameter in this 

report are the average of 3 measurements. All margins of error and error bars represent two 
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standard deviations of the data, plus the equivalent length of 1 pixel when measuring L/L0 and 

D*
max. The error bars for the measurements of L/L0 also include an error analysis on the complex 

shape of the droplet during impact, as described in Supporting Note 2. Multi-variable curve fitting 

(Equation 9 & 11) was performed using MATLAB’s NonLinearModel function.  

Table 1 outlines the average values of Wen and the AOI in our experiments. Note that in the text 

and figure legends throughout this report, we will refer to the nearest integer value (for example 

AOI = 60° instead of 60.2°) for brevity. The exact conditions of an impact are stated where 

relevant.  

 

Table 1. Data set average values of the normal 

Weber number and angle of incidence among 

experiments. 

Wen 

2.9 ± 0.3 

8.8 ± 1.3 

23.7 ± 3.0 

45.7 ± 3.6 

79.8 ± 3.8 

AOI (°) 

0.5 ± 1.7 

29.5 ± 4.3 

45.5 ± 2.5 

60.2 ± 2.0 

 

RESULTS & DISCUSSION 
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SLIDING LENGTH 

Over the course of an oblique drop impact, the droplet not only spreads radially, but also travels 

across the surface tangentially. We define the drop sliding length, L, as the distance travelled by 

the drop’s center of gravity while in contact with the surface. This parameter is illustrated by a set 

of video snapshots in Figure 3(a) (original video available in Supporting Information). In each 

image, the initial impact center is marked by a blue □, the center of mass of the drop’s current 

position is projected onto the surface as a red ○, and the position predicted by ideal sliding 

(Equation 2) is marked by the green △. Note that with respect to the surface, the liquid gradually 

moves leftwards, away from the impact center. Since the surface moves rightwards in our 

experimental configuration, this indicates that the droplet is sliding tangentially ‘downstream’. 

Over the course of the impact, the drop continues to slide downstream, and the final frame shows 

the length of L, which is the final distance between the drop (○) and the impact center (□) at the 

moment of detachment. Due to adhesion forces, L is shorter than L0, the idealized sliding length. 

By measuring the ratio L/L0, we aim to understand the drag forces acting on the droplet during the 

impact process.  
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Figure 3. (a) Video snapshots of a drop impact (𝑊𝑒𝑛 = 25.7, AOI = 62.4°). As the surface moves 

to the right, so does the impact center (blue □). Also marked are the drop’s projected center of 

mass on the surface (red ○) and the position predicted by Equation 2 for idealized sliding (green 
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△). In the last image, the sliding length (L) and the ideal sliding length (L0) at the moment of 

detachment are indicated by arrows. The black arrow indicates the direction of gravity. (b) plot of 

L/L0 versus Wen, for three different angles of incidence. (c) Illustration of solid-liquid contact 

occurring between the drop and SHP surface during impact. The left circle illustrates contact 

occurring between the spreading lamella and the topographical peaks. The right circle illustrates 

additional contact occurring between the liquid penetrating the microscopic pores and the solid 

structure within. The arrows represent the competing Laplace pressure and dynamic impact 

pressure. 

 

Figure 3(b) plots L/L0 for each angle and Weber number tested. At the lowest impact speed 

(𝑊𝑒𝑛 = 3), the value of L/L0 is very close to 1, indicating that the drop’s motion is essentially 

unhindered by the surface. As Wen is increased, L/L0 decreases, reaching values as low as 0.71 for 

𝑊𝑒𝑛 = 80. This negative correlation indicates that the tangential movement of the droplet is 

hindered by its interaction with the surface, and that this effect is more significant at higher Wen. 

To explain this observation, we consider the interfacial interaction between the drop and the 

superhydrophobic surface. In the Cassie wetting state, most of the liquid is in contact with trapped 

air pockets, and only a small fraction of the liquid wets the solid. This solid-liquid contact is 

illustrated in Figure 3(c), which provides a zoomed view of the interface both beneath the lamella, 

and in the microscopic pores during impact. As shown in the left circle, the drop’s lamella stretches 

out radially, making contact with the topographical peaks of the surface. And, as illustrated in the 

right circle, the dynamic impact pressure (PD) also pushes the liquid into the microstructure of the 

surface at the center of the impact site [11, 17]. Both of these sources of solid-liquid contact 

contribute to adhesion, hindering the drop’s movement across the surface and resulting in the 
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observed difference between L and L0. In addition, impacts occurring at higher Wen apply a greater 

PD on the penetrating liquid, which competes with the antiwetting Laplace pressure (PL) and results 

in deeper penetration of the liquid into the microstructure of the surface [17]. This competition 

between opposing pressures can be estimated quantitatively; the gap between each crest of our 

surface’s microstructure is 10.53 μm, which equates to a maximum antiwetting (Laplace) pressure 

of approximately PL = 25 kPa. Next, the dynamic impact pressure can be estimated based on the 

results of Ryu et al. (2017), who analyzed the penetration of water drops through a SHP mesh that 

is comparable to our surface, and found that 𝑃𝐷 ≈ 2.78𝜌𝑣𝑛1
2 [19]. Accordingly, in our highest-

Wen experiments (Wen = 79.8, vn1 = 2.1 m/s), we estimate that PD = 12 kPa. Therefore, since PD is 

lower than PL in our experimental regime, the meniscus of the liquid front is not expected to fully 

penetrate the microstructure. However, the increased PD of higher-speed impacts will still increase 

the penetration depth, thereby increasing the area of solid-liquid contact. This relationship between 

the applied pressure on a droplet and the area of contact is supported by previous work from our 

research group, which characterized the partial penetration into our type of superhydrophobic 

surface using confocal microscopy through a liquid immersion lens [32]. The increased contact 

area within the microstructure, coupled with the lamella’s increased spread diameter at high Wen, 

cause the drop to experience greater adhesion on the surface, resulting in decreased values of L/L0. 

Given this understanding, it is interesting that L/L0 shows a clear variation with Wen, but not 

with the AOI. Comparing the data for AOI = 30°, 45°, and 60° in Figure 3(b), no clear tend 

emerges. This lack of correlation is peculiar because, as we will demonstrate in our discussion of 

the spreading diameter, highly oblique (high AOI) impacts spread over a greater surface area, up 

to 45% larger than the spread area of normal impacts. Since wider spreading of the lamella should 

contribute towards more contact sites between the liquid and surface (as illustrated in the left circle 
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in Figure 3(c)), we had expected that higher-AOI impacts would exhibit greater adhesion. Instead, 

we found that L/L0 and AOI are not correlated, and therefore that the drop’s adhesion is unrelated 

to its spread area on the surface. This observation could indicate that, of the two sources of solid-

liquid contact described above, the contact occurring between the outstretched lamella and the 

surface contributes only nominally to the overall adhesion between the drop and surface. In that 

case, the liquid’s penetration into the microstructure of the surface (right circle in Figure 3(c)) 

must be the primary source of adhesion. Since partial penetration increases with impact velocity 

but not with the angle of incidence [17], this would explain why L/L0 does not vary with the AOI 

in our experiment.  

For comparison, we consider the work of Antonini et al. (2014), who also measured water drops 

sliding on a SHP surface [25]. For impacts occurring in the range of 𝑊𝑒𝑛 = 3 to 350, they found 

a consistent value of L/L0 = 0.3, indicating that adhesion caused the droplet to travel only about a 

third of the ideal sliding length. This observation is in stark contrast to our own results, for which 

we observed much higher values of L/L0. The discrepancy likely stems from a difference in 

adhesion properties between the two surfaces, which can be explained by considering the adhesion 

at the liquid-solid interface. As the drop impacts the surface and penetrates into the porous structure 

(Figure 3(c)), an interface is formed at each contact point between the liquid and the nanostructure 

within the pores. The work required to separate such an interface can be quantified by the practical 

work of adhesion, 𝑊𝑝 = 𝜎 (1 + cos(𝑅𝐶𝐴)), where RCA is the receding contact angle of the liquid 

[33, 34]. And Xiu et al. (2008) have demonstrated that the Wp required to separate a liquid from a 

superhydrophobic surface is directly proportional to the magnitude of the contact angle hysteresis, 

i.e. 𝜎 (1 + 𝑐𝑜𝑠(𝑅𝐶𝐴)) ~ cos(𝐴𝐶𝐴) − cos (𝑅𝐶𝐴) [35]. Accordingly, surfaces with lower CAH are 

known to have lower drop adhesion [35]. Our SHP surface has a CAH of only 1.4°, indicating 
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remarkably low adhesion between the drop and surface. In contrast, Antonini’s surface had a CAH 

of 15°, indicating much stronger drop adhesion. For a sliding water droplet, this added adhesion 

increases the drag experienced by the drop, reducing the length it travels across the surface, and 

thereby the value of L/L0. 

It is also notable that, where we observed a negative correlation between L/L0 and Wen, Antonini 

found that L/L0 remained unchanged as Wen varied [25]. We attribute this discrepancy, as well as 

the change in adhesion strength between Antonini’s surface and our own, to topographical 

differences between the two surfaces tested. Although both SHP surfaces were composed of PTFE, 

Antonini’s surface was created via acid etching, resulting in a single-scale topography with random 

roughness [25]. In contrast, our SHP surface has a hierarchical topography, consisting of a wavy 

microstructure, in turn composed of a wiry nanostructure (shown in Figure 2(c)). Generally 

speaking, hierarchical SHP surfaces exhibit less solid-liquid contact than single-scale 

topographies, leading to lower adhesion [12]. This explains why L/L0 was higher on our surface.  

 

SPREADING DIAMETER 

Next, we consider the diameter of contact (D) between the spreading lamella and the 

superhydrophobic surface. Figure 4(a) provides video snapshots of an oblique impact spreading 

on our SHP surface (original video available in Supporting Information). In these images, the blue 

square marks the initial impact center, and the red circles mark the contact points of the lamella’s 

front (left) and tail (right), such that D is equal to the distance between them (as illustrated for the 

snapshot at 𝑡∗ = 0.22). Note that due to the rightwards movement of the surface, the contact point 

on the left is actually the lamella’s downstream side (the front), and the contact point on the right 

is the upstream tail of the drop as it slides. For 𝑡∗ = 0.01 - 0.22, we observe the initial spreading 
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of the lamella outwards from the impact center. Thereafter, as surface tension causes the lamella 

to retract (𝑡∗ ≥ 0.73), the contact diameter gradually decreases, and the droplet detaches from the 

surface immediately after 𝑡∗ = 2.08.  

 

 

Figure 4. (a) Video snapshots illustrating the contact diameter of an oblique impact (𝑊𝑒𝑛 = 45.1, 

AOI = 43.4°). The blue square marks the initial impact center. The red circles mark the contact 

points of the lamella’s front (left) and tail (right). (b) The dimensionless contact diameter of the 

lamella over time for four representative impacts at 𝑊𝑒𝑛 = 46. Exact parameters are 𝑊𝑒𝑛 = 45.1 
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& AOI = 0.4°, 𝑊𝑒𝑛 = 47.1 & AOI = 26.3°, 𝑊𝑒𝑛 = 45.1 & AOI = 43.4°, 𝑊𝑒𝑛 = 47.6 & AOI = 

60.2°. (c) The average dimensionless maximum spread diameter for impacts at each Wen and AOI 

tested. (d) The average dimensionless maximum spread diameter plotted on logarithmic axes. The 

lines represent our model (Equation 9). 

 

Figure 4(b) plots the dimensionless spread diameter (D*) over the course of four impacts, each 

occurring at 𝑊𝑒𝑛 = 46, but with different AOI (0°, 30°, 45°, 60°). For each impact, D* reaches its 

maximum extension (D*
max) within the range of 𝑡∗ = 0.6 to 0.8. Thereafter, the diameter recedes 

back towards the liquid bulk until the contact points meet at a single position, from which the drop 

detaches from the surface. For the interested reader, Supporting Note 3 presents the same data as 

Figure 4(b), but tracks the positions of the lamella’s contact points (red circles in Figure 4(a)), 

instead of the diameter between them. 

Where Figure 4(b) provides a dynamic view of the drop spreading for the specific case of 

𝑊𝑒𝑛 = 46, the average value of D*
max for all impact conditions tested is plotted in Figure 4(c). 

This data is also presented logarithmically in Figure 4(d). For normal drop impacts (AOI = 0°), 

we observe that as Wen increases (i.e. higher velocity impacts), D*
max increases monotonically. 

Over the range tested, D*
max changes from as low as 𝐷∗

𝑚𝑎𝑥 = 1 at 𝑊𝑒𝑛 = 3 (such that the contact 

diameter spreads only as wide as the original drop diameter for this low-Wen scenario), to as high 

as 𝐷∗
𝑚𝑎𝑥 = 2.6 for 𝑊𝑒𝑛 = 80. Applying a linear regression fit to this data, we find that the 

relationship between D*
max and Wen scales as: 

 𝐷∗
𝑚𝑎𝑥 = 0.72 𝑊𝑒𝑛

0.29 Equation 3 
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Represented by the black line in Figure 4(d), this relationship provides a good fit for the data 

(𝑅2 = 0.99), and is consistent with previous reports which found a relationship in the range of 

𝐷𝑚𝑎𝑥  ~ 𝑊𝑒𝑛
1/4 to 𝐷𝑚𝑎𝑥 ~ 𝑊𝑒𝑛

0.31 [4, 5, 9, 13, 21, 22]. 

While the above correlation is well-established for normal impacts, our experiments at oblique 

impact angles reflect a more complex relationship between D*
max and Wen. At each Wen tested, the 

magnitude of D*
max increases as AOI is raised. Also, this trend is far more pronounced for impacts 

at greater Wen. For example, in the case of 𝑊𝑒𝑛 = 46, as AOI is increased from 0° to 60°, we 

observe a significant increase from 𝐷∗
𝑚𝑎𝑥 = 2.1 to 2.7. In contrast, over the same range of angles 

for 𝑊𝑒𝑛 = 3, we observe only a marginal increase from 𝐷∗
𝑚𝑎𝑥 = 0.99 to 1.11. We attribute both 

of these trends to the drag experienced by the droplet as it slides across the SHP surface. As the 

drop’s inertia carries it downstream and away from the impact center, adhesion causes the liquid 

in contact with the surface to resist movement. This creates a stretching effect, as the lamella’s 

front continues to extend downstream while the tail lags behind. And, since drops impacting at 

higher AOI have greater tangential velocity, they travel further across the surface, experiencing 

more of this stretching effect. This explains why D*
max increases with AOI. Furthermore, higher-

Wen impacts penetrate deeper into the surface’s microstructure, causing greater adhesion between 

the drop and surface. Consequently, drops impacting at higher Wen experience more drag during 

sliding, and therefore stretch to a greater diameter. This explains why the difference in D*
max 

between normal and oblique impacts is more significant at high Wen. 

Based on these results, we have derived a model to predict D*
max for any Wen and AOI. To begin, 

we consider two components that contribute to the spreading diameter, which are illustrated in 

Figure 5(a). The first is the spreading diameter that would be reached by a drop impacting at 

normal AOI. We will call this length D*
normal, and have already shown that 𝐷∗

𝑛𝑜𝑟𝑚𝑎𝑙 =
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0.72 𝑊𝑒𝑛
0.29 on our surface (Equation 3). The second component of our model, which we call 

the stretching length (S*), accounts for the stretching effect caused by drag while the drop slides 

across the surface. Note that S* is not calculated with respect to any location on the surface, but 

instead accounts for the overall widening of the drop’s footprint on the surface due to the stretching 

effect of drag forces. Hence, (S*) is equal to the increase in the maximum spreading diameter 

reached by an oblique impact, versus D*
normal of a normal impact. Therefore, by definition, the 

dimensionless maximum spread diameter of an impacting drop is given by the summation: 

 𝐷∗
𝑚𝑎𝑥 = 𝐷∗

𝑛𝑜𝑟𝑚𝑎𝑙 + 𝑆∗ 
  

Equation 4 

Next, we seek to calculate the dimensionless stretching length (S*) in terms of known variables. 

The stretching length of the drop increases for droplets with a greater sliding length on the surface, 

and also for drops which experience more adhesion on the surface, which is related to partial 

penetration, and therefore to Wen. Accordingly, we expect that S* is positively correlated with both 

the dimensionless ideal sliding length (L0
*), and with Wen. To determine the exact relationship, 

Figure 5(b) plots S* versus 𝐿0
∗ ∙ 𝑊𝑒𝑛. As indicated by the black line in the figure, we can assume 

a positive, linear correlation (𝑅∗ = 0.90): 

 𝑆∗~ 𝐿0
∗ ∙ 𝑊𝑒𝑛 

  

Equation 5 

To make this equation useable, we need to state L0
* as a function of Wen and the AOI. So, recalling 

Equation 2, and ignoring the effect of gravity (whose role is minor), the drop’s ideal sliding length 

is approximately equal to 𝐿0 = 𝑣𝑡1𝑡𝑐. And, as demonstrated by Richard et al. (2002), the contact 

time of a rebounding drop (tc) is governed by the scaling relationship 𝑡𝑐  ~ √𝜌𝐷0
3 𝜎⁄  [3]. 

Therefore, the dimensionless ideal sliding length of an impacting drop is proportional to: 

 𝐿0
∗ =

𝐿0

𝐷0
~ 𝑣𝑡1√𝜌𝐷0 𝜎⁄  

  

Equation 6 
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Then, substituting 𝑣𝑡1 = 𝑣𝑛1 ∙ tan(𝐴𝑂𝐼) (rearranged from Equation 1), we find that L0
* can be 

related to Wen and the AOI by the following correlation: 

 𝐿0
∗ ~ 𝑡𝑎𝑛(𝐴𝑂𝐼) ∙ √𝑊𝑒𝑛 

  

Equation 7 

Substituting Equation 7 back into Equation 5, the stretching length can be stated in terms of 

known variables: 

 𝑆∗ ~ 𝑡𝑎𝑛(𝐴𝑂𝐼) ∙ 𝑊𝑒𝑛
3/2 

  

Equation 8 

Finally, substituting Equation 8 along with Equation 3 (for D*
normal) back into Equation 4, we 

arrive at our model for the maximum spread diameter of an oblique impact: 

 𝐷∗
𝑚𝑎𝑥 = 0.72 𝑊𝑒𝑛

0.29 + 9.9 × 10−4 𝑡𝑎𝑛(𝐴𝑂𝐼) ∙ 𝑊𝑒𝑛
3/2 

  

Equation 9 

where the factor of 9.9 × 10−4 was determined by the method of least squares regression, and has 

a 95% confidence interval of ± 1.3 × 10−4. In Figure 5(c), the solid lines denote Equation 9 

along with the original data. Our model provides a good fit, matching the data well for each Wen 

and AOI tested.  

For comparison, we have also plotted another model derived by Yeong et al. (2014), who 

presented the following equation [21]: 

 𝐷∗
𝑚𝑎𝑥 = 0.9 𝑊𝑒𝑛

1/4 + 𝑐3𝑊𝑒𝑡 

  

Equation 

10 

where c3 is a scaling factor, and Wet is a tangential Weber number, 𝑊𝑒𝑡 = 𝑡𝑎𝑛2(𝐴𝑂𝐼) ∙ 𝑊𝑒𝑛. 

Much like our own model, the first term of Equation 10 describes D*
normal, while the second term 

is analogous to S*. But, as explained in the introduction, D*
normal varies depending on the surface 

tested. Therefore, in order to adapt Equation 10 to our own surface, we will replace the original 

first term of 0.9 𝑊𝑒𝑛
1/4 with our own measurement of 0.72 𝑊𝑒𝑛

0.29. Then, using the method of 

least squares regression, we find an optimized value of 𝑐3 = 0.0051 for our surface. Including 
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these changes, and substituting the formula for Wet above, Yeong’s model transforms into the 

following equation, which is adjusted to the properties of our particular surface: 

 𝐷∗
𝑚𝑎𝑥 = 0.72 𝑊𝑒𝑛

0.29 + 0.0051 𝑡𝑎𝑛2(𝐴𝑂𝐼) ∙ 𝑊𝑒𝑛 

  

Equation 

11 

Equation 11 is denoted by the dashed lines in Figure 5(c), and also provides a good fit for the 

data from AOI = 0° to 60°. 
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Figure 5. (a) Schematic of the spread diameter of an oblique impacting drop. The maximum spread 

diameter can be viewed as two components, the normal spread diameter, and the stretching length. 

(b) The stretching length of oblique drop impacts versus the product of the ideal sliding length and 

normal Weber number. The black line indicates a linear correlation (Equation 5). (c) Maximum 

spread diameter data from experiments. The solid line represents our model (Equation 9), and the 

dashed line is the model by Yeong et al. (Equation 11) [21]. The open faced markers indicate 
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validation experiments performed to confirm our model’s predictive power (𝑊𝑒𝑛 = 8.8 & AOI = 

70.4, 𝑊𝑒𝑛 = 22.5 & AOI = 69.0, 𝑊𝑒𝑛 = 44.7 & AOI = 70.4). 

 

For both models tested, fitting was performed using data from impacts in the range of 0 - 60°. 

Then, to confirm the predictive power of our model, we performed additional impacts at AOI = 

70° and 𝑊𝑒𝑛 = 9, 24, and 46, as indicated by the open markers in Figure 5(c). From these 

validation experiments, the measured values of D*
max are all very close to our model’s predictions, 

with an average margin of error of only 4%. This proves that Equation 9 is successful in predicting 

the maximum spread diameter even at higher angles of incidence. In contrast, Equation 11 seems 

to overpredict each value of D*
max with an average margin of error of 21%.  Therefore, where both 

models performed equally well in the range of AOI = 0 to 60°, our validation experiments 

demonstrate that our model is more accurate in the case of highly oblique impacts (AOI > 60°). In 

addition, our model has the advantage of a stronger theoretical backing. Although Yeong’s model 

is very similar, the second term of Equation 11 has little physical meaning [21]. As a result, at 

high AOI this term grows very quickly, which is why Equation 11 overshot the values of D*
max at 

AOI = 70°. 

Using our model for the maximum spread diameter, we are also interested in predicting the total 

spread area of the drop. To do this, we must consider the lateral spreading of the lamella (see 

Figure 2(b) for clarification). In the side-view images presented so far, the lateral spread is not 

measurable, since it occurs through the plane of the images. Thus, as shown in Figure 6, we 

performed experiments with the camera positioned above the surface, looking down to observe the 

full spread area. We measured two drop impacts at an average of 𝑊𝑒𝑛 = 44.5 ± 2.5 and AOI = 

44.1 ± 0.1° (Figure 6(a)). In the tangential direction, we measured a maximum spread diameter of 
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𝐷∗
𝑚𝑎𝑥 = 2.64 ± 0.21, which matches well with our average measurement of 2.61 from Figure 

4(c). In the lateral direction, we measured 𝐷∗
𝑚𝑎𝑥 = 2.16 ± 0.08, which is close to our 

measurement of 𝐷∗
𝑛𝑜𝑟𝑚𝑎𝑙 = 2.07 for impacts at normal angle of incidence (AOI = 0°). We found 

the same behaviour from our measurements at 𝑊𝑒𝑛 = 23.9 ± 2.5 and AOI = 60.2 ± 0.0° (Figure 

6(b)); in the tangential direction, we measured an average of 𝐷∗
𝑚𝑎𝑥 = 2.04 ± 0.05, which matches 

the value of 1.98 from Figure 4(c); and in the lateral direction, we found an average of 𝐷∗
𝑚𝑎𝑥 =

1.68 ± 0.06, which matches the value of 𝐷∗
𝑛𝑜𝑟𝑚𝑎𝑙 = 1.72 at Wen = 24. Therefore, all of our 

measurements demonstrate that for oblique drop impacts, the lateral spread is similar to D*
normal of 

a drop impacting at AOI = 0°, and is not greatly affected by the angle of incidence. Indeed, Figure 

6 clearly demonstrates that oblique impacting droplets spread into an ellipsoid, with the minor 

radius matching that of an equivalent normal impact, and the major radius being stretched by the 

oblique nature of the impact. Therefore, oblique drop impacts spread over a greater total surface 

area than normal impacts do, and must conserve volume by decreasing in thickness. Accordingly, 

we suggest that the maximum spread area of an oblique drop impact is given by the product of 

Equation 3 and Equation 9: 

 

𝐴∗
𝑚𝑎𝑥 =

𝐴𝑚𝑎𝑥

𝐷0
2 = 0.72 𝑊𝑒𝑛

0.29 (0.72 𝑊𝑒𝑛
0.29 

+ 9.9 × 10−4 𝑡𝑎𝑛(𝐴𝑂𝐼) ∙ 𝑊𝑒𝑛
3 2⁄ ) 

  

Equation 

12 
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Figure 6. The spreading of a water droplet impacting on our SHP surface, as seen from above. (a) 

Oblique impact at 𝑊𝑒𝑛 = 43.6 & AOI = 44.1°. (b) Oblique impact at 𝑊𝑒𝑛 = 23.1 & AOI = 60.2°. 

 

The fact that oblique drop impacts spread over an enlarged maximum area than normal impacts 

leads to another interesting revelation: oblique impacts store more surface energy during maximum 

deformation (SEmax) than normal impacts. We suggest that this is possible due to the drop’s kinetic 

energy in the tangential dimension (KEt), coupled with the drag experienced by the liquid while 

sliding across the SHP surface. Drag forces not only cause the drop’s perimeter to stretch to a 

greater D*
max, but also arrest the tangential movement of the drop. In this way, drag allows some 

fraction of KEt to be transferred into surface energy during the oblique drop impact process. This 

energy transfer can be demonstrated quantitatively by considering our sliding length and spreading 

diameter measurements at 𝑊𝑒𝑛 = 80 and 𝐴𝑂𝐼 = 60°. At these settings, Figure 3(b) shows that 
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L/L0 is equal to 0.73. Assuming a constant sliding velocity, this indicates a roughly 27% decrease 

in the drop’s tangential velocity (vt), and hence a 46% decrease in KEt, since 𝐾𝐸𝑡 ~ 𝑣𝑡
2. 

Meanwhile, Figure 5(b) indicates that D*
max is equal to 3.93, a 45% increase over the normal value 

of 𝐷∗
𝑛𝑜𝑟𝑚𝑎𝑙 = 2.71. Considering Equation 12 for A*

max, this also indicates 45% increase in the 

surface area of the deformed drop, and thus in SEmax. Based on these estimates, it is clear that a 

portion of the drop’s tangential kinetic energy is transformed into surface energy during the impact 

event.  

The drop impact shown in Figure 6(a) is almost identical to an experiment by Zhang et al. 

(2017), who performed above-view imaging of a drop impact at Wen = 40 and AOI = 45° on a 

superhydrophobic Silicon surface [22]. However, there is a major difference in substrate 

topography between the two experiments: Zhang’s substrate had a random, single-scale 

topography, whereas our surface has a hierarchical, heterogeneous trench structure. Comparing 

visually Figure 6(a) to Zhang’s images, both impacts appear to be essentially identical, stretching 

into a similar ellipsoidal shape at their maximum extension. In fact, Zhang’s measurements of 

D*
max = 2.3 in the tangential direction and 2.1 in the lateral dimension match Equation 12 to within 

2% accuracy. Based on these comparisons, we believe that our analysis on drop spreading is 

generalizable to SHP surfaces with different geometric structures.  

However, concerning the application of our models for D*
max and A*

max, it is important to note 

that both equations pertain to the case of non-pinning, non-splashing impacts. Furthermore, when 

applying Equation 9 & 12 to other SHP surfaces, the equations may need to be adjusted to the 

surface in question. For example, the term 0.72 𝑊𝑒𝑛
0.29 (representing D*

normal) arises in both 

Equation 9 & 12, but does not represent the general case for all SHP surfaces. As per the 

introduction, drop impact studies on other SHP surfaces have reported varying scaling factors for 
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this relationship, ranging from 𝐷𝑚𝑎𝑥  ~ 𝑊𝑒𝑛
1/4 to 𝐷𝑚𝑎𝑥  ~ 𝑊𝑒𝑛

1/2 [4-6, 9, 13, 21-23]. Moreover, 

our analysis of the sliding length of drops proved that SHP surfaces of varying geometry can have 

entirely different adhesion properties. Thus, given that the second term of Equation 9 accounts 

for the effect of adhesion on the spread diameter, the factor of 9.9 × 10−4 can also be expected to 

vary depending on the surface. Nevertheless, although elements of the equations may vary, our 

method of derivation can be applied to any SHP surface, and can accurately predict the spreading 

behaviour of drops at any Wen and AOI.  

 

CONCLUSIONS 

The sliding length of oblique impacting droplets was measured. We found that the drops’ 

movement across the surface was hindered by adhesion forces. Impacts occurring at low Wen were 

essentially unhindered, with L/L0 close to 1, while higher-Wen impacts experienced more drag 

during sliding, such that L/L0 was reduced. We relate this trend to the increased partial penetration 

of liquid into the structure of the superhydrophobic surface that occurs in higher-Wen impacts, 

which results in an increase in the solid-liquid contact in the pores of the surface, and hence greater 

adhesion. Further, by comparing our sliding length measurements to previously reported values, 

we discovered that geometrical differences greatly affect the adhesion strength of surfaces. As a 

result, hierarchical surfaces can allow drops to slide up to three times further than surfaces with 

single-scale geometry.  

The spreading diameter of impacting drops was also measured at varying Wen and AOI. For 

impacts occurring at normal angle of incidence, we found that the maximum spread diameter 

(D*
max) is correlated with Wen by the relationship 𝐷∗

𝑚𝑎𝑥 = 0.72 𝑊𝑒𝑛
0.29, which is consistent with 

previous measurements. For oblique impacts, we discovered that due to adhesion, the drop’s 
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tangential motion across the surface causes a stretching effect, increasing D*
max for impacts at 

higher AOI. Furthermore, this stretching effect is more pronounced for impacts occurring at higher 

Wen. We associate this correlation with the partial penetration of liquid into the pores of the SHP 

surface, which results in greater adhesion for high-Wen impacts.  

Based on these assertions, we derived a model to predict D*
max for any impact, given the Wen 

and AOI. The model successfully describes D*
max for our entire experimental range. Furthermore, 

by performing a validation experiment outside of our experimental range, we confirmed the 

accurate predictive power of our model.  

Finally, by positioning the camera above the SHP surface, we measured the spread diameter in 

both the tangential and lateral directions simultaneously. We found that oblique impacts spread 

further in the tangential direction than the lateral, such that the drop’s overall spread area is 

elliptical. Based on this observation, and using our equation for D*
max, we derived a formula for 

the maximum spread area of oblique impacts on SHP surfaces.  
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SYNOPSIS 

  

The TOC graphic shows our experimental data for the maximum spreading diameter of drops at 

different normal Weber numbers and angles of incidence, along with our derived model. The 

boxes on the sides show snapshots of drop impacts representing the data at the highest and 

lowest normal Weber numbers tested, and at the highest and lowest angles of incidence tested, in 

order to illustrate the changes observed across our experimental space.  
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SUPPORTING NOTE 1: CONFOCAL MICROSCOPY ANALYSIS 

 

Figure S1. Confocal microscopy analysis of the SHP sample surface after experiments. (a) 

Micrograph of the surface texture, showing no major deformation or damage. (b) Demonstration 

of the geometry of the textured surface, using the microscope’s software. 

In order to characterize the geometry of our sample surface, and also to check for any damage 

caused by drop impacts, we analyzed the surface using a confocal microscope. Figure S1(a) 

displays a large section of the surface, and demonstrates that there is no appreciable damage to the 

texture after experiments. Figure S1(b) provides a zoomed-in view of a section from (a), along 

with the height profile of a horizontal line across the middle. By measuring many sections such as 

this, we determined an average peak-to-valley height of 2.91 ± 1.42 μm, and an average maximum 

roughness value of Rmax = 6.50 ± 0.78 μm. 
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SUPPORTING NOTE 2: ERROR ANALYSIS FOR SLIDING LENGTH MEASUREMENTS 

For each data point in Figure 3(b) (which plots L/L0 versus Wen), there are three primary sources 

of error: 

1) Variation in the data: each data point in Figure 3(b) represents the average of three sliding 

length measurements, from different videos. The error associated with the variation in the data 

(Evar) is equal to 2 standard deviations of the data.  

2) Pixel error: As shown in Figure S2(a-b), in order to define the profile of the droplet in each 

frame of the video, our MATLAB program uses a threshold brightness value to identify each pixel 

in the image as being either part of the droplet, or as background. To account for any misjudgment 

in this process, we account for the pixel error, Epix=C/L0, where C is the calibration constant of the 

camera (mm/pixel). 

3) Profile error: to track the drop’s sliding length (L), the center of mass is estimated based the 

drop’s profile (Figure S2(b)). However, since the drop is deformed into a complex shape through 

its interaction with the surface, the estimated center of mass is subject to some error. In order to 

quantify this error, each measurement of L is plotted against time, and a linear regression is applied 

to the data (Figure S2(c)). The slope of the regressed line provides the sliding speed of the drop 

(vslide), such that our measured value of L is equal to the product of the line’s slope and the contact 

time (𝐿 = 𝑣𝑠𝑙𝑖𝑑𝑒𝑡𝑐). Then, using MATLAB’s regress function, we determine the 95% confidence 

interval of the sliding speed (∆𝑣𝑠𝑙𝑖𝑑𝑒). We assume that this confidence interval reflects the error 

related to the drop’s complex profile, such that the profile error is equal to 𝐸𝑝𝑟𝑜 = ∆𝑣𝑠𝑙𝑖𝑑𝑒𝑡𝑐 𝐿0⁄ . 

Based on the sources of error listed above, the total error presented by the error bars in Figure 

3(b) is equal to 𝐸𝑡 = 𝐸𝑣𝑎𝑟 + 𝐸𝑝𝑖𝑥 + 𝐸𝑝𝑟𝑜. 
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Figure S2. (a) Original snapshot of drop while sliding on the SHP surface. The green line estimates 

the position of the surface. (b) MATLAB’s estimate of the profile of the droplet, and of the center 

of mass (red circle projected onto the surface). (c) Plot of the drop’s estimated sliding length (L 

(measured)) over time, with respect to L0. The red line is a linear regression of the sliding length 

data. 

 


