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Abstract  14 

Water drops sliding down inclined planes are an everyday phenomenon and are important in 15 

many technical applications. Previous understanding is that the motion is mainly dictated by 16 

viscous and capillary forces. Here we demonstrate that, in addition to these forces, drops on 17 

hydrophobic surfaces are affected by self-generated electrostatic forces. In a novel approach 18 

to determine forces on moving drops we imaged their trajectory when sliding down a tilted 19 

surface and apply the equation of motion. We found that drop motion on low-permittivity 20 

substrates is significantly influenced by electrostatic forces. Sliding drops deposit a negative 21 

charge on the surface, which interact with the positively charged drops. We derive an 22 

analytical model to describe the force and validate it by numerical computations. The results 23 
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indicate how to describe and facilitate drop motion in applications, such as in microfluidics, 24 

water management on car surfaces, and the creation of sliding drop electrical generators.  25 

  26 
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Water drops sliding over surfaces is a common phenomenon 1-3. The lateral adhesion of drops 27 

can be nuisance; for example, the struggle to keep textiles, feathers, or fur dry, to keep drops 28 

from sticking in microfluidics, or to keep window screens and glasses clear in the rain 4-7. In 29 

other applications, a resistance of sessile drops to sliding motion is essential, for example in 30 

coating, painting, deposition of insecticides and herbicides, or in flotation 8,9. Recently, the 31 

motion of drops has attracted attention because sliding water drops have been proposed to 32 

generate electricity 10-17. Still, a full description of drops’ trajectories remains elusive.  33 

In accepted literature, the motion of drops is assumed to be determined by capillary and 34 

viscous forces 1-3,9,18-20. The capillary force 7,21,  35 𝐹𝑐 = 𝑤𝛾𝑘(cos Θ𝑟 − cos Θ𝑎)        (1) 36 

originates from the difference of the advancing a and the receding contact angles r. Here, 37 

w is the width of the contact area of the drop,  is the surface tension of the liquid and k  1 38 

is a geometrical factor, which depends on the detailed shape of the drop 22-24. In general, the 39 

contact angles and the width are sensitive to velocity.  40 

Viscous force arises because of viscous hydrodynamic flow within the drop. The viscous force 41 

of a sliding drop is commonly split in two components. Both are, to first order, proportional 42 

to the slide velocity U. One component comes from the viscous dissipation in the bulk, Fb, and 43 

the other from the wedge of the drop, Fw 24-26. Bulk viscous dissipation can be approximated 44 

by (Supporting information, SI1), 45 𝐹𝑏 ≈ 𝜂 𝜋𝑙𝑤2𝐻 𝑈          (2) 46 

Here,  denotes the dynamic viscosity of the liquid, l is the length of the drop, and H is its 47 

height. Viscous dissipation in the wedge is dominated by flow close to the contact line at a 48 

length scale 10 µm. Since we observe contact angles at a larger length scale, it would 49 

manifest itself in a change of the macroscopic contact angles and is already included in Eq. (1). 50 

Here we demonstrate by a simple tilted plate experiment that the motion of drops cannot be 51 

accurately predicted by these two forces. In a tilted plate experiment, a defined gravitational 52 

force 𝐹𝑔 = 𝑚𝑔 sin 𝛼 is acting in lateral direction 20,26-32. Here, m is the mass of the drop, g=9.81 53 

m/s2 is the standard acceleration of gravity, and  is the tilt angle.  54 

Interesting results were observed for water drops sliding on different substrates. A drop 55 

sliding on a silicon wafer coated with perfluorooctadecyltrichlorosilane (PFOTS) moves 56 

relatively quickly; in our drop race at 50° tilt the drop covered a distance of 2.5 cm within 100 57 

ms (Figure 1A). In contrast, on a PFOTS-coated 1 mm thick SiO2 plate (PFOTS-on-1mm-SiO2) a 58 

water drop only reached a distance of 1.7 cm in 100 ms (Figure 1B). On a 5 mm thick SiO2 plate 59 

(PFOTS-on-5mm-SiO2) the drop moved only few millimetres (Figure 1C). In addition, for series 60 

of drops, sliding speeds become dependent on the drop number and thus their history. In the 61 

above examples, we showed the respective first drops of a series. Subsequent drops have a 62 

different velocity. For example, the 50th drop sliding down PFOTS-5mm-SiO2 is faster than the 63 

first drop (Figure 1D). Although the surface chemistry of the three samples is identical and one 64 
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expects similar capillary and viscous forces, the sliding speed of drops varied by more than a 65 

factor two.  66 

We observed even faster drop motion on a gold surface coated with a monolayer of 67 

perfluorodecanethiol (Figure 1E) and Teflon films on gold (Figure 1F), although the surface 68 

chemistry is comparable to PFOTS-coated surfaces. This simple experiment already 69 

demonstrates that there is an important contribution missing in the description of drop 70 

motion. 71 

 72 

Figure 1. 33 µL water drops sliding down a plate tilted by 50° after detaching from a grounded 73 

electrode and imaged every 10 ms with a side-view camera.  74 

It is known that on bulk Teflon samples, fluorinated insulators, and superhydrophobic 75 

surfaces, sliding water drops deposit negative electric charges, while the drops acquire a 76 

positive charge 11,12,14,33-38. Surface charges generate an electric field in the air above the 77 

surface. A charge q on top of an infinitely extending dielectric half space with a relative 78 

permittivity S generates an electric field  79 𝐸 = 𝑞2𝜋𝜀0(𝜀𝑆+1)𝑟2.          (3) 80 

Here, 0 is the vacuum permittivity and r is the distance from the charge. This electric field 81 

causes a Coulomb force on a charged drop. Thus, any electrostatic force on a dielectric surface 82 

scale with 1 (1 + 𝜀𝑆)⁄ .  83 
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Given the importance of sliding drops in our daily lives, we address the following questions: 84 

Which extra forces determine drop trajectories? Are the extra forces electrostatic in origin? 85 

Can they be measured quantitatively? Why and how does the substrate influence drop 86 

motion? Why is the motion of a drop influenced by previous drops? To answer these question 87 

and measure directly forces acting on moving drops we develop a new method to analyse 88 

titled plate experiments.  89 

 90 

Figure 2. (A) Schematic of the experimental setup. (B) Hydrophobic samples studied. The 91 

“static” advancing and receding contact angles Θ𝑎0  and Θ𝑟0 were measured with sessile water 92 

drops during slowly inflating and deflating and imaging in side view (SI3).  93 

We prepared smooth, hydrophobic surfaces with receding and advancing contact angles 94 

ranging between 77–110° and 93–122°, respectively (Figure 2B, SI3). All surfaces had a 95 

roughness 𝑟𝑚𝑠 ≤ 1 nm as determined by scanning force microscopy (SI4). In order to find out 96 

how strong electrostatic forces are, we varied the substrate and its thickness d with respect 97 

to a grounded metal back-electrode. We chose SiO2 plates (𝜀𝑆 = 3.9) as a low permittivity 98 

substrate and Si wafers with only a natural oxide layer as a high permittivity sample (𝜀𝑆 =99 11.7). In the presence of the grounded metal back-electrode, the field is screened by image 100 

charges. The distance to the grounded metal layer defines the screening length.  101 

To describe the results and analysis, we first concentrate on PFOTS-coated samples. For 102 

PFOTS-on-Si, the first, second, and subsequent drops showed similar velocity profiles (Figure 103 

3A, green symbols). In contrast to common expectation, on 1 mm and on 5 mm thick SiO2 104 

substrates (Figure 3A, blue and red symbols), velocity profiles of the first, second, and 105 

subsequent drops were distinctly different, although all samples have similar contact angles. 106 

Firstly, velocities tended to be lower on SiO2 than on the silicon wafer. Secondly, often rather 107 

complex traces occurred. These traces were, however, systematic and reproducible. For 108 

example, on PFOTS-on-5mm-SiO2 the first drops showed a monotonically increasing velocity 109 

(Figure 3A, red squares). For drop number 𝑛 ≥ 50 (Figure 3A, red stars) the velocity first 110 

increased but after 3 cm slide distance, it decreased again.  111 
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We draw two conclusions: First, drop motion is not only determined by capillary and viscous 112 

forces. Second, there is a fundamental difference between static and dynamic wetting. The 113 

static shape of a drop is largely determined by the properties of the topmost 1 nm of the 114 

surface; the substrate underneath has little influence. In contrast, the dynamic properties such 115 

as the sliding speed are influenced by the substrate down to a thickness of the order of 1 mm.   116 

  117 

Figure 3. Results obtained with 33 µL water drops on PFOTS-coated samples. (A) Velocity-118 

versus-slide length for PFOTS-on-Si (green symbols), 1 mm (blue) and 5 mm SiO2 (red) sliding 119 

down at an inclination of 𝛼 = 50°. See SI5 for other tilt angles. (B) Reference forces measured 120 

on 4 samples of PFOTS-on-Si. Fitting the results for 𝑈 ≤ 0.4  m/s (grey lines) led to 𝐹𝑟 =121 156 µ𝑁 + 218 µ𝑁𝑠𝑚 ∙ 𝑈. (C) Extra forces acting on the 1st, 2nd, 5th, 10th, 20th, and 100th drop 122 

sliding down 50° tilted PFOTS-on-5mm-SiO2. Forces were calculated with Eq. (4) with PFOTS-123 

on-Si as a reference. (D) Measured drop charge-versus-drop number on PFOTS-coated samples. 124 

Results were measured at 50° tilt, 1.5 s intervals between deionized water drops of 45 µL 125 

volume after 4 cm slide length. Lines are there to guide the eye. Details in SI10.  126 

To quantify the extra force, we analyse the equation of motion of a drop:  127 𝑚∗ 𝑑𝑈𝑑𝑡 = 𝑚𝑔 sin 𝛼 − 𝐹𝑟(𝑈) − 𝐹𝑒𝑛(𝑈, 𝐿)       (4) 128 
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In the acceleration term, 𝑚∗ 𝑑𝑈𝑑𝑡 , we take into account rolling components in drops-motion 129 

1,9,20,32,39,40. Therefore, we used the effective mass m*, which was determined by direct 130 

numerical diffuse interface simulations of the flow pattern inside sliding drops (SI6). These 131 

simulations gave an estimate of m*/m=1.05 as a good mean value for the velocity range 132 

covered by our experiments.  133 

All forces acting on the drop in the absence of electrostatic effects are summarized in the 134 

reference force, Fr(U). The reference force depends on the velocity U but not on the slide 135 

length L, because the surfaces are homogeneous. For the extra force Fe, we use the subscript 136 

“e” for “extra” and presumably “electrostatic”. It may depend on velocity, slide length, and 137 

drop number n.  138 

To obtain the reference force, we assume that on Si wafers electrostatic forces are negligible. 139 

This assumption is in line with the fact that no differences in velocity were observed between 140 

successive drops (Figure 3A). With Eq. (4) we obtain 𝐹𝑟 = 𝑚𝑔 sin 𝛼 − 𝑚∗ 𝑑𝑈𝑑𝑡 . The acceleration 141 

is obtained from the measured velocity traces, U(t). Due to noise, the measured U(t) curves 142 

were either smoothened before differentiation or the whole curve was fitted by a 1st to 4th 143 

order polynomial and the derivative of that polynomial was inserted. The reference forces 144 

increase linearly in the velocity range up to 0.4 m/s (Figure 3B). The increase is correlated with 145 

an increase in length and decrease in width of the drops (SI7).  146 

By inserting the respective drop widths, advancing, and receding contact angles into Eq. (1) 147 

we calculated the capillary force with 𝑘 = 1 (Figure S6, red symbols). Capillary forces, which 148 

include wedge viscous forces (SI1) make up for most of the measured reference forces (Figure 149 

S6, black symbols). Bulk viscous forces calculated with Eq. (2) (Figure S6, blue symbols) 150 

contribute less than 10% to the reference force (details in S8).  151 

With the reference force Fr(U) obtained from experiments on Si wafers, we use U(t) curves 152 

measured on SiO2 to calculate the extra force with Eq. (4) 𝐹𝑒𝑛 = 𝑚𝑔 sin 𝛼 − 𝑚∗ 𝑑𝑈𝑑𝑡 − 𝐹𝑟 (Figure 153 

3C, SI9). These extra forces are significant, they depend on drop number, and they show a 154 

complex distance dependency. Usually, the 1st and 2nd drop experienced a strong force of 60-155 

100 µN (up to 50% of the reference force) which then decayed over the observation range of 156 

4 cm. The force is positive, hindering drop motion. After 5 drops the initially high, decaying 157 

force changed gradually to an initially low, increasing extra force. Drop 100 showed almost 158 

the inverted profile as the first drop: Starting around 30 µN, it increased to typically 60 µN 159 

after 4 cm slide length.  160 

To determine the origin of the extra force, we measured drop charges (SI10). In agreement 161 

with earlier results 35, on SiO2 substrates drops gained a positive charge and leave behind a 162 

negative surface charge. For the first drop the charge was typically 𝑄1 = 1.0 − 1.5 nC on 1 163 

and 5 mm SiO2 (Figure 3D, Table S2). It decreased with subsequent drops until it reached a 164 

saturation value of the order of 0.4 nC. In contrast, on silicon wafers drop charges were 165 

typically 5-10 times lower.  166 
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To explain the shapes and the magnitudes of the measured extra force, we calculate the 167 

electrostatic force. Therefore, we derive the electric field by integrating the field strength as 168 

given by Eq. (3) for the surface charge density 𝜎𝑛(𝑥). Then we multiply it with the drop charge 169 𝑄𝑛(𝑥) to obtain the electrostatic force:  170 𝐹𝑒𝑛(𝐿) = − 𝑤𝑄𝑛(𝐿)2𝜋𝜀0(𝜀𝑆+1) (∫ 𝜎𝑛(𝑥)(𝐿+𝑎−𝑥)2 𝑑𝑥𝐿0 − ∫ 𝜎𝑛−1(𝑥)(𝑥−𝐿−𝑎)2 𝑑𝑥𝐿𝑒𝑛𝑑𝐿+𝑙 ).   (5) 171 

Here, x is a coordinate along the path of the drop itself and the path of previous drops. The 172 

first integral represents the interaction of the drop with the surface charge distribution left 173 

behind by itself. The second integral is due to the interaction with charges deposited by 174 

previous drops ahead of the drop. Details are in SI11. The parameter a characterises the 175 

position of the center of charge of the drop; it is the horizontal distance to the rear rim (Figure 176 

S10). Its value was obtained from numerical calculations of the electric field distribution and 177 

the electrostatic force (SI13).  178 

We use a previously derived model to obtain plausible expressions for 𝜎𝑛(𝑥) and 𝑄𝑛(𝑥) 35. 179 

Briefly, surface charges behind a sliding drop are remnants of interfacial charges generated at 180 

the water-solid interface 11,14,33,41 (Fig. 4A). Hydrophobic surfaces usually charge negatively in 181 

water, probably by the adsorption of hydroxyl ions. Part of these charges fail to neutralise at 182 

the rear of the sliding drop and remain on the surface. As a result, the drop becomes positively 183 

charged. However, the transfer of charges to the solid-air surface decreases with increasing 184 

drop potential 35. As a result, the density of deposited surface charges decreases with distance: 185 𝜎1 = 𝜎0𝑒−𝑥 𝜆⁄ . Here, 0 is the initial surface charge density and  is a decay length (SI12). In 186 

addition, we allow neutralization of surface charges. It is not yet clear which processes 187 

dominate surface neutralization, e.g., flow of electrons through the grounded substrate or via 188 

the surface, by ions in the air, or the ejection of electrons 11,38. Neutralization is characterized 189 

by an exponential process with a relaxation time constant  of typically 10 s. Based on the 190 

independent parameters 0, , and  (Table S2), the surface charge density is a function of the 191 

position on the surface and the drop number.  192 
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 193 

Figure 4. (A) Model applied to calculate electrostatic forces-versus-slide length for series of 194 

drops. Step (1): Surface charges are generated when water gets into contact with the surface 195 

at the front of the drop, e.g., by the adsorption of OH- leaving H3O+ in solution. Step (2): At the 196 

rear side of the drop, most surface charges are neutralized, e.g., by desorption of OH-. A 197 

fraction of surface charges, however, transfers to the solid-air interface. Step (3): Charges are 198 

neutralized. (B) Calculated electrostatic force acting on the first drop (red line, eq. S14) and 199 

after a large number of drops (blue line, eq. S21). For comparison, we plotted the experimental 200 

results (symbols) for the first and 100th drop sliding down PFOTS-on-5mm-SiO2 from figure 3C. 201 

The parameters were chosen as determined from the measurements of drops charges (Table 202 

S2, 0=210-5 µC/m2, =1.5 cm, =7 s), the experimental conditions (w=4 mm, l=5 mm, t=1.3 203 

s, Lend=6 cm), and the numerical computations for 5 mm thick substrates (a=1 mm=0.2l, details 204 

in SI12).  205 

Using Eq. (5) we obtain an analytic expression for the electrostatic force on the first drop (Eq. 206 

S14) and for high drop numbers (𝑛 → ∞, Eq. S21). The calculated electrostatic force yields the 207 

same order of magnitude as the experimental results (Figure 4B) and it explains the observed 208 

flip in the slope of Fe-versus-L curves when going from the first to later drops with 𝑛 ≥ 10.  209 

All drops start with zero charge and thus zero electrostatic force. The first drop deposits 210 

negative charge on the neutral surface and acquires a positive charge within a distance of 𝐿 ≈211 𝜆 (schematic top left Figure 4B). The increase of drop and surface charge leads to a steep 212 
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increase of the retarding electrostatic force with a peak at 𝐿 ≈ 0.8𝜆. As a result of drop 213 

charging, the drop potential increases which hinders further charge deposition and the drop 214 

charge saturates. As the drop reaches saturation and moves further from the strongly-charged 215 

region of the surface, the retarding electrostatic force decreases (bottom right).  216 

The maximum predicted by the analytical solution at the beginning was missing in the 217 

experiments (Figure 4B, red symbols). This could be the effect of additional negative surface 218 

charge deposited right after the drop has impacted the surface before touching the first 219 

grounded electrode. As a result, a maximum would be outside our observation range. It was 220 

observed on other substrates described below. 221 

For high drop number (blue line in Figure 4B, Figure S11), the electrostatic retardation 222 

increases with slide distance because of two effects. First, the surface charge density is already 223 

high from previous drops. As a result, the drop needs to cover a larger distance to reach its 224 

saturation charge (Figure 4B, top right). Second, the surface charges in front of the drop that 225 

are left behind by previous drops lead to an acceleration. At the end of its path, the 226 

electrostatic force increases even more steeply because there are no more attractive charges 227 

ahead since the sample ends.  228 

The good agreement between experiment and electrostatic theory indicates that on PFOTS-229 

coated insulators, the extra forces are predominantly caused by electrostatic charging. To find 230 

out how ubiquitous electrostatic forces are, we performed drop race experiments on other 231 

hydrophobic samples. When using conductive substrates or substrates with high permittivity 232 

(PS-on-gold, Teflon-on-gold, PDMS-on-Si, Thiols-on-gold) the first, second, and subsequent 233 

drops showed similar velocity profiles (Figure S15). Thus, electrostatic effects are negligible. 234 

In contrast, on 1 mm and 5 mm thick SiO2 coated with PS, Teflon, or PDMS velocity profiles of 235 

the first, second, and subsequent drops were distinctly different (Figure S16). This observation 236 

indicates, that drop motion is significantly influenced by electrostatic forces. Indeed, charging 237 

of drops was detected on PS, Teflon, and PDMS on SiO2 (Figure S9). In contrast, for PS-on-gold, 238 

Teflon-on-gold, and PDMS-on-Si, charging was at least ten times lower.  239 

A complex variety of Fe
n-vs-L graphs were observed, depending on drop number, tilt angle, 240 

and substrate thickness. Two typical examples are plotted in figure 5; a full set of results is 241 

shown in supporting information (Figure S18-20). On several samples, such as with Teflon-on-242 

1mm-SiO2, we observed the maximum in the force-vs-slide length curves predicted by the 243 

electrostatic theory for the first drop (Figure 5A). We assume that a slight increase of the decay 244 

length  shifts the maximum into our observation window. Charge measurements confirmed 245 

that indeed on Teflon, 𝜆 = 2.5 cm rather than 1.5 cm as on PFOTS (Table S2). For higher drop 246 

number the maximum became weaker and for drop number 𝑛 ≥ 10 an increasing extra force 247 

started to dominate at large slide lengths, in agreement with Eq. (S21). 248 
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 249 

Figure 5. Examples of extra forces acting on water drops sliding down (A) Teflon-on-1mm-SiO2 250 

at 35° tilt and (B) PS-on-5mm-SiO2 at 30° tilt. Plotted are results for the 1st, 2nd, 5th, 10th, 20th, 251 

and the 100th drop. Extra forces were calculated with Eq. (4) and 𝐹𝑟 = 48 µ𝑁 + 175 µ𝑁𝑠𝑚 ∙ 𝑈 252 

obtained with Teflon-on-gold and  𝐹𝑟 = 74 µ𝑁 + 398 µ𝑁𝑠𝑚 ∙ 𝑈  measured on PS-on-gold as 253 

reference forces (Fig. S17).  254 

Figure 5A, however, also shows limits of the simple model. It does not predict the minimum 255 

in the electrostatic force for 𝑛 ≥ 10 at short slight lengths. This deficit could be caused by the 256 

assumption, that charge deposition depends on slide velocity. Since deposition of charges is a 257 

non-equilibrium process, it will most likely depend on the velocity. At low velocity, charge 258 

deposition is probably less pronounced than assumed. A velocity dependence of charge 259 

deposition is most likely also the reason for the oscillating electrostatic forces observed e.g., 260 

on PS-on-5mm-SiO2. (Figure 5B). The oscillation period was not related to drop vibrations, 261 

which were at 50 Hz or faster. Thus, a future refinement of the description of charge 262 

deposition needs to include the velocity of the receding contact line. 263 

In summary, electrostatic forces significantly influence drop motion on hydrophobic, low-264 

permittivity surfaces. They depend on slide distance, drop number, and the particular surface 265 

coating. While static shape of drops is are largely determined by the surface molecules, the 266 

dynamics of drops is strongly influenced by the substrate down to a depth of millimetres. The 267 

mobility of water drops on hydrophobic surfaces can be increased by using conductive or high-268 

permittivity substrates. Accordingly, the fastest drops in our “race court” were on the 269 

Perfluorodecanethiol -coated gold and Teflon films on gold (Figure 1E, F). 270 

Methods 271 

Tilted plate experiments 272 

To measure forces acting on sliding drops, 33 µL water drops were deposited at intervals of 273 

1.3 s at the top of a tilted sample by a grounded syringe needle (Hamilton, 2 mm diameter), 274 

which was connected to a peristaltic pump (Minipuls 3, Gilson) (Figure SI1). Before every series 275 
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of drops, surfaces were neutralized by an ionizing air blower for 10 min (Aerostat PC Ionizing 276 

Air Blower, Simco-Ion). Drops fell 5 mm, just enough so that they detached from the syringe 277 

before touching the surface. To make sure drops start sliding without initial charge they were 278 

neutralized by a 0.025 mm diameter grounded tungsten wire, right after they landed on the 279 

surface. The position where the drops detach from the grounded wire corresponds to slide 280 

length zero (𝐿 = 0). The observation range starts where the full drop has detached from the 281 

grounded wire and the wire is not in the image anymore; that is at 𝐿 = 0.5 cm. Then we 282 

imaged the drop with a frame rate of 1000 fps in side and front view over a length of typically 283 

4.5 cm with a high-speed camera (FASTCAM MINI UX100, Photron with a Titan TL telecentric 284 

lens, 0.268 , 1’’ C-Mount, Edmund Optics). By applying two parallel mirrors (25 mm x 36 mm 285 

protected silver mirror, PFR10-P01, THOPLABS) at both sides of the sample to guide the 286 

backlight from the telecentric backlight illuminator (138 mm, Edmund Optics), we also imaged 287 

the front view of sliding drops at the same time. After typically 𝐿𝑒𝑛𝑑 = 6 cm the rim of the 288 

sample was reached and the drops fell off. To access a wide velocity range, we varied the tilt 289 

angle (Fig. S3A). On longer samples we verified that, after a slide length of ≈ 10 − 15 cm, 290 

drops reach a steady state velocity (Fig. S3B). From video images we extract the slide length 291 

L, the velocity of the drop U, the contact angles at the front (advancing contact angle a) and 292 

the rear (receding contact angle r), the length, and the width of the drop. All parameters 293 

vary with time and thus with position. To extract Θ𝑎(𝑈)  and Θ𝑟(𝑈)  from the videos, we 294 

adapted the open drop shape analysis from MATLAB (DSAfM). Dynamic contact angles were 295 

determined by applying a polynomial fit to every contour image. More details are in 296 

supporting information SI2.  297 

Sample preparation 298 

Five types of surfaces were prepared: (1) Perfluorooctadecyltrichlorosilane (PFOTS) 299 

monolayers on Si wafer, 1 mm and 5 mm thick SiO2 slides were prepared by chemical vapor 300 

deposition. After O2 plasma cleaning at 300 W for 10 min (Femto low-pressure plasma system, 301 

Diener electronic), the Si wafer (1.60.3 nm native oxide layer as measured by ellipsometry, 302 

resistivity <0.005 cm, thickness 52525 µm, Silicon Materials) and the SiO2 slides were 303 

placed in a vacuum desiccator containing a vial with 0.5 mL of 1H,1H,2H,2H-perfluoro-304 

octadecyltrichlorosilane (97%, Sigma Aldrich). We used 1 mm thick SiO2 slides (76.225.41 305 

mm3, Thermo Fisher Scientific) and 5 mm thick SiO2 slides (75255 mm3, Präzisions Glas & 306 

Optik GmbH). The desiccator was evacuated to less than 100 mbar, closed and the reaction 307 

was allowed to proceed for 30 min. (2) Polystyrene (PS) films on gold, 1 mm and 5 mm thick 308 

SiO2 slides were prepared by dip coating. To get gold substrates, 30 nm gold was sputtered 309 

onto 7525 mm2 glass slides that had been pre-coated with 5 nm chromium to improve 310 

adhesion. The solution consisted of 1 wt% PS (Mw = 192 kg/mol, Sigma Aldrich) in toluene. 311 

After moving down the substrates with a speed of 90 mm/min into the solution and waiting 312 

for 10 s, the substrates were moved up again with a speed of 90 mm/min. Finally, the films 313 

were annealed in an oven at 120°C under vacuum for 24 h. PS films were 20 nm thick measured 314 

by a profiler (P-7 Stylus Profiler, KLA-Tencor). (3) Teflon AF1600 (Teflon) films on gold, 1 mm 315 
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and 5 mm thick SiO2 slides were also prepared by dip coating. Sputter-coated gold glass slides 316 

(see above) or the SiO2 slides were immersed into 1 wt% Teflon AF1600 (Sigma Aldrich) in FC-317 

43 (Sigma Aldrich) with a speed of 90 mm/min. After being immersed for 10 seconds, the 318 

substrates were withdrawn from the solution at a constant speed of 10 mm/min. Finally, the 319 

films on the substrates were annealed at 160°C in vacuum for 24 h. Teflon AF1600 films were 320 

60 nm thick to avoid dewetting. (4) Polydimethylsiloxanes (PDMS) polymer brushes on Si 321 

wafers, 1 mm and 5 mm thick SiO2 slides were prepared as described in 42. After O2 plasma 322 

cleaning (see above), few PDMS drops (Mw=6 kg/mol, Alfa Aesar) were deposited on the Si 323 

wafer or SiO2. After the PDMS drop spread and covered the substrates, the samples were kept 324 

at 22−23°C and 30−60% relative humidity for 24-48 h. Then they were rinsed with toluene and 325 

sonicated in toluene, ethanol, and DI water for 10 min each, to wash away unbound PDMS. 326 

Brushes were 3 nm thick 42. (5) 1H,1H,2H,2H-Perfluorodecanethiol (Thiols) monolayers on 327 

gold. Directly after preparation of gold-coated glass slide (see above) the surfaces were 328 

immersed in 1 mM ethanolic thiol (≥96.0%, Sigma Aldrich) solution for 24 h. Then the surfaces 329 

were rinsed by pure ethanol and dried by Ar2 blowing.  330 

Scanning force microscope imaging 331 

All hydrophobic surfaces were studied with scanning force microscopy (Dimension Icon, 332 

Bruker) in tapping mode (Figure S2). SFM tips with a nominal resonance frequency of 300 kHz 333 

and a spring constant of 26 N/m were used (160AC-NA, OPUS). The root mean square 334 

roughness (rms) was determined over 0.50.5 μm2 for each sample. The error was roughly 0.1 335 

nm, except for the thiols on gold and PFOTS, where it was 0.2 nm. Errors were determined 336 

from variations observed at different positions on samples and variations on different samples. 337 

Static contact angle measurements 338 

“Static” advancing and receding contact angles 𝛩𝑎0 and 𝛩𝑟0 were measured with sessile water 339 

drops (Contact angle measurement system, OCA35, Dataphysics). An 8 μL water drop was 340 

deposited on the surface. Then 16 μL of DI water was pumped into the drop and subsequently 341 

sucked out at a rate of 0.5 μL/s by a Hamilton syringe connected to a hydrophobic needle. The 342 

process was repeated three times without interruption. During inflation and deflation, drops 343 

were imaged in side view. 𝛩𝑎0 and 𝛩𝑟0 were calculated by fitting an ellipse model to the contour 344 

images. Error: 2°. 345 
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