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ABSTRACT 

Many unanswered questions remain pertaining to the droplet dynamics during water droplet 

impact on vibrating surfaces. Using optical high speed imaging, we investigate the impact 

dynamics of macroscopic water droplets (~ 2.5 mm) on rigid and elastic superhydrophobic 

surfaces vibrating at 60 – 320 Hz and amplitudes of 0.2 – 2.7 mm. Specifically, we study the 

influence of the frequency, amplitude, rigidity, and substrate phase at the moment of impact on 

the contact time of impacting droplets. We show that a critical impact phase exists at which the 

contact time transitions from a minimum to a maximum greater than the theoretical contact time 

on a rigid, non-vibrating superhydrophobic surface. For impact at phases higher than the critical 

phase, contact times decrease until reaching a minimum of half the theoretical contact time just 

before the critical phase. The frequency of oscillation determines the phase-dependent variability 

of droplet contact times at different impact phases: higher frequencies (> 120 Hz) show less 

contact time variability and have overall shorter contact times compared to lower frequencies (60 

– 120 Hz). The amplitude of vibration has little direct effect on the contact time. Through semi-

empirical modeling and comparison to experiments, we show that phase-averaged contact times 

can increase or decrease relative to a non-vibrating substrate for low (< 80 Hz) or high (> 100 

Hz) vibration frequencies, respectively. This study not only provides new insights into droplet 

impact physics on vibrating surfaces, but also develops guidelines for the rational design of 

surfaces to achieve controllable droplet wetting in applications utilizing vibration. 
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I. INTRODUCTION 

The dynamics of droplets impacting rigid surfaces [1,2], soap films [3,4] and liquids [5–8] 

have been widely studied due to their high importance in both nature [9,10] and industry [11–

13]. Despite the ubiquitous occurrence of droplet impact on vibrating surfaces in the mid-

frequency range of f = 50 – 500 Hz, such as on turbine blades [14], pumps and compressors [15], 

insect wings [16], automotive systems [17], and fragmentation and dispersion systems [18], very 

few studies have characterized the droplet dynamics during such impact conditions. On vibrated 

liquid baths, droplet dynamics and droplet bouncing have been shown to strongly depend on the 

relationship between the vibration frequency and the droplet eigenfrequency [7], as well as the 

vertical acceleration of the bath [19]. During droplet impact on heated copper plates, low 

frequency, high amplitude vibrations at 100 – 250 Hz and accelerations of a ~ 103 m/s² = 100 g 

in the direction of the falling droplet can suppress the Leidenfrost effect [20]. At these high 

substrate accelerations, the collision force between droplet and substrate increases, allowing 

droplets to contact the hot plate, resulting in nucleate boiling rather than film boiling 

(Leidenfrost effect). For temperatures lower than the Leidenfrost temperature (≈ 170°C for water 

on static plates), spreading dynamics and the maximum spreading diameter are independent of 

substrate vibration [18]. However, vibrations at f = 80 – 200 Hz can enhance secondary 

fragmentation of fingers near the point of maximum droplet spreading. The resulting satellite 

droplets have diameters similar to the characteristic size of the fingers during natural impact 

without vibrations [18]. Non-vibrating, yet motion controlled targets influence droplet rebound 

[21]. Properly timed reversal of vertically moving substrates can suppress or promote droplet 

rebound on flat hydrophobic polymer surfaces, depending on the direction of substrate motion 

and speed. When the direction of an originally downward moving target reverses during droplet 
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impact, droplet rebound is enhanced. Similarly, when the substrate movement changes from up 

to down upon impact, droplet rebound is suppressed [21]. The initial qualitative explanation did 

not contribute the change in rebound behavior to an effective change in net impact speed. Rather, 

it suggested that a coupling of kinematic and dynamic effects, and consequently a comparison of 

time scales, influences droplet rebound. Droplet rebound enhancement (sinusoidal and triangular 

waveforms) and suppression (square waveform) have also been demonstrated for impact on 

horizontally oscillating surfaces [22]. Rebound suppression was caused by an interference of 

velocity fields within the droplet during the recoil phase. Due to the non-slip boundary condition 

at the droplet-substrate interface, the horizontal velocity field of the substrate oscillation 

superimposes the natural vertical velocity field within the droplet that is responsible for droplet 

lift-off. Droplets stretch and elongate in one preferential direction, losing their spreading 

symmetry and the ability to completely rebound [22]. To our knowledge, no study has been 

published that examines the influence of vertical solid substrate oscillations on droplet impact 

dynamics.  

Here, we study the effect of vertical sinusoidal substrate vibrations at 60 – 320 Hz and 

amplitudes of 0.2 – 2.7 mm on the contact times and splashing behavior of droplets impacting 

superhydrophobic rigid and elastic surfaces. Through high-speed imaging and semi-empirical 

mathematical modeling, we describe the relationship between contact time and vibration 

frequency, phase, amplitude, and rigidity of the substrate. We provide new insights into droplet 

impact physics on vibrating surfaces and develop guidelines for the rational design of surfaces to 

achieve controllable droplet wetting in applications utilizing vibration. 
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II. EXPERIMENTAL SETUP  

To represent a wide range of realistic impact scenarios in both industry and nature, we used 

two substrate configurations: (a) vibrating rigid substrate, and (b) vibrating elastic substrate in a 

cantilever mount. Figure 1 shows the experimental setup of the two configurations. In all cases, 

de-ionized (DI) water was supplied to a 25 gauge needle from a gravity bag (Enteral Feeding 

Gravity Bag, Dynarex) attached to the ceiling of the room (≈ 1.5 m above the sample). Droplets 

with diameters D0 ≈ 2.5 mm formed at the tip of the needle and impacted the substrate from a 

height h, resulting in speeds v = 1.20 – 1.35 m/s of the falling droplet upon impact (absolute 

velocity), corresponding to Weber, Reynolds, and Capillary numbers of We = ρv²D0/γ = 50 – 65, 

Re = ρvD0/µ = 3000 – 3400, and Ca = µv/γ ≈ 0.02, respectively, where ρ, γ, and µ are the density, 

surface tension, and dynamic viscosity of water, respectively. A high speed camera (Phantom 

v711, Vision Research), coupled to a 1-5x macro lens (Canon), recorded the impacting droplets 

at frame rates of 9,500 and 13,000 frames per second (fps) and resolutions of 1024x768 and 

800x600 pixels, respectively. A fiber-optic cable connected to a light source (EKE 150W, 

Kramer Scientific) provided sufficient back-lighting to achieve an exposure time of 10 – 30 µs. 

The images were calibrated with respect to the outer diameter of the dispensing needle, obtaining 

a resolution of 17 – 19 µm/pixel, resulting in a droplet size uncertainty of ± 0.2 mm and an 

impact speed uncertainty of ± 0.05 m/s. The images were analyzed with a custom written Matlab 

code to determine the initial diameter, impact speed, substrate frequency, amplitude, and phase 

of impact, while manual analysis was used to obtain contact times (measurement uncertainty: ± 

0.2 ms). The uncertainty in impact phase is ±2°. Additional uncertainties due to surface 

inhomogeneity, deviations from a spherical shape upon droplet impact, as well as air flow 

irregularities are expected to occur [23–25]. To render the samples superhydrophobic, the 
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commercially available superhydrophobic coating NeverWet was sprayed onto a microscope 

slide (rigid substrate) and 100 µm thin polyhydroxybutyrate (PHB) polymer sheets (Goodfellow) 

(elastic substrate). The length and width of the elastic substrate were 15 mm and 8 mm, 

respectively, leading to a bending stiffness of 6 N/m. The inset in Fig. 1(a) shows a scanning 

electron microscopy (SEM) image of the nanoparticle coating. The apparent advancing and 

receding contact angles in the non-wetting Cassie-Baxter state were measured to be θA
app/θR

app  = 

164 ± 4°/159 ± 3°. A detailed characterization of the coating can be found elsewhere [26]. 

 

FIG. 1. Experimental setup and substrate configurations. (a) Droplets formed at the tip of a single needle and 
fell onto the substrate with a droplet diameter D0 (2.5 mm) and an impact speed v (1.20 – 1.35 m/s). A high speed 
camera recorded the impact and the substrate motion (frequency f, amplitude A). The rigid superhydrophobic nano-
textured substrate was mounted on a modified loudspeaker, which was connected to a sinusoidal wave form 
generator and signal amplifier. (b) An elastic superhydrophobic substrate was attached to the same loudspeaker 
configuration with a cantilever-mount. 

 

Samples were mounted on a modified loudspeaker system. A laptop generated sinusoidal 

acoustic waves with frequencies f = 60 – 320 Hz that were transferred to a micro stereo amplifier 

(TDA7297, DROK) using a standard audio cable. The amplified signal was the input to a 

multimedia speaker (2�, 4Ω 12W Stereo Audi Speaker, DROK), modified by removing the 
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cover and cone to place a rigid substrate holder directly onto the vibrating voice coil. All 

reported frequencies were experimentally measured using high speed imaging. The measured 

amplitudes, defined as the half distance between the two vibration extrema, varied between A = 

0.2 – 2.7 mm. Figure 1(a) shows the setup for the rigid vibrating sample, where a 

superhydrophobic coated glass slide was placed directly on the rigid substrate holder. Figure 1(b) 

depicts the setup for the elastic vibrating sample, where a thin superhydrophobic polymer sheet 

was mounted on the substrate holder with adhesive electrical tape, protruding on one side, 

resulting in a cantilever mount. Individual droplets impacted within 4-6 mm from the free end of 

the cantilever substrate, such that during initial spreading, the droplets would not spread over the 

edge of the substrate. We did not observe twisting of the substrate during impact. Vibration 

amplitudes were characterized at the location of impact. We define the polar angle φ = 0 at the 

point of maximum upward substrate speed (see Fig. 1(b)). 

The two different configurations allowed us to differentiate between strong and weak 

amplitudes and accelerations, as well as substrate response to droplet impact. To mimic impact 

on plant leaves we also studied the successive impact of water droplets on stationary elastic 

substrates. Experimental setup and results on these passively vibrating surfaces can be found in 

sections S2 and S3 of the supplementary information [27]. 

 

III. RESULTS AND DISCUSSION 

A. Observations of droplet dynamics 

We first considered droplet impact on rigid superhydrophobic surfaces. We found that 

droplet dynamics and contact times can vary significantly, depending on the phase of the 

substrate vibration at the moment of impact, defined herein as the impact phase. Substrate 



8 
 

frequency and amplitude played only a minor role in altering droplet dynamics. Figure 2 shows 

optical images of rebounding droplets under various impact conditions.  

 

FIG. 2. Droplet shapes for various impact conditions (D0 ≈ 2.5 mm, v = 1.35 m/s) during impact on rigid 
superhydrophobic surfaces. (a) Impact on a stationary substrate with traditional spreading, recoil and lift-off at the 
theoretical contact time tc,th. (b)-(f) Impact on vibrating substrates. A red dot marks the impact phase. (b) Impact just 
below the critical impact phase led to pancake bouncing and the shortest contact times tc ≈ tc,th/2. (c) At higher 
amplitudes, a superposition of pancake bouncing and crown splashing, called tulip splashing, occurred during the 
substrate upward movement. (d) At phases smaller than the critical phase, the substrate caught up with the departing 
droplet after initial pancake bouncing and caused droplet re-attachment. (e) Crown splashing occurred when the 
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droplet deceleration was greater than a critical value upon impact. (f) Impact just above the critical phase led to long 
jets and the longest contact times tc > tc,th.  

 

Droplets impacting a stationary reference sample (Fig. 2(a)) displayed the traditional 

spreading, recoil and lift-off mechanism governed by the inertial-capillary scaled contact time 

(herein called the theoretical contact time) [28]: 

,௧ݐ  ൌ 2.6ටఘబయ଼ఊ . (1) 

For droplets with an initial diameter D0 = 2.5 mm, the theoretical contact time is tc,th = 13.5 ms. It 

should be noted that the contact time on stationary rigid hydrophobic surfaces is independent of 

impact speed [2,28]. As opposed to previous experiments on droplet impact on vibrating baths, 

where droplet sizes and impact speeds were small (We < O(1)) and thus droplet deformations 

during impact were minimal, in the present experiments we observed significant droplet 

spreading and capillary waves at the droplet liquid-vapor interface [7,19]. Figure 2(b) shows a 

droplet with the shortest possible contact time with tc ≈ tc,th/2. In the example shown, the droplet 

underwent pancake bouncing, where the droplet lifted off the surface near maximum spreading 

without recoil, similar to the recently discovered springboard effect on elastic substrates [26]. As 

we will show later, contact time minimization is associated with impact at a critical phase. 

Impact at the same phase, but with higher vibration amplitudes, resulted in a superposition of 

pancake bouncing and crown splashing (Fig. 2(c)). The droplet rim detached while the 

momentum of the center of the droplet was still downward and the droplet thus remained in 

contact with the substrate. Due to the resemblance of the droplet shape to a calyx, we call this 

droplet bouncing mechanism tulip-splashing. In some cases, when droplets impacted at a phase 

smaller than the critical phase, we first observed pancake bouncing, with the vibrating substrate 

catching up with the departing droplet, resulting in droplet re-attachment and another, more 
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chaotic, impact cycle (Fig. 2(d)). The combined contact time of first and second impact cycle 

was longer than the theoretical contact time. Impact at a similar phase, but higher vibration 

frequency and amplitude led to crown splashing with greatly reduced contact times (Fig. 2(e)). 

Impact slightly after the critical phase also increased contact times. Initial droplet spreading and 

recoil were similar to those on a stationary substrate; however, the liquid jet remained in contact 

with the substrate and droplet lift-off was delayed, as shown in Fig. 2(f). Video S1 of the 

supplementary information shows the six droplet impact cases [27]. In addition to these six 

droplet behaviors, we observed many hybrid shapes for slightly varying impact conditions, 

which are not discussed here in detail.  

After characterizing the different modes of droplet dynamics for impact on vibrating rigid 

surfaces, we next turn to vibrating elastic surfaces. Droplet dynamics and contact times are 

similar to those on vibrating rigid surfaces. Figure 3 shows the experimentally measured 

substrate deflection δ along with optical images to illustrate droplet and substrate dynamics for 

three different impact conditions. Figure 3(a) shows a droplet impacting the vibrating substrate at 

φ = 295°, near the bottom dead center of substrate vibration, such that the impact has little 

influence on the vibration of the substrate. With substrate vibration at f = 60 Hz and A = 2.7 mm, 

the droplet impacted the substrate just prior to the critical phase φ ≲ φc = 316°. The droplet 

spread and lifted off in a pancake shape, with a contact time shorter than the theoretical contact 

time (tc < tc,th). When the droplet impacted the substrate at φ > φc, as shown in Fig. 3(b) for f = 60 

Hz and A = 1.4 mm, it first spread and then elongated vertically, forming a jet-like shape. When 

the substrate moved upwards, the droplet compressed. Finally, near the substrate top dead center, 

the droplet lifted off at tc > tc,th. Figure 3(c) shows the dynamics of a splashing droplet impacting 

at φ = 326° on a substrate with f = 120 Hz and A = 2.0 mm. The substrate vibrated as a 
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cantilever, i.e. the droplet impacted an inclined surface for φ ≠ 0, 180°. Due to a faster vertical 

acceleration away from the substrate mount, the droplet splashing symmetry was broken and 

satellite droplets ejected preferentially at the side facing the substrate free end where acceleration 

was maximum and the slope of inclination highest. The remaining droplet core lifted off in a 

pancake-like shape. A similar non-symmetric splashing has been observed for impact on plant 

leaves [9], and for oblique droplet impact [29–31]. Video S2 of the supplementary information 

shows the three droplet impact cases [27]. 
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FIG. 3. Substrate deflection and droplet shapes for various impact conditions (D0 ≈ 2.5 mm, v = 1.20 m/s) on 
elastic superhydrophobic surfaces under forced vibration. The droplet impact influences the substrate movement on 
the elastic vibrating substrates. Solid black curves represent the actual substrate deflection, while the gray dotted 
lines represent the natural substrate vibration without impact. (a) Impact at φ = 295° (φc = 316°) resulted in a 
reduced contact time (tc < tc,th) (f = 60 Hz, A = 2.7 mm). (b) Impact at φ = 26° (φc = 322°) resulted in an elongated 
contact time (tc > tc,th) (f = 60 Hz, A = 1.4 mm). (c) The droplet splashed at φ = 326° (f = 120 Hz, A = 2.0 mm). 

When droplets impacted the substrate away from the top and bottom dead ends of vibration, 

as seen in Figs. 3 (b) and (c), they manipulated the substrate vibration. This secondary vibration, 

caused by the droplet impact, is similar to a bending wave that has been observed previously for 

droplet impact on flexible fibers [32]. Due to the strong external driving force in the present 

experiments, the original vibration is recovered within a few oscillation periods. The detailed 

substrate response was extremely complex, and dependent on the axial impact location, phase, 

frequency, amplitude. Droplet dynamics for other impact conditions were similar to those 

presented above and mainly depended on the impact phase and its relation to the critical impact 

phase. Vibration frequency and amplitude affected the likelihood of splashing, but had little 

influence on the dynamics of non-splashing droplets [33,34] (see section S4 of the 

supplementary information [27]). We did not observe periodic droplet bouncing or resonance for 

impact on rigid or elastic substrates [35,36]. After lift-off, droplets were highly distorted and 

underwent chaotic dynamics. When droplets impacted the substrate for a second time, droplet 

dynamics varied strongly from those at first impact (quasi-spherical droplet) due to an overlaying 

contribution of internal and external velocity fields. The droplet resonance frequency in its first 

resonant mode ( ଶܻ) for D0 = 2.5 mm is fR = 86 Hz [36,37]. Impact experiments at 80 and 100 Hz 

revealed that droplet dynamics and contact times did not differ from those at other vibration 

frequencies.  

As seen from the images in Figs. 2 and 3, contact times and droplet dynamics are very 

sensitive to impact conditions. Figure 4(a) shows the normalized contact times, defined as the 

actual contact time divided by the theoretical contact time tc/tc,th, for all vibration frequencies and 
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amplitudes as a function of impact phase for rigid and elastic vibrating surfaces. At first glance, 

no clear correlation between contact time and frequency, amplitude, and phase exists. However, 

even from this rather chaotic plot we can identify two important findings: (1) all contact times 

are well bounded by 0.5tc,th ≤ tc ≤ 1.6tc,th, i.e. contact times can increase or decrease relative to 

the theoretical contact time on a stationary substrate, and (2) within small frequency ranges, 

contact times are mostly independent of vibration amplitude (± 7% variation). In light of the 

amplitude independence, we can combine data of similar vibration frequencies to obtain a clearer 

depiction of the trends, as shown in Fig. 4(b), for a subset of frequencies including all respective 

vibration amplitudes. For each frequency, contact times suddenly increase at certain impact 

phases and decrease monotonically thereafter (recall that 360° = 0° of the next vibration period). 

For frequencies of 60, 100, 120, and > 200 Hz, the discontinuity occurs at φ ≈ 20°, 175°, 160°, 

and 100°, respectively. From Fig. 4(b), we also observe that average contact times decrease for 

an increase in vibration frequency, and that the jump at the discontinuity becomes smaller for 

higher frequencies, i.e. contact times become less dependent on the impact phase for increasing 

vibration frequencies. We attribute the scatter in data in Fig. 4(b) to the lumping of vibration 

amplitudes, minor differences in droplet size, and slight oscillations during free fall caused by 

the dispensing mechanism.  

As observed in Fig. 4(a), vibration amplitudes in the range A = 0.3 – 2.7 mm have little effect 

on contact times. However, as the amplitude approaches zero, i.e. no vibration, contact times 

should approach tc = tc,th. In fact, experiments at f = 151 Hz and A = 0.2 mm reveal a physical 

limit to the variation of contact times via substrate vibrations, where contact times are at tc = 0.8 

– 1.0 tc,th for all impact phases and do not show a discontinuity of contact times at a critical 
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impact phase (see gray triangles in Fig. 4(a)). Details on these limits will be discussed below in 

section B. 

 

FIG. 4. Contact time analysis. (a) Normalized contact times as a function of impact phase on vibrating rigid and 
elastic superhydrophobic surfaces for all substrate vibration frequencies and amplitudes. Contact times show a small 
dependence on vibration amplitude (± 7%). (b) Sub-set of data from (a), where amplitudes for each frequency are 
combined for clarity. Dotted lines represent trend lines. For each frequency, contact times suddenly increase at a 
certain impact phase and decrease thereafter. Open symbols represent droplets that splashed during impact. 
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B. Mathematical modeling of contact times 

To understand the origin of the discontinuity in contact times, we analyzed the interplay 

between substrate position and droplet dynamics in more detail. Figure 5(a) shows the 

distribution of departure phases for impacting droplets. Intuitively, one would expect droplets to 

lift off when the substrate is at its top dead center (90°), at the point when the substrate starts 

moving downward. Indeed, most droplets lifted off at phases between 80 and 180°, showing an 

average departure phase of φd ≈ 135° with a variation of approximately ± 90°. Physically, when 

the substrate moves upwards, it imparts vertical momentum to the spread droplet, initiating 

droplet lift-off. Due to droplet inertia, final droplet departure is delayed beyond φd ≈ 90°, until 

the substrate moves downward, away from the droplet. In fact, when considering only those 

droplets that departed in a pancake shape with tc ≈ tc,min, the average departure phase was 156°, 

indicating that the lift-off process is dominated by the downward motion of the substrate away 

from the droplet rather than an active pushing of the droplet upwards. With the quantification of 

a mean departure phase, we can now estimate the impact phase that would minimize contact 

times. Figure 4 revealed that the minimum contact time was tmin ≈ tc,th/2 [38–41] (see section S5 

of the supplementary information for a detailed discussion on the nature of the minimum contact 

time [27]). The critical impact phase φc,when the discontinuity in contact time (Fig. 5(b)) occurs, 

can be defined as: 

 ߮ ൌ ߮ௗ െ  ୧୬. (2)ݐ݂ߨ2
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Comparison to experimental data confirms the linear dependence of φc with the vibration 

frequency, as shown in Fig. 5(b). Despite the larger variation in departure phase, Eq. (2) and 

experimental data show good agreement.  

 

FIG. 5. Departure phase, critical impact phase and non-dimensional contact times for droplet impact on 
vibrating superhydrophobic surfaces. (a) Distribution of droplet departure phases. (b) Comparison of Eq. (2) to 
experimental data for the critical impact phase. (c) Droplet dynamics (D0 ≈ 2.5 mm, v = 1.35 m/s, f = 151 Hz, A = 
0.4 mm, φc = 101°) for impact with φ = 100° < φc (top) and φ = 102° > φc (bottom) (scale bar 2 mm). The time step 
between each snapshot is 2 ms, respectively. (d) Non-dimensional contact times as a function of normalized impact 
phase with φd = 135°. The solid line represents Eq. (5). The legend for data points in (b) and (d) can be found in Fig. 
4(a). Missing impact conditions in (b) did not have sufficient data points to determine φc. 

 

Figure 5(c) compares droplet dynamics for impact phases approaching the critical impact 

phase from both sides. For impact just prior to the critical phase, contact times are minimized, 
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while droplets impacting at a later point cannot detach prior to the next full vibration period. 

Therefore, for the vibration frequencies (60 – 320 Hz) and amplitudes (0.3 – 2.5 mm) examined 

in this study, the maximum contact time can be approximated by 

ୟ୶ݐ   ൌ ୧୬ݐ   ,  (3) 

where n is the number of periods that the substrate undergoes before droplet lift-off. For most 

cases studied here, n = 1. However, for higher frequencies (f  > 250-300 Hz), n > 1. The 

vibration can cause the droplet to re-attach during recoil. However, during the next vibration 

cycle, the droplet would finally detach. Thus, the maximum possible contact time should be 

bound by tmax ≤ 2tc,th. This maximum contact time poses a constraint at the minimum vibration 

frequency fmin of the substrate, i.e. fmin = 2/(3tc,th). For f < fmin, the droplet time scale for natural 

recoil is smaller than the vibration period, and the droplet lifts off at its theoretical contact time. 

For D0 = 2.5 mm, we find that fmin = 50 Hz, which is just below the vibration frequencies tested 

in this work. From observations (Fig. (4(a)) tmax ≈ 1.75tc,th, which would correspond to fmin = 59 

Hz. 

Assuming that contact times vary linearly with impact phase we can write for f > fmin and A > 

Amin, where Amin is the smallest vibration amplitude necessary to provide sufficient momentum 

for early droplet liftoff: 

ݐ  ൌ ୟ୶ݐ െ ఝିఝଶగ . (4) 

For f < fmin and A < Amin, the contact time is independent of vibration frequency and amplitude 

and approximately equal to the theoretical contact time, i.e. t ≈ tc,th.  

Due to the periodicity of the vibration we introduce a normalized impact phase which 

includes the modulus of one vibration period, ߮כ ൌ ሾሺ߮ – ߮ሻ, ሺ݉ߨ2 ݀ሻሿ, and a non-

dimensional contact time כݐ ൌ ݂ ሺݐ – ݐ୫୧୬ሻ. Equation (4) then becomes: 
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כݐ  ൌ 1 െ ఝכଶగ. (5) 

Figure 5(d) compares the experimental data with Eq. (5). The good agreement between 

model and data (standard deviation for all data: 30%) supports our hypothesis of a critical impact 

phase at which contact times transition from a minimum to a maximum. The scatter in data in the 

upper right and lower left corners arises from deviations of the actual departure phase from φd = 

135°.  

Previous studies of droplet impact on vibrating baths indicated the importance of the 

dimensionless peak acceleration Γ = 4π2Af2/g, where g is the acceleration due to gravity, on 

droplet dynamics and rebound [7,19,36,42,43]. However, we did not observe a direct coupling 

between contact times and substrate acceleration. Even for the limiting case of f = 151 Hz and A 

= 0.2 mm, Γ = 18 >> 1. However, as we have shown previously, contact time reduction during 

impact on elastic substrates depends on the momentum transfer between the substrate and the 

spread droplet [26]. In the present work, we can adapt the Froude number criterion Fr = us / (g 

Dmax)1/2 ≥ 1, where us = 2πAf is the maximum substrate velocity, and Dmax is the maximum 

droplet spreading diameter. For D0 and v = 1.35 m/s, we find that Dmax ≈ 6.1 mm [26]. From the 

Froude number criterion, the frequency-dependent minimum vibration amplitude Amin can be 

determined. For f = 151 Hz, we find Amin = 0.26 mm, which is in excellent agreement with the 

observed transition between 0.2 and 0.3 mm. 

To better understand the interplay between vibration frequency, amplitude, impact phase, and 

contact time, we numerically modeled the average contact times, taking into account the 

probability for droplet impact at a certain phase, given vibration amplitude and frequency. For 

high vibration frequencies and amplitudes, the probability of the droplet hitting the substrate at a 

certain phase is not equally distributed. Approximating the droplet as a small solid sphere, and 
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assuming that the droplet makes contact with the substrate at phase φ, then the vertical distance 

between droplet and substrate prior to impact is ݏ ൌ ܣ െ ݐݒ െ ݐ݂ߨሺ2݊݅ݏܣ  ߮ሻ. At impact (s = 0), 

and for φ = ωt + φ0, the position of φ0 can then be determined to ߮ ൌ ሺsinכݒ φ െ 1ሻ  ߮, where 

v* = Aω/v is the normalized substrate velocity, which represents the impact probability as a 

function of substrate phase. The probability of droplet impact at phase φ can be defined as 

ሺ߮ሻ ൌ 0 for φ1 ≤ φ ≤ φ2, or ሺ߮ሻ ൌ ଵଶగ ሺכݒ cos ߮  1ሻ for all other phases. The phase angles φ1 

and φ2 are defined as ߮ଵ ൌ cosିଵ൫െ1 ൗכݒ ൯ and ߮ଶ  כݒ sin ߮ଶ ൌ ඥכݒଶ െ 1  cosିଵ൫െ1 ൗכݒ ൯, 

respectively. The latter equation does not have an analytical solution, but can be solved 

numerically. Section S6 of the supplemental information discusses the probability distribution in 

more detail [27]. The phase-averaged contact time of an impacting droplet can then be calculated 

using: 

,ҧሺ݂ݐ  ሻܣ ൌ  ሺ߮ሻ݀߮ఝభఝమሺ߮ሻݐ  , (6) 

where the contact time t(φ) is described by Eq. (4), using the modulus of (φ – φc). Note that Eq. 

(6) is only valid in the limits of f > fmin and A > Amin, as outlined above. For f < fmin and A < Amin, 

the contact time equals the theoretical contact time, independent of impact phase. 
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FIG. 6. Effect of vibration frequency, amplitude, and phase on contact times for droplet impact on vibrating 
superhydrophobic surfaces. Measured (points) and predicted (lines) average normalized contact times for droplet 
impact on rigid and elastic vibrating surfaces as a function of frequency and amplitude following Eq. (6). Shaded 
areas represent the uncertainty, as determined from the observed standard deviation between experimental data and 
Eq. (5) for A = 1 mm (SD = ± 30%). The legend for the data points can be found in Fig. 4(a). Note that the data 
point for 60 Hz, 2.7 mm, elastic, for which the experimental set is most complete across all impact phases, is directly 
at the intersection of the predicted model lines. 

Equation (6) was solved numerically and is plotted in Fig. 6. The discontinuity in the average 

contact time for higher amplitudes arises from the impossibility of droplets to impact the 

substrate at certain vibrational phases. Overall, contact times decrease with increasing vibration 

frequency, and show local minima at f ≈ 170 Hz and 320 Hz. Average contact times for vibration 

frequencies f < 80 Hz are higher than the theoretical contact time on a stationary rigid 

superhydrophobic substrate. For f > 100 Hz, contact times are reduced. The maximum possible 

average contact time enhancement is found to be ݐ௫തതതതതത ⁄,௧ݐ  ≈ 1.2, independent of droplet size. 

From Fig. 6 we see that the transition frequency ftrans where ݐҧ ⁄,௧ݐ  = 1 (i.e. for f < ftrans, ݐҧ ⁄,௧ݐ  > 

1 and for f > ftrans, ݐҧ ⁄,௧ݐ  < 1) depends slightly on the amplitude of the vibration. Section S7 of 

the supplementary information discusses the role of droplet size and fluid parameters on the 

average contact times and shows that ftrans is a function of droplet size, i.e. of the natural droplet 

oscillation frequency, and scales as ftrans ~ a/tc,th, where a = 1 – 1.3 [27].  

Figure 6 also includes the uncertainty in average contact times, as determined from the 

standard deviation between experimental data and Eq. (5). The uncertainty is more important for 

smaller vibration frequencies and decreases for increasing frequencies. Additionally, Fig. 6 also 

includes phase-averaged contact time data from Fig. 4(a). Qualitatively, data and model match 

well. Average contact times decrease with increasing vibration frequency, while the vibration 

amplitude has little effect on the average contact time. The discrepancy between data and model 

for the low vibration frequency of 60 Hz on the rigid substrates arises from the lack of data at 
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small impact phases, where local contact times would be highest. When averaging over a data set 

with contact time data for low and high impact phases, as is the case for the elastic substrates at f 

= 60 Hz and A = 2.7 mm, the model matches the data extremely well.  

 

IV. CONCLUSIONS AND OUTLOOK 

Using high speed imaging, we studied droplet dynamics and contact times during droplet 

impact on rigid and elastic vibrating superhydrophobic surfaces. We demonstrated that contact 

times can increase by 160% and decrease by 50% when compared to impact on stationary rigid 

superhydrophobic surfaces. Detailed analysis revealed that during forced vibration, the contact 

time is most sensitive to changes in the impact phase, whereas the amplitude of vibration had 

little direct effect on the contact time. We introduced the concept of a frequency-dependent 

critical impact phase at which contact times transitioned rapidly from a minimum (tc ≈ 0.5tc,th) to 

a maximum (tc ≈ 1.6tc,th). We show that the average contact time is frequency dependent, and can 

be greater (smaller) than the theoretical contact time for smaller (higher) frequencies. For a 

droplet diameter of 2.5 mm, the maximum average contact time occurs for vibrations of 50-60 

Hz, and becomes smaller than the theoretical contact time for f > 80-100 Hz, depending on the 

amplitude of the substrate vibration. This study not only provides new insights into droplet 

impact physics on vibrating surfaces, but develops guidelines for the rational design of surfaces 

to achieve controllable droplet wetting in applications utilizing vibration.  

In addition to providing rationale for the design of superhydrophobic surfaces for industrial 

applications, such as spray cooling, where the per droplet heat transfer rates increase (decrease) 

for longer (shorter) contact times, the aforementioned droplet impact dynamics on vibrating 

elastic surfaces have much potential to explain the evolved flexibility of natural 
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superhydrophobic surfaces, i.e. the wings of a butterfly or cicada, or the leaf of a plant. Although 

our work has focused on contact time and droplet dynamics, future studies should pay closer 

attention to Cassie-to-Wenzel or impalement transition during impact, and how surface 

flexibility and vibration affect these processes. Although recently studied on stationary flexible 

substrates [44], many natural superhydrophobic surfaces are not stationary and oscillate at 

frequencies ranging from few Hz (larger insects, plant leaves) [45] to hundreds of Hz (smaller 

insects) [46], giving rise to alternate dynamics during impact. 
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