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Abstract 

In this study, coupled dynamic responses of flexible superhydrophobic surfaces during a drop 

impact were investigated with position sensing and high-speed imaging. A smooth PDMS surface 

was spray coated with commercially available superhydrophobic paint particles. The influence of 

initial and subsequent impacts of a water droplet on the surface dynamics was studied at various 

natural frequencies of the surface (50 < fs < 230Hz) and Weber numbers (2 < We < 90). We 

discovered that the flexible superhydrophobic surface was deflected twice during contact of the 

droplet by an impact force of the droplet as well as its reaction force during recoil. The magnitude 

of the droplet reaction force was estimated to be comparable to the droplet impact force. As the 

Weber number increased, however, the influence of the droplet reaction force on the surface 

displacement was attenuated because of the instability of the droplet rim. The contact time of the 

droplet and surface dynamics were found to be dependent on the phase of the surface. The contact 

time was reduced as much as 7% when a completion of the droplet spreading matched to the 

upward motion of the surface. One of the two local minima of the surface position observed during 

the contact of droplet was diminished by matching the instance of the droplet reaction force to the 
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downward motion of the surface. This study provides new insight into the effect of the droplet 

reaction force on dynamics of flexible superhydrophobic surfaces. 
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1. Introduction 

When water contacts a superhydrophobic surface, the combination of chemical hydrophobicity of 

the surface and micron/nanometer-sized structures on it entraps air between the structures of the 

surface.1-4 The resulting heterogeneous solid-air-water interface on the superhydrophobic surface 

leads to a static advancing contact angle of 150A    and contact angle hysteresis of 5H   .1, 2, 5 

This particular wetting condition makes water droplets bead up and roll easily across the surface.6, 

7 The reduced interaction between the water and the surface promises benefits such as self-

cleaning8, anti-icing9, anti-fouling10, and frictional drag reduction11-14. However, elasticity of the 

superhydrophobic surfaces has not been characterized sufficiently even though superhydrophobic 

surfaces found in nature such as plant leaves, insect wings, gecko skin, and feathers are flexible.8, 

15-17 

 The deformation of a water droplet impacting a rigid superhydrophobic surfaces is due to 

the interplay between inertia and capillary forces which can be described by the Weber number, 

2
0 0 / .We U D  18, 19 Here,   is the density of water, 0U  is the drop impact velocity, 0D  is the 

initial droplet diameter, and   is the surface tension of water. At moderate Weber numbers, 
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   0 210 10 ,O We O   kinetic energy of the droplet converts into surface energy, making the 

droplet spread into a pancake-like shape. The maximum spreading diameter scales as 

1/4
max 0/ .D D We 20, 21 During retraction, the droplet regains most of its initial kinetic energy with 

little viscous dissipation across the surface. This surface-to-kinetic energy conversion results in a 

complete rebound of the droplet which resembles a Worthington or Rayleigh jet.20, 22 

On a flexible superhydrophobic surface, dynamics of the droplet will depend on surface 

properties. The impact force of the droplet, which scales as 2 2
0 0F U D   23, excites the flexible 

surface to vibrate at its first-mode natural frequency,  1/ 2 / .s s sf k m  24-26 Here, sm  is 

effective mass and sk  is flexural rigidity. During spreading, the initial kinetic energy of the droplet 

converts to elastic energy of the flexible surface and the surface energy of the droplet. 24, 25 The 

elastic energy stored in the flexible surface plays an important role on the dynamics of the droplet 

with the phase of the surface. When the natural frequency of the surface is lower than the droplet 

frequency, ,s df f  the spreading and recoil of the droplet occur while the surface is moving 

downward.24 The droplet frequency, ,df  is defined by the reciprocal of an droplet oscillation 

period, 1 / .ct  Here, ct  is the theoretical contact time of the droplet,  1/23
02.6 / 8 ,ct D 

depending on the initial droplet size and its density and surface tension. 18, 20, 22 Under this 

circumstance, the elastic energy of the surface is internally dissipated through vibration and is not 

transferred to the droplet. This leads to a decrease in the maximum spreading diameter, max ,D  and 

suppression of droplet fragmentation. 24 Furthermore, the maximum deformation of the droplet 

does not follow the classic scaling relationship for rigid superhydrophobic surfaces, 

1/4
max 0/ .D D We 20, 21 When the upward motion of the flexible surface coincides with when the 
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droplet starts to recoil, ,s df f  the vertical momentum of the surface transfers kinetic energy to 

the droplet. In this scenario, the pancake-shaped droplet is lifted off from the surface, resulting in 

a contact time reduction and an enhanced restitution coefficient. 24-26 As the natural frequency of 

the surface increases further, ,s df f  the time of the maximum surface deflection is less than the 

maximum spreading time, 0 0/ .sprU D U  The stored elastic energy of the surface returns to the 

droplet and participates in the droplet spreading dynamics. No difference in max 0/D D  was 

observed compared to the rigid case. 27, 28 

In recent studies, a high-speed camera and a light source were aligned with the flexible 

surface to image droplet dynamics and measure substrate deflection. However, to capture the 

region of interest, such imaging techniques are limited to measuring relatively large displacements, 

0.1 to 1mm. In this study, we will investigate the coupled dynamic response of flexible 

superhydrophobic surfaces with high-speed imaging and a position sensing detector, which can 

resolve displacements of a few microns (< 2µm). The presence of the reaction force of the droplet 

during retraction and its role on the surface dynamics will be revealed for the first time in this 

paper.  

 

2. Experiments 

2.1 Fabrication of flexible surfaces 

The flexible hydrophobic surface was fabricated with Polydimethylsiloxane (PDMS, Sylgard 184 

Dow Corning) using a standard soft lithography method.29 The PDMS was created with a mixing 

ratio of 8 parts base to one part curing agent, by weight. The PDMS was cured on a six-inch silicon 
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wafer at 60◦C overnight, and then peeled off from the wafer. The Young’s modulus of PDMS 

surfaces was estimated to be 62.5 10E   Pa based on the mixing ratio of 8:1.30 To produce the 

superhydrophobic surface, commercially available superhydrophobic paint particles suspended in 

a hydrophobic fluorothane resin (WX2100, Cytonix Co.) were deposited on the smooth PDMS 

surface. The paint particles formed aggregate hierarchical structures consisting of micron and 

nanometer-sized features on the surface. 5, 31 The static advancing contact angle was measured to 

be 150.2 0.7A    with the contact angle hysteresis of 4.8 0.8 .H      

 

2.2 Deflection setup 

The hydrophobic (uncoated) and superhydrophobic (coated) PDMS samples were cut into 

rectangular beams that were 40mm long, 32mm wide, and 1mm thick. The surfaces were supported 

on both ends and clamped in place with two binder clips, whose compressive force was distributed 

over two aluminum plates laid on the ends (Figure 1). Before each experiment, the horizontal 

image of the surface was taken by the high-speed camera and analyzed with ImageJ to verify that 

the surface was free of distortion and initial deflection.  

To measure time-varying displacement of the surfaces, the optical deflection technique was 

utilized as shown in Figure 1. A laser spot which was created by a 5mW laser diode ( 650nm  ) 

was magnified by 0.5 and reflected upwards to the center point of the surface. The laser spot was 

reflected from a thin reflective layer deposited on the underside of the surface and imaged with a 

convex lens to hit the active area of a 1D silicon photodiode of a position sensing detector (PSD, 

On-Trak Photonics, Inc). The calibration of the PSD was verified by a micrometer which was 

placed in the same optical path as the surface. The PSD output was amplified by a position sensing 
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amplifier (OT-301, On-Trak Photonics, Inc) and collected by a data acquisition board (National 

Instruments) with a sampling rate of 10kHz. 

 

Figure 1: Schematic diagram of the experimental setup 

Before each droplet experiment, the properties of the surfaces were quantified by an 

impulse exerted on the surface by a screwdriver with hexagonal ball end. An example for the 

dynamic response of the flexible superhydrophobic surface is shown in Figure 2. The displacement 

of the surface decreases exponentially as a function of time, following a second-order damped 

harmonic oscillator. The vibration frequency, ,sf  of the measured surface deflection was 

calculated from a fast Fourier transform as shown in inset of Figure 2. The natural frequency of 

the flexible, untensioned hydrophobic and superhydrophobic surfaces was calculated to be 56Hz 

and 54Hz, respectively. The damping ratio of the surfaces was calculated as 1 2ln / / 2 ,     

where 1 2ln /   is the logarithmic decrement.  
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Figure 2: Displacement of the flexible superhydrophobic PDMS surface (untensioned) as a function of time when an 

impulse force is applied at t =0. Inset indicates frequency distribution of the surface deflection. 

To investigate the influence of the surface phase, ,s  on the droplet and surface dynamics, 

the natural frequency of the superhydrophobic surface, ,sf  was varied by applying a longitudinal 

tension and maintaining the length of the surface, 40 .L mm  The extension ratio of the surface, 

 1 0 0/ ,l l l    was calculated by measuring longitudinal and transverse strains of a square drawn 

on the surface. Here, 0l  is the initial length of the square and 1l  is the length after stretching. As 

seen in Figure 3, the natural frequency of the surface increased linearly with the longitudinal 

extension ratio. In this study, we consider frequencies of 50 < fs < 230Hz. At the highest frequency 

studied (fs = 230Hz), the extension ratio was measured to be 13% in the longitudinal direction and 

6% in the transverse direction, consistent with a Poisson ratio of 0.5 expected of polymers. Beyond 

fs = 250Hz, the coating of superhydrophobic paint particles on the surface cracked so wettability 

of the surface was not uniform and could not be considered.  
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Figure 3: Variation of the extension ratios for the superhydrophobic PDMS surface as a function of natural frequency 

of the surface. The solid lines are linear square fits to the data. The dotted line indicates the frequency for the surface 

without tension.  

 

2.3 Droplet force estimation 

To better understand the surface dynamics as a function of time, we estimated the external force 

applied by the droplet to the surface, F(t), by using the second-order differential equation, 

     22 / ,s s st t t F m         where  t  is the measured displacement of the center point 

of the surface. Here, 2s sf   is the angular frequency of the surface, and  2/s s sm k   is the 

effective surface mass. To find the flexural rigidity, ks, of the surface and eventually estimate the 

effective mass, ms, static deflection measurements were conducted at the center of the surface 

using ball bearings with masses of 0.07g, 0.26g, 0.44g, and 1.05g. For the untensioned surface, ks 

was found to be 42.7N/m and ms was found to be 0.38g. A zero-phase digital filtering technique 

was used to smooth high-frequency noise in the deflection data with a low-pass filter. A passband 
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frequency was set as 360Hz which was two times the higher frequency observed in the surface 

deflection as will be shown in Figure 4(a), and a stopband frequency was set as 720Hz.  

 

2.4 Drop impact setup 

A single water droplet with a diameter of 0 2.80 0.03D   mm was released from a syringe needle 

at a known height, H=40mm, and impacted the center of the surface. The impact velocity of the 

droplet was measured to be 0 0.72 / ,U m s  corresponding to 20.We   The droplet spreading and 

retraction dynamics on the surfaces were recorded with a high-speed camera (NAC HotShot CC) 

recording at a rate of 3000 frames/s. The impact location of the droplet was controlled by a two-

dimensional droplet positioning system and monitored by the high-speed camera before each 

experiment to minimize variance of the drop impact location. The deflection of the surfaces was 

measured simultaneously with the high-speed imaging. 

 

3. Results and discussion 

3.1 Surface and droplet dynamics of untensioned flexible surfaces 

3.1.1 Initial impact of the droplet 

The time-varying displacements of the center of the flexible hydrophobic and superhydrophobic 

surfaces are shown in Figure 4(a). The displacement of both surfaces was initiated by the 

impingement of the droplet at t = 0ms. However, the dynamics of the surfaces depended on the 

surface wettability and corresponding droplet dynamics. The maximum deflection of the flexible 

hydrophobic surface was measured to be max 78 m   at t = 4ms, occurring after the droplet 
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reached the maximum spreading diameter, max ,D D  at t = 3.7ms as shown in Figure 4(b) and (c). 

On the flexible superhydrophobic surface, the maximum deflection of the surface occurred earlier 

at t = 3.4ms while the magnitude of the maximum surface deflection, max 54 ,m   was about 30% 

smaller. The low contact angle hysteresis of the superhydrophobic surface, 10 ,H    caused a 

shorter spreading time of the droplet, t = 3.0ms, and a smaller maximum spreading diameter, 

0/ 1.97,D D   compared to the hydrophobic surface (Figure 4(b) and (c)). As a result, a less initial 

kinetic energy of the droplet was transferred to elastic energy of the surface, in comparison with 

the hydrophobic case.  

The calculated droplet forcing for the flexible surfaces are shown in Figure 5. The 

magnitude of the initial impact force of the droplet was calculated to be F =4.5mN at t = 0.1ms for 

the hydrophobic surface and F =4.2mN at t = 0.1ms for superhydrophobic surfaces, respectively. 

The impact force was estimated with a momentum transfer of the droplet upon impact, 

2 2
0 0 ;F U D   at We=20, the droplet impact force was calculated to be F =3.2mN 23 which is in 

good agreement with our results. It should be noted that the amplitude of the forcing function 

calculated in Figure 5 was contingent on the selection of parameters for the low-pass filter. The 

droplet impact force was estimated to be , 4.4 0.3I HSF    and , 4.0 0.2I SHSF    for the 

hydrophobic and superhydrophobic surfaces by changing the passband frequency of the lowpass 

filter between 260Hz and 460Hz.   

As the droplet recoiled, the surface moved upward. During recoil, a three-phase contact 

line on the flexible hydrophobic surface was pinned and deflected until the local contact angle 

reached the dynamic receding contact angle, , 30 ,R D  while the droplet diameter was not 

significantly changed. As the droplet contracted to the impact point, a small liquid column on the 
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hydrophobic surface was squeezed upwards from the center at t = 9ms (Figure 4(c)), reminiscent 

of the Worthington jet formed in droplet impact in liquids. The formation of the liquid column was 

accompanied by a small downward deflection of the surface (Figure 4(a), inset), countering the 

upward trajectory of the surface that was initiated at the beginning of recoil. This deflection implies 

that the droplet imparted a downward force as the liquid column was formed, and we will denote 

this as the droplet reaction force. The schematic diagram for the droplet reaction force will be 

shown in inset of Figure 5. When the liquid column collapsed at t =11.7ms, the hydrophobic 

surface resumed its upward trajectory. After the initial interaction with the droplet, 20 ,t ms  the 

surface oscillated at its natural frequency (fs = 53Hz). The steady-state displacement was nonzero 

since the droplet remained pinned to the surface after impact. This result is in agreement with 

experimental observations for vibration of a hydrophobic cantilever beam after drop impact. 32 The 

higher frequency observed at 107sf Hz in Figure 4 (a) was attributed to the deflection formed 

by the reaction force of the droplet. 

A second downward deflection on the flexible superhydrophobic surface was observed at 

t = 6.3ms during recoil (Figure 4(a), inset), while the droplet maintained a disk-like shape as shown 

in Figure 4(c). This implies that the larger dynamic receding contact angle, , 140 ,R D  expedited 

the occurrence of the peak droplet reaction force. In contrast to the hydrophobic surface, the peak 

reaction force preceded the formation of the liquid column at t = 8.3ms. Finally, the droplet 

detached from the surface at 16.6 0.1 .ct ms   The contact time was reduced by 6.7% relative to 

the rigid superhydrophobic surface, 17.8 0.2 ,ct ms   when the flexible superhydrophobic surface 

was affixed to the aluminum plate. The dominant frequency of the surface deflection was measured 

to be in the range 49 62 ,Hz f Hz   which was close to the measured natural frequency of the 

http://dx.doi.org/10.1063/1.5028127


12 
 

surface (fs = 54Hz). The droplet-surface interaction during the contact of the droplet led to a higher 

frequency peak at 148 161 .Hz f Hz   

As seen in Figure 5, the maximum reaction force of the droplet was calculated to be 4.8mN 

at t = 7.9ms and 4.9mN at t = 6.3ms for the hydrophobic and superhydrophobic surfaces, 

respectively. Hence the magnitude of the droplet reaction force was comparable to or even larger 

than the droplet impact force. Note that our analysis presumes the droplet reaction force can be 

integrated as a 1D point force at the center of the surface, where the droplet retraction is distributed 

over a finite area and is 3D. Therefore, the magnitude of the droplet force is an estimate, which 

requires non-intrusive force measurements (i.e., MEMS) in future work. 
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Figure 4: (a) Time-varying displacement of hydrophobic and superhydrophobic surfaces. Inset indicates a frequency 

distribution of the surface deflection measured on both surfaces (top) and displacement detail for t < 25ms (bottom). 

The dotted lines represent subsequent impacts of the droplet on the superhydrophobic surface. For the 

superhydrophobic case, the frequency analysis was performed on data measured between 0 81 ,ms t ms   before 

the second impact of the droplet. (b) Time evolution of non-dimensional diameter of the droplet impacting on 

hydrophobic (filled square) and superhydrophobic (circle) surfaces, (c) Droplet dynamics on hydrophobic (bottom 

line) and superhydrophobic surfaces (top line) as a function of time. 

 

 

Figure 5: Estimated external force applied on the (a) hydrophobic and (b) superhydrophobic surfaces as a function of 

time. Insets show a schematic diagram to show the droplet reaction force on the flexible surface (bottom) and the force 

and deflection for t <25ms (top). The maximum impact and reaction forces are highlighted by solid circle and diamond 

symbols, respectively. The uncertainty in the force was estimated to be 0.1 mN by calculating the  RMS value of the 

force for the times when there is no-forcing on the surfaces ( 400ms < t < 1000ms, not shown in the figure). 
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3.1.2 Subsequent impact of the droplet 

After the droplet detached from the superhydrophobic surface, the rebounding droplet impacted 

the surface again at t = 82ms, 127ms, and 162ms, indicated by dotted lines in Figure 4(a). The 

instance and location of the subsequent impacts varied, likely due to slight variations in the 

dynamics of the rebounding droplet in air and daughter droplet formation after recoil. Thus, surface 

dynamics after the additional impact of the rebounding droplet were determined by the droplet 

impact force, the stored elastic energy of the surface and the surface phase. Here, the surface phase 

is defined as the phase of the surface vibration when the droplet impacts on it (i.e., the surface 

phase is always zero, 0 ,s    at the initial droplet impact at t=0. The surface phase is 90s    

when the surface reaches the maximum deflection.) We will focus on three subsequent impacts of 

the droplet that corresponding surface displacement was noticeable.  

At the time of the second impact of the droplet at t = 82ms, the surface was moving upwards 

 180s
 , and the droplet was out of phase with the surface. The droplet kinetic energy was 

large enough to drive the surface downward even though the droplet was out of phase with the 

surface as shown in Figure 4 (a). The second impact modified the surface dynamics from the 

decaying oscillation initially excited by the first impact. This observation coincides with the recent 

result that the manipulation of the surface vibration occurs when the droplet is out of phase with 

the vibrating flexible surface. 26 The droplet force at the second impact was estimated to be F = 

1mN (Figure 5(b)), which is roughly 25% of the initial impact force. For the third impact at t = 

127ms, the droplet was also out of phase with the surface, which had a concave shape  90 .s
  

This surface phase was the worst-case scenario for enhancing displacement; the droplet kinetic 

energy cancelled out the stored elastic energy of the surface. Hence, the impact of the droplet was 
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found to be destructive to displacement for about 13ms as shown in Figure 4 (a). The 

corresponding droplet force magnitude was estimated to be 15% initial impact force, F = 0.7mN. 

Lastly, for the fourth impact at t = 162ms, the droplet was in phase with the surface  270 ,s


temporarily enhancing displacement. 

 

3.2 Influence of surface vibrating frequency 

As discussed in the previous section, the relationship between the droplet impact and the surface 

phase plays an important role on the surface dynamics. In this section, the role of the surface phase 

on the droplet and surface dynamics will be further discussed in the context of changing the natural 

frequency of the superhydrophobic surface. The droplet spreading time was constant at t=3.3ms 

for every natural frequency studied, but this time corresponds to a different phase in the surface 

vibration depending on the surface’s natural frequency. The droplet spreading time relative to 

surface phase for surfaces of varying frequency is illustrated in the inset of Figure 6. Since the 

surface transfers momentum to the droplet, the phase of the surface at the instant the droplet begins 

to recoil can change the contact time. We find that indeed the contact time can be manipulated by 

changing the surface vibrating frequency, as shown in Figure 6. When the completion of the 

droplet spreading was coupled to the upward motion of the surface in 50 100 ,sHz f Hz   the 

elastic energy of the surface was transferred to the kinetic energy of the droplet.25, 26 As a result, 

the contact time was reduced by as much as 7% compared to the rigid superhydrophobic surface. 

Beyond 100 ,sf Hz  the contact time gradually increased since less of the stored elastic energy of 

the surface was transferred to the droplet. Finally, at the critical surface phase of 270 ,s    the 

contact time reached a plateau at ~ 19 ,ct ms  leading to a 7% contact time enhancement. This 
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dependence of contact time on surface phase was recently reported on the drop impact on the 

vibrating superhydrophobic surface 26. In their study, however, the contact time reduction was only 

observed at moderate Weber number of We = 50 to 60 26 since their previous study showed that 

the contact time was only reduced above We = 40. 25 Our measurements, however, show that the 

contact time can be reduced at low Weber numbers, We =20, with a clear dependence of the contact 

time on the surface phase. 

 

Figure 6: Contact time as a function of the natural frequency of the superhydrophobic surface. Inset shows a phase of 

the surface (solid line) and the time when the droplet reaches the maximum spreading diameter at the natural frequency 

of 50, 100, 150, and 200Hz (red circles). 

 

 In addition, the displacement of the flexible superhydrophobic surface was affected by the 

natural frequency of the surface. Time-varying displacements of surfaces of 6 different natural 

frequencies are shown in Figure 7. As the surface became stiffer with increasing surface frequency, 

the magnitude of surface deflection decreased, and subsequent droplet impact was not clearly 

detected in the surface deflection. However, the initial surface dynamics varied depending on the 
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time when the reaction force of the droplet occurred. As seen in Figure 7 (a) and (b), the additional 

deflection contributed by the droplet reaction force around t =10ms was clearly observed until fs 

=103Hz when the droplet reaction force was out of phase with the surface. Beyond the critical 

surface phase of 270 ,  the reaction force was applied when the surface was moving downward, 

and so the additional deflection was not apparent as shown in Figure 7 (d) and (e). As seen in 

Figure 7 (d), a possible beating-like surface displacement was observed when the droplet reaction 

force was coupled with the downward motion of the surface. This deflection seems to come from 

a slight difference between a higher mode resonance frequency of the droplet and the natural 

frequency of the surface. To make sure our postulate, the droplet mode frequencies were calculated 

based on the literature.33 The n-th order resonance frequency of the oscillating droplet is expected 

to be 
2 3

( 1)( 2)
.

4n

n n n
f

R


 
 

  Here, n is the oscillating mode, ,  ,  and R  is the surface tension, 

density, and radius of the droplet, respectively. With the parameters of the droplet we used, the 

mode frequencies were calculated to be 2 72.9 ,f Hz 3 141.2 ,f Hz and 4 218.8 .f Hz  For the 

Figure 7(d), the surface vibrating frequency ( 3 146 ,f Hz ) was very close to the droplet’s 3rd order 

frequency ( 3 141.2 ,f Hz ). However, the mechanism for this phenomenon is still unclear and will 

be investigated in a follow-up study.  
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Figure 7: Time-varying displacement of the flexible superhydrophobic surfaces with natural frequency of (a) f = 80Hz, 

(b) f = 103Hz, (c) f = 120Hz, (d) f = 146Hz, (e) f = 165Hz, and (f) f = 199Hz. Inset shows a phase of the surface (solid 

line) and the time when the droplet reaction force occurs (red circles). 
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3.3 Influence of Weber number 

Lastly, the dynamic response of the untensioned flexible superhydrophobic surface (fs=54Hz) was 

investigated by changing the drop impact velocity (or equivalently, the Weber number). Surface 

displacements at three Weber numbers are shown in Figure 8 (a). The magnitude of the deflections 

generated by the droplet impact and reaction forces will be denoted as impact  and reaction , 

respectively. As the Weber number increased, the magnitude of impact  and reaction  during contact 

of the droplet (t < 10ms) increased, while the timing of those deflections remained almost constant. 

If the maximum surface deflection is assumed to be linearly proportional to the droplet impact 

force, impact  should scale with 2
0 .U  As shown in Figure 8 (b), however, impact  scales as 0.37 ,We  

and hence 0.75
0~ ,impact U  a much weaker dependence on the drop impact velocity. The reaction 

force-induced deflection, ,reaction  followed a similar scaling up to We=40. For 40,We   however, 

the periphery of the droplet became unstable and airborne during droplet spreading. As the Weber 

number increased further, satellite droplets were formed around the rim of the main droplet 

(We~70). Thus, the main droplet regained less initial kinetic energy during recoil, resulting in a 

weaker dependence of reaction  on Weber number for 40.We   These results confirm the presence 

of the droplet reaction force on the droplet-surface interaction as well as its effect on the surface 

dynamics with changing the Weber number. Note that the relationship between the magnitude of 

the maximum deflection and Weber number depends on the surface properties including the 

flexural rigidity (EI) and natural frequency of the surface (fs). However, the variation of the scaling 

with changing the surface properties needs a variety of data set to generalize and is not a focus of 

the present study.  
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Figure 8: (a) Time-varying displacement of the flexible superhydrophobic surfaces for We=13 (red), 42 (green), and 

74 (blue). (b) The maximum deflections induced by the impact force, δimpact (circle), and the reaction force, δreaction 

(square). The solid line indicates a linear square fit to δimpact. 

 

Conclusion 

 In this study, we identified the presence of the droplet reaction force on the elastic 

superhydrophobic surface with clamped-clamped boundary condition using a position sensing 

detector (PSD) and high-speed imaging. This is the first direct measurement of the droplet reaction 

force in the literature. The flexible surfaces were displaced by the impact force of the droplet and 

reached a local minimum in its displacement as the droplet spreading was completed. A short time 

later, the surface experienced a second local minimum in its position due to a reaction force formed 

during droplet recoil. The droplet reaction force was estimated with a second-order harmonic 

oscillator, and its magnitude was found to be comparable to the estimated droplet impact force, 

2 2
0 0 .F U D     

To investigate the role of the droplet reaction force further, systematic measurements of 

surface displacements and droplet dynamics were conducted with changing the surface vibrating 
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frequency (50 < fs < 230Hz) and the drop impact velocity (2<We< 90). The timing of the droplet 

reaction force changed the magnitude of the surface displacement and manipulated the time of the 

surface oscillation. When the droplet reaction force was coupled with the downward motion of the 

surface, one of the two local minima in the surface displacement diminished with the increased 

contact time. The contact time of the droplet increased as much as 7% at 160 < fs < 200Hz. Also, 

the maximum deflection induced by the droplet reaction force depended on the outcome of the 

droplet spreading. As the rim of the droplet became unstable with increasing Weber number, the 

corresponding deflection for the droplet reaction force had a weaker dependence on Weber number. 

Our position sensing system was the most sensitive performed in the literature and allowed us to 

measure micron-resolution surface displacements at a high sampling frequency, consequently 

finding the presence of additional reaction force in the droplet-surface interactions. Our technique 

can expand the range of fluid-structure interaction problems that involve the regimes of high 

flexural stiffness and small displacements.   

 

Supplementary Material 

See supplementary material for the high-speed videos of the droplet impact dynamics on 

hydrophobic and superhydrophobic PDMS surfaces and detail of 2nd-order harmonic oscillator 

modeling. 
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