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Abstract 

 Air film stability underneath a drop is crucial for drop contact dynamics upon impact. An 

unstable film leads to the drop contacting the surface and subsequent spreading or splashing. Apart 

from previously reported film and kink contact modes, here we present the experimental evidence 

for a dimple failure mode of an air film, driven by a thin film instability when a drop impacting 

onto an atomically smooth surface. The dimple failure occurs beyond the inertial-capillary time 

scale and is initiated when the dimple inverts at the drop’s central axis. For the same impact Weber 

number, the dimple failure observed in low viscosity drops is absent at a higher viscosity, due to 

damping of capillary waves.   
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1. INTRODUCTION 

 When a liquid drop impinges onto a smooth dry surface, a thin layer of air evolves between 

the drop and the surface [1,2]. Depending on the Weber number, 𝑊𝑒 = 𝜌%𝑈'(𝑅/𝛾, where 𝜌% is the 

liquid density, 𝑈' the impact velocity, 𝑅 the drop radius, and 𝛾 the liquid surface tension, the drop 

can either bounce [3–5] or contact the surface eventually leading to spreading [6,7] and 

splashing [8–10]. Past studies on drops impacting dry, smooth surfaces have reported two key 

modes of contact: (a) the film mode  [11] (or the first kink mode  [12–14]) and (b) the kink 

mode [11](or the second kink mode [12]), at the kink of the air film right outside the dimple and 

at the maximum extension of the drop, respectively [11–14]. For a water drop impacting a dry 

surface at 1 atm, with increasing 𝑊𝑒, one can observe a transition from drop bouncing (𝑊𝑒 ≪ 1) 

to the kink mode (𝑊𝑒 ≈ 1), and eventually the film mode (𝑊𝑒 ≫ 1) of contact as shown in Fig. 

2(a). Recently, a third contact mode called the dimple mode was also reported for a drop impacting 

on a smooth surface [11,15], where the contact is initiated at the drop’s central axis. This new 

contact mode occurs when the dimple, formed underneath the drop due to a pressure buildup within 

the air layer [12,16–18], crashes downward owing to impact-induced capillary waves. However, 

the detailed mechanism of the dimple mode and its experimental evidence prior to the contact are 

still lacking. 

 Prior to drop contact with a surface, impacts above a threshold 𝑊𝑒 ≈ 4 generate capillary 

waves that propagate along the surface to the apex of the drop, exhibiting the characteristic 

pyramid shapes, eventually creating an air cavity at the drop center [19,20]. The capillary wave 

occurs when its wavelength 𝜆2 = 𝛾/𝜌%𝑈'( is smaller than the drop radius 𝑅 while its attenuation 

length 𝑙 ∼ 5 6
7(89:
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  [21] is larger than 𝑅, where 𝜇% is the drop viscosity. Increase in the drop 

viscosity leads to an exponential decay of the capillary wave's local amplitude 𝑎(𝑥) = 𝑎'𝑒GHI, 
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due to viscous dissipation, where 𝑎' is the initial amplitude at 𝑥 = 0 and 𝛼 = 𝜇%5
7(89<
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 is the 

attenuation coefficient. Moreover, during drop impact on dry surfaces, the closure of air cavity 

leads to either bubble entrapment within the drop or bubble attachment to the substrate, depending 

on the cavity depth [19,20,22]. However, the effects of capillary waves and air cavity on the air 

film failure mechanics, more precisely on the dimple mode, have remained largely unexplored. 

What effect does the downward moving air cavity have on the dynamics of the dimple underneath 

it? 

 In this study, we present the theory and experimental evidence of a novel air film failure mode 

where the dimple collapses due to thin film instability driven by a combined effect of capillary 

wave and air cavity, leading to air film rupture at the drop's central axis. The interstitial air film 

underneath an aqueous drop impacting a lubricated smooth surface is visualized using the total 

internal reflection microscopy (TIRM) which can probe the air film of thickness ∼ 𝒪(10' − 10() 

𝑛m [4,15,23]. The drop viscosity and impact 𝑊𝑒 are varied to study the effects of viscous damping 

of capillary wave and air cavity on the air film dynamics and subsequent drop-surface contact 

mechanisms. While low viscosity drops either bounce or exhibit dimple collapse or film contact 

mode, higher viscosity drops exhibit only bouncing and the film mode of contact. From both 

experiments and theory, we show that the capillary waves and air cavity are precursors to the thin 

film instability driven dimple failure mode. Our motivation for studying drop impact on a 

lubricated surface, as a perfect case for an atomically smooth surface [15,24], is due to its ability 

in isolating the effects of surface asperities that cause a sudden rupture of the air film [5,12,13,25]. 
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2. EXPERIMENTS 

 Figure 1 shows the schematic of the TIRM imaging setup used in our droplet impact 

experiments. DI water, 40 wt% glycerol, and 60 wt% glycerol aqueous solutions were used to 

study the effect of liquid viscosity. Silicone oil of viscosity 10Q cSt was spin-coated onto a glass 

slide at a rotational speed of 10,000 rpm for 25 minutes to prepare the lubricated surface and the 

film provided an optically transparent pathway for the TIRM measurement. The silicone oil film 

thickness was measured by taking weight difference before and after spin-coating  and was 5 𝜇m, 

resulting in a dimensionless film thickness 𝛿 = ℎTU%/2𝑅 = 0.005 ≪ 0.7	 [26], the threshold for 

negligible lubricant deformation below which the bottom glass substrate imposes geometric 

restrictions that cause reduced energy transfer from the impacting droplet to the liquid film [24]. 

In our previous study [15], we investigated the effect of viscosity of the lubricating silicone oil 

film on the oil film deformation during droplet impact and found that for a 5 𝜇m thick film of 

viscosity 5 cSt, the surface waves were overdamped within  𝒪(10 mm), an order of magnitude 

smaller than the initial dimple radius of 250 𝜇m, thereby confirming that the film deformation did 

not have significant contribution to the air film dynamics. The refractive index of glass and dove 

prism was 𝑛 = 1.52. The lubricated substrate was placed on top of a dove prism and a p-polarized 

chromatic light source at a wavelength of λ = 455	𝑛m was used to illuminate the top of the 

silicone oil-air interface at an incident angle of 49.9°. A Phantom V711 high-speed camera 

captures the TIRM images at a pixel resolution of 13 𝜇m and a frame rate of 50,000 frames per 

second which corresponds to a temporal resolution of 20 𝜇s. The high-speed TIRM images were 

output and stored in 16 bits grayscale images for analysis. The TIRM measurement was calibrated 

against Shirota et al.’s correction [23] and was used to extract air film height, ℎ. Drop radius 𝑅 

and impact velocity 𝑈' were measured using side-view images. Drop radius was maintained at 
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0.64 < 	𝑅 < 1.10 mm and the impact velocity (0.3 < 𝑈' < 0.9)m/s was altered by changing the 

drop dispensing height. Properties of fluids used in our experiments are tabulated in Table 1. 

 

 

FIG. 1. A schematic of the high-speed total internal reflection microscopy (TIRM) imaging setup 
used in our drop impact study. An optically transparent lubricated substrate is placed on top of a 
dove prism and is illuminated by a collimated light source (CLS) of 455 𝑛m wavelength. A high-
speed camera (HSC) captures the TIRM images. 

 

Table 1. Physical properties of fluids at 25° C in our experiments. 

Fluids Density, 
𝜌% (kgmGa) 

Viscosity, 
𝜇% (cP) 

Surface tension to 
air, 𝛾 (NmG7) 

Refractive index, 
𝑛 

DI water 997 1 0.072 1.33 
40 wt% glycerol 
aqueous solution [27] 

1097 3.7 0.07 1.38 

60 wt% glycerol 
aqueous solution [27] 

1151 10.7 0.068 1.41 

Silicone oil [28] 977 97.7×103 0.021 1.40 
 

 Figure 2(b) shows the schematic of the drop dynamics during the impact process at 𝑊𝑒 ≈ 4. 

Here, 𝑡 = 0 corresponds to the time instance when the drop appears within the evanescent field of 

the TIRM image. The capillary wave is excited from the drop bottom edge and propagates over 

the drop surface towards the apex during 0 < 𝑡 < 𝜏 ( 𝜏 ≡ e(𝜌%𝑅a/𝛾) the inertial-capillary time 

scale), while generating characteristic pyramid shapes [19] whose wavelength is λ2. When 𝑡 ≈ 𝜏, 

the convergence of the capillary wave at the apex creates an air cavity at the drop center whose 

depth varies both with 𝑈'	and 𝜇%. The higher the 𝜇%, the smaller the depth, due to viscous damping. 

A𝑡	𝑡 > 𝜏, the cavity suddenly closes at the top, creating the well-known singular jet ejection [20] 
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and bubble entrapment [19,20,22]. Prior to the air cavity closure, the apex of the drop travels 

downward eventually inverting the top facing dimple. Due to a sudden increase in air pressure 

inside the dimple region, an outward air flow is set up creating a shear flow at the drop-air interface 

(see Fig. 7 and related discussion for details), causing interfacial perturbations at the drop bottom 

with wavelength 𝜆gIh. The key geometric parameters pertaining to the air film are the dimple 

height, 𝐻j, located at the central axis of the drop, and the kink height, 𝐻k, located at the drop 

interface with the highest local curvature, where the latter is associated with the film mode of 

contact. 

 

 

FIG. 2. (a) Schematics of contact modes for water drop impacting on dry and lubricated 
substrates  [4,14,29], where the red arrows indicate the contact locations. The red-bordered panel 
corresponds to the dimple mode of the current study at 𝑊𝑒 ≈ 4. (b)  Schematics of drop evolution 
undergoing dimple collapse at four different instances with respect to the inertial-capillary 
timescale, 𝜏 ≡ e(𝜌%𝑅a/𝛾). The spherical drop of radius, 𝑅, impacting at a velocity, 𝑈', deforms 
and creates an air film at 𝑡 = 0. The maximum and minimum air film heights are at the center of 
the air dimple, 𝐻j, and at maximum curvature kink, 𝐻k, respectively, for 𝑡 ≤ 𝜏. Capillary wave of 
wavelength, λ2, propagates along the drop surface during 𝑡 ≤ τ. A representative wavelength, λgIh, 
is the distance between two consecutive local minima in an air film profile at 𝑡 > 𝜏, shown in (b). 
𝑧 and 𝑟 are the axial and radial coordinates. 
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3. RESULTS AND DISCUSSION 

 Figure 3(a) shows a kymograph of the air film profile for a water drop at 𝑊𝑒 ≈ 3.6, where 

the 𝑥 axis is the radial position 𝑟 of the air film, 𝑦 axis is the dimensionless time 𝑡/𝜏, and the colors 

indicate the air film height ℎ, measured from TIRM images. The four dashed lines in (a) indicate 

the times at 𝑡/𝜏 ≈ 0.20, 0.50, 1.16 and 1.21, where the air film profiles and drop shapes of the 

corresponding instances are shown in Fig. 3(b) and (c), respectively. The blue arrows in Fig. 3(b) 

indicate the locations of characteristic air film geometry: dimple (𝐻j) and first kink (𝐻k), while 

the red arrows in Fig. 3(c) show the cavity and the ejected jet. The minimum air film height reduced 

due to thin film drainage until 𝑡/𝜏 → 1 , beyond which the air film morphology exhibited 

perturbations. While for 𝑡/𝜏 < 1, the minimum air film thickness was located at the first kink 𝐻k, 

as 𝑡/𝜏 → 1 , multiple local minima appeared within the dimple region of the air film due to 

perturbations. At 𝑡/𝜏 > 1, the thin film instability wave in the air film became prominent, shown 

in the bottom inset of Fig. 3(b), and the instability wavelength, 𝜆gIh, was measured by taking 

average distance between different minima locations of the air film. These thin film perturbations 

of the drop-air interface finally led to a sudden decrease in the dimple height 𝐻j, ultimately leading 

to the air film rupture at the drop center at 𝑡/𝜏 ≈ 1.24. 
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FIG. 3. (a) Kymograph of air film height for a water drop at 𝑊𝑒 ≈ 3.6, where 𝑟 is the radial 
position of the air film, the vertical axis is the dimensionless time 𝑡/𝜏, and the color indicates the 
air film height, ℎ,  measured from TIRM images. The air film profiles in (b) correspond to the 
dashed lines at 𝑡/𝜏 ≈ 0.2, 0.5, 1.16 and 1.21, shown in (a), respectively. (c) synchronized side-
view images at the four dimensionless times. Scale bar in (c) is 0.5 mm. 
 

 To study the failure mechanism due to air film instability, drops of various viscosities but 

similar impact 𝑊𝑒 were created. In Fig. 4, we show kymograph comparison of the air profiles 

between three drops: (a) water (𝜇% = 1cP), (b) 40 wt% glycerol (𝜇% = 3 cP), and (c) 60 wt% 

glycerol ( 𝜇% = 10  cP) aqueous solutions, respectively. The dashed and solid lines in the 

kymographs correspond to the instances of 2D air film profiles shown in the insets directly below 

them. As seen in Fig. 4(a) and (b), the air film exhibited thin film instabilities for time	𝑡 > 𝜏, while 

in Fig. 4(c), the perturbations were completely absent, confirming that the increase in droplet 

viscosity suppresses thin film perturbations. During 0 < 𝑡 < 𝜏 , the air film extended radially 

outwards for all three drops. However, the final fates of the drops were different due to the 

differences in air film behaviors at  𝑡/𝜏 > 1. As seen in kymographs of water and 3 cP drops, the 

perturbations occurred at similar time instances, 𝑡/𝜏 ≈ 1.16. While the perturbations grew in the 
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case of water drop, finally resulting in a drop-surface contact due to the dimple mode, the 

perturbations for the 3 cP drop decayed and the drop radially retracted and eventually bounced off. 

As the drop viscosity increased to 10 cP, no perturbations were seen throughout the air film 

evolution and the drop eventually bounced off. Instead of exhibiting a dimple failure, 3 cP and 10 

cP drops skated on the air film for a period of more than 2𝜏  [19] and bounced off. Given that both 

water and 3 cP drop exhibited air film perturbations, but only 1 cP drop failed via the dimple mode, 

what dictates their final fate? 

 
FIG. 4. Kymograph of the air film height versus dimensionless time 𝑡/𝜏 for (a) a water drop, 𝜇% =
1 cP, 𝑊𝑒 ≈  3.6, and aqueous glycerol drops (b) 𝜇% = 3 cP, 𝑊𝑒 ≈ 3.6, and (c) 𝜇% = 10 cP, 𝑊𝑒 ≈
3.7, respectively. Dashed and solid lines in the kymographs correspond to the 2D air film profiles 
shown directly below them, which compare the undamped and damped air film perturbations when 
increasing the drop viscosity. See the air film evolution video in the Supplementary Material [30]. 
  

 When the drop-air interface approaches the substrate, only surface tension and vdW forces 

act on the air film in the form of capillary and disjoining pressures, respectively. Based on the thin 

film stability analysis  [11], a perturbed air film becomes unstable when its wavelength is greater 

than the critical wavelength of the fastest growing wave, 𝜆stI2uUv = 𝐻sUw( 5x7y9
:;

z{:<
|, where 𝐴7a( =
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4.76 × 10G('𝐽 is the Hamaker constant [31]. In Ref. [11], the authors reported that the numerically 

measured growth rate of the fastest growing mode agreed well with their theoretical predictions. 

When the perturbation wavelength is smaller than the critical wavelength 𝜆stI2uUv , the film stabilizes 

due to surface tension dominating the vdW interactions. However, for a perturbation wavelength 

larger than the critical wavelength, vdW interactions are strong enough to initiate a drop-surface 

contact due to disjoining pressure dominating the capillary pressure.  

 

 

FIG. 5. (a) The instantaneous minimum air film height, ℎsUw, versus the dimensionless time, 𝑡/𝜏, 
for water drops and aqueous glycerol drops at the viscosity of 3 cP and 10 cP. The location within 
the air film where ℎsUw is measured, temporally fluctuates between the dimple and kink, during 
the air film evolution. (b) Measured air film wavelength, 𝜆gIh, versus the absolute minimum air 
film height, 𝐻sUw, together with the critical air film wavelength, 𝜆stI2uUv , predicted by the thin film 
stability theory [11]. Each color symbol in (b) represents one drop impact event for a specific 
liquid viscosity and 𝑊𝑒  shown in (a). Closed symbols represent air films undergoing dimple 
failure due to instability and open symbols represent stable air films. Dashed arrows indicate rapid 
air film collapse at a height of 𝐻sUw . The minimum film height 𝐻sUw  in (b) is the absolute 
minimum film height obtained from (a). Solid blue circle corresponds to the film mode result 
reported in Ref. [11] with unstable wavelength 𝜆w�s = 10	𝜇m at 𝐻sUw = 25	𝑛m. Vertical error 
bars in (b) represent the standard deviation in measured 𝜆gIh while the one-sided horizontal error 
bars for bouncing drops account for the limitations in temporal resolution of the TIRM imaging.  
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 Figure 5(a) shows the instantaneous minimum air film height ℎsUw versus 𝑡/𝜏 for water drops 

at 𝑊𝑒 ≈	3.2, 3.6, and 4.3, and for 3 cP and 10 cP aqueous glycerol drops at	𝑊𝑒 ≈ 3.6 and 3.7. 

While all drops exhibit similar air film drainage behaviors for times 𝑡/𝜏 < 1, water drop at the 

lowest 𝑊𝑒 as well as 3 cP and 10 cP aqueous glycerol drops, represented by open markers, exhibit 

skating between 1 ≤ 𝑡/𝜏 ≤ 2 and ultimately bounce off. However, for time 𝑡/𝜏 > 1, water drops 

at 𝑊𝑒 ≈ 3.6 and 4.3, represented by closed markers, contact the substrate via dimple collapse due 

to thin film instability. Figure 5(b) shows the experimentally measured perturbation wavelengths, 

𝜆gIh, versus the absolute minimum air film height before contact/bouncing, 𝐻sUw, for the drop 

impact cases shown in Fig. 5(a) in comparison with the critical wavelength, 𝜆stI2uUv   [11]. In Fig. 

5(b), the value 𝐻sUw corresponds to the minimum air film height immediately prior to bouncing 

and contact, for stable and unstable drops, respectively. For stable drops, this corresponds to when 

an increase in ℎsUw is observed, and for unstable drops, the last TIRM frame prior to contact. 

Stable drops that exhibit bouncing have experimentally measured perturbation wavelengths (open 

symbols) less than the critical wavelength (solid line), 𝜆gIh < 𝜆stI2uUv  and unstable drops that exhibit 

dimple mode of contact have experimentally measured perturbation wavelength (closed symbols) 

𝜆gIh > 𝜆stI2uUv . As the air film of 10 cP drop does not experience any perturbation, the air film 

wavelength is not measurable in this case. Vertical error bars in Fig. 5(b) represent the standard 

deviation in 𝜆gIh. It is important to note that, though increasing temporal resolution of TIRM 

imaging leads to 𝐻sUw  ® 0 for unstable drops, it does not affect the experimentally observed 

instability wavelength, λgIh , which is always larger than the critical wavelength, 𝜆stI2uUv . The one-

sided horizontal error bars for bouncing drops in Fig. 5 (b) account for the limitations in temporal 

resolution of the TIRM imaging, calculated based on simple equations of motion, resulting in 

minimum air film heights less than 1 nm below the measured 𝐻sUw values. 



 12 

 Chubynsky et al.  [11] investigated the film and kink modes of contact for drop impact on dry 

smooth surfaces using numerical simulations and thin film stability theory. For the film contact 

mode, an air film of height 𝐻sUw = 25	𝑛m leads to a numerically simulated critical wavelength of 

𝜆w�s ≈ 10	𝜇m , compared to the theory predicted value of 𝜆stI2uUv = 15	𝜇m [11]. However, 

experimental wavelength measurement of thin film instabilities for film and kink modes is difficult 

using our current imaging resolution. 

 

 

FIG. 6. Side-view images at the instances of 𝑡/𝜏 ≈0.5 and 𝑡/τ ≈1 for (a) a water drop, 𝜇% = 1 cP, 
𝑊𝑒 ≈ 3.6, and aqueous glycerol drops (b) 𝜇% = 3 cP, 𝑊𝑒 ≈ 3.6, and (c) 𝜇% = 10 cP, 𝑊𝑒 ≈ 3.7, 
respectively. Scale bar is 0.5 mm. See the drop shape evolution video in the Supplementary 
Material [30]. 
 

 In order to study the effect of drop viscosity on the capillary wave driven drop deformation 

and the subsequent air cavity formation, in Fig. 6, we show side-view images of water and aqueous 

glycerol drops with different viscosities at the instances of 𝑡/𝜏 ≈0.5 and 𝑡/𝜏 ≈1, where the drop 

impact events correspond to the cases shown in Fig. 4. The capillary wave propagated along the 

surface to the apex of the drop during 𝑡/𝜏 < 1 . For the water drop (𝑊𝑒 ≈ 3.6 , 𝑅 =1 mm, 

𝑈' =0.51 m/s) shown in Fig. 6(a) and 3 cP aqueous glycerol drop (𝑊𝑒 ≈ 3.6, 𝑅 =0.98 mm, 

𝑈' =0.48 m/s) shown in Fig. 6(b), the measured wavelengths were 𝜆2 ≈ 430 µm and ≈ 400 µm, 

respectively. As the viscosity increased to 10 cP, the wavelength was not measurable due to the 

absence of pyramidal structures. The cavity depth of the 10 cP drop at the instance 𝑡/𝜏 ≈ 1 was 
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much smaller compared to water and 3 cP drops. This was due to the exponential decay of the 

capillary wave, with the attenuation coefficient, 𝛼 = 𝜇%e128𝜋(/9𝜌%𝛾𝜆2a  [21]. Therefore, the air 

film perturbation was suppressed for drop viscosity greater than 10 cP, and the stabilized air film 

led to the drop bounce-off. The capillary waves over the droplet top surface and at the unstable air 

film observed here should not be confused with those seen during post-contact air disc 

retractions  [32–34]. 

 To support our hypothesis of the cavity-driven dimple inversion and the subsequent shear 

flow conditions at the drop-air interface due to an outward air flow during the air film drainage, 

the air film is divided into dimple, film, and edge regions. A combined Poiseuille and Couette flow 

condition was recently proposed  [24] to study air film drainage during drop impact on liquid films 

and showed that a slip velocity at the interfaces’ leads to a faster air film drainage and the 

subsequent failure. In the current study, the air layer is assumed to be incompressible with Navier 

slip conditions at the drop-air and air-oil interfaces [15, 24], and the air layer velocity profile is 

assumed similar to those presented in Refs. [11, 24], as depicted in Fig. 7(a). Figure 7 (b) shows 

the experimentally determined transient air film profile in the dimple, film, and edge regions 

beyond the capillary time scale, which corresponds to the drop impact case shown in Fig. 3. The 

color scheme represents the dimensionless time 𝑡/𝜏. The control volumes of the dimple (𝑉7,':	𝑟 ∈

[0,0.4]	𝑚m), film (𝑉(,':	𝑟 ∈ [0.4,0.8]	𝑚m), and edge (𝑉a,':	𝑟 ∈ [0.8,1.2]	𝑚m) regions are 900 nm 

thick, which is the TIRM measurement limit. The instantaneous volumes of dimple, film, and edge 

regions are 𝑉7(𝑡) , 𝑉((𝑡)  and 𝑉a(𝑡) , respectively. Figure 7(c) shows the dimensionless 

instantaneous air film volume, 𝑉U/𝑉U,', as a function of dimensionless time 𝑡/𝜏 for each region. 

From Fig. 7(c), we notice a sudden reduction in dimple region volume at 𝑡/𝜏 > 1.13, which 

coincides with the air cavity’s downward propagation time as shown in Fig. 3. This observation 
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confirms the enhanced air film drainage in the dimple region due to cavity formation and 

subsequent dimple inversion. The reduction of the air volume underneath the dimple region does 

not cause a significant change in the air volume underneath the film and edge regions due to the 

air film perturbations exhibiting highly transient phenomena.  

 

 

FIG. 7. (a) Schematics of the velocity profile inside the air film. (b) Transient air film profile in 
the sectioned control volumes before a dimple mode contact for a water drop at 𝑊𝑒 ≈ 3.6, the 
conditions considered in Fig. 3. The color scheme represents the dimensionless time 𝑡/𝜏. The 
control volumes are 900 nm thick and sectioned into dimple (𝑉7,': 𝑟 ∈ [0,0.4]	𝑚m), film (𝑉(,': 𝑟 ∈
[0.4,0.8]	𝑚m), and edge (𝑉a,': 𝑟 ∈ [0.8,1.2]	𝑚m) regions. The instantaneous volumes of these 
three regions are 𝑉7(𝑡), 𝑉((𝑡) and 𝑉a(𝑡), respectively. (c) Shows dimensionless instantaneous air 
film volume, 𝑉U/𝑉U,', versus 𝑡/𝜏 in the dimple, film, and edge regions. The solid symbols represent 
the time frame right before the dimple contact. The inset schematic of (c) corresponds to a 
perturbed air film at 𝑡/𝜏 > 1.13, where the black and red arrows show the direction of air and 
liquid motion, respectively. 
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 Under ambient conditions, the mean free path of air 𝐿 ≈ 70 nm results in a Knudsen number 

Kn = 𝐿/𝐻j of 𝒪(10G() prior to instability, appropriate for the Navier-slip assumption at both the 

drop-air and air-oil film interfaces. Here, 𝐻j ∼ 𝑅𝑆𝑡G(/a  [35] is the dimple height and 𝑆𝑡 =

𝜌%𝑅𝑈'/𝜇� is the Stokes number, where 𝜇� is the gas viscosity. Within the dimple region of the air 

film, the gas pressure 𝑃� is balanced by the liquid capillary pressure	𝑃;,jUsh, the inertial pressure 

𝑃�, and the disjoining pressure 𝑃j, which follows 𝑃� ∼ 𝑃;,jUsh + 𝑃� + 𝑃j. The capillary pressure 

is 𝑃;,jUsh ∼ 𝛾/𝑅 and the inertial pressure is 𝑃� ∼ 𝜌%𝑈'(𝑅/𝐿' [16], where 𝐿'~e𝑅	𝐻j is the radial 

extent of dimple. For a water drop (𝑅 =1 mm, 𝑈' =0.51 m/s) undergoing a dimple mode of contact 

(see Fig. 2), the radial extent of the dimple 𝐿' =0.5 mm is measured at 𝑡 = 0 when the air film 

starts to appear in the TIRM image. Therefore, the capillary and inertial pressures are  𝑃;,jUsh ∼

𝒪(107)  Pa and 𝑃� ∼ 𝒪(10()  Pa, respectively. Before the droplet-air interface exhibits 

perturbations, the disjoining pressure 𝑃j ∼ 𝐴7a(/ℎsUwa  ∼ 𝒪(10') Pa, considering the minimum 

film height of ℎsUw ≈ 200 nm at the flat film region. Therefore, the inertial pressure dominates 

over capillary and disjoining pressure which leads to a gas pressure of 𝑃� ∼ 𝑃� ∼ 𝒪(10() Pa within 

the air film. After the droplet-air interface exhibits perturbations, the disjoining pressure 𝑃j ∼

𝐴7a(/𝐻sUwa  ∼ 𝒪(10() Pa, considering the minimum film height of ℎsUw ≈ 50 nm at the dimple 

region. Therefore, the gas pressure in the dimple region after perturbation follows 𝑃� ∼ 𝑃� + 𝑃j ∼

𝒪(10() Pa. The pressure gradient in the air film is sufficient to create a gas flow velocity of 

𝒪(10G7) mm/s which is consistent with the experimentally measured values reported in Lo et 

al. [24] (See Figure 3 in Ref.  [24]). We speculate that either the shear flow at the drop-air interface 

or the interaction between the air cavity and the dimple top could be the source of the perturbations 

ultimately causing the dimple mode of contact.  
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4. CONCLUSION 

 In conclusion, using theory and experiments, we showed that low viscosity liquid drops 

impacting a smooth surface at 𝑊𝑒 ≈ 4  exhibited a novel dimple mode of contact due to a 

combined effect of capillary wave and thin film instability. Experimentally measured capillary 

wavelength agreed well with theoretical studies [19,20]. The effects of increase in drop viscosity 

on suppression of the capillary wave and air cavity were found to be due to viscous dissipation 

attributed to the attenuation coefficient, 𝛼 [21]. Interstitial air film profiles visualized using TIRM 

provided clear evidence of a thin film instability of the drop-air interface which occurred beyond 

the inertial-capillary time scale 𝜏 . Based on the thin film stability analysis [11], a critical 

wavelength 𝜆2uUv  was obtained as a function of the minimum air film height 𝐻sUw . A good 

agreement was found between the experimental thin film perturbation wavelength 𝜆gIh and 𝜆stI2uUv , 

with 𝜆gIh < 	 𝜆stI2uUv  for stable and 𝜆gIh > 	 𝜆stI2uUv  for unstable films. We found that the absence of 

capillary waves over the drop surface and the thin film instability in the air film led to bouncing 

of higher viscosity on atomically smooth surfaces, consistent with previous bouncing studies [4,5]. 

A drop impacting a smooth surface at	𝑊𝑒 < 10 could skate on a thin layer of air and eventually 

bounce, provided the drop viscosity high enough to decay the capillary waves occurring over the 

drop surface. Finally, we showed that the presence of capillary waves and air cavity were the 

precursors for a thin film instability resulting in the dimple mode of contact. 
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