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ABSTRACT

Antibubbles are fluid entities with the inverse phase of regular bubbles. While the structure and

stability of antibubbles have been studied, a fundamental understanding of antibubble formation

remains limited. We report a theoretical and experimental study of antibubble formation. In the

experiment, pairs of surfactant-laden water drops impinged successively on the surface of the

same liquid reservoir to create antibubbles. We propose four criteria for antibubble formation

from  a  scaling  analysis.  Two  dimensionless  groups  prescribe  the  likelihood  of  antibubble

formation,  the summative  Weber  number and the ratio  of timescales  between the capillarity

driven pinch-off and the viscous drainage of air.

I. INTRODUCTION

An antibubble, the counterpart of an ordinary bubble, consists of a liquid drop separated from the

bulk liquid by a thin film of gas (Fig. 1). Although relatively unfamiliar due to their ephemeral

nature, antibubbles can be found in our daily lives; for example, when washing dishes or pouring

beer into a glass [1,2]. Since first being reported in 1931 [3], antibubbles have been studied in a

trickle of literature with several different names such as negative bubbles and inverted bubbles
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[4,5] until the term “antibubble” was first coined in 1974  [1]. Recently,  antibubble dynamics

have sprung up again as an intriguing application of high-speed imaging. In particular, the fluid

instability  [6,7],  collapse  dynamics  [8,9] and  lifetime  [10-13] of  antibubbles  have  been

extensively  studied.  The  fundamental  understanding of  antibubble  formation  have,  however,

received relatively little attention. Although the formation process was explained qualitatively

[7] and the optimal conditions for antibubble formation were studied statistically [14], physical

insights into the interfacial interaction, fluid dynamics, and energy conversion responsible for

antibubble  formation  remain  not  well-understood.  In  this  work,  the  regime  of  antibubble

formation by the impingement of drop pairs  is characterized experimentally  and leads to the

development of a predictive theory. Our approach not only elucidates the formation criteria of

antibubbles, but also provides useful guidelines to control antibubble generation.

FIG. 1.  Optical  image of an antibubble separated from the bulk liquid by an air  gap.  Food-

coloring was added in the antibubble to visually distinguish it from the bulk liquid.

  

II. EXPERIMENTAL

To understand the dynamic evolution of antibubble formation, we first performed experiments

with the set-up shown in Fig. 2. A plexiglass container and a syringe were filled with a liquid
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mixture of water and 1.0 wt% Triton X-100 surfactant (Dow Chemical Company), which has a

surface tension σ = 30 dynes/cm = 0.030 N/m. The uncertainty of the surface tension of the

mixture is negligible as the critical micellar concentration of the surfactant (0.1 wt%) is much

less than the 1.0 wt% concentration used in this work. We used the surfactant for better stability

and facile formation of antibubbles (See Supplemental Material I for details) [12,13,15-20]. The

density ρ and the dynamic viscosity µ of the liquid mixture are approximately the same as that of

water. To generate antibubbles, we first blocked the liquid reservoir by placing a lid over the

bulk liquid and then started operating a syringe pump (PHD ULTRA 4400, Harvard Apparatus)

with varying injection rates. Once the injection rate of syringe pump was stabilized, we removed

the lid over the reservoir shortly to allow droplet impingement on the bulk liquid. We captured

the first pair of drops that were impinged toward the quiescent surface of the bulk liquid using a

high-speed camera (Phantom v7.1, Vision Research) with up to 4000 frames per second in order

to study the dynamic evolution of the antibubble.

FIG. 2. Schematic of the experimental set-up. Surfactant-laden water drops impinge on the bulk

liquid by a syringe pump to generate antibubbles. Antibubble formation process is captured by a

high-speed camera 

III. ANTIBUBBLE FORMATION CRITERIA
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Fig. 3(a) shows schematics of the antibubble formation process by two impinging drops based on

the experimental observation shown in Fig. 3(b). The overall formation process can be divided

into four stages (Fig. 3). First, there are two drops successively approaching the surface. Second,

the first drop coalesces with the bulk liquid and creates a surface deformation, into which the

second drop impinges. In the third stage, the second drop further deforms the surface of bulk

liquid, a thin air gap preventing its coalescence. In the fourth stage, the deformed surface pinches

off due to surface tension, while a thin shell of air is trapped that separates the second drop from

the bulk liquid. To understand this formation process, we considered the conversion of energy

and the dynamics of pinch-off.
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FIG.  3.  Antibubble  formation  process.  (a)  Schematics  and  (b)  corresponding  experimental

images in four states; two drops impinge onto the surface of reservoir successively (state 1),

initial surface deformation by the first drop (state 2), further surface deformation by the second

drop and pinch-off (state 3), leading to antibubble formation (state 4).

We first note that antibubbles can rarely be formed from a single drop impingement if the drop

and the bulk are the same liquid in an isothermal condition,  i.e.,  both liquids with the same

surface tension. Such a single drop impact on the bulk liquid has been extensively investigated,

which can be classified into four regimes,  i.e., low-energy-coalescence, bouncing, high-energy-

coalescence and jetting/splashing  [19,21-30], where no regimes reported antibubble formation.

An  impinging  drop  with  sufficiently  high  kinetic  energy  EK for  antibubble  formation  will

eventually coalesce with the bulk surface according to the energy analysis (see Supplemental

Material II for further discussion) [20]. Therefore, an antibubble formation from a single drop is

infeasible. Alternatively, we consider the antibubble formation from a pair of drops in this work. 

A. Initial surface deformation

For drop pairs impinging on the surface,  we first consider the criterion required for the first

impinging drop. The criterion can be extracted by analyzing the formation of state 2, where the

first drop should create a crater-like initial surface deformation as shown in Fig. 3, so that the

following drop can finally penetrate the surface and form an antibubble. To reach state 2, we

consider the single drop impact with the bulk liquid, which can be classified in the four regimes

as  previously  mentioned.  The  threshold  of  each  regime  can  be  characterized  by the  Weber
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number   and the Ohnesorge number   of the impinging drop,

where d and u are the diameter and velocity of an impinging drop, respectively. The crater-like

surface deformation occurs in high-energy-coalescence and jetting/splashing regimes, which has

been characterized by the experimental correlation [19,30],

. 22\* MERGEFORMAT ()

Note that the jetting/splashing regime was excluded for both drops from our experiment and

analysis due to practical considerations. In the jetting/splashing regime, a certain amount of the

kinetic energy of the first impinging drop does not directly contribute to the crater-like surface

deformation.  Rather, the kinetic energy converts to the kinetic and surface energy of the liquid

sheet or the secondary drops through viscous and surface forces. This effect makes the overall

energy  conversion  analysis  less  straightforward  (see  Supplemental  Material  III  for  further

discussion) [20,31-34]. 

B. Time-delay between two-drop impacts

The crater created by the coalescence of the first drop with the deep liquid pool initially expands

due to inertia and then recedes under surface tension and gravity. In between, there is an instant

that the crater reaches the maximum depth and the crater interface is stagnant, which means that

the kinetic energy of the impinging drop is converted to the maximum available surface energy

of the crater. This instant will be, therefore, optimal for the second drop impact. There have been

extensive studies about the crater evolution from a drop impact onto a deep liquid pool [21-29].

In this section, we provide guidelines to find the optimal time-delay for an antibubble formation

where  the  optimal  time-delay  can  be  determined  by  the  impinging  velocity  u and  droplet
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diameter  d. We numerically solved the crater evolution model from literature and compared it

with our experimental data [26]. The crater can be modeled with a spherical shape as shown in

Fig. 4(a). 

The crater penetration depth  zcr can be expressed as the sum of the crater radius  a and axial

coordinate  of  the  center  of  the  sphere  zc,  i.e.,  zcr =  a+zc.  These  three  parameters  are  non-

dimensionalized by scaling with the diameter of the drop d: dimensionless penetration depth Δ,

crater  radius  α,  and axial  coordinate  of  the  center  of  the  sphere  ζ,  respectively.  The  crater

evolution can be expressed by the second-order differential equations in terms of α and ζ for the

inviscid flow outside the cavity when the impinging drop has diameter d and velocity u:

33\* MERGEFORMAT ()

44\* MERGEFORMAT ()

where   is  the  Froude  number.  We  numerically  solved  the  equations  Error:

Reference source not found and  Error: Reference source not found. The resulting penetration

depth as a function of time is plotted in Fig. 4(b) with our corresponding experimental data. The

diameter and velocity of the impinging drop used in the plot are 2.48 mm and 1.24 m/s based on

experimental measurement, respectively. The corresponding time-lapse snapshots from the high-

speed camera are shown in Fig. 4(c). The model and experimental data show good agreement.

The optimal time-delay  will occur when the crater is fully stretched,  e.g., ~15 ms in this
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example.  In  Fig.  4(d),  we  plot  the  dimensionless  optimal  time-delay   as  a

function of the Weber number for different Froude numbers. The dimensional form of optimal

time-delay is also shown as a function of the impinging velocity for different drop diameters in

Fig. 4(e). In the experiments, we chose such near-optimal time-delay cases from a multitude of

experiments due to the experimental limitations of using a single syringe pump. For practical

antibubble generation, we recommend to use a droplet generator  [35,36], which can precisely

control the droplet generation frequency.
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FIG. 4. Crater evolution by the first drop impingement. (a) Schematic of the cavity and notations

of moving reference frames. (b) Penetration depth from the equations  Error: Reference source

not found and Error: Reference source not found as a function of time for the impinging drop

with a diameter  of 2.48 mm and velocity  of 1.24 m/s with corresponding experimental  data

points (open circles).  (c)  Time-lapse images of crater evolution from high-speed camera.  (d)

Dimensionless optimal time-delay as a function of Weber number for different Froude numbers.

(e) Optimal time-delay as a function of impinging velocity for different diameters.

C. Energetic analysis

By the successive impact of a following drop on the crater at the optimal time-delay, the increase

of the surface energy  , where ε is the thickness of the air gap, from

stage 1 to stage 4 can result from the total kinetic energy of two drops . Therefore, the

energetic  criteria  for  antibubble  formation  is  found  from  the  overall  energy  balance  (

), which is expressed in terms of the summative Weber number  

55\* MERGEFORMAT ()

where   means the order of magnitude is 0.  For convenience,  we define the summative

Weber number as . Fig. 5 shows a representative experimental result

of two drops impinging at . In Fig. 5, the first impinging drop created an initial surface
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deformation at 0 ms followed by further surface deformation by the second-drop impingement at

5 ms. However, due to insufficient kinetic energy of the two drops, the second drop could not

create large enough deformation for pinch-off, rather, it bounced back and the deformed bulk

liquid surface was recovered at 10 ms. 

FIG. 5. A representative failure case of antibubble formation due to insufficient  total  kinetic

energy of two impinging drops at . An initial surface deformation was created by the

first impinging drop at 0 ms. The second drop deformed the surface further at 5 ms. However,

due to insufficient kinetic energy of these two drops, the second drop could not penetrate the

surface to form an air column, and therefore, the deformed bulk liquid surface was recovered at

10 ms.

D. Pinch-off dynamics

To enable the transition from state 3 to state 4, the pinch-off of the air column should occur

before the drainage of air in the gap, from which the third criterion was obtained. Otherwise, the

early-drainage of air in the gap leads to the collapse of the air gap as shown in the time-lapse

images at 5 ms in Fig. 6(a). For this reason, we compared the characteristic timescale of pinch-

off with that of air drainage. Since the Ohnesorge number Oh of the drop is on the order of 10-3,
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the viscous force during the pinch-off process is negligible. Therefore, the pinch-off timescale

should be the capillary timescale , which is deduced from the balance between the inertia and

capillary force [14,37,38] 

. 66\* MERGEFORMAT ()

The drainage timescale   was obtained by analyzing the flow in the air gap between the

second drop and the bulk liquid. As shown in Fig. 6(b), the air flow is driven from the bottom to

the top of the gap by a pressure drop  , which is composed of the Laplace pressure  

induced by the curvature of the interface, the hydrostatic pressure  due to the presence of

gravity, and the stagnation pressure   generated by the impinging drop. Specifically,  the

Laplace  pressure  difference   between  the  bottom and  the  top  of  the  drop  is  scaled  as

 .  The hydrostatic  pressure and the stagnation pressure are scaled as

 ,  and   ,  respectively.  Therefore,  given the

order of magnitude difference,  is the dominant source of , i.e., . In

addition, considering the ratio of the air gap thickness to the drop diameter, i.e.,  [10-
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12],  the  air  flow through the  gap is  modeled  using  the  Navier-Stokes  equation  in  spherical

coordinates,

77\* MERGEFORMAT ()

where θ, ,  are azimuthal angle, polar angle, and the air velocity along the gap, respectively,

as shown in Fig. 6(b). By taking  to be the coordinate along the flow direction and   across the

gap, the equation Error: Reference source not found can be scaled to yield

. 88\* MERGEFORMAT ()

(see Supplemental Material IV for detailed analysis) [20]. By scaling the velocity of air flow as

 and substituting it with equation Error: Reference source not found, we can obtain

a characteristic timescale of air drainage

. 99\* MERGEFORMAT ()
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FIG. 6. Experimental images and analysis of a failure case due to early-drainage of air resulting

in the collapse of the air gap. (a) Time-lapse experimental images of early-drainage of air. A

crater-like  initial  surface  deformation  was created  by  the  first  impinging  drop at  0  ms.  The

second drop penetrated the deformed surface to form an air column at 3.5 ms. Collapse of the air

gap occurred at 5 ms due to the early-drainage of air before pinch-off. The second drop coalesced

with the bulk liquid at 5.5 ms and recovered finally at 7 ms. (b) Schematics of an antibubble at

the pinch-off step with a magnified view of the air  flow within the gap, which is  in the  -

direction in spherical coordinates.

The diameter  d and the impinging velocity  u can be directly  measured using the high-speed

camera. Although a few correlations of air gap thickness  with antibubble diameter have been

reported, they show significant discrepancies with experimental data [11,39]. The experimental

measurements showed, on the other hand, that the order of magnitude of the air gap thickness 

is  a few micrometers  with an average value of ~4 µm  [18,39,40]. Therefore,  we set   as a

constant value of 4 µm to eliminate the effects of unreliable correlations in the scaling analysis.

Consequently, the ratio of two timescales  is characterized from the experiments and

used as the last criterion for antibubble formation. When , the pinch-off could

occur before the drainage of air and the antibubble forms after the pinch-off (Fig. 3). However, if

, as shown in Fig. 6(a), air in the gap drains earlier than the pinch-off, leading

13

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19



to the collapse of the air gap. Note that the ratio of diameters of two drops   is also an

important parameter for antibubble formation. We determined the ratio of diameters necessary

for  antibubble  formation  by  considering  that  the  crater  created  by  the  first  drop  needs  to

accommodate  the following drop as well  as  the no-break-up,  no-bouncing,  and no-splashing

conditions of each drop (see Supplemental Material V for the detailed analysis of the ratio of

diameters)  [20,41]. To better elucidate the complex energy conversion and dynamic evolution,

we maintained the ratio of diameters within . 

IV. RESULTS

We summarize all four criteria and the corresponding states for antibubble formation by drop

pairs in Table 1. As criterion 1 has already been well-understood by single drop dynamics, in this

work, we mainly discuss the effect of criteria 2, 3, and 4, which have not been explored in the

past.  Fig.  7(a) shows the regime map of the antibubble formation  with respect  to  and

 which was obtained from the theoretical prediction and experimental results near the

optimal time-delay. Three different regimes were observed, i.e., insufficient surface deformation

(marked  as  blue  squares),  early-drainage  of  air  (marked  as  green  triangles)  and  antibubble

formation (marked as red circles) (see Supplemental Material for high-speed movies and the size

comparison between the diameters of a second drop and an antibubble)  [20]. Specifically, the

insufficient surface deformation regime occurs when the energetic criterion 2 had not been met,

where the surface deformation of the reservoir by the impinging drops was insufficient to form
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an air column to be pinched-off later. In this case, bouncing drops were often observed. The

experiments also suggest the threshold constant for criterion 2 as  .  The magnified

view of the  regime (Fig. 7(b)), however, shows the antibubble could not form if the

pinch-off was not faster compared to the drainage of air. This result is depicted as the early-

drainage of air in the regime map with   and  . According to the

experimental results, a reasonable limit of criterion 4 is . When   and

 were  satisfied  simultaneously,  as  expected,  a  clear  regime  of  antibubble

formation was found on the top-left of the regime map (Fig. 7(b)). It is worth pointing out that

when  and , both the antibubble and the collapse of the air gap can be

observed. We attribute this result to two reasons: a transition (between the early-drainage of air

and  the  antibubble  formation  regimes)  and  deviation  from  the  optimal  time  delay  between

impingements. First, such transition regimes are commonly found in scaling-based regime maps

as the scaling analysis can intrinsically contain uncertainties [19,30,42]. Second, since the actual

time-delays were slightly off from the ideal values due to the experimental limitations especially

when the drainage process becomes very fast, it can also lead to the mixed regime. To further

understand the critical role of the time-delay, we conducted another set of experiments varying

the time-delay values while maintaining the   and  .  We defined the
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normalized time-delay difference as  , where   is the measured time-delay.

Although all data points are in the regime of antibubble formation with regards to the Weber

number and timescale ratio,  i.e.,   and  , antibubbles only form when

the  normalized  time-delay  difference  is  within  30% range  (Fig.  7(c,  d))  (see  Supplemental

Material VII, VIII, and IX for the experimental data for time-delay effects, uncertainty analysis,

and he experimental data set for antibubble formation, respectively) [20,43]. Therefore, we show

that antibubbles can be created in a controllable way following the proposed three criteria. 

TABLE I. Criteria of antibubble formation by drop pairs

Criteria Descriptions Mechanisms States

1 Cavity formation 2

2 Overall energy conversion 1-4

3 Optimal time-delay between two-drop impacts 2-3

4 Pinch-off before air drainage in the gap 3-4
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FIG. 7. Experimental results of antibubble formation plotted with the summative Weber number

and  the  ratio  of  two  timescales.  Red  circles,  blue  squares,  and  green  triangles  represent

successful antibubble formation, insufficient deformation of the bulk liquid surface, and failures

due to early drainage of air in the gap, respectively. (a) The boundary for summative Weber

number is found to be ~3. (b) Magnified view of the dashed box in (a) shows the boundary of the

ratio of two timescales is ~7, which shows good agreement with our theoretical analysis. (c, d)

The critical role of time-delay between two-drop impingement. Antibubbles only form when the

normalized  time-delay  difference  is  within 30% range even when criteria  for  the summative

Weber number and the ratio of two timescales are satisfied (shaded in red). The experimental
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data for time-delay effects are in Table S1 in Supplemental Material VII. The error bars account

for  the  uncertainties  of  drop  diameter  and  impinging  velocity,  which  are  discussed  in

Supplemental Material VIII in detail.

V. CONCLUSIONS

In conclusion,  four  criteria  for  antibubble  formation  by drop pairs  were  proposed based on

theoretical analysis and experimental characterizations. In addition to the well-known criterion

from single drop impact, two additional dimensionless groups characterized by the summative

Weber number  and the ratio of air drainage timescale to pinch-off timescale 

were reported,  which  were obtained by analyzing the overall  energy conversion and the  air

drainage dynamics, respectively.  The optimal time-delay condition between two-drop impacts

were provided based on the previous literature. A regime map based on theoretical prediction

and  experimental  results  were  also  shown.  This  study  not  only  offers  a  physical  picture  of

antibubble formation from drop pairs but also can serve as guidelines for antibubble generation

in future studies.
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